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Preface

Prebiotics and probiotics have been proven to promote gastrointestinal health 
and immune function. The concept behind probiotics is to enhance good bacteria 
and discourage bad bacteria in the human gastrointestinal tract. Prebiotics, which 
enhance the growth of beneficial bacteria in the lower intestine, are primarily fibers 
naturally found in food. The food industry is in a position to recognize that prebiotics 
and probiotics may contribute to helping improve public health by promoting gastro-
intestinal health as well as immune function. However, it is important to find prebiot-
ics and probiotics that are fully compatible with formulation, processing, packaging, 
and distribution. This Handbook of Prebiotics and Probiotics Ingredients is compre-
hensive in the field of prebiotics and probiotics; it includes the most current biological 
research findings and food applications. The handbook also includes global aspects 
of both prebiotics and probiotics with chapters contributed by experts from around 
the world. It will serve as a thorough reference for product developers, nutritionists, 
health professionals, and government agencies worldwide.
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1.1 INTroDuCTIoN

In this chapter, we present several analytical methods, mostly the official 
methods that have been approved by AOAC International (Association of Official  
Analytical Chemists) and American Association of Cereal Chemists (AACC), for 
the determination of dietary fiber and specific nondigestible carbohydrates that 
have purported health-promoting properties and that could be classified as “pre-
biotics.” During the past three decades, there have been a number of published 
analytical methods for measuring dietary fiber (DF). Most were developed based 
on a physiological definition proposed by Trowell et al.1 in 1976: “Dietary fibre 
consists of the plant polysaccharides and lignin, which are resistant to hydrolysis, 
by digestive enzymes of man.” Between 1975 and 1983, several analysts in Europe 
and the United States were developing gravimetric procedures using a combina-
tion of pepsin, pancreatin, α-amylase, and amyloglucosidase to remove protein and 
starch from test samples. Through the joint efforts of scientists at U.S. Food and 
Drug Administration (FDA), members of AOAC International, and other analysts 
in North America and Europe, a collaborative study was completed and published 
as an enzymatic–gravimetric method. This method was adopted as official AOAC 
method 985.29. Subsequently, it has been modified and simplified by other groups 
in the United States and Canada. By 1994, four other methods were also collab-
oratively studied and adopted as official methods by AOAC and AACC. Need for 
implementation of the Nutrition Labeling and Education Act of 1990 has led to a de 
facto definition of DF as the material isolated by AOAC method 985.29 as modified 
in 1988 (FDA-DHHS, 1990).2 Table 1.1 lists all the approved methods with cor-
responding number, name, and reference. All five currently approved methods for 
total dietary fiber (TDF) require a step in which the fiber fraction that is soluble in 
enzyme digestate is presumed to precipitate in 78 to 80 percent ethanol, and thus is 

Table 1.1  Approved Methods for Total Dietary Fiber

Method Number

Method NameAoAC AACC

985.29 32-05 total dietary fiber in foods. enzymatic-gravimetric Method 
(Prosky et al., 1985)5

991.43 32-07 total, soluble, and insoluble dietary fiber in foods—
enzymatic-gravimetric Methods, Mes-tris buffer (Lee, et al., 
1992)6

992.16 32-06 total dietary fiber, enzymatic-gravimetric Method (Mongeau 
and brassard, 1993)7

993.21 total dietary fiber in foods and foods Products with ≤ 2% 
starch, nonenzymatic-gravimetric Method (Li and Cardozo, 
1994)9

994.13 32-25 total dietary fiber (determined as neutral sugar residues, 
uronic acid residues, and klason Lignin) gas 
Chromatographic–Calorimetric–gravimetric Method (theander 
et al., 1995)10
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recovered along with the insoluble fraction via filtration. There are, however, certain 
naturally occurring or manufactured oligosaccharides and polysaccharides, that is, 
nondigestible carbohydrates, that remain soluble in the dilute alcohol medium and, 
hence, are not recovered as part of the TDF residue. Since 1997, methods have 
been developed and approved by AOAC and AACC for separate determinations 
of fructans and fructo-oligosaccharides, polydextrose, galacto-oligosaccharides, 
and resistant maltodextrins (Table 1.2). In 2002, the Institute of Medicine of the 
National Academy of Sciences3 proposed a definition stating:

Dietary Fiber consists of nondigestible carbohydrates and lignin that are intrinsic and 
intact in plants. Functional Fiber consists of isolated, nondigestible carbohydrates that 
have beneficial physiological effect in humans. Total Fiber is the sum of Dietary Fiber 
and Functional Fiber.

If and when the above definition is accepted by the FDA, the scientific community, 
and consumers, then the existing analytical methods need to be modified to measure 
all the components as defined above.

1.2 ANAlyTICAl ProCEDurEs For ToTAl DIETAry FIbEr

The approved methods can be classified as either gravimetric or chemical pro-
cedures. Regardless of this distinction, all ground, dried food samples containing 
>10 percent fat and/or sugar, should be extracted sequentially with hexane or petro-
leum ether to remove fat, and with 80 percent ethanol or methanol to remove sugar. 
Detailed descriptions of each method under discussion can be found in an AOAC 
publication.4

Table 1.2 Approved Methods for Nondigestible Carbohydrates

Method Number

Method NameAoAC AACC

997.08 32-31 fructans in food Products, ion exchange Chromatographic 
Method (Hoebregs, 1997)11

999.03 32-32 Measurement of total fructan in foods by enzymatic/
spectrophotometric Method (McCleary et al., 2000)16

2000.11 32-28 Polydextrose in foods, ion Chromatographic Method (Craig et al., 
2001)12

2001.02 32-33 determination of trans-galactooligosaccharides in selected food 
Products by iC (slegte, 2002)13

2001.03 32-41 determination of resistant Maltodextrins and total dietary fiber in 
selected foods by LC–enzymatic–gravimetric Method (gordon 
and ohkuma, 2002)14
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1.2.1 Enzymatic–Gravimetric Methods

AOAC methods 985.29,5 991.43,6 and 992.167 fall under this classification and are 
based on the principle that a combination of enzymes in specific buffers will hydro-
lyze starch and protein when present in a particular food sample. By adding to the 
digestate four times its volume of 95 percent ethanol, soluble and insoluble DF along 
with other minor food components is precipitated and collected by filtration. The 
isolated residues are corrected for crude protein and ash, and the final weights are 
taken to be TDF content of the test samples. In 2007, Kanaya et al.8 published stud-
ies using newly developed enzymes to further shorten the analysis time for AOAC 
method 991.43. For foods containing < 2 percent starch, AOAC method 993.219 does 
not require any enzyme treatment. Table 1.3 lists approved TDF methods with their 
respective buffers and enzymes.

1.2.2 Enzymatic–Chemical Method

AOAC method 994.1310 is the only approved method that quantifies, as mono-
saccharides, the carbohydrate constituents of DF residues are isolated similarly to 
those from the enzymatic–gravimetric procedures. Test samples are treated with 
enzymes to remove starch, then insoluble materials, recovered from dilute alcohol, 
are hydrolyzed stepwise in concentrated and then dilute sulfuric acid. Neutral sugars 
in the hydrolyzate are derivatized, first by reduction, followed with acetylation; the 
resulting alditol acetates are separated and quantified by gas chromatography (GC) 
or analyzed as free sugars by high-performance liquid chromatography (HPLC) 
after a sample cleanup step. Uronic acids are determined by a colorimetric proce-
dure. Klason lignin content is calculated as acid insoluble organic matter lost upon 
ashing.

1.3 ANAlyTICAl ProCEDurEs For 
NoNDIgEsTIblE CArbohyDrATEs

As mentioned before, there are naturally occurring or manufactured oligo- and 
polysaccharides that are not recovered by any of the approved AOAC/AACC methods 

Table 1.3 Enzymatic–gravimetric Methods: Their buffers and Enzymes

Method buffer Enzymes

aoaC 985.29 Phosphate α-amylase (heat-stable termamyl), protease, 
amyloglucosidase

aoaC 991.43 Mes-tris α-amylase (heat-stable termamyl), protease, 
amyloglucosidase

aoaC 992.16 Phosphate, 
acetate

α-amylase (heat-stable termamyl), protease, 
amyloglucosidase, “-amylase

aoaC 994.13 acetate α-amylase (heat-stable termamyl), amyloglucosidase
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for measuring TDF. Some of these dilute, alcohol-soluble nondigestible carbohy-
drates do possess physiological characteristics similar to DF, such as fermentation to 
short-chain fatty acids, effect on fecal bulking, and transit time. In some cases, they 
may be considered “prebiotics.”

At present, there are five approved methods for the determination of nondigest-
ible carbohydrates. These methods can be classified as chromatographic or spectro-
photometric procedures; in general, they all require initial extraction with hot (80°C) 
or boiling water and centrifugation in an ultrafiltration device when appropriate. In 
2008, a new method was published for the determination of fructo-oligosaccharides 
using ion cyclotron resonance mass spectrometry.

1.3.1 Ion Chromatographic Method

1.3.1.1 For Fructans and Fructo Oligosaccharides

Fructans are polysaccharides consists of fructose linked by β-(2-1) bonds with 
degree of polymerization (DP) range from 2 to 60 as in inulin, and 2 to 10 as in 
fructo-oligosaccharides.

AOAC method 997.08/AACC 32-3111 was the first method approved by AOAC 
International and AACC specifically for the determination of fructans and their 
oligomers. Test samples are extracted with boiling water; the extract is hydrolyzed 
sequentially with amyloglucosidase and inulinase. Free fructose, glucose, and sucrose 
are separated and quantified by high-performance anion-exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) in the extract before hydrolysis, 
then glucose and fructose after each of the two enzyme hydrolysis steps. Fructan 
content in the test sample is calculated by difference from the amount of each sugar 
in different solutions.

1.3.1.2 For Polydextrose

Polydextrose is a manufactured polysaccharide prepared by acid catalyzed vac-
uum thermal polymerization of glucose and sorbitol. The average DP is 12 with 
range of molecular weight between 162 and 20,000. AOAC method 2000.1112 incor-
porates hot water extraction and ultrafiltration. The filtrate is treated with a mix-
ture of isoamylase, amylogluco-sidase, and fructanase. Polydextrose standards are 
treated in similar manner, and used to quantify a high-molecular-weight fraction of 
polydextrose using HPAEC-PAD.

1.3.1.3 For trans-Galacto-Oligosaccharides

trans-Galacto-oligosaccharides (TGOS) are manufactured oligosaccharides pro-
duced from lactose by enzymatic transgalactosylation and with DP range from 2 to 7. 
AOAC method 2001.0213 employs hot (80°C) phosphate buffer for the extraction of 
TGOS and lactose from test samples. The extract is treated with β-galactosidase to 
hydrolyze the di- and oligosaccharides to yield glucose and galactose. Free galactose 
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and lactose are determined before and after enzyme hydrolysis, and their concentra-
tions are used to calculate the total TGOS content of the test samples.

1.3.2 high-Performance liquid Chromatographic Method

1.3.2.1 For Resistant Maltodextrins

Resistant maltodextrins (RM) are mixtures of oligo- and polysaccharides pro-
duced by a combination of heat and enzyme treatment of cornstarch with a wide 
range of molecular weight averaging about 2,000. The lower-molecular-weight frac-
tion is soluble in dilute alcohol. The AOAC method 2001.0314 measures first a non-
digestible carbohydrate fraction recovered from 78 percent alcohol solution using 
AOAC method 985.29. Then the dilute alcohol filtrate is concentrated on a rotary 
evaporator, and passed through ion exchange resins for the removal of salts and 
proteins. Low-molecular-weight RM is quantified by HPLC with reflective index 
detector. This method measures both the dilute alcohol soluble and insoluble nondi-
gestible carbohydrates.

1.3.2.2 For Lactulose

Using a Waters carbohydrate analysis column, separation and quantification of a 
solution containing galactose, tagatose, lactose, and lactulose was achieved by elu-
tion with a mixture of water and acetonitrile as described by Parrish et al.15 This is 
not an official method; however, it is applicable for the analysis of samples contain-
ing mono- and disaccharides.

1.3.3 spectrophotometric Method

1.3.3.1 For Total Fructan

AOAC method 999.0316 incorporates enzyme treatments with spectrophotomet-
ric determination for the measurement of fructan and fructo-oligosaccharides. Test 
samples are extracted into hot water (80°C) with pH maintained above 5.5. Extracts 
are incubated with a solution of sucrase/amylase, followed by reduction with sodium 
borohydride. The mixtures containing sugar alcohol are then incubated with fruc-
tanase, followed by the addition of PAHBAH (p-hydroxybenzoic acid hydrazide)  
reagent and the absorbance is measured at 410 nm against a reagent blank. Total 
fructan content is calculated from the concentration of fructose in the hydrolyzate.

1.3.4 Fourier Transform Ion Cyclotron resonance Mass spectrometry

1.3.4.1 For Fructo-Oligosaccharides (FOS)

A relatively new method17 for precise quantification of fructo-oligosaccharides 
has been published utilizing matrix-assisted laser desorption/ionization Fourier 
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transform ion cyclotron resonance mass spectrometry. The method was used to mon-
itor the consumption of fructo-oligosaccharides in bacterial fermentation samples to 
better understand the role of inulin and FOS as prebiotics.

1.4 NEEDs

1.4.1  reliable Methods for Determining lignin 
as a Component of Dietary Fiber

In any enzymatic–gravimetric method, DF as oligo- and polysaccharides that are 
nonhydrolyzable by the specific enzymes are usually recovered along with lignin and 
other associated substances, such as waxes, cutin, and suberin from 78 percent alco-
hol. In the enzymatic–chemical method, only the constituent sugars and lignin rep-
resent DF. However, there is no accurate method for routine measurement of lignin, 
whose structure as a phenyl-propanoid polymer has not been well defined. Klason 
lignin determined by AOAC method 994.13, as the acid insoluble organic matter in 
the DF residue, may include some tannins and Maillard reaction products. A modi-
fied permanganate method has been shown to be more reproducible and the values 
are lower when compared with those obtained after acid detergent fiber extraction 
followed by permanganate treatment or after Klason lignin treatment.18

1.4.2  Methods to Determine resistant starch, 
Naturally occurring and Added

The fraction of starch that escapes digestion in the small intestine and is fer-
mented in the large intestine is known as resistant starch (RS).19 Analytically, the 
amount of RS isolated as part of DF varies depending on the food and the method. 
At present, all AOAC methods for TDF include a certain amount of RS in their DF 
values for starchy foods. AOAC method 2002.02/AACC method 32-4020 specifically 
measures RS. Test samples are incubated with a mixture of pancreatic α-amylase 
and amyloglucosidase at 37°C for 16 hours. A pellet is obtained by centrifugation, 
then dissolved in 2 M KOH; the alkaline solution is neutralized with acetate buf-
fer, and treated with amyloglucosidase. The absorbance of glucose in the enzyme 
hydrolyzate is measured at 510 nm after the addition of glucose oxidase-peroxidase 
reagent. RS content is calculated from the amount of glucose in the hydrolyzate.

1.4.3  Integrated Methods to Determine Alcohol-soluble and 
Alcohol-Insoluble Nondigestible Carbohydrates

With the exception of AOAC method 2001.03 for the determination of resistant 
maltodextrins and TDF, all the existing methods mentioned above are applicable for 
the determination of either alcohol-soluble or alcohol-insoluble nondigestible carbo-
hydrates, but not both simultaneously in the same test portion. Integrated methods 
ought to be developed to do just that. Such methods should also be able to quantify 
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a variety of alcohol-soluble nondigestible carbohydrates when present in the same 
food, for example, fructo-oligosaccharides, polydextrose, and other naturally occur-
ring or manufactured oligosaccharides.

1.4.4  Methods to Distinguish Naturally occurring from 
Added Nondigestible Carbohydrates

Fructo-oligosaccharides and higher-molecular-weight fructans occur naturally 
in many plant foods; however, in a number of processed foods, they have been iso-
lated from natural sources and added as food ingredients. This is analogous to pro-
cessed sucrose from sugar beets or canes. At present, there is no method by which 
one can quantify the amount of sucrose that comes from a plant food and that which 
was added, for example, in sweetened canned fruits. Similarly, there is no method 
for determining any given nondigestible carbohydrate as naturally occurring DF or 
as added fiber.
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2.1 INTroDuCTIoN

2.1.1 What Is scFos?

Fructans have been defined as “any compound where one or more fructosyl–
fructose linkages constitutes a majority of linkages … fructan is used to name mole-
cules that have a majority of fructose residues, whatever the number is” (Roberfroid, 
2005a). Fructans therefore represent a heterogeneous group, and as such, many dif-
ferent possible chemical entities exist. Fructans can vary with respect to the follow-
ing (Roberfroid, 2005a):

Source—Plant, bacteria, and fungi•	
Chain composition—All fructose or mostly fructose•	
Linkages—2,1 and 2,6•	
Degree of polymerization (DP)—Plant fructans do not exceed DP of 200; however, •	
bacterial fructans can have a DP as high as 100,000
Architecture—Linear, branched, or cyclic•	
Functionality—Physiology and food science•	

Because of the heterogeneity of the fructan family, subclass classifications have 
evolved with their own set of chemical and physiological properties. Figure 2.1 rep-
resents different classes of linear fructans, categorized according to chain length. 
The subclass called inulin represents a higher-molecular-weight group, with DP < 
200. In contrast, the subclass called oligofructose has a lower molecular weight, with 
DP < 10 (Roberfroid, 2005a). The oligofructose subgroup can be further subdivided 
into the group called short-chain fructo-oligosaccharides (scFOS).

Commercially, scFOS consists of low-molecular-weight linear chains syn-
thesized by enzymatic fermentation from sucrose; however, the short chains also 
exist in nature. scFOS is clearly a unique subset of the broader oligofructose group 
because the fermentation process results in linear chains of three to five sugar units 
only, with every chain terminated by glucose. In the broader oligofructose group, DP 
can extend to 10, and chains can be terminated by either glucose or fructose, which 

Inulin: DP < 200 

scFOS:  
GF2 – GF4

Oligofructose: DP < 10 

Linear Fructans 

Figure 2.1  Classes of linear plant fructans, categorized by chain length.
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influences food application properties, such as participation in Maillard browning 
reactions. The nomenclature for the scFOS chains can be abbreviated to: GF2 (= 
1-kestose); GF3 (= nystose); GF4 (= fructosylnystose or 1F-β-fructofuranosylnystose), 
as shown in Figure 2.2 (Hidaka et al., 1986; Kono, 1993; Spiegel et al., 1994). Bonds 
between the scFOS monomers are not hydrolyzed between the mouth and small 
intestine: the fructosyl–glucose linkage is always β–(2<–>1) as in sucrose, and the 
fructosyl-fructose linkages are β–(1→2) (Roberfroid, 2005a).

Owing to differences in structure, it is important to characterize and under-
stand the collective nutritional, chemical, and food science properties of scFOS as a 
separate fructan subgroup. In this chapter, nutritional studies cited used scFOS not 
oligofructose, except where otherwise indicated. Thus, the breadth of evidence on 
scFOS is presented. Also in this review, the properties of scFOS have been compared 
with other fructan ingredients. Various commercial sources of fructan ingredients 
are available, with chicory being the primary raw material used for inulin and oligo-
fructose (Roberfroid, 2005a). Examples of commercial ingredients include:

Inulin
Orafti: ST, ST-gel, GR, HP, HP-gel, HPX, HIS, HIS Ultra (BENEO-Orafti, www.

orafti.com)
Oliggo-Fiber: XL, DS2, Instant, Instant Premium, S20 (Cargill, www.cargillhft.

com)
Fibruline: XL, DS2, Instant, S20 (Cosucra, www.cosucra.com)
Frutafit: HD, IQ, CLR, TEX (Sensus, www.sensus.nl)

Oligofructose
Orafti: L60, L85, L95, P95, Synergy 1 (BENEO-Orafti, www.orafti.com)
Oliggo-Fiber: F97, F97 Premium (Cargill, www.cargillhft.com)
Fibrulose: F97 (Cosucra, www.cosucra.com)
Frutalose: L60, L85, L92 (Sensus, www.sensus.nl)

Glucose 

 Fructose 

 Fructose 

Fructose 

Fructose 

GF3

GF2

GF4

Figure 2.2  structure of scfos. (adapted from spiegel et al., 1994.)
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scFOS
NutraFlora® (GTC Nutrition, www.nutraflora.com)
Actilight (Beghin Meiji and Syral, www.beghin-meiji.com)
Meioligo (Meiji Seika Kaisha Ltd., www.meiji.co.jp)

2.1.2 sources of scFos

Fructans serve storage and protective functions in many commonly consumed 
plants. Thus, fructans are a typical part of the diet. Some food sources of fructans are 
higher in scFOS, while others are richer in high-molecular-weight fructans, such as 
inulin. scFOS is present in selected foods that include onion, artichoke, garlic, wheat, 
and banana, and is typically present at low levels (Table 2.1). In contrast, some pre-
pared meals are particularly high in total fructan content. For example, a bowl of 
French onion soup could contain 6 to 18 g of fructans (Van Loo et al., 1995).

Estimated daily intakes of fructans in the United States have been calculated 
by applying analytical values for various foods to food consumption databases. 
According to the three references below, mean total fructan intake likely ranges 
between 1 to 5 g/day with scFOS intake < 1 g/day.

Van Loo et al. (1995) estimated that consumption of fructans ranged between 1 to •	
4 g/day, mostly coming from wheat (76 to 78 percent), onion (10 to 18 percent), and 
banana (3 to 5 percent); 10 percent of the population was estimated to eat double 
this amount, between 2 and 8 g/day.
Moshfegh et al. (1999) estimated the separate consumption of oligofructose and •	
inulin in the United States using the U.S. Department of Agriculture database, 
1994–1996 Continuing Survey of Food Intakes by Individuals. Estimated mean 
intakes were 2.5 g/day (range 1 to 4 g) for oligofructose and 2.6 g/day (range 1 to 
4 g) for inulin. Thus, the combined total intake of fructans was estimated to be 
similar to that of Van Loo et al. (1995), and approximately 50 percent of fructans 
consumed would be DP < 10. Food sources contributing oligofructose were mostly 
wheat (71 percent), onion (24 percent), banana (2 percent), and garlic (2 percent).

Table 2.1  Food sources of scFos

Plant
Fructan, g/100 g, 

as is scFos Content (DP ≤ 5)

onion 1–8, raw dP 2–12 = 100%; most frequently 
occurring dP is 5

Jerusalem artichoke 17–21, raw dP <10 = 52%

garlic 16 dP <5 = 25%

Wheat 1–4 dP <5 = 50%

globe artichoke 2 dP <4 = 5%

banana 1 dP <5 = 100%

Source: adapted from Van Loo et al., 1995.
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Spiegel et al. (1994) specifically estimated scFOS intake, using consumption data •	
from the Environmental Protection Agency’s Dietary Risk Evaluation System. 
Their estimation for scFOS intake was 0.8 g/day, and the two primary food sources 
of scFOS were tomato (0.6 g) and banana (0.2 g). Interestingly, tomato was not 
listed as a primary source of fructans by Van Loo et al. (1995) or Moshfegh et 
al. (1999).

Estimations of fructan or specifically scFOS intake are only available for a few 
countries. Van Loo et al. (1995) estimated fructan intake in Europe and reported a 
higher intake than for the United States, at 3 to 11 g/day. Most of the fructans would 
likely come from wheat (63 to 69 percent), onion (14 to 16 percent), and garlic (5 to 9 
percent), similar to the United States. Intakes of fructans would vary regionally, due 
to different food preferences. For example, the estimated fructan intake in Belgium 
ranged from 3 to 10 g/day, and the estimated fructan intake in Spain ranged from 6 
to 17 g/day.

2.1.3 recognition of scFos as a Fiber

Dietary fiber is unique among nutrients in that it is generally accepted as a physi-
ological concept rather than a chemical entity. That is, the dietary fiber in a food 
could represent a collection of different components varying in chemical and physi-
cal attributes, and varying in relative proportions. At this time, there is no globally 
utilized definition for dietary fiber, but most definitions in use include or assume the 
following criteria (Roberfroid, 2005c):

Is present in edible plant cells•	
Is a carbohydrate•	
Resists hydrolysis by human/mammalian intestinal enzymes•	
Resists absorption in the small intestine•	
Is fermented (partially or totally) by large intestinal bacteria•	

scFOS meets all of these criteria and, therefore, can be considered a dietary fiber.
In the United States, there has been a reliance on methodology to identify and 

measure fiber components. This is rather arbitrary for many nondigestible carbohy-
drates meeting the above criteria, particularly for fructans, such as scFOS, which do 
not measure as a fiber using standard Association of Official Analytical Chemists 
(AOAC) enzymatic–gravimetric methods (e.g., AOAC 985.29, AOAC 991.43). scFOS 
is not measured by these methods because it is soluble in aqueous ethanol; however, 
it can be measured by alternative methods, such as the enzymatic–chemical method 
AOAC 999.03 and the enzymatic–HPAEC (high-performance anion-exchange chro-
matography) method AOAC 997.08 (McCleary, 2003). The latter method is based 
on a DP of 10, so it can be corrected for the lower DP of scFOS for a more accurate 
measurement if required.

As a result of the methodological issues described above, the following two defi-
nitions of fiber are often used as a guideline in the United States to assess whether 
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a food component is a dietary fiber. According to both definitions, scFOS would be 
considered a component of fiber.

 1. American Association of Cereal Chemists (AACC, 2001): “Dietary fiber is the 
edible parts of plants or analogous carbohydrates that are resistant to digestion and 
absorption in the human small intestine with complete or partial fermentation in 
the large intestine. Dietary fiber includes polysaccharides, oligosaccharides, lignin, 
and associated plant substances. Dietary fibers promote beneficial physiological 
effects including laxation, and/or blood cholesterol attenuation, and/or blood glu-
cose attenuation.” In the discussion of this definition, the authors referred to oligo-
saccharides with a DP between 3 and 10 and stated that they are “clearly included 
in this definition.” scFOS would be classified as an analogous carbohydrate.

 2. Food and Nutrition Board (FNB) of the U.S. Institute of Medicine of the 
National Academy of Sciences (2005): “Dietary fiber consists of nondigestible 
carbohydrates and lignin that are intrinsic and intact in plants. Functional fiber 
consists of isolated, nondigestible carbohydrates that have beneficial physiological 
effects in humans.” In the discussion of this definition, the authors clearly state that 
“fructans could be classified as functional fibers.” Indeed, the report specifically 
describes fructo-oligosaccharides as DP 2 to 4.

The Food Chemical Codex (2006) has recognized scFOS with a separate published 
monograph. The monograph differentiates and defines “fructo-oligosaccharides, 
scFOS” produced from sucrose compared with that which is made from inulin.

2.1.4 Manufacturing Process for scFos

scFOS is manufactured by a bioenzymatic (or fermentation) process, using 
sucrose from sugar beet or cane sugar as the starting raw material. There are sev-
eral key advantages of this process relative to extracting scFOS directly from plant 
sources:

The composition and architecture of the scFOS chains are more consistent.•	
All chains are glucose terminated, which influences functionality (see later).•	
The process is more efficient than extracting directly from known plant sources. •	
For example, the fructans in banana are 100 percent DP < 5, but banana only con-
tains 1 percent fructans.

The process is considered natural, non-genetically modified, kosher, halal, and 
allergen free.

The bioenzymatic process uses a β-fructofuranosidase enzyme from the fungus 
Aspergillus niger. This is a transfructosylating enzyme that links fructose from one 
sucrose molecule to another, thereby sequentially building up the fructose backbone 
of the scFOS chain. To increase yield, residual-free sucrose and glucose, as well as 
the enzyme, are removed after the fermentation process by chromatographic separa-
tion (Kono, 1993).
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Three linear chains are produced by this bioenzymatic process (Figure 2.2). 
Their approximate relative proportions are as follows (Bornet, 1994; Bouhnik et al., 
2006; Hidaka et al., 1990):

GF•	 2 (1-kestose):   ~35 to 40 percent of scFOS
GF•	 3 (nystose):  ~45 to 50 percent of scFOS
GF•	 4 (fructosylnystose):  ~10 percent of scFOS

2.2 PhysIologICAl EFFECTs oF scFos

2.2.1 Digestibility of scFos

The chemical and physical nature of scFOS is quite similar to sucrose, but the 
physiological action is very different. Both in vivo and in vitro models have been 
used to demonstrate that scFOS is not digested between the mouth and small intes-
tine, prior to the large intestine. This is because neither the pancreas nor the small 
intestine mucosa secrete enzymes capable of hydrolyzing the β–(1→2) fructosyl-
fructose linkages.

Digestibility of scFOS has been assessed in various ways, including simulated 
salivary and intestinal enzyme digestion, measurement of glucose and insulin 
response, fate of labeled scFOS, and breath hydrogen determination.

In vitro:•	  Digestion in the mouth was simulated by incubating scFOS in vitro with 
human salivary enzymes at 37°C for 24 hours. Compared with sucrose and maltose, 
the scFOS was not digested (Hidaka et al., 1986).
In vitro:•	  Digestion in the human small intestine was simulated by incubating scFOS 
with rat pancreatic homogenate and small intestinal mucosa at 37°C for 2 hours. 
The scFOS was not digested (Hidaka et al., 1986).
Rats:•	  Digestibility was tested by feeding 14C labeled scFOS to germ-free, antibiotic-
treated, and conventional rats. In the germ-free rats, 14C was not detected in exhaled 
carbon dioxide within the first 4 hours, and hardly detected within the first 8 hours, 
indicating that scFOS is not digested in the small intestine (Tokunaga, 2004).
Humans:•	  Digestibility was tested indirectly in vivo in healthy male subjects using 
a glucose response test. In the test, 25 g scFOS was consumed after overnight fast-
ing, and blood glucose, fructose, and insulin were measured over a 2-hour period. 
Response was compared with a 25 g sucrose challenge. The glucose, fructose, and 
insulin response curves were all flat following scFOS consumption, indicating that 
scFOS is not digested or absorbed within the small intestine (Hidaka et al., 1991a).
Humans: •	 Digestibility of scFOS was tested by comparing changes in breath hydro-
gen following ingestion of 10 g scFOS relative to 10 g lactulose, a nondigestible car-
bohydrate. In the test, 6-hour breath hydrogen area under the curve measurements 
were similar for scFOS and lactulose, indicating that scFOS is not digested. Peak 
response occurred between 3 and 5 hours after ingestion of scFOS (Stone-Dorshow 
and Levitt, 1987).
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Although scFOS is not digested, it is fermented in the large intestine, so it con-
tributes some energy to the body via short-chain fatty acids (SCFAs). Acetate is 
metabolized in muscle, kidney, heart, and brain; propionate is cleared by the liver, 
and is reported to be a glucogenic precursor and suppressor of cholesterol synthesis; 
and butyrate is metabolized by the colonic epithelium where it regulates cell growth 
and differentiation (Tuohy et al., 2006). Hosoya et al. (1988) measured the caloric 
value of scFOS by combining data from two radiochemical balance studies. In the 
first study, they adapted subjects to 6.1 g/day of [14C] labeled scFOS for 7 days, then 
collected breath, flatus, urine, and fecal samples for 48 hours to determine parti-
tioning of the 14C. In the study, 58 and 67 percent of the 14C was recovered within 
24 and 48 hours, respectively. Most of this was recovered in respiratory gas, with 
40 percent recovered within the first 12 hours. Over the 48-hour period, 10 percent 
was recovered in feces, 2 percent in urine, and less than 0.05 percent in flatus. The 
second study used in the caloric value calculation was an in vitro human fecal 
incubation study, which measured bacterial SCFA production. Following the 8-hour 
incubation, 89 percent of the 14C was recovered; 10 percent was found in 14CO2, 
mostly produced within the first 4 hours, and 58 percent of the 14C was converted to 
SCFA. The primary SCFAs were acetate, propionate, and butyrate, with 14C present 
in the ratios 42:35:20. Combining these two studies, Hosoya et al. (1988) calculated 
the caloric value of scFOS to be 1.5 kcal/g, less than half that of sucrose. The pres-
ence of labeled SCFAs and CO2 indicates that scFOS is utilized by the intestinal 
bacteria to generate SCFAs, and that these SCFAs are further metabolized.

2.2.2 bacterial utilization of scFos

As described above, there is direct evidence that bacteria utilize scFOS, dem-
onstrated by the production of labeled SCFAs from labeled scFOS (Hosoya et al., 
1988). However, SCFAs are not accepted as validated biomarkers of prebiotic activ-
ity, that is, selected bacterial growth or activity; hence, well-designed clinical studies 
with bacterial enumeration are preferred (Roberfroid, 2005d). Selective utilization 
of scFOS by intestinal bacteria has been demonstrated in vitro using pure cultures of 
selected bacterial species or using mixed fecal flora inoculations, and also in animal 
and human studies by measuring the bacterial composition of the feces. This section 
describes in vitro prebiotic studies and the next section describes clinical prebiotic 
evidence.

scFOS is one of only three recognized prebiotics—inulin-type fructans, trans-
galacto-oligosaccharides, and lactulose (Gibson et al., 2004). It has been accepted as 
a prebiotic because it meets the following three criteria:

 1. It resists gastric acidity, hydrolysis by mammalian enzymes, and intestinal 
absorption.

 2. It is fermented by the intestinal microflora.
 3. It selectively stimulates the growth of large intestinal bacteria associated with 

health and well-being.
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In vitro culture studies have been used to demonstrate that scFOS is selectively uti-
lized by bacteria, particularly by bifidobacteria and lactobacilli (Table 2.2, Table 2.3, 
and Table 2.4). McKellar et al. (1993) tested the growth of 43 species/strains of bifi-
dobacteria at 37°C for 48 hours and reported that all grew on scFOS, as measured by 
optical density (Table 2.4). Separately, Kaplan and Hutkins (2000) tested the ability 
of 28 species/strains of lactic acid bacteria to ferment the isolated pure scFOS, with 
fermentation measured as a colored zone around the colonies growing on the agar 

Table 2.2 bacterial utilization of scFos

species
No. of 

strains growtha species
No. of 

strains growtha

Bifidobacterium 
adolescentis

4 ++ Bacteroides 
melaninogenicus

1 ++

Bifidobacterium 
longum

3 ++ Fusobacterium varium 2 –

Bifidobacterium breve 3 + Megamonas hypermegas 2 ++

Bifidobacterium 
infantis

2 ++ Mitsuokella multiacidus 2 Variable

Bifidobacterium 
bifidum

2 – Escherichia coli 2 –

Lactobacillus 
acidophilus

3 – Klebsiella pneumoniae 1 ++

Lactobacillus 
fermentum

4 – Enterococcus faecalis 1 +

Lactobacillus 
salivarius

2 + Enterococcus faecium 1 +

Lactobacillus casei 1 – Streptococcus intermedius 2 ++

Lactobacillus 
plantarum

1 + Peptostreptococcus 
prevotii

1 –

Eubacterium 
aerofaciens

1 + Peptostreptococcus 
parvulus

1 ++

Eubacterium limosum 1 – Clostridium perfringens 4 –

Eubacterium lentum 1 – Clostridium difficile 2 –

Propionibacterium 
acnes

1 – Clostridium paraputrificum 2 –

Bacteroides fragilis 4 ++ Clostridium clostridiforme 2 +

Bacteroides 
thetaiotaomicron

3 ++ Clostridium ramosum 2 +

Bacteroides vulgatus 2 ++ Clostridium butyricum 1 ++

Bacteroides distasonis 1 ++ Veillonella dispar 2 –

Bacteroides ovatus 1 ++ Megasphaera elsdenii 1 –

a bacterial growth after 48-hour incubation; growth score judged by measurement of optical 
density and pH. ++, same level of growth compared to glucose; +, weaker growth compared 
to glucose; –, no growth.

Source: adapted from Hidaka et al., 1986.
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after 24-hour incubation. Of the species/strains tested, 19 could ferment the scFOS 
(Table 2.3), indicating interspecies and interstrain differences. This highlights the 
need to identify and test specific species/strains, particularly when pairing probiotics 
with prebiotics in symbiotic combinations.

Recent studies have explored the mechanism by which lactic acid bacteria uti-
lize scFOS, to provide greater understanding of the selectivity shown by specific 
lactic acid bacteria. Both Lactobacillus plantarum 1995 and Lactobacillus strain 
GG were able to utilize GF2 and GF3 but not GF4 as measured by optical density 

Table 2.3 lactic Acid bacteria utilization of scFos

species and strain
growth on Agar 

Containing scFosa

Lactobacillus bulgaricus b734 –

Lactobacillus bulgaricus Cr5 –

Lactobacillus bulgaricus Cr14 +

Lactobacillus acidophilus 33200 +

Lactobacillus acidophilus 837 +

Lactobacillus acidophilus dds-1 +

Lactobacillus acidophilus nCfM +

Lactobacillus plantarum 4008 +

Lactobacillus plantarum 1195 +

Lactobacillus plantarum 12006 +

Lactobacillus plantarum Mr240 +

Lactobacillus lactis 448 –

Lactobacillus casei 685 +

Lactobacillus casei Mr191 +

Lactobacillus strain gg –

Streptococcus thermophilus 19987 –

Streptococcus thermophilus 14485 –

Streptococcus thermophilus 19258 –

Streptococcus thermophilus MtC321 –

Bifidobacterium adolescentis 15705 +

Bifidobacterium adolescentis 15706 +

Bifidobacterium breve 15698 +

Bifidobacterium breve 15700 +

Bifidobacterium bifidum 15696 –

Bifidobacterium infantis 17930 +

Bifidobacterium infantis 25962 +

Bifidobacterium longum 15708 +

a + indicated when colonies were surrounded by a yellow zone; – 
indicated when no zone was apparent.

Source: adapted from kaplan and Hutkins, 2000.
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(Kaplan and Hutkins 2000). Similarly McKellar and Modler (1989) explored the 
relationship between chain length and β-fructosidase activity in various bifidobac-
teria species (Bifidobacterium adolescentis ATCC 15703, B. longum ATCC 15070, 
B. thermophilum ATCC 25525) and observed maximum cell-associated enzyme 
activity for scFOS versus inulin. This suggests that at least some bifidobacteria and 
lactobacilli selectively use different fructans according to chain length, and that 
scFOS, particularly the smaller scFOS chains, are selectively utilized by certain 
bacteria. FOS transporters have been identified on L. paracasei 1995 (Kaplan and 
Hutkins, 2003) and L. acidophilus (Barrangou et al., 2003). Transporter assays sug-
gest that FOS transport is selective for chain length, as studies with L. paracasei 
1195 revealed that the uptake of GF2 and GF3 was rapid, whereas little GF4 uptake 
occurred (Kaplan and Hutkins, 2003). Selective transport could explain selective 
utilization of the shorter chains, specifically GF2 and GF3.

Table 2.4 growth of bifidobacteria on scFos and Inulin

species
strain 

(n)
scFos growth 

(A600)
Inulin growth 

(A600) Difference

B. boum 1 0.256 0.024 0.232

B. pseudolongum 1 0.542 –0.051 0.593

B. globosum 1 0.659 –0.092 0.751

B. pullorum 1 0.774 –0.068 0.842

B. ruminantium 1 0.889 –0.106 1.049

B. choerinum 1 0.900 –0.214 1.114

B. animalis 2 0.957 –0.016 0.973

B. gallinarum 1 1.09 0.071 1.019

B. bifidum 8 1.10 –0.032 1.132

B. breve 2 1.13 –0.070 1.200

B. longum 6 1.18 0.002 1.178

B. species 4 1.21 0.045 1.165

B. suis 1 1.22 –0.051 1.271

B. breve/longum 1 1.28 0.029 1.251

B. merycicum 1 1.43 0.042 1.388

B. magnum 1 1.47 –0.051 1.521

B. adolescentis 2 1.54 0.041 1.499

B. infantis 2 1.57 0.300 1.270

B. minimum 1 1.85 0.670 1.180

B. cuniculi 1 2.05 0.578 1.472

B. thermophilum 4 2.13 0.390 1.740

43 average growth average growth

1.258a 0.0937 1.164

a significantly different, p ≤ 0.05.
Source: adapted from Mckellar et al., 1993.
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Not only is scFOS selectively used by health-promoting bacteria, such as bifi-
dobacteria and lactobacilli, but it is also important to note that it is not utilized by 
selected harmful bacteria, thereby providing a second mechanism by which scFOS 
can contribute to a healthy colonic microbial balance. For example, in Table 2.2, 
scFOS was not utilized by Escherichia coli or Clostridium difficile (Hidaka et al., 
1986). Rousseau et al. (2005) demonstrated in a 48-hour in vitro incubation study 
that Candida albicans did not utilize scFOS. Using in vitro incubation techniques 
with mixed fecal flora, scFOS was shown to produce less total gas than other fruc-
tans (Probert and Gibson, 2002). In vitro incubation studies with isolated bacteria 
show that most bacteria tested did not produce gas from scFOS compared with glu-
cose, particularly 10 species/strains of bifidobacteria and 8 species/strains of lacto-
bacilli (Kawaguchi et al., 1993). As bifidobacteria and lactobacilli are primary users 
of scFOS, this could explain the observations from Probert and Gibson (2002) when 
mixed fecal flora were used. Further, in a human study, rectal gas samples were col-
lected and measured after scFOS consumption. N2 was the primary gas produced, 
followed by CO2 and H2. H2S, which is the major sulfur-containing compound in 
feces and is correlated with odor, was reduced following scFOS consumption com-
pared with lactulose or no added fiber (Kawaguchi et al., 1993). This could explain 
why no difference in stool odor was observed when human subjects were fed up to 5 
g/day scFOS (Tokunaga et al., 1993).

scFOS also acts to inhibit the growth of harmful bacteria and the production of 
potentially harmful metabolites. Mechanistic understanding of how scFOS inhibits 
pathogenic growth and activity is evolving; however, it is known that scFOS fermen-
tation generates SCFAs that lower pH, and thereby inhibit the growth of selected 
pathogenic bacteria. Further, by providing a source of carbohydrate energy to intesti-
nal bacteria, scFOS shifts the intestinal metabolic balance toward carbohydrate ver-
sus protein fermentation, reducing the production of potentially harmful by-products 
like phenols. Studies demonstrating protective effects of scFOS against the growth 
and activity of pathogens, such as E. coli, Salmonella typhimurium, and C. difficile 
(a causative agent of pseudomembranous colitis), are listed below. In general, ani-
mals fed scFOS while exposed to antibiotics and pathogens have reduced pathogenic 
effects including disease symptoms, toxin levels, and pathogen levels.

2.2.2.1 Escherichia coli

Pigs:•	  Piglets were given a milk replacer with or without scFOS for 6 days, after 
which they received an E. coli challenge. Of 8 piglets not fed scFOS, 6 devel-
oped diarrhea within 36 hours of the E. coli challenge, but only 1 of 8 piglets 
fed scFOS developed diarrhea. Survival rates were 62.5 percent without scFOS 
and 100 percent with scFOS. Bifidobacteria counts were nonsignificantly higher 
and E. coli counts were nonsignificantly lower in piglets fed scFOS (Bunce et 
al., 1995).
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2.2.2.2 Salmonella typhimurium

Pigs:•	  Piglets were given formula with or without scFOS for 14 days during which they 
received an S. typhimurium challenge. scFOS reduced severity of the infection-asso-
ciated symptoms, shown by greater activity, p < 0.05 (Correa-Matos et al., 2003).

2.2.2.3 Clostridium difficile

Hamsters:•	  Antibiotic-compromised hamsters were given a C. difficile challenge 
while fed diets with and without scFOS. Hamsters consuming the scFOS diet had 
increased survival time, at 15 days versus 13.5 days for the control group, p < 0.001 
(Wolf et al., 1997).
Mice:•	  Antibiotic-compromised mice were given diets with and without scFOS over 
10 days during which they received a C. difficile challenge. In the scFOS-fed group, 
toxin A titers were lower, p < 0.05; animals had more culturable bacteria, p < 0.05; and 
experienced less incidence of detectable toxin A and diarrhea (Gaskins et al., 1996).
Pigs and •	 in vitro: In an in vitro fermentation study using pig fecal inoculum, 
growth of acidogenic bacteria increased when scFOS was present, yielding SCFAs, 
particularly acetate, and decreasing pH. C. difficile growth and activity is pH sen-
sitive, hence, no culturable counts of C. difficile were obtained, nor was toxin A 
detected (May et al., 1994).

2.2.2.4 Other

Human:•	  Elderly subjects were given 8 g/day of scFOS for a 2-week period. 
Bifidobacteria counts increased, p < 0.05, with increases first noted after 4 days. 
There was a significant negative correlation between the average count of bifido-
bacteria and the occurrence of C. perfringens (r = –0.837, p <0.05), indicating that 
bifidobacteria may suppress the growth of this organism in the human large intes-
tine (Hidaka et al., 1986).
Rats:•	  In a rat study where diets contained high levels of tyrosine and tryptophan, 
production of phenols was reduced when scFOS was fed, indicating a shift in meta-
bolic balance with reduced protein fermentation (Hidaka et al., 1986).

2.2.3 Clinical Prebiotic Evidence for scFos

As mentioned previously, fructan fibers are one of only three recognized prebi-
otic fibers (Gibson et al., 2004). This recognition for scFOS primarily comes from 
a number of clinical observations, as clinically observed changes in microflora are 
the best-accepted biological marker for prebiotics. At least 13 published references 
are available in the public domain. Some reported on multiple studies (total of 16 
studies) and multiple doses. Therefore, collectively from the 10 references and 16 
studies, there are 32 observations on possible prebiotic effects of scFOS (Table 2.5 
and Table 2.6). These studies were conducted in various groups that included healthy 
adults, elderly individuals, and people with metabolic syndrome and renal failure.
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Table 2.5 Prebiotic Effect of scFos

references
Treatment 
Duration

scFos Dose, 
g/d

bifidobacteria 
Effect

lactobacilli 
Effect

bouhnik et al.,  
1999

7 days 2.5 no

5.0 yes

10 yes

20 yes

bouhnik et al., 2004 7 days 10 yes (p = 0.056)

7 days 2.5 no

5.0 no

7.5 no

10 no

bouhnik et al., 2006 7 days 2.5 yes no

5.0 yes no

7.5 yes no

10.0 yes no

bouhnik et al., 1996 4, 8, 12 days 12.5 yes

bouhnik et al., 2007 4 weeks 8 yes

buddington et al., 
1996

25 days 4 yes

garleb et al., 1996 14 days 15 yes

31 yes

guigoz et al., 2002 3 weeks 8 yes no

Hidaka et al., 1986 4, 8, 11, 14 days 8 yes yes

not defined 1 yes, no stats

2 yes, no stats

4 yes, no stats

Mitsuoka et al., 
1986

8 weeks 1 yes

2 no

4 yes

6–12 months 6.1 yes, no stats

Mitsuoka et al., 
1987

4, 14 days 8 yes no

tokunaga et al., 
1993

2 weeks 1 yes

3 yes

5 yes

Williams et al., 1994 14 days 4 yes no
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Table 2.5 and Table 2.6 show that:

26 of 32 (or 81 percent) of observations were positive for an effect of scFOS on •	
bifidobacteria.
scFOS was an effective prebiotic at doses ranging from 1 to 31 g/day.•	
scFOS was a stronger substrate for bifidobacteria than lactobacilli according to fecal •	
bacteria measurements. Only 1 of 8 observations was positive for lactobacilli.
scFOS was effective as a prebiotic for bifidobacteria at 14 days with 1 g/day, at 7 •	
days with 2.5 g/day, and at 4 days with 8 g/day, indicating a dose effect.
All 9 of 9 (100 percent) observations were positive following 12 to 14 days of •	
scFOS consumption.

As a prebiotic, scFOS selectively feeds the bifidobacteria. Bouhnik et al. (1999) 
demonstrated that not only did counts of bifidobacteria increase with 10 g/day 
scFOS, but also the percent bifidobacteria among total anaerobes. In a second study, 
Bouhnik et al. (1996) found an increase in bifidobacteria counts with no effect on 
total fecal anaerobes.

The prebiotic effect of scFOS appears to be dependent on dose and treatment 
duration. A positive correlation between scFOS dose and fecal bifidobacteria counts 
was noted in three studies (Bouhnik et al., 1999; 2004; 2006) and Bouhnik et al. 
(1999) found that 5 g/day scFOS increased bifidobacteria counts in 75 percent of 
subjects, but with 10 g/day, scFOS bifidobacteria counts increased in 100 percent 
of subjects. While some studies did not observe a prebiotic effect at 7 days (refer 
to Table 2.5), there were three observations of a prebiotic effect after only 4 days 
(Bouhnik et al., 1996; Hidaka et al., 1986; Mitsuoka et al., 1987). The rapid response 

Table 2.6  summary Table of Prebiotic observations 
(references in Table 2.5)

scFos 
Dose, g/d

No. of Positive 
observations

Effective 
Duration

Ineffective 
Duration

1 g 3 of 3 14–56 days

2 g 1 of 2 56 days

2.5 g 1 of 3 7 days 7 days

3 g 1 of 1 14 days

4 g 4 of 4 14–56 days

5 g 3 of 4 7–14 days 7 days

6.1 g 1 of 1 365 days

7.5 g 1 of 2 7 days 7 days

8 g 4 of 4 4–28 days

10 g 3 of 4 7 days 7 days

12.5 g 1 of 1 4–12 days

15 g 1 of 1 14 days

20g 1 of 1 7 days

31 g 1 of 1 14 days
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could reflect the higher dose used in these studies: 12.5, 8, and 8 g/day, respectively. 
scFOS is a more effective prebiotic in people with lower starting bifidobacteria 
counts (Guigoz et al., 2002; Hidaka et al., 1986, Tokunaga et al., 1993). This could 
explain why all 5 of 5 (100 percent) observations in elderly subjects were positive for 
a bifidogenic effect of scFOS (Bouhnik et al., 2007; Guigoz et al., 2002; Hidaka et 
al., 1986; Mitsuoka et al., 1987).

Bifidobacteria do not seem to adapt to the presence of scFOS over time, such 
that the bifidogenic effect does not diminish with continued scFOS consumption. 
In the study by Mitsuoka et al. (1986), bifidobacteria counts and percent bifidobac-
teria increased after 1 month, and continued over 12 months throughout the study. 
However, when scFOS consumption ceased, bifidobacteria counts returned to base-
line levels, indicating the need for continued prebiotic intake (Bouhnik et al., 2007; 
Buddington et al., 1996).

2.2.4 Consequences for health

The benefit of scFOS for digestive health extends beyond balancing the micro-
flora composition, to having a positive impact on various aspects of digestive health 
that span from inflammation and immune response to diarrhea. Health effects are 
likely due to the promotion of selected bacteria that are known to be immuno-
stimulatory (e.g., bifidobacteria and lactobacilli) and/or increased concentrations 
of selected scFOS metabolites, such as SCFAs (e.g., butyrate), which are known to 
promote healthy colonic tissue and function. More mechanistic studies are required 
to understand the role of scFOS in digestive health, but in the meantime there is a 
consistent relationship between dietary scFOS and improved immune and inflamma-
tory function. Table 2.7 summarizes the effects of scFOS for compromised groups, 
and details are provided below.

2.2.4.1 Diarrhea

Children:•	  In Indonesia, children 1 to 14 years of age with diarrhea from various 
causes were given a control formula or one with 2.5 to 5 g scFOS depending on age. 
The children who consumed scFOS had a shorter duration of diarrhea, reduced 
from 4.2 days to 2.7 days, p = 0.001 (Juffrie, 2002).
Pigs:•	  Pigs with acute diarrhea induced by cholera enterotoxin were given an oral 
electrolyte solution (OES) with and without scFOS. Standard OES is formulated 
to replenish lost water and electrolytes, but does not reduce stool volume or the 
duration of diarrhea. scFOS did not reduce the duration of diarrhea and associated 
loss of water (possibly because the toxin rather than the live pathogen was used), 
but scFOS promoted intestinal bacterial recovery (lactobacilli) within 24 hours, p 
= 0.0001 (Oli et al., 1998).
Pigs:•	  As described earlier, scFOS reduced incidence of diarrhea and increased 
survival in piglets exposed to E. coli relative to piglets given diets without scFOS 
(Bunce et al., 1995).
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Table 2.7 benefits of scFos for Compromised groups

group

Test supplement 
(scFos or 

Multiingredient 
Formula 

Containing 
scFos) health benefit ref.

infants/children with 
diarrhea

scfos reduced diarrhea 
duration

Juffrie, 2002

seniors Multiingredient 
formula

Heightened immune 
response

Langkamp-
Henken et al., 
2004

seniors Multiingredient 
formula

Heightened immune 
response

Langkamp-
Henken et al., 
2006

seniors scfos Modified immune 
markers; increased 
bifidobacteria

guigoz et al., 
2002

seniors scfos increased bifidobacteria bouhnik et al., 
2007

seniors scfos increased bifidobacteria Hidaka et al., 
1986

seniors scfos increased bifidobacteria Mitsuoka et al., 
1987

ulcerative colitis Multiingredient 
formula

reduced use of 
inflammatory 
medication

seidner et al., 
2005

Pancreatitis Multiingredient 
formula

suppressed acute 
inflammatory response

karakan et al., 
2007

Minor functional 
bowel disorder

scfos reduced intensity and 
frequency (trend) of 
symptoms; improved 
quality of life

Paineau et al., 
2008

Constipation scfos increased fecal 
frequency (no stats)

Hidaka et al., 
1991b

renal failure Multiingredient 
formula

reduced constipation Cockram et al., 
1998

renal failure scfos increased bifidobacteria Mitsuoka et al., 
1986

Hyperlipidemia, 
diabetes, high blood 
pressure, peripheral 
arterial occlusion

scfos increased bifidobacteria Mitsuoka et al., 
1986
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2.2.4.2 Constipation

Humans:•	  Patients with end-stage renal disease were given a renal formula with 
or without 16 to 19 g/day scFOS for 2 weeks. Patients receiving the formula with 
scFOS had less constipation (Cockram et al., 1998).

2.2.4.3 Inflammation

Humans—Pancreatitis:•	  Hospitalized patients with severe pancreatits were given 
a control enteral nutrition formula or a multifiber-enriched formula containing 
scFOS for 48 hours. Acute phase inflammatory response was suppressed with the 
test formula, as shown by a reduced time to normalize C-reactive protein levels 
(from 10 to 7 days, p < 0.05), and two scores of inflammation: APACHE II score 
(from 6.5 to 4 days, p < 0.05) and contrast abdominal computed tomography (CT) 
score (16 to 12 days, p < 0.05). Overall complications, which included multiorgan 
failure, cholangitis, sepsis, pseudocyst, and death, were reduced with the test for-
mula, p < 0.05, and hospital stay was also shortened from 15 to 10 days, p < 0.05 
(Karakan et al., 2007).
Humans—Minor Functional Bowel Disorder:•	  Hospitalized patients with minor 
functional bowel disorder assessed by questionnaire (abdominal discomfort, con-
stipation) were given a control or test formula with 5 g scFOS over a 6-week period. 
Patients consuming scFOS had reduced intensity of digestive disorders (by 44 per-
cent, p = 0.026), a trend for reduced frequency of symptoms (by 75 percent of 
subjects, p = 0.064), and improved quality of life as shown by activity scores, p = 
0.011 (Paineau et al., 2008).
Humans—Ulcerative Colitis:•	  Subjects with ulcerative colitis were provided a 
control formula or a test formula with 6.7 g scFOS in combination with other nutri-
ents. Subjects consuming the test formula had no worsening of their disease activ-
ity index or histology index, yet were able to reduce their use of antiinflammatory 
medication, p < 0.001 (Seidner et al., 2005).
Rats—Colitis:•	  Rats with trinitrobenzene sulfonic acid (TNBS)-induced colitis 
were given diets with or without scFOS for 7 to 14 days. scFOS inhibited weight 
loss; reduced mucosal damage and promoted healing, shown by reduced macro-
scopic damage at 14 days, p < 0.05; and reduced colonic mucosal myeloperoxidase 
(MPO) activity, p < 0.05, an enzyme marker of polymorphonuclear neutrophil pri-
mary granules. scFOS increased cecal butyrate and reduced pH, p < 0.05, which 
could contribute to the effects because intracolonic butyrate infusion decreased 
inflammation and MPO activity (Cherbut et al., 2003).
Rats—Colitis:•	  Rats with colitis induced by a peptidoglycan-polysaccharide derived 
from streptococci were given diets with or without scFOS for 1 week prior to and 3 
weeks after induction. scFOS exhibited antiinflammatory action similar in efficacy 
to sulfasalazine, shown by reduced liver weight, p < 0.05, and less inflamed liver, 
spleen, and colonic mucosal tissue (Grisham et al., 1996).
Pigs:•	  Pigs were given a control diet or a multinutrient ulcerative colitis formula 
(UCNF) containing scFOS for 21 days. The UCNF diet suppressed synthesis of 
proinflammatory prostaglandins, prostaglandin E (p < 0.0001), 6-keto-prostaglan-
din F1α (p < 0.05), and thromboxane B2 (p < 0.0001) (Campbell et al., 1997).
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2.2.4.4 Immune Response

Humans—Vaccine Response:•	  Two studies reported improved vaccine and 
immune response when seniors were given a test formula with 4.4 g/day scFOS in 
combination with other nutrients versus a control formula. In the first study, the test 
formula was consumed for 183 days during which time the influenza vaccine was 
given. Subjects consuming the test formula had fewer days of upper respiratory tract 
infection (median 3 days, range 0 to 69 days per completed subject versus median 0 
days, range 0 to 49 days per completed subject, p = 0.049), had greater lymphocyte 
proliferation to the influenza vaccine (p = 0.013), and had greater increase in serum 
antibody titer (p = 0.012) (Langkamp-Henken et al., 2004). In the second study 
by the same group, the seniors consumed the test formula for 4 weeks before and 
6 weeks after the influenza vaccination. Subjects consuming the test formula had 
greater lymphocyte and antibody response to the vaccine (p = 0.008, p = 0.047), 
reduced cytokine production (interleukin-6, p = 0.045), and fewer subjects were 
treated for fever (p = 0.02) (Langkamp-Henken et al., 2006).
Humans—Immune Response:•	  In a pretest/posttest study, seniors were given 
8 g scFOS for 3 weeks. Changes in nonspecific immunity were observed that 
included decreased phagocytic activity of granulocytes and monocytes (p < 0.001) 
and decreased expression of interleukin-6 mRNA in blood monocytes (p = 0.018) 
(Guigoz et al., 2002).
Dogs:•	  Pregnant dogs were given diets with and without scFOS from the 35th day of 
gestation until weaning. Those given scFOS exhibited higher colostrum and milk 
immunoglobulin M (IgM), p < 0.01, without concomitant effect on IgG1, IgG2, and 
IgA. Puppies of these dogs tended to have higher Bordetella bronchiseptica-spe-
cific IgM immune response, p = 0.018 (Adogony et al., 2007).
Mice:•	  Antibiotic-compromised mice were given diets with and without scFOS for 
10 days during which they received a Clostridium difficile challenge. The cecal 
macrophage number was higher in the scFOS-fed group, p < 0.01, with no change 
in dendritic cells (Gaskins et al., 1996).
Mice:•	  Mice were fed diets with and without scFOS for 4 to 6 weeks. scFOS increased 
intestinal IgA secretion, p < 0.001, and there was a dose-dependent increase in IgA 
secretion from Peyer’s patches, p < 0.05, and interferon-γ and interleukin 10 from 
Peyer’s patches CD4+ helper/inducer T cells, p < 0.05 (Hosono et al., 2003).
Mice:•	  Newborn mice and their dams were fed diets with and without scFOS prewean-
ing, then for up to 23 days postweaning. Mice fed scFOS had increased intestinal 
IgA, p < 0.05, increased percentage of B220+IgA+ cells in Peyer’s patches, p < 0.05, 
and increased pIgR expression, p < 0.05, which is important for transepithelial trans-
port of intestinal IgA onto the mucosal surface (Nakamura et al., 2004).

2.2.4.5 Mineral Absorption

Humans—Calcium Absorption:•	  scFOS fermentation is known to increase large 
intestinal SCFA production, resulting in a lowering of intestinal pH. Lower pH 
increases mineral solubility rendering the minerals more absorbable, which has 
been proposed as a mechanism whereby fermentable fibers increase large intesti-
nal mineral absorption. Increased calcium absorption was observed in three acute 
studies when 3 g scFOS was given in a breakfast meal to men and young women, 
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p < 0.05 (Fukushima et al., 2002; Ohta et al., 1999; Uenishi et al., 2002). Increased 
absorption was first measured at 4 hours and extended out to 8 and 12 hours. The 
rapid fermentation of scFOS could influence this short-term effect. In these three 
studies, increased calcium absorption was measured in urine calcium, which is 
positively correlated with calcium absorption from the digestive tract (Ohta et al, 
1999). Although not yet repeated in humans, increased calcium absorption pro-
moted by scFOS could enhance bone mineral content, as rat studies have demon-
strated increased bone calcium stores when fed scFOS (summarized in Ohta et al., 
1998b).
Rats:•	  A second mechanism has been proposed whereby scFOS could enhance min-
eral absorption. Active calcium absorption requires the participation of a calcium 
transporter protein called calbindin-D9k, and there is a high correlation between 
this protein and calcium absorption (Ohta et al., 1998a). Intact and gastrectomized 
rats fed diets containing scFOS exhibited increased levels of calbindin-D9k in the 
large intestine (Ohta et al., 1998a, 1998b). Studies on this biomarker have not yet 
been repeated in humans.

2.3 CoMMErCIAl FooD APPlICATIoN oF scFos

scFOS ingredients have a long history of global food use. scFOS was first made 
available as a commercial ingredient by Meiji Seika Kaisha Ltd. in Japan (Beghin-
Meiji, 2008). It was initially launched with a lower fiber content, but now has at 
least 95 percent fiber on a dry weight basis, with the residual ≤5 percent (dry weight) 
consisting of the sugars sucrose, glucose, and fructose. scFOS is currently marketed 
under three different trade names globally: NutraFlora® in North America, South 
America, Australia; Actilight in Europe; and Meioligo (formerly Neosugar) in Asia.

scFOS has been an approved food ingredient in Japan since 1980, and has 
approved FOSHU (Foods for Specified Health Uses) status. In the European Union 
(EU), scFOS has been recognized as a food ingredient since 1991, and has been 
approved as a bifidogenic ingredient since 1997. scFOS was first made commer-
cially available in the United States in 1988, with the first food product containing 
scFOS launched in 1994. In the United States, scFOS is considered GRAS approved 
and natural, and is on the National Organic Standards Board list of approved sub-
stances. Currently, scFOS can be found in more than 500 food products worldwide 
(Macfarlane et al., 2008; Spiegel et al., 1994).

scFOS is a useful food ingredient for three distinct reasons:

 1. Nutritional enrichment. With a high fiber content of ≥95 percent (dry basis), it 
is an efficient and economical way to enrich with fiber. The fiber in scFOS is 100 
percent soluble, so scFOS is an ideal “invisible fiber.” For example, 10 g of scFOS 
can easily be mixed into an 8-ounce glass of water. Also, because scFOS is approxi-
mately 30 percent as sweet as sucrose, yet contains only 1.5 kcal/g, it is an effective 
ingredient for calorie reduction, particularly sugar reduction.

 2. Structure–function claims. Due to the extensive body of scientific evidence under-
pinning scFOS, it has become a popular ingredient for structure–function claims 
relating to digestive health and bone health. Example claims for digestive health 
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include prebiotic, promotes digestive function, increases levels of good bacteria, 
and reinforces immune system function. Example claims for bone health include 
enhances calcium absorption; and supports bone health.

 3. Application benefits. scFOS is a unique ingredient because, although it is non-
digested, it has properties and functional benefits similar to sucrose and glucose 
syrup (summarized in Table 2.8). The combination of nutritional and technical ben-
efits of scFOS make it an ideal ingredient for inclusion in most food systems and 
food processes. However, two limitations exist: (1) yeast-leavened bakery products 
(as the yeast ferments the scFOS) and (2) low-pH (below 4), shelf-stable beverages, 
where scFOS can be hydrolyzed. Loss of scFOS can be prevented with refrigeration 
or freezing.

Table 2.8 Properties of scFos

nutritional properties ≥95% fiber (dry basis), ≤5% moisture

1.5 kcal/g

Physical properties White powder; odorless

Has a small particle size (100% passes through u.s. 40 
mesh)

is completely soluble

Has similar density and refractive index to sucrose

Heat stable

30% as sweet as sucrose; has a clean taste without lingering 
effects

functional benefits does not contribute to viscosity

does not contribute to Maillard browning

rounds the sweetness profile and enhances the potency of 
high-intensity sweeteners

Masks off notes

enhances flavors, e.g., fruit flavors

balances the cooling effect of sugar alcohols

improves texture, e.g., crispiness of extruded cereals

enhances the mouthfeel and creaminess of low-fat and 
fat-free dairy products

Contributes to product shine, e.g., breakfast cereals

Has humectant properties, e.g., maintains bar softness 
thereby extending shelf life

affects freezing point, e.g., creates a creamy frozen dessert

does not require process modification, e.g., when extruding 
breakfast cereals

aids in the dispersion of gums, proteins, and other hard-to-
disperse systems/products

reduces water activity
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scFOS has been included in a wide variety of foods and supplements globally 
that have been marketed for children, adults, and hospital/institutional use. Food 
products available on the market include the following:

Beverages: Soy milk, smoothies, juice•	
Dairy products: Yogurt, ice cream, frozen yogurt•	
Desserts: Pudding, jelly/jello•	
Fruit products: Fruit preparations•	
Bakery products: Snack bars, biscuits/cookies, waffles, pancakes•	
Breakfast cereal: Extruded cereals, instant oatmeal•	
Confectionery: Chocolate, gummy candy•	
Infant and toddler foods•	
Specialty nutrition products: Liquid supplements•	

2.4 CoMPArATIvE EFFECTs oF scFos AND oThEr FruCTANs

2.4.1 biological outcomes

Various studies have directly compared scFOS with other fructans and found 
differences in biological outcomes that include:

Selective bacterial utilization•	
Mechanism for bacterial utilization•	
Rate of fermentation•	
Gas production•	
Tolerance•	

McKellar et al. (1993) conducted in vitro incubation studies across a broad selec-
tion of bifidobacteria species and strains by comparing growth on various carbohy-
drate sources at 37°C for 48 hours, as measured by absorbance at 600 nm. Averaged 
across all 43 species/strains tested, glucose and sucrose were the best growth factors: 
average growth on each of the mono- and disaccharides was sucrose (1.767 ± 0.0643 
SE) > glucose (1.704 ± 0.0489) > fructose (1.208 ± 0.0767). By comparing the fruc-
tan substrates tested, scFOS (1.258 ± 0.0324) was a better growth factor than inulin 
(0.0937 ± 0.232), p ≤ 0.05 (see Table 2.4). Across all 19 species of bifidobacteria, 
scFOS was a better growth factor. In fact, every species utilized scFOS, but 10 spe-
cies could not utilize inulin. Hence, scFOS is a more generic growth substrate for 
bifidobacteria than inulin.

Mechanistic studies suggest that scFOS may be a better substrate for intestinal 
bacteria than oligofructose or inulin due to its shorter and more specific DP.

Two species of lactobacilli were better able to utilize GF•	 2 and GF3 than GF4 (Kaplan 
and Hutkin s, 2000).
β•	 -Fructosidase activity in various bifidobacteria species showed higher cell-associ-
ated enzyme activity for scFOS versus inulin (McKellar et al., 1989).
scFOS uptake by a lactobacilli transporter is more rapid for GF•	 2 and GF3 than GF4 
(Kaplan and Hutkins, 2003).
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Inulin is reported to be more slowly fermented than oligofructose (Roberfroid, 
2005b). It was recently confirmed that scFOS is also more rapidly fermented than 
inulin. Using in vitro batch fermentation and human fecal inoculum, Stewart et al. 
(2008) compared the fermentation profile of scFOS, two types of oligofructose and 
three types of inulin. After a 4-hour fermentation period, total SCFA concentration 
was higher for scFOS than for the three inulins tested, nonsignificant for two, signifi-
cant for one. This trend continued across the first 12 hours of the incubation. Further, 
the rate of SCFA production was higher for scFOS than for inulin, particularly in the 
first 4-hour period, p < 0.05. Differences in concentration and rate were largely due 
to acetate production which is not surprising as scFOS is generally more bifidogenic 
than inulin and bifidobacteria produce acetate.

In addition to SCFA production, fructans also differ in gas production, with scFOS 
producing less gas than other fructans. Probert and Gibson (2002) used an in vitro 
fermentation system with human fecal flora inoculum to compare gas production by 
four fructans: scFOS, oligofructose, branched FOS, and levan. scFOS produced sig-
nificantly less gas than oligofructose within the first 4 hours (p = 0.01), less gas than 
oligofructose and branched FOS within 8 hours (p = 0.01, p = 0.05, respectively), 
and by 24 hours scFOS produced less gas than all other fructans tested (p = 0.01). As 
gas/flatus is typically the highest reported symptom of gastrointestinal (GI) distress 
following fructan consumption (Bouhnik et al., 1999, 2004, 2006) and is typically 
experienced by more people than for other symptoms of GI distress (Bouhnik et al. 
1999, 2006), differences in gas production between fructans should be considered 
when selecting ingredients to formulate consumer-accepted food products.

Several authors have tested GI tolerance to scFOS and other fructans. Where 
tolerance to different fructans was compared within the same study, differences 
between different types of fructans emerged. Bouhnik et al. (2004) tested the GI 
tolerance of 10 g of seven different nondigestible carbohydrates for 7 days, two of 
which included scFOS and inulin. When scFOS was consumed, changes in GI dis-
tress symptoms were similar to or lower than the control with the exception of bloat-
ing (Table 2.9). scFOS was better tolerated than inulin, with a 12-fold lower effect on 
flatus and 6-fold lower effect on bloating. On average, subjects reported no change 
in abdominal pain with scFOS, but this was increased with inulin. Therefore, 10 g/
day of scFOS was well tolerated with little effect compared with the control, and 
less GI distress compared with inulin. Bouhnik et al. (1999, 2006) also showed that 
that scFOS is well tolerated up to 10 g/day in two dose-response studies. In the 
1999 study, they assessed doses of 0, 2.5, 5, 10, 20 g/day scFOS over 7 days. With 
respect to flatus, the 2.5, 5.0, and 10 g/day scFOS doses were well tolerated, with no 
significant difference between the doses. However, the flatus observed with the 20 g/
day dose was significantly higher, p < 0.05. No significant differences were reported 
amongst the 0 to 20 g/day doses for bloating, borborygmi, or abdominal pain. In the 
2006 study, doses of 0, 2.5, 5, 7.5, and 10 g/day scFOS were consumed for 7 days. 
Flatus, borborygmi, and abdominal pain did not differ between the doses. However, 
some bloating was observed at the lower doses.
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2.4.2 Food Application outcomes

In terms of food applications, scFOS is more similar to oligofructose than to 
inulin. Relative to inulin, scFOS has higher solubility and dispersibility and lower 
viscosity. As a result of their respective physicochemical properties, scFOS is better 
suited for beverage applications, whereas inulin is a good gel former, contributing 
creamy mouthfeel and functioning as a fat replacer.

scFOS differs from the broader oligofructose subclass of fructans because of its 
chemical structure:

scFOS chains are specifically GF•	 2, GF3, and GF4, whereas oligofructose is DP < 10.
scFOS chains are all terminated by glucose (i.e., GF•	 n), whereas oligofructose can 
be terminated by either glucose or fructose (i.e., GFn or FFn).

Glucose or fructose termination determines the extent to which the chains partic-
ipate in nonenzymatic Maillard browning. This is a complex series of reactions that 
involves food proteins and reducing sugars during thermal processing. Tuohy et al. 

Table 2.9 Tolerance to Fructans

Day 8a Day 15 Change after 7 Days

Placebo

excess flatus 1.25 2.63 1.38

bloating 0.75 0.25 –0.50

borborygmi 0.25 2.25 2.00

abdominal pain 0.50 1.25 0.75

scFos

excess flatus 3.50 3.88 0.38

bloating 2.00 2.38 0.38

borborygmi 1.38 2.25 0.87

abdominal pain 1.50 1.50 0.00

Inulin

excess flatus 0.63 5.25 4.62

bloating 0.38 2.63 2.25

borborygmi 0.25 1.13 0.88

abdominal pain 0.00 1.25 1.25

a days 1–7 were the baseline period, but subjects excluded fruc-
tans from their diet; and days 8–14 were the treatment period. 
symptom intensity was graded as 0 = no symptoms, 1–7 = mild 
symptoms, 8–14 = moderate symptoms, 15–21 = severe 
symptoms.

Source: adapted from bouhnik et al., 2004.
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(2006) reviewed the potential biological importance of Maillard reaction products 
(MRP) for health. They resist digestion in the small intestine so can alter bacterial 
growth and activity in the large intestine; they could contribute to increased levels 
of bacterially produced toxic metabolites from amino acids; a number of MRPs have 
been reported to possess mutagenic or carcinogenic properties; and upon absorp-
tion MRPs can induce inflammatory responses. Further, Maillard reaction results in 
losses of protein via cross-linking (which renders them indigestible), essential amino 
acids (e.g., lysine), certain vitamins (e.g., vitamin C and thiamin), and some metals 
via complexation (e.g., copper, zinc, and iron).

Unpublished research in our lab has shown that browning is more likely to occur 
with fructose termination, such that browning is more apparent in the order oligo-
fructose > inulin > scFOS when fructans are heated in the presence of lysine, one of 
the amino acids known to participate in these reactions. Conditions used to obtain 
this effect were 1.25 percent lysine + 5 percent fructan in distilled water, heated 
with stirring for 90 minutes. Separately, Huebner et al. (2008) compared browning 
of different fructans (e.g., scFOS, oligofructose, and inulin) under different Maillard 
reaction conditions: 10 percent short-chain and 2 percent long-chain fructan in cit-
rate-phosphate buffer pH7 with 1 percent glycine, heated at 85°C with shaking for 0 
to 6 hours, and absorption measured at 420 nm compared with glucose. More brown-
ing was observed with oligofructose than scFOS at 1, 2, and 3 hours, with browning 
fourfold greater at each time point (Huebner et al., 2008).

2.5 ADDITIoNAl sourCEs oF INForMATIoN

Additional information about scFOS can be obtained from the following refer-
ences and Web sites:

Bornet, F.R.J., and Brouns, F., Immune-stimulating and gut health-promoting prop-•	
erties of short-chain fructo-oligosaccharides, Nutrition Reviews, 60(11), 326–334, 
2002.
Roberfroid, M., Inulin: A fructan, in •	 Inulin-Type Fructans: Functional Food 
Ingredients, Roberfroid, M., Ed., CRC Press, Boca Raton, FL, 2005.
Spiegel, J.E., Rose, R., Karabell, P., Francos, V.H., and Schmitt, D.F., Safety and •	
benefits of fructooligosaccharides as food ingredients, Food Technology, (Jan), 
85–89, 1994.
http://nutraflora.com•	
http://www.actilight.com•	
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3.1 INTroDuCTIoN

The intestinal habitat, mainly the large intestine of an individual, contains 300 
to 500 different species of bacteria, and the number of microbial cells within the gut 
lumen is about 10 times larger than the number of eukaryotic cells in the human body 
(Salminen et al., 1998; Segain et al., 2000; Guarner and Malagelada, 2003). In this 
complex and dynamic microbial ecosystem, living bacteria achieve concentrations 
of up to 1011 to 1012 per gram of luminal content (Guarner and Malagelada, 2003).

This ecosystem interacts with the host health, in various domains including the 
protection against pathogens (barrier effect), inflammatory bowel diseases, colonic 
cancers, and others (Guarner and Malagelada, 2003). Some gut bacteria, including 
subspecies of Clostridium perfringens, sulfate-reducing and amino acid fermenting 
species are considered harmful. On the other hand, others are considered as ben-
eficial. The main potentially health-enhancing bacteria are the bifidobacteria and 
lactobacilli, both of which belong to the lactic acid bacteria group (Salminen et al., 
1998). These two genera do not include any significant pathogenic species and their 
potentially prophylactic and therapeutic beneficial effects are now well demonstrated 
in human and animal studies (Picard et al., 2005).

Modulation of the microflora composition by “functional foods” with the objec-
tive to improve the colonic environment is a challenge. A prebiotic is defined as a 
“nondigestible food ingredient that beneficially affects the host by selectively stimu-
lating the growth and/or the activity of one or a limited number of bacteria in the 
colon” (Gibson et al., 2004; Macfarlane et al., 2006). They have been widely tested, 
in animal and human studies, for their beneficial actions in the prevention or treat-
ment of a broad spectrum of gastrointestinal disorders, from impairment of colonic 
transit to colonic carcinogenesis (Macfarlane et al., 2006). Probiotics are defined as 
“live microorganisms, which confer a health benefit on the host when administered 
in adequate amounts” (Guarner and Schaafsma, 1998). Synbiotics are products in 
which both a probiotic and a prebiotic are combined.

The aim of this chapter is to focus on the physiological effects of oligosaccharides and 
inulin (fructans) in the gastrointestinal tract, with a special focus on human studies.

3.2 ChArACTErIsTICs AND PhysIologICAl 
EFFECTs oF FruCTANs

The only known components for which convincing evidence in favor of a pre-
biotic effect has been reported are carbohydrates that resist digestion in the upper 
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gastrointestinal tract (nondigestible carbohydrates or NDCHs), but that are hydro-
lyzed and fermented in the large bowel. Three types of carbohydrates, essentially 
nondigestible oligosaccharides, fulfill the criteria for prebiotic classification: fructans 
(inulin and fructo-oligosaccharides (FOS)), (trans-)galacto-oligosaccharides (TOS 
or GOS), and lactulose (Macfarlane et al., 2006). The aim of this chapter is to focus 
on fructans (Table 3.1); TOS, GOS, and lactulose are presented in other chapters.

3.2.1 Effects of Fructans on Intestinal Microflora Composition

3.2.1.1 Bifidogenic Effect

Over the past decade, it has emerged that some NDCHs have the potential to 
increase the concentration of bifidobacteria in the colon (Bornet and Brouns, 2002). 
The intensity of this bifidogenic effect depends on the chemical structure of the 
prebiotic, leading to differences in efficient doses. The results of the main human 
studies carried out to assess bifidogenic properties of fructans are summarized in 
Table 3.2.

In a recent randomized controlled study, Bouhnik et al. (2004) found that lactu-
lose, long-chain inulin, and isomalto-oligosaccharides (IMO) were not bifidogenic at 
10 g/day for 7 days on the contrary to short-chain fructo-oligosaccharides (sc-FOS), 
soybean oligosaccharides (SOS), and galacto-oligosaccharides (GOS). The three 
nonbifidogenic substrates were further studied in a dose–response relationship using 
higher doses (Bouhnik et al., 2004). In the study, 80 volunteers were randomized in 
three groups of 24 subjects who received one of the three nonbifidogenic NDCHs at 
a dose of 10, 15, and 20 g/day for 7 days (8 volunteers per dose) and a fourth group 
of 8 subjects who received the placebo. Bifidobacteria counts increased when using 
lactulose at 20 g/day (P < 0.05) and inulin at 15 g/day (P < 0.01) and 20 g/day (P < 
0.05) (Table 3.2). A dose relationship was demonstrated for sc-FOS (Bouhnik et al., 
1999, 2004, 2006), but not for other bifidogenic substrates.

When focused on the fructans, sc-FOS were found bifidogenic at doses ranging 
from 2.5 to 10 g/day (Bouhnik et al., 1999, 2004, 2006), and inulin at doses rang-
ing from 5 to 15 g/day (Bouhnik et al., submitted (a); Gibson and Roberfroid, 1995; 

Table 3.1  Fructans used as Prebiotics

Name Composition Method of Manufacture
Degree of 

Polymerization

short-chain 
fructo-
oligosaccharides

β(2–1) linear 
fructans

tranfructosylation from 
sucrose, or hydrolysis of 
chicory inulin

3–5

fructo-
oligosaccharides

tranfructosylation from 
sucrose, or hydrolysis of 
chicory inulin

2–10

inulin Hydrolysis of chicory inulin 2–60

Long-chain inulin Hydrolysis of chicory inulin 10–60
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Bouhnik et al., 2004). Experimental data suggested that the importance of bifido-
genic effects of sc-FOS and inulin could be related to their chain length. In vitro 
studies reported a difference in fermentation profile according to the chain length 
(Hidaka, 1986; Wang and Gibson, 1993). Moreover, a study performed in rats found 
that modifications in the fructan chain length could modulate the composition of 
the intestinal microflora (Kleessen, 2001). Therefore, a head-to-head comparison 
of sc-FOS and long-chain (lc) inulin (without small molecules) was performed in 
a randomized control trial including 50 volunteers (Bouhnik et al., submitted (b)). 
Bifidobacteria counts increased in both groups (P < 0.01), but the effects appeared 
quickly in sc-FOS group, probably because the fermentation was slower in lc inulin 
group.

3.2.1.2 Effect on Other Intestinal Bacteria

Even if the effects of fructans on the human gut microbiota were mainly inves-
tigated to search for a selective stimulation of bifidobacterial growth, other bacte-
ria have been studied, such as lactobacilli, eubacteria, enterobacteria, enterococci 
(Kleessen, 2001; Apajalahti et al., 2002; Macfarlane et al., 2006; Louis et al., 2007). 
It has also been reported that FOS increased the colonization and translocation 
of Salmonella in an animal model (Ten Bruggencate et al., 2004). This was not 
observed, however, in human volunteers on a regular diet (Scholtens et al., 2006).

In another study, Kleessen et al. (2001) investigated changes in bacterial species 
in human flora associated rats fed on diets containing various mixtures of short- and 
long-chain fructose polymers. Bacteria were enumerated using FISH (fluorescent in 
situ hybridization) with group-specific probes. They showed that a mix of FOS and 
lc inulin or inulin alone enhanced the numbers of the clostridial cluster XIVa group, 
which was unaffected by FOS alone.

A recent human study using analysis by temporal temperature-gradient gel elec-
trophoresis (TTGE) and fluorescent in situ hybridization also showed changes in the 
diversity and composition of dominant bacterial communities in response to dietary 
supplementation with hormone-related compounds combined with sc-FOS (Clavel et 
al., 2005). Overall, different groups of bacteria may be stimulated by fructans (Louis 
et al., 2007). For instance, fructan consumption may stimulate growth of Roseburia 
inulinivorans, which is a butyrate-producing inulin degrader belonging to clostridial 
cluster XIVa. The increased production of butyric acid from FOS, therefore, may be 
attributed in part to direct stimulation of butyrate-producing species (Manderson et 
al., 2005). It has also been recently shown that two distinct mechanisms of metabolic 
cross-feeding between Bifidobacterium adolescentis and butyrate-forming bacteria 
may operate in gut ecosystems, one due to consumption of fermentation end products 
(lactate and acetate) and the other due to cross-feeding of partial breakdown prod-
ucts from complex substrates (Belenguer et al., 2006).
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3.2.1.3 Limits

Human studies performed to investigate the effects of fructans on facal microflora 
present two main limits. The first one is that the initial level of bifidobacteria may 
have an impact on the microbiological results, as we recently demonstrated that a low 
baseline bifidobacteria count was an independent factor significantly associated with 
an increased count after treatment (Bouhnik et al., 2004). The second is the variabil-
ity and the specificity in bacteria counting methods. This is a major point because 
proving the selective stimulation of growth and/or activity of bacteria by prebiotics is 
contentious and difficult to fulfill (Gibson et al., 2004). In recent years, the develop-
ment of molecular methods helped to overcome limitations of microbiological plat-
ing methods (Tannock, 2002; Gibson et al., 2004; Mai and Morris, 2004; Zoetendal 
et al., 2004; Egert et al., 2006). Based on 16S rDNA sequence similarities, these 
methods indeed allow for gender and even species-specific bacteria counts (Matsuki 
et al., 2004). The main molecular methods are FISH, denaturing gradient gel elec-
trophoresis (DGGE), quantitative dot-blot hybridization, restriction fragment length 
polymorphism (RFLP), and large-scale rDNA sequencing. Although these methods 
provide an advanced tool for accurate microbiota characterization, some shortcom-
ings can be underlined: some predominant species—including bifidobacteria—may 
not be detected due to imperfect DNA denaturation (Wilson and Blitchington, 1996; 
Suau et al., 1999). Moreover, these methods are still limited by the relative paucity 
of sequenced gene fragments and the use of fecal biota as a surrogate for the entire 
gut microflora. Overall, a combination of conventional and molecular microflora 
analysis tools will help to better define the complexity of human microbiota and the 
effects of prebiotic candidates on it (Mai and Morris, 2004).

3.2.2 Effects of Fructans on Intestinal Functions

3.2.2.1 Stool Weight

In adults, nondigestible oligosaccharides may increase stool weight through 
an increase in bacterial biomass (Gibson and Roberfroid, 1995; Cummings et al., 
2001; Cummings and Macfarlane, 2002; Marteau and Boutron-Ruault, 2002), lead-
ing to a reduction in transit time (Cummings et al., 1992; Spiller, 2003). This effect 
depends on the dose ingested and the polymerization degree of the oligosaccharide 
(Cummings et al., 2001; Marteau and Seksik, 2004). Another property of nondigest-
ible oligosaccharides that may contribute to their effect of transit time is their gas-
ogenic effect, which is supposed to trigger the acceleration of transit (AFSSA, 2005). 
In two studies (Gibson and Roberfroid, 1995; Den Hond et al., 2000), the increase in 
stool wet weight corresponded to 1.5 to 2.0 g per gram of FOS or lc inulin fed. This 
is less than that seen with nonstarchy polysaccharide sources, such as wheat bran 
(5.4 g) or fruit and vegetables (4.7 g), but similar to that produced by more rapidly 
fermented polysaccharides (soluble fibers), such as pectin, guar gum, and acacia gum 
(Cummings, 1993; Cherbut et al., 2003b). Three other human experiments did not 
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show any increase in stool weight after ingestion of fructans (Ikeda et al., 1994; Alles 
et al., 1996; Bouhnik et al., 1997), but in none of these studies was the subjects’ diets 
controlled, which would tend to mask a small effect.

3.2.2.2 Fermentation and Production of Short-Chain Fatty Acids

A major metabolic function of colonic microflora is the fermentation of nondi-
gestible dietary residue, such as fructans. Fermentation of carbohydrates is a major 
source of energy in the colon. The metabolic end point is generation of short-chain 
fatty acids (SCFA: acetate, propionate, and butyrate; Salminen et al., 1998). All these 
fatty acids have important functions in host physiology, but butyrate seems to be the 
most interesting. First, its oxidation makes up for more than 70 percent of the oxy-
gen consumption by the human colonic tissue, indicating that butyrate is the prime 
energy substrate of the colonocyte (Cummings and Macfarlane, 2002). Acetate and 
propionate are found in portal blood and are eventually metabolized by the liver 
(propionate) or peripheral tissues, particularly muscle (acetate). Acetate and propi-
onate might also play a role as modulators of glucose metabolism: Absorption of 
these short-chain fatty acids would result in lower glycemic responses to oral glucose 
or standard meal—a response consistent with an ameliorated sensitivity to insulin. 
In fact, foods with a high proportion of nondigestible carbohydrates all have a low 
glycemic index (Thorburn et al., 1993; Englyst et al., 1999).

Each prebiotic may be characterized by its fermentation profile, for example, the 
relative proportion of acetate, propionate, and butyrate resulting from its fermenta-
tion. Among fructans, sc-FOS presents a high level of butyrate production during 
bacterial fermentation, as shown both in vitro (Wang and Gibson, 1993; Luo et al., 
1996) and in vivo in animals (Le Blay et al., 1999; Pierre et al., 1999) and humans 
(Boutron-Rouault et al., 2005).

SCFAs are also able to modulate intestinal and colonic motility (Cherbut et al., 
1997; Fich et al., 1998). They may stimulate contraction in the terminal ileum and 
shorten ileal emptying, which could protect the ileal mucosa against the poten-
tially harmful effects of reflux of the colonic contents (Cherbut et al., 1996, 1997). 
Mechanisms of action of SCFA on gastrointestinal motility may involve systemic 
humoral and neural pathways (Cherbut et al., 1998) as well as reflexes and myogenic 
responses (Cherbut et al., 1996).

Colonic microorganisms also play a part in vitamin synthesis and in absorp-
tion of calcium, magnesium, and iron. Absorption of ions in the cecum is improved 
by carbohydrate fermentation and production of SCFAs (Guarner and Malagelada, 
2003). Much research in experimental animals has shown positive effects of nondi-
gestible oligosaccharides on calcium, magnesium, iron, and zinc absorption (Scholz-
Ahrens et al., 2001). The mechanism underlying these positive effects is most likely 
related to increased solubility of these minerals in the cecum and the colon as a 
consequence of increased microbial fermentation and lower luminal pH.
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3.2.2.3 Epithelial Cell Growth and Differentiation

Possibly, the most important role of SCFAs on colonic physiology is their trophic 
effect on the intestinal epithelium. The rate of production of crypt cells is reduced 
in the colon of rats bred in germ-free environments, and their crypts contain fewer 
cells than do those of rats colonized by conventional flora, suggesting that intralu-
minal bacteria affect cell proliferation in the colon (Guarner and Malagelada, 2003). 
Differentiation of epithelial cells is greatly affected by interaction with resident 
microorganisms. All three major SCFAs stimulate epithelial cell proliferation and 
differentiation in the large and small bowel in vivo. However, among the SCFAs 
produced by fermentation, butyrate has specific biological activities in the colon. 
Butyrate stimulates proliferation and differentiation in normal epithelial cell lines 
and has the opposite effects in transformed cell in vitro. Moreover, butyrate pro-
motes reversion of cells from neoplastic to nonneoplastic phenotypes (Guarner and 
Malagelada, 2003). In pig also, FOS has been shown to stimulate SCFA production: 
a test diet containing FOS (10 percent) ad libitum for 10 days led to a significant 
increase in the concentration of SCFA, especially for n-butyrate (Tsukahara et al., 
2003). sc-FOS, which presents a high level of butyrate production during bacterial 
fermentation (Tsukahara et al., 2003), thus may modulate cell proliferation in a ben-
eficial manner.

3.2.2.4 Immunity

The intestinal mucosa is the main interface between the immune system and the 
external environment. Thus, it is not surprising that gut-associated lymphoid tissues 
contain the largest pool of immunocompetent cells in the human body. The colonic 
microflora, especially bifidobacteria, has been reported to exert a high influence on 
the immune system of the host, such as mitogenic or adjuvant activities, promotion of 
macrophages, stimulation of antibody production, and antitumor effects (Salminen 
et al., 1998; Bornet et al., 2002).

In children, a controlled study showed that a preparation of cereals containing 
a mixture of inulin and FOS (0.2 g/kg of body weight) increased vaccinal immuno-
globulin G (IgG) levels 10 weeks after immunization of the infant against measles 
(Firmansyah et al., 2001). The level of positive reaction with adequate IgG response 
was 96 percent in children receiving the prebiotic compared with 88 percent in the 
control infants. There was no difference in the levels of antimeasles IgM. A recent 
study (Bakker-Zierikzee et al., 2006) also demonstrated a significant increase in 
fecal secretory IgA in infants who received a formula enriched with a mix of GOS 
and FOS (0.6 g/100 mL) compared to a standard group. This mix of prebiotics, which 
stimulates bifidobacteria and leads to a fermentation profile close to the one found in 
breastfed children, was often studied and appeared as beneficial for infants (Moro et 
al., 2003; Boehm et al., 2004; Decsi et al., 2005; Knol et al., 2005).

Atopic diseases, such as atopic eczema, allergic rhinitis, and asthma, are increas-
ing in Western societies, demanding rapid comprehension and prevention. Several 
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promising studies have been conducted with probiotics (Kalliomaki et al., 2003; 
Ishida et al., 2005; Weston et al., 2005; Ishida et al., 2006), but the potential effects 
of prebiotics in children on atopic eczema, either therapeutic or preventive, are little 
known (AFSSA, 2003). Similarly, no studies are available demonstrating a signifi-
cant effect of a prebiotic on allergic conditions in adults (AFSSA, 2005). However, 
in patients with atopic eczema a correlation was shown between the amount of bifi-
dobacteria and the severity of atopic eczema (Bunselmeyer, 2006) and recent stud-
ies proved the efficiency of consumption of synbiotics, such as Lactobacillus casei 
subsp. casei with dextran (Ogawa et al., 2006), on the prevention and treatment of 
allergic reactions in adults (pollen allergy) or children (atopic dermatitis) (Passeron 
et al., 2006). On the contrary, two studies reported allergic reactions after consump-
tion of foods containing inulin (Salminen et al., 1998; Gay-Crosier et al., 2000).

3.2.3 The barrier Effect

Resident bacteria are a crucial line of resistance to colonization by exogenous 
microbes and, therefore, are highly relevant in protecting the internal medium of the 
host against pathogenic organisms and toxic substances (Cherbut, 2003). It is prob-
ably through their effects on the colonic flora that prebiotics are able to reinforce the 
intestinal barrier as it has been demonstrated that inulin and FOS modify the profile of 
bacterial biofilms associated with the intestinal mucosa (Cummings and Macfarlane, 
2002). Studies in animal models implanted or not with human flora suggested favor-
able effects of inulin and FOS on intestinal mucosa, e.g., increase of the thickness of 
the mucin layer and of the number of mucus-containing cells (Hoebler et al., 2002; 
Kleessen et al., 2003), and modification of the distribution between neutral, acidic, 
and sulfated mucins in favor of sulfated mucins, possibly more protective (Fontaine 
et al., 1996). A clinical study conducted in humans failed to show a change in mucin 
expression (Meijer et al., 2000). Gaudier et al. (2004) suggested that the effects of 
fructans on mucins could be mediated by the production of butyrate because this 
SCFA increases the production of certain mucin genes (MUC3) (Gaudier et al., 2004). 
As mentioned by Fowler et al. (2003), mucins are highly heterogeneous among indi-
viduals, so that the effect of fructans could be different depending on the subject.

However, prebiotics also could have deleterious effects on the intestinal barrier. A 
study found that inulin and FOS increased the hepato-splenic translocation of salmo-
nella in vivo in rats (Ten Bruggencate et al., 2004). In healthy humans, a recent pla-
cebo-controlled cross-over study found that FOS consumption (20 g/day over a 2-week 
period) doubled fecal mucin excretion indicating mucosal irritation (Ten Bruggencate 
et al., 2006). These results have to be balanced by the fact that overall observed effects 
were more moderate than those in rats and that the dose ingested was relatively high, 
especially as it was added in a liquid food (lemonade), leading to increased flatulence 
and intestinal bloating. Overall, the effect of fructans on the intestinal barrier should 
be further studied in well-designed clinical trials in humans.
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3.3 EFFECTs oF FruCTANs oN gAsTroINTEsTINAl DIsEAsE

3.3.1  Infectious Diarrhea

The efficacy of probiotics in prevention of acute diarrhea in children and in adults 
has been recently demonstrated in a meta-analysis; even though most pronounced on 
antibiotic-associated diarrhea, a significant effect was also observed in nonantibi-
otic-associated diarrhea and nontravelers’ diarrhea (Sazawal et al., 2006).

Prebiotics—either alone or in addition to a probiotic—have been less extensively 
studied in this situation. The main studies carried out to assess the effects of fructans 
in the prevention or treatments of acute diarrhea are reported in Table 3.3.

In infants, a mix of a probiotic and oligofructose decreased duration of acute diar-
rhea compared to control (Ahmas et al., 2000; Agustina et al., 2007). Oligofructose 
has been recently found effective in preventing intestinal disturbances in very young 
children (Waligora-Dupriet et al., 2007). In infants living in a community with a 
high burden of gastrointestinal and other infections, oligofructose failed to show any 
benefit for prevention of diarrhea (Duggan et al., 2003).

In adults, oligofructose significantly decreased the relapse of diarrhea associ-
ated with Clostridium difficile (Lewis et al., 2005). In a randomized, double-blind, 
controlled study, 244 healthy subjects, traveling to high- and medium-risk destina-
tions for travelers’ diarrhea, consumed FOS at 10 g/day during 2 weeks before the 
trip and during the 2-week trip (Cummings et al., 2001). If there were no significant 
differences in the primary end points of bowel frequency or consistency between 
the two groups, as recorded in bowel habit diaries, subjects taking FOS experienced 
less severe attacks of diarrhea than subjects in the placebo group. These results are 
indicative of a benefit of prebiotics, but not conclusive.

3.3.2 Inflammatory bowel Disease

The enthusiasm with which probiotics have been used in inflammatory bowel 
disease (IBD) and their apparent benefits have led to the suggestion that prebiot-
ics might also be useful (Sartor, 2004). Reports of animal studies are quite numer-
ous, and overall they show a benefit in reducing symptoms, including inflammation, 
with appropriate increases in bifidobacteria or lactobacilli, and in some reports, in 
concentrations of butyrate in the gut. These effects are seen across a wide range of 
models of IBD, and with varying oligofructose (Cherbut et al., 2003a; Moreau et al., 
2003).

The main studies carried out to assess the effects of fructans in the prevention or 
treatments of IBD are reported in Table 3.4.

Two controlled studies that evaluated prebiotics in association with mesalazine or 
probiotic in ulcerative colitis gave contradictory results (Furrie et al., 2005; Casellas 
et al., 2007).

In a small open-label trial in humans, 10 patients with active ileocolonic Crohn’s 
disease were given 15 g FOS daily for 3 weeks (Lindsay et al., 2006). A significant 
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reduction in the Harvey Bradshaw index of disease activity was observed, and fecal 
bifidobacteria increased from log10 8.8 to log10 9.4 cells per gram dry feces. The 
proportion of dendritic cells expressing Toll-like receptors TLR2 and TLR4 also 
increased (p < 0.001).

Patients with pouchitis do well with probiotics, and one successful study has 
been reported in which prebiotics were used for this condition (Welters et al., 2002). 
In a randomized double-blind cross-over study, 24 patients with stable asymptomatic 
pouchitis were given 24 g of inulin or placebo daily, for 3 weeks each. At the end of 
the prebiotic period, results showed that there was a reduction in the endoscopic and 
histological pouchitis disease activity index (PDAI) score, together with lower gut 
pH, and reductions in fecal Bacteroides fragilis and secondary bile acids. Butyrate 
concentrations were increased, while symptom scores were low initially, and were 
essentially unchanged.

The link between intestinal microflora and IBD is now well established and the use of 
prebiotics, therefore, might be a promising therapeutic strategy for ameliorating chronic 
intestinal inflammation (Andoh and Fujiyama, 2006; Ewaschuk and Dieleman, 2006).

3.3.3 Irritable bowel syndrome

There are currently no published full papers of randomized controlled trials 
(RCT) concerning the use of prebiotics in irritable bowel syndrome (IBS). A number 
of studies using probiotics have been carried out with varying benefits, but the patho-
genesis of IBS may preclude the use of prebiotics in this condition. In fact, there are 
several recent reports of low-grade mucosal inflammation in IBS with increased 
mucosal T lymphocytes in both unselected diarrhea-predominant IBS (Chadwick 
et al., 2002) as well as those whose IBS begins with an acute episode of bacterial 
gastroenteritis (Spiller, 2003; Marshall et al., 2007). These results suggest that IBS 
could be a subclinical inflammatory bowel disease and an intervention on intestinal 
bacteria could improve symptoms.

The main studies carried out to assess the effects of fructans in the prevention or 
treatments of IBS are reported in Table 3.5. Only two open-label multicenter studies 
evaluated the effects of prebiotic in constipation-predominant IBS, with interest-
ing results in term of digestive comfort and stool frequency (Colecchia et al., 2006; 
Dughera et al., 2007).

3.3.4 Colonic Tumors

Intestinal bacteria could play a part in initiation of colon cancer through produc-
tion of carcinogens, cocarcinogens, or procarcinogens. In healthy people, diets rich 
in fat and meat, but poor in vegetables, increase the fecal excretion of N-nitroso 
compounds, a group of genotoxic substances that are known initiators and promoters 
of colon cancer (Guarner and Malagelada, 2003). Another group of carcinogens of 
dietary origin is the heterocyclic aromatic amines that are formed in meat when it is 
cooked. Some intestinal microorganisms strongly increase damage to DNA in colon 
cells induced by heterocyclic amines, whereas other intestinal bacteria can uptake 
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and detoxify such compounds (Wollowski et al., 2001). Bacteria of the Bacteroides 
and Clostridium genera increase the incidence and growth rate of colonic tumors 
induced in animals, whereas other genera, such as Lactobacillus and Bifidobacterium 
prevent carcinogenesis (Pool-Zobel, 2005). Although the evidence is not conclusive, 
colonic flora seems to be a major environmental factor that modulates risk of colonic 
cancer in humans (Guarner and Malagelada, 2003).

Numerous studies have shown that inulin-type fructans prevent chemically 

induced preneoplastic lesions, aberrant crypt foci (ACF), and tumors in the colon 
of rats and mice (Pierre et al., 1999, 2001; Wollowski et al., 2001; Pool-Zobel et al., 
2002, 2005). Contradictory studies have been shown to enhance adenoma growth in 
mice (Pajari et al., 2003; Misikangas et al., 2005, 2008).

In humans, several trials have been carried out to examine possible effects of 
prebiotics on colonic carcinogenesis. These trials used fecal butyrate concentra-
tion, fecal bile acids, and rectal crypt cell proliferation as promising surrogate 
markers for the risk of colorectal carcinogenesis (Rafter, 2002). Fecal bacterial 
enzymatic activities, such as β-glucuronidase, have been extensively studied as 
they may play a role in the metabolic activation of procarcinogens and decon-
jugation processes in the colonic lumen (Goldin, 1990). Some trials have been 
performed in healthy volunteers, with the aim to modify some potential marker 
of colon carcinogenesis.

Fecal bacterial β-glucuronidase activity is increased in patients on a high meat 
diet, and this enzyme could act to raise the amount of substances, such as carcinogens, 
within the colonic lumen (Reddy et al., 1998). In a previous study, we demonstrated that 
sc-FOS ingestion led to a significant decrease in β-glucuronidase activity (Bouhnik et 
al., 1996). In a recent RCT, 15-day consumption of 10g/day sc-FOS in healthy subjects 
has been shown to reduce the activity of β-glucuronidase in fecal samples, whereas 
consumption of 15 g/day lc inulin over the same period did not change enzymatic 
activities (Bouhnik et al., 2007). Similar results were found by Kleessen et al., who did 
not demonstrate changes in β-glucuronidase activity following lc inulin consumption 
for 19 days at doses ranging from 20 to 40 g/day (Kleessen et al., 1997).

Three interventional studies using fructans or synbiotics in patients with polyps or 
cancer have been published (Boutron-Rouault et al., 2005; Rafter et al., 2007; Roller 
et al., 2007) (Table 3.6). In one of them, the effect of a 3-month consumption of 
10 g/day sc-FOS on these markers was assessed in subjects with large (>10 mm) 
or small adenomas (<10 mm), or in healthy subjects (Boutron-Rouault et al., 2005). 
The butyrate concentration, which was initially significantly lower in subjects with 
adenomas compared to healthy subjects, significantly increased to the level found 
in healthy subjects after the 3-month sc-FOS consumption. If there is little doubt 
that butyrate may exert an effect on colon cancer development, exact mechanisms by 
which butyrate acts remain unclear. Variable effects could indeed be obtained accord-
ing to the in vivo or in vitro environments, the timing of butyrate administration in 
relation to the stage of cancer development, the amount of butyrate administered, as 
well as an interaction with dietary fat (Lupton, 2004). For example, prebiotics may be 
protective against the early stages of polyp formation, but not at the stage of transition 
of polyp to a carcinoma, and low amounts of butyrate may stimulate cell proliferation 
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while high amounts may inhibit it (Lupton, 2004). In the study performed by Rafter et 
al. (2007), the synbiotic intervention resulted in significant alterations in the composi-
tion of the colonic bacterial ecosystem, which presumably have consequences for the 
metabolic activity of this organ. These results also provide indirect evidence that some 
of the consequences of the synbiotic intervention might be decreased exposure of the 
epithelium to cytotoxic and genotoxic agents, decreased colonic cell proliferation, and 
improved mucosa structure. These exciting results suggest that synbiotics may repre-
sent a feasible means of chemoprevention of colon cancer in humans.

3.4 EFFECTs oF FruCTANs oN METAbolIsM 
oF MINErAls AND vITAMINs

Demonstrating an effect of a given food factor on mineral bioavailability in 
humans is difficult for methodological reasons (Guéguen and Pointillart, 2000; 
Scholz-Ahrens et al., 2001). The choice of relevant biological markers is essential. 
Abrams et al. (1994) showed that calcium absorption can be correctly measured 
using either the chemical balance or the dual-stable-isotope methods. But the site 
(serum or urines samples) as well as the timing (e.g., urine collected less or more 
than 24 hours after tracer administration) for markers measurement chosen can also 
induce various interpretations of results as observed on trials dealing with nondigest-
ible oligosaccharides (Coudray and Fairweather-Tait, 1998).

3.4.1 Fructans and Calcium Absorption

A review on calcium (Ca) consumption in France revealed that a large part of the 
population consumes less than two-thirds of the recommended dietary allowance 
(RDA), the critical threshold for defining groups at risk (Guéguen, 1996). Therefore, 
there is real public health interest in studying the impact of prebiotics, such as fruc-
tans, on Ca absorption, especially for prevention of osteoporosis.

In adolescents, van den Heuvel et al. (1998) found that 15 g/day inulin, FOS, or 
GOS had no effect on the intestinal absorption using the dual-stable-isotope method. 
Griffin et al. (2003) showed that the main determinant of the effect of fructans in 
preadolescents was “Ca absorption during the placebo period.” In fact, individuals 
with lower Ca absorption during the placebo period had the greatest increase in 
Ca absorption. Regarding the nature of the prebiotic tested, a study in adolescent 
girls demonstrated that 8 g/day of a mixture of inulin and oligofructose significantly 
increased Ca absorption while 8 g/day of oligofructose alone had no effect (Griffin 
et al., 2002), confirming previous findings in animals (Coudray et al., 2003; Kruger 
et al., 2003).

In young men, Coudray et al. showed that 40 g inulin per day increased Ca 
absorption using the chemical balance (Coudray et al., 1997). In postmenopausal 
women, Holloway et al. (2003) tested a mixture of inulin and oligofructose for 6 
weeks (Holloway et al., 2003), showing no effect of prebiotics on Ca absorption, but 
a great variation in individual responses to the treatment. Interestingly, the efficacy 
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of the treatment seemed to be higher in women with lower initial bone density of the 
spine (Coxam, 2005). In addition, genetic factors (such as vitamin D receptor gene 
polymorphism) may also be associated with differences in sensitivity to the effects 
of fructans (Abrams et al., 2005).

A physiological retro-control mechanism provides good intestinal regulation of 
Ca absorption, thanks to the calcium-binding protein. As it is highly regulated, a 
high impact of fructans on this absorption is not expected. Overall, the increase of 
Ca absorption under fructans would only have weak amplitude and few long-term 
nutritional consequences.

3.4.2  Fructans and Absorption of Magnesium, 
Copper, selenium, and Zinc

Positive effects of fructans on magnesium (Mg) absorption were naturally 
expected in humans because, in contrast to Ca, Mg absorption occurs mainly pas-
sively and is not regulated depending on intakes and requirements. First results from 
animal models indicated stimulant effects of fructans on Mg absorption (Rémésy 
et al., 2002). This has been confirmed for sc-FOS and Mg absorption in a recent 
study in humans: An increase of 11 percent of relative magnesium absorption was 
observed after administration of 7 to 10 g/day sc-FOS during 5 weeks in postmeno-
pausal women (Tahiri et al., 2001). Even on Mg, only a weak effect (increase by 10 to 
20 percent) can be induced by FOS. However, about 20 percent of the population has 
Mg intakes lower than two-thirds of RDA. This property of FOS, therefore, could 
have an impact, even if small, on subjects with insufficient food Mg intakes.

A randomized double-blind, placebo-controlled trial showed that feeding 10 g of 
FOS per day for 5 weeks increased the absorption of copper in healthy postmeno-
pausal women (Ducros et al., 2005). However, no effects were seen in relation to zinc 
and selenium uptake. This selectivity would suggest that factors other than simple 
acidification of luminal contents were involved.

3.4.3 Fructans and Isoflavone Metabolism

Fructans may have a beneficial effect on the metabolism of isoflavones, which 
have been shown to prevent postovariectomy bone loss in rats and mice (Tokunaga, 
2004; Coxam, 2005). In ovariectomized mice (Ohta et al., 2002) or rats (Mathey et 
al., 2004), two experimental models for postmenopausal osteoporosis, oligofructose 
(sc-FOS) consumption has been shown to increase the bone-sparing effect of isofla-
vones by improving equol production. However, opposite results were reported in the 
study of Zafar et al. (2004) as isoflavones enhanced Ca absorption without synergy 
from inulin, and inulin decreased equol production in rats. In humans, a 2-month 
intervention trial on 39 postmenopausal women showed that addition of prebiotics 
(sc-FOS) or probiotics, by partially modulating the bioavailability of soy isoflavones, 
improved parameters of bone turnover (Coxam, 2005).
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3.4.4 Fructans and vitamin Production

As mentioned by Gibson and Roberfroid (1995), bifidobacteria produce vita-
mins, mainly from the B-complex (Gibson and Roberfroid, 1995). In an in vitro 
study, Noda et al. (1994) emphasized the fact that bifidobacteria strains, such as B. 
bifidum, produced biotin (vitamin B8) extracellularly. Folic acid and vitamin K are 
also produced by bifidobacteria. Therefore, it could be thought that consumption of 
prebiotics, thanks to their stimulation on bifidobacteria growth, could have benefi-
cial effects for subjects deficient in vitamin K or B. However, quantities of vitamins 
produced by bifidobacteria are very limited compared to dietary allowance (RDA), 
suggesting that prebiotic stimulation of bifidobacteria is not sufficient to exert sig-
nificant effects on vitamin status.

3.4.5 Fructans and Absorptive-Productive Functions

Although the number of studies on the effect of nondigestible oligosaccharides 
on mineral metabolism in humans is limited, so far, positive effects on Ca absorp-
tion seem to occur under conditions of increased Ca requirements (e.g., adolescence 
and postmenopause). The extent of the effect seems to be specific for the type of 
carbohydrate. Contradictory results on the effect of prebiotics in the literature may 
be due to differences in the experimental design. Several experimental conditions 
promoted the stimulation of Ca absorption and retention by nondigestible oligosac-
charides, such as high dietary Ca, an optimum dose of prebiotics, sufficient duration 
of administration, and the age of subjects (Scholz-Ahrens et al., 2001).

Despite the belief that Ca absorption is thought to occur in the proximal gut in 
humans, a colonic phase may exist. Ellegard et al. (1997) showed that neither inulin 
nor FOS when fed to ileostomy subjects had any effect on ileostomy excretion of 
Ca, Mg, zinc, or iron. Because prebiotic carbohydrates pass through the small bowel 
unchanged, but are fermented in the cecum or colon, a large bowel effect on absorp-
tion is possible (Macfarlane et al., 2006).

3.4.6 Metabolic Parameters and satiety

Recent research has been reported concerning the effect of fructans on satiety 
and control of energy intake. The available data suggest a beneficial effect of inulin 
and FOS in modulating energy balance in humans consuming diet ad libitum. In 
a recent pilot study (Cani et al., 2006), 10 healthy volunteers were included in two 
2-week phases during which they received twice a day either 8 g oligofructose or 8 
g placebo (maltodextrin), with each phase separated by a 2-week wash-out period. 
It appeared that oligofructose treatment increases satiety following breakfast and 
dinner and reduces hunger and prospective food consumption following dinner. 
However, total energy intake per day was only 5 percent lower during the oligofruc-
tose than the placebo periods, what should not have a high impact on the body mass 
index of subjects.
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3.5 DIgEsTIvE TolErANCE oF FruCTANs

Fermentation of NDCHs in the colon by the microflora produces gases (H2, 
CH4, and CO2), which may cause flatulence, abdominal pain, or osmotic diarrhea. 
It appears that digestive tolerance thresholds for prebiotics are clearly influenced by 
the chemical nature of the prebiotic, the administered dose, and individual factors 
(Marteau and Seksik, 2004). The individual factors include visceral sensitivity and 
differences in bacterial profile of the colonic flora (Cherbut, 2003); it has been seen 
that populations of lactate-utilizing bacteria in subjects reporting the highest number 
of symptoms of discomfort following consumption of FOS were different from sub-
jects reporting no disturbance (Cherbut, 2003). Digestive tolerance is also influenced 
by the type of food (differing mainly between solid and liquid food) and the way of 
consumption (isolated consumption outside meal times favors symptoms) (Absolonne 
et al., 1995). Overall, it is important to note that digestive tolerance thresholds for 
NDCHs are significantly higher than efficient doses, which supports the interest in 
prebiotics as a safe and beneficial modulation of gut microflora.

Besides the evaluation of digestive tolerance of fructans, an increased interest 
in their impact on the quality of life of subjects is to be noted. In a recent study, 
it appeared that the regular consumption of sc-FOS at moderate doses (5 g/day 
over 6 weeks) can improve digestive comfort and daily quality of life in a work-
ing and nonmedically treated population suffering from minor functional bowel 
disorders (Paineau et al., 2008). This was the first study to assess the effects 
of prebiotics on quality of life with the use of relevant evaluation methods. A 
quality-of-life questionnaire was completed at the start and end of the treatment 
period to assess potential effects on well-being and social performance. At the 
end of the consumption period, the intensity of digestive disorders decreased by 
43.6 percent in the sc-FOS group versus a 13.8 percent increase in the placebo 
group (P = 0.026). Expressed as change in quality of life (improvement, worsen-
ing, or unchanged), daily activities were significantly improved in the sc-FOS 
group (P = 0.022).

3.6 CoNClusIoNs

Prebiotics are widely available food ingredients that may exert a number of ben-
eficial effects on human health. Most of these effects are mediated through their 
bifidogenic properties. Promising effects include a benefit in different situations in 
gastroenterology, such as infectious diarrhea, IBS, IBD, and colonic carcinogenesis. 
Objectives of future studies must investigate mechanisms in humans to define the 
optimal consumption of prebiotics. Well-controlled clinical trials in humans are 
needed especially in IBS, IBD, and prevention of colonic polyps, which are all major 
and increasing health problems in industrialized countries.



inuLin and oLigosaCCHarides 65

ACkNoWlEDgMENTs

Competing interests: DP and YB have no competing interests; FR is affiliated with 
Beghin-Meiji, Marckolsheim, France. Author’s contribution: All authors participated 
in the manuscript writing. All authors read and approved the final manuscript.

rEFErENCEs

Abrams S, Yergey A, and Heaney R (1994) Relationship between balance and dual tracer 
isotopic measurements of calcium absorption and excretion. J Clin Endocrinol Metab 
79, 965–969.

Abrams SA, Griffin IJ, Hawthorne KM, Liang L, Gunn SK, Darlington G, and Ellis KJ 
(2005) A combination of prebiotic short- and long-chain inulin-type fructans enhances 
calcium absorption and bone mineralization in young adolescents. Br J Nutr 82, 
471–476.

Absolonne J, Jossart M, Coussement P, and Roberfroid M (1995) Digestive acceptability of 
oligofructose. Proc. First Orafti Research Conference, 151–161.

AFSSA (2003) Report of the Working Group on “Infant food and modification of intestinal 
flora” [in French]. http://www.afssa.fr.

AFSSA (2005) Effects of probiotics and prebiotics on flora and immunity in adults. http://
www.afssa.fr.

Agustina R, Lukito W, Firmansyah A, Suhardjo HN, Murniati D, and Bindels J (2007) The 
effect of early nutritional supplementation with a mixture of probiotic, prebiotic, fiber 
and micronutrients in infants with acute diarrhea in Indonesia. Asia Pac J Clin Nutr 16, 
435–442.

Ahmas A, Widjala L, Firmansyah A, Gliwitzki M, and Suhardjo H (2000) Effect of a com-
bined probiotic, prebiotic and micronutrient supplementation in reducing duration of 
acute infantile diarrhoea. J Pediatr Gastroenterol Nutr 31, A984.

Alles MS, Hautvast JGAJ, Nagengast FM, Hartemink R, Van Laere KMJ, and Jansen JBM 
(1996) Fate of fructo-oligosaccharides in the human intestine. Br J Nutr, 211–221.

Andoh A and Fujiyama Y (2006) Therapeutic approaches targeting intestinal microflora in 
inflammatory bowel disease. World J Gastroenterol 12, 4452–4460.

Apajalahti JH, Kettunen H, Kettunen A, Holben WE, Nurminen PH, Rautonen N, and Mutanen 
M (2002) Culture-independent microbial community analysis reveals that inulin in the 
diet primarily affects previously unknown bacteria in the mouse cecum. Appl Environ 
Microbiol 68, 4986–4995.

Bakker-Zierikzee A, Tol E, Kroes H, Alles M, Kok F, and Bindels J (2006) Faecal SIgA 
secretion in infants fed on pre- or probiotic infant formula. Pediatr Allergy Immunol 2, 
134–140.

Belenguer A, Duncan SH, Calder AG, Holtrop G, Louis P, Lobley GE, and Flint HJ (2006) Two 
routes of metabolic cross-feeding between Bifidobacterium adolescentis and butyrate-
producing anaerobes from the human gut. Appl Environ Microbiol 72, 3593–3599.

Boehm G, Jelinek J, Stahl B, van Laere K, Knol J, Fanaro S, Moro G, and Vigi V (2004) 
Prebiotics in infants formulas. J Clin Gastroenterol 38, S76–S79.

Bornet F and Brouns F (2002) Immune-stimulating and gut health-promoting properties of 
short-chain fructo-oligosaccharides. Nutr Rev 60, 326–334.



66 Handbook of PrebiotiCs and ProbiotiCs ingredients

Bornet F, Meflah K, and Menanteau J (2002) Enhancement of gut immune functions by short-
chain fructooligosaccharides and reduction of colon cancer risk. Biosci Microflora 21, 
55–62.

Bouhnik Y, Flourie B, Riottot M, Bisetti N, and Gailing M (1996) Effects of fructo-oligo-
saccharides ingestion on fecal bifidobacteria and selected metabolic indexes of colon 
carcinogenesis in healthy humans. Nutr Cancer 26, 21–29.

Bouhnik Y, Flourié B, Pochart P, Durand M, and Rambaud JC (1997) Administration of trans-
galactooligosaccharides increases fecal bifidobacteria and modifies colonic fermenta-
tion metabolism in healthy humans. J Nutr, 444–448.

Bouhnik Y, Vahedi K, Achour L, Attar A, Salfati J, Pochart P, Marteau P, Flourié B, Bornet 
F, and Rambaud J (1999) Dose-related effect of short-chain fructo-oligosaccharides 
administration on the colonic bifidobacteria in healthy humans. J Nutr 129, 113–116.

Bouhnik Y, Raskine L, Simoneau G, Vicaut E, Neut C, Brouns F, and Bornet F (2004) The 
capacity of non digestible carbohydrates to stimulate fecal bifidobacteria in healthy 
humans: A double-blind, randomized, placebo-controlled, parallel-group, dose-response 
relation study. Am J Clin Nutr 6, 1658–1664.

Bouhnik Y, Raskine L, Simoneau G, Paineau D, and Bornet F (2006) The capacity of short-
chain fructo-oligosaccharides to stimulate faecal bifidobacteria: A dose–response rela-
tionship study in healthy humans. Nutr J 5, 8.

Bouhnik Y, Neut C, Simoneau G, Guillemot F, Vicaut E, Raskine L, Paineau D, Brouns F, 
and Bornet F. Is different doses of non digestible carbohydrate associated with a bifido-
genic effect? A double blind randomized placebo controlled study in healthy humans. 
Submitted (a).

Bouhnik Y, Paineau D, Attar A, Andrieux C, and Bornet F. Influence of fructans chain length 
on the capacity to stimulate bifidobacterial growth in humans: Comparison between 
short-chain fructooligosaccharides and long chain inulin. Submitted (b).

Boutron-Rouault M, Marteau P, Lavergne-Slove A, Myara A, Gerhardt M, Franchisseur C, 
Bornet F, and Group atES (2005) Effects of a 3-mo consumption of short-chain fructo-
oligosaccharides on parameters of colorectal carcinogenesis in patients with or without 
small colorectal adenomas. Nutr Cancer 53, 160–168.

Bunselmeyer B (2006) Probiotics and prebiotics for the prevention and treatment of atopic 
eczema. Hautarzt 57, 785–791.

Cani P, Joly E, Horsmans Y, and Delzenne N (2006) Oligofructose promotes satiety in healthy 
humans: A study pilot. Eur J Clin Nutr 60, 567–572.

Casellas F, Borruel N, Torrejon A, Varela E, Antolin M, Guarner F, and Malagelada JR (2007) 
Oral oligofructose-enriched inulin supplementation in acute ulcerative colitis is well 
tolerated and associated with lowered faecal calprotectin. Aliment Pharmacol Ther 25, 
1061–1067.

Chadwick VS, Chen W, Shu D, Paulus B, Bethwaite P, Tie A, and Wilson I (2002) Activation 
of the mucosal immune system in irritable bowel syndrome. Gastroenterology 122, 
1778–1783.

Cherbut C (2003) Etude sur les prébiotiques et fonctions gastro-intestinales: Revue des effets 
et des perspectives. Cahiers Nutrition Diététique 38, 346–354.

Cherbut C, Aube A, Blottière H, Pacaud P, Scarpignato C, and Galmiche J (1996) In vitro con-
tractile effects of short-chain fatty acids in the rat terminal ileum. Gut 38, 53–58.

Cherbut C, Aube A, Blottière H, and Galmiche J (1997) Effects of short-chain fatty acids on 
gastrointestinal motility. Scand J Gastroenterol Suppl. 222, 58–61.



inuLin and oLigosaCCHarides 67

Cherbut C, Ferrier L, Roze C, Anini Y, Blottière H, Lecannu G, and Galmiche J (1998) Short-
chain fatty acids modify colonic motility through nerves and polypeptide YY release in 
the rat. Am J Physiol Gastrointest Liver Physiol 275, 1415–1422.

Cherbut C, Michel C, and Lecannu G (2003a) The prebiotic characteristics of fructooligo-
saccharides are necessary for reduction of TNBS-induced colitis in rats. J Nutr 133, 
21–27.

Cherbut C, Michel C, and Lecannu G (2003b) The prebiotic characteristics of fructooligosac-
charides are necessary for reduction of TNBS-induced colitis in rats. J Nutr, 21–27.

Clavel T, Fallani M, Lepage P, Levenez F, Mathey J, Rochet V, Serezat M, Sutren M, Henderson 
G, Bennetau-Pelissero C, Tondu F, Blaut M, Dore J, and Coxam V (2005) Isoflavones 
and functional foods alter the dominant intestinal microbiota in postmenopausal women. 
J Nutr 135, 2786–2792.

Colecchia A, Vestito A, La Rocca A, Pasqui F, Nikiforaki A, and Festi D (2006) Effect of 
a symbiotic preparation on the clinical manifestations of irritable bowel syndrome, 
constipation-variant. Results of an open, uncontrolled multicenter study. Minerva 
Gastroenterol Dietol 52, 349–358.

Coudray C and Fairweather-Tait S (1998) Do oligosaccharides affect the intestinal absorption 
of calcium in humans? Am J Clin Nutr 68, 921–923.

Coudray C, Bellanger J, Castiglia-Delavaud C, Rémésy C, Vermorel M, and Rayssiguier Y 
(1997) Effect of soluble or partly soluble dietary fibres supplementation on absorption 
and balance of calcium, magnesium, iron and zinc in healthy young men. Eur J Clin 
Nutr 51, 375–380.

Coudray C, Tressol J, and Gueux E (2003) Effects of inulin-type fructans of different chain 
length and type of branching on intestinal absorption and balance of calcium and mag-
nesium in rats. Eur J Nutr 42, 91–98.

Coxam V (2005) Inulin-type fructans and bone health: state of the art and perspectives in the 
management of osteoporosis. Br J Nutr 93 (Suppl. 1), S111–123.

Cummings JH (1993) The effect of dietary fiber on fecal weight and composition. In CRC 
Handbook of Dietary Fiber in Human Nutrition, pp. 263–349, GA Spiller, Ed. Boca 
Raton, FL: CRC Press.

Cummings J and Macfarlane G (2002) Gastrointestinal effects of prebiotics. Br J Nutr 87, 
S145–S151.

Cummings JH, Bingham SA, Heaton KW, and Eastwood MA (1992) Fecal weight, colon cancer 
risk, and dietary intake of nonstarch polysaccharides (dietary fiber). Gastroenterology, 
1783–1789.

Cummings J, Christie S, and Cole T (2001) A study of fructo-oligosaccharides in the preven-
tion of traveller’s diarrhoea. Aliment Pharmacol. Ther 15, 1139–1145.

Decsi T, Arato A, Balogh M, Dolinay T, Kanjo A, Szabo E, and Varkonyi A (2005) Randomised 
placebo controlled double blind study on the effect of prebiotic oligosaccharides on 
intestinal flora in healthy infants. Orv Hetil 146, 2445–2450.

Den Hond E, Geypens B, and Ghoos Y (2000) Effect of high performance chicory inulin on 
constipation. Nutr Res 731–736.

Ducros V, Arnaud J, Tahiri M, Coudray C, Bornet F, Bouteloup-Demange C, Brouns F, 
Rayssiguier Y, and Roussel AM (2005) Influence of short-chain fructo-oligosaccharides 
(sc-FOS) on absorption of Cu, Zn, and Se in healthy postmenopausal women. J Am Coll 
Nutr 24, 30–37.

Duggan C, Penny ME, Hibberd P, Gil A, Huapaya A, Cooper A, Coletta F, Emenhiser C, and 
Kleinman RE (2003) Oligofructose-supplemented infant cereal: 2 randomized, blinded, 
community-based trials in Peruvian infants. Am J Clin Nutr 77, 937–942.



68 Handbook of PrebiotiCs and ProbiotiCs ingredients

Dughera L, Elia C, Navino M, and Cisaro F (2007) Effects of symbiotic preparations on con-
stipated irritable bowel syndrome symptoms. Acta Biomed 78, 111–116.

Egert M, de Graaf A, Smidt H, de Vos W, and Venema K (2006) Beyond diversity: Functional 
microbiomics of the human colon. Trends Microbiol 14, 86–91.

Ellegard L, Andersson H, and Boseus L (1997) Inulin and oligofructose do not influence the 
absorption of cholesterol or the excretion of cholesterol, Ca, Mg, Zn, Fe or bile acids but 
increase energy excretion in ileostomy subjects. Eur J Clin Nutr 51, 1–5.

Englyst KN, Englyst HN, Hudson GJ, Cole TJ, and Cummings JH (1999) Rapidly available 
glucose in foods: An in vitro measurement that reflects the glycemic response. Am J Clin 
Nutr 69, 448–454.

Ewaschuk J and Dieleman L (2006) Probiotics and prebiotics in chronic inflammatory dis-
eases. World J Gastroenterol 12, 5941–5950.

Fich A, Phillips S, Hakim N, Brown M, and Zinsmeister A (1998) Stimulation of ileal empty-
ing by short-chain fatty acids. Dig Dis Sci 34, 1516–1520.

Firmansyah A, Pramita G, Carrie Fassler A, Haschke F, and Link-Amster H (2001) Improved 
humoral immune response to measles vaccine in infants receiving infant cereal with 
fructo-oligosaccharides. J Pediatr Gastroenterol Nutr 31, A987.

Fontaine N, Meslin J, Lory S, and Andrieux C (1996) Intestinal mucin distribution in the 
germ-free rat and in the heteroxenic rat harbouring a human bacterial flora: Effect of 
inulin in the diet. Br J Nutr 75, 881–892.

Fowler J, Teixeira A, Vinall L, and Swallow D (2003) Hypervariability of the membrane-
associated mucin and cancer marker MUC1. Hum Genet 113, 473–479.

Furrie E, Macfarlane S, Kennedy A, Cummings JH, Walsh SV, O’Neil DA, and Macfarlane 
GT (2005) Synbiotic therapy (Bifidobacterium longum/Synergy 1) initiates resolution 
of inflammation in patients with active ulcerative colitis: A randomised controlled pilot 
trial. Gut 54, 242–249.

Gaudier E, Jarry A, Blottiere H, de Coppet P, Buisine M, Aubert J, Laboisse C, Cherbut C, and 
Hoebler C (2004) Butyrate specifically modulates MUC gene expression in intestinal 
epithelial goblet cells deprived of glucose. Am J Physiol Gastrointest Liver Physiol 287, 
G1168–G1174.

Gay-Crosier F, Schreiber G, and Hauser C (2000) Anaphylaxis from inulin in vegetables and 
processed food. N Engl J Med 342, 1372.

Gibson G and Roberfroid M (1995) Dietary modulation of the human colonic microbiota: 
Introducing the concept of prebiotics. J. Nutr 125, 1401–1412.

Gibson G, Probert H, Van Loo J, Rastall R, and Roberfroid M (2004) Dietary modulation of 
the human colonic microflora: Updating the concept of prebiotics. Nutr Res Rev 17, 
259–275.

Goldin B (1990) Intestinal microflora: Metabolism of drugs and carcinogens. Ann Med 22, 
43–48.

Griffin I, Davila P, and Abrams S (2002) Non-digestible oligosaccharides and calcium absorp-
tion in girls with adequate calcium intakes. Br J Nutr 87 Suppl 2, S187–191.

Griffin I, Hicks PM, and Heaney RP (2003) Enriched chicory inulin increases calcium absorp-
tion mainly in girls with lower calcium absorption. Nutr Res 23, 901–909.

Guarner F and Malagelada J (2003) Gut flora in health and disease. Lancet, 361, 512–519.
Guarner F and Schaafsma GJ (1998) Probiotics. Int J Food Microbiol 39, 237–238.
Guéguen L (1996) Dietary calcium intake in France: Contribution of milk and cheese. Proc. 

1st World Congress on Calcium and Vitamin D in Human Life.
Guéguen L and Pointillart A (2000) The bioavailability of dietary calcium. J Am Coll Nutr 19, 

S119–136.



inuLin and oLigosaCCHarides 69

Hidaka H ET, Takizawa T, Tokunaga T, and Tashiro Y. (1986) Effects of fructo-oligosaccha-
rides on intestinal flora and human health. Bifidobacteria Microflora 5, 37–50.

Hoebler C, Michel C, Meslin J, Vabre S, Gaudier E, and Cherbut C (2002) Effet de la fer-
mentation des fructo-oligosides sur la distribution des mucines et l’épaisseur du gel de 
mucus. Nutr Clin Metab 16, 19S.

Holloway L, Kent K, and Moynihan S (2003) Altered mineral absorption and bone turnover 
in postmenopausal women treated with oligofructose plus inulin. J Bone Mineral Res 
18, S266.

Ikeda N, Saito Y, Shimizu J, Ochi A, Mizutani J, and Watabe J (1994) Variations in concentra-
tions of bacterial metabolites, enzyme activities, moisture, pH and bacterial composition 
between and within individuals in faeces of seven healthy adults. J Appl Bacteriol 77, 
185–194.

Ishida Y, Nakamura F, Kanzato H, Sawada D, Hirata H, Nishimura A, Kajimoto O, and 
Fujiwara S (2005) Clinical effects of Lactobacillus acidophilus strain L-92 on perennial 
allergic rhinitis: A double-blind, placebo-controlled study. J Dairy Sci 88, 527–533.

Ishida Y, Nakamura F, Kanzato H, Sawada D, Yamamoto M, Kagata H, Oh-Ida M, Takeuchi 
H, and Fujiwara S (2006) Effect of milk fermented with Lactobacillus acidophilus strain 
L-92 on symptoms of Japanese cedar pollen allergy: A randomized placebo controlled 
trail. Biosci Biotechnol Biochem 69, 1652–1660.

Kalliomaki M, Salminen S, Poussa T, Arvilommi H, and Isolauri E (2003) Probiotics and 
prevention of atopic disease: 4 year follow-up of a randomised placebo-controlled trial. 
Lancet 361, 1869–1871.

Kleessen B and Blaut M. (2001) Oligofructose and long-chain inulin: Influence on the gut 
microbial ecology of rats associated with a human faecal flora. Br J Nutr 86, 291–300.

Kleessen B, Sykura B, Zunft HJ, and Blaut M (1997) Effects of inulin and lactose on fecal 
microflora, microbial activity, and bowel habit in elderly constipated persons. Am J Clin 
Nutr 65, 1397–1402.

Kleessen B, Hartmann L, and Blaut M (2003) Fructans in the diet cause alterations of intesti-
nal mucosal architecture, released mucins and mucosa-associated bifidobacteria in gno-
tobiotic rats. Br J Nutr 89, 597–606.

Knol J, Scholtens P, Kafka C, Steenbakkers J, Gro S, Helm K, Klarczyk M, Schopfer H, 
Bockler H, and Wells J (2005) Colon microflora in infants with galacto- and fructo-
oligosaccharides: More like breast-fed infants. J Pediatr Gastroenterol Nutr 40, 36–42.

Kruger M, Brown K, Collett G, Layton L, and Schollum L (2003) The effect of fructooligo-
saccharides with various degrees of polymerization on calcium bioavailability in the 
growing rat. Exp Biol Med 228, 683–688.

Le Blay G, Michel C, Blottière H, and Cherbut C (1999) Prolonged intake of fructo-oligosac-
charides induced a short-term elevation of lactic acid-producing bacteria and a persistent 
increase in cecal butyrate in rats. J Nutr 129, 2231–2235.

Lewis S, Burmeister S, and Brazier J (2005) Effect of the prebiotic oligofructose on relapse 
of Clostridium difficile-associated diarrhea: A randomized, controlled study. Clin 
Gastroenterol Hepatol 3, 442–448.

Lindsay J, Whelan K, Stagg A, Gobin P, Al-Hassi H, Rayment N, Kamm M, Knight S, and 
Forbes A (2006) Clinical, microbiological, and immunological effects of fructo-oligo-
saccharide in patients with Crohn’s disease. Gut 55, 348–355.

Louis P, Scott KP, Duncan SH, and Flint HJ (2007) Understanding the effects of diet on bacte-
rial metabolism in the large intestine. J Appl Microbiol 102, 1197–1208.



70 Handbook of PrebiotiCs and ProbiotiCs ingredients

Luo J, Rizkalla S, Alamowitch C, Boussairi A, Blayo A, Barry J, Laffitte A, Guyon F, Bornet 
F, and Slama G (1996) Chronic consumption of short-chain fructooligosaccharides by 
healthy subjects decreased basal hepatic glucose production but had no effect on insulin-
stimulated glucose metabolism. Am J Clin Nutr 63, 939–945.

Lupton J (2004) Microbial degradation products influence colon cancer risk: The butyrate 
controversy. J Nutr 134, 479–482.

Macfarlane S, Macfarlane GT, and Cummings JH (2006) Review article: Prebiotics in the 
gastrointestinal tract. Aliment Pharmacol Ther 24, 701–714.

Mai V and Morris J (2004) Colonic bacterial flora: Changing understandings in the molecular 
age. J Nutr 134, 459–464.

Manderson K, Pinart M, Tuohy KM, Grace WE, Hotchkiss AT, Widmer W, Yadhav MP, Gibson 
GR, and Rastall RA (2005) In vitro determination of prebiotic properties of oligosac-
charides derived from an orange juice manufacturing by-product stream. Appl Environ 
Microbiol 71, 8383–8389.

Marshall JK, Thabane M, Borgaonkar MR, and James C (2007) Postinfectious irritable bowel 
syndrome after a food-borne outbreak of acute gastroenteritis attributed to a viral patho-
gen. Clin Gastroenterol Hepatol 5, 457–460.

Marteau P and Boutron-Ruault MC (2002) Nutritional advantages of probiotics and prebiotics. 
Br J Nutr Suppl 2, S153–S157.

Marteau P and Seksik P (2004) Tolerance of probiotics and prebiotics. J Clin Gastroenterol 
38, S67–S69.

Mathey J, Puel C, Kati-Coulibaly S, Bennetau-Pelisser C, Davicco M, Lebecque P, Horcajada 
M, and Coxam V (2004) Fructooligosaccharides maximize bone-sparing effects of soy 
isoflavone-enriched diet in the ovariectomized rat. Calcif Tissue Int 75, 169–179.

Matsuki T, Watanabe K, Fujimoto J, Kado Y, Takada T, Matsumoto K, and Tanaka R (2004) 
Quantitative PCR with 16S rRNA-gene-targeted species-specific primers for analysis of 
human intestinal bifidobacteria. Appl Environ Microbiol 70, 167–173.

Meijer H, Welters C, and Heineman F (2000) Enteral inulin does not affect epithelial 
gene expression and cell turnover within the ileoanal pouch. Dis Colon Rectum 43, 
1427–1434.

Misikangas M, Pajari AM, Paivarinta E, and Mutanen M (2005) Promotion of adenoma growth 
by dietary inulin is associated with increase in cyclin D1 and decrease in adhesion pro-
teins in Min/+ mice mucosa. J Nutr Biochem 16, 402–409.

Misikangas M, Tanayama H, Rajakangas J, Linden J, Pajari AM, and Mutanen M (2008) 
Inulin results in increased levels of beta-catenin and cyclin D1 as the adenomas increase 
in size from small to large in the Min/+ mouse. Br J Nutr 99, 963–970.

Moreau NM, Martin LJ, Toquet CS, Laboisse CL, Nguyen PG, Siliart BS, Dumon HJ, and 
Champ MM (2003) Restoration of the integrity of rat caeco-colonic mucosa by resistant 
starch, but not by fructo-oligosaccharides, in dextran sulfate sodium-induced experi-
mental colitis. Br J Nutr 90, 75–85.

Moro G, Mosca F, Miniello V, Fanaro S, Jelinek J, Stahl B, and Boehm G (2003) Effects of a 
new mixture of prebiotics on faecal flora and stools in term infants. Acta Pediatr Suppl 
441, 77–79.

Noda H, Akasaka N, and Ohsugi M (1994) Biotin production by bifidobacteria. J Nutr Sci 
Vitaminol (Tokyo) 40, 181–188.

Ogawa T, Hashikawa S, Asai Y, Sakamoto H, Yasuda K, and Makimura Y (2006) A new synbi-
otic, Lactobacillus casei subsp. casei together with dextran, reduces murine and human 
allergic reaction. FEMS Immunol Med Microbiol 46, 400–409.



inuLin and oLigosaCCHarides 71

Ohta A, Uehara M, Sakai K, Takasaki M, Adlercreutz H, Morohashi T, and Ishimi Y (2002) 
A combination of dietary fructooligosaccharides and isoflavone conjugates increases 
femoral bone mineral density and equol production in ovariectomized mice. J Nutr 132, 
2048–2054.

Paineau D, Payen F, Panserieu S, Coulombier G, Sobaszek A, Lartigau I, Brabet M, Galmiche 
JP, Tripodi D, Sacher-Huvelin S, Chapalain V, Zourabichvili O, Respondek F, Wagner 
A, and Bornet FR (2008) The effects of regular consumption of short-chain fructo-oli-
gosaccharides on digestive comfort of subjects with minor functional bowel disorders. 
Br J Nutr 99, 311–318.

Pajari A, Rajakangas J, Päivärinta E, Kosma V, Rafter J, and Mutanen M (2003) Promotion 
of intestinal tumor formation by inulin is associated with an accumulation of cytosolic 
beta-catenin in Min mice. Int J Cancer 106, 653–660.

Passeron T, Lacour J, Fontas E, and Ortonne J (2006) Prebiotics and synbiotics: Two promis-
ing approaches for the treatment of atopic dermatitis in children above 2 years. Allergy 
61, 431–437.

Perrin P, Pierre F, Patry Y, Champ M, and Berreur M (2001) Only fibres promoting a stable butyrate 
producing colonic ecosystem decrease the rate of aberrant crypt foci in rats. Gut 48, 53–61.

Picard C, Fioramonti J, Francois A, Robinson T, Neant F, and Matuchansky C (2005) Review 
article: Bifidobacteria as probiotic agents—Physiological effects and clinical benefits. 
Aliment Pharmacol Ther 22, 495–512.

Pierre F, Perrin P, Bassonga E, Bornet F, and Meflah K (1999) T cell status influences colon 
tumor occurrence in min mice fed short-chain fructo-oligosaccharides as a diet supple-
ment. Carcinogenesis 20, 1953–1956.

Pool-Zobel B (2005) Inulin-type fructans and reduction in colon cancer risk: Review of exper-
imental and human data. Br J Nutr 93, S73–90.

Pool-Zobel B, Van Loo J, Rowland I, and Roberfroid M (2002) Experimental evidences on 
the potential of prebiotic fructans to reduce the risk of colon cancer. Br J Nutr 87, 
S273–S281.

Rafter J (2002) Scientific basis of biomarkers and benefits of functional foods for reduction of 
disease risk: Cancer. Br J Nutr 88, S219–S224.

Rafter J, Bennett M, Caderni G, Clune Y, Hughes R, Karlsson PC, Klinder A, O’Riordan M, 
O’Sullivan GC, Pool-Zobel B, Rechkemmer G, Roller M, Rowland I, Salvadori M, Thijs 
H, Van Loo J, Watzl B, and Collins JK (2007) Dietary synbiotics reduce cancer risk fac-
tors in polypectomized and colon cancer patients. Am J Clin Nutr 85, 488–496.

Reddy S, Sanders TA, Owen RW, and Thompson MH (1998) Faecal pH, bile acid and sterol 
concentrations in premenopausal Indian and white vegetarians compared with white 
omnivores. Br J Nutr 79, 495–500.

Rémésy C, Lopez H, Levrat-Verny M, Demigné C, and Rayssiguier Y (2002) Influence des 
produits végétaux et de divers glucides fermentescibles sur la biodisponibilité des 
minéraux. In Aliments Fonctionnels, Roberfroid M. (coordonnateur), pp. 73–84 [TD 
Lavoisier, editor].

Roller M, Clune Y, Collins K, Rechkemmer G, and Watzl B (2007) Consumption of prebi-
otic inulin enriched with oligofructose in combination with the probiotics Lactobacillus 
rhamnosus and Bifidobacterium lactis has minor effects on selected immune parameters 
in polypectomised and colon cancer patients. Br J Nutr 97, 676–684.

Salminen S, Bouley C, Boutron-Ruault M, Cummings J, Franck A, Gibson G, Isolauri E, 
Moreau M, Roberfroid M, and Rowland I (1998) Functional food science and gastroin-
testinal physiology and function. Br J Nutr 80, S147–171.



72 Handbook of PrebiotiCs and ProbiotiCs ingredients

Sartor RB (2004) Therapeutic manipulation of the enteric microflora in inflammatory bowel 
diseases: Antibiotics, probiotics, and prebiotics. Gastroenterology 126, 1620–1633.

Sazawal S, Hiremath G, Dhingra U, Malik P, Deb S, and Black RE (2006) Efficacy of probiot-
ics in prevention of acute diarrhoea: A meta-analysis of masked, randomised, placebo-
controlled trials. Lancet Infect Dis 6, 374–382.

Scholtens PA, Alles MS, Willemsen LE, van den Braak C, Bindels JG, Boehm G, and Govers 
MJ (2006) Dietary fructo-oligosaccharides in healthy adults do not negatively affect 
faecal cytotoxicity: A randomised, double-blind, placebo-controlled crossover trial. Br 
J Nutr 95, 1143–1149.

Scholz-Ahrens KE, Schaafsma G, van den Heuvel EG, and Schrezenmeir J (2001) Effects of 
prebiotics on mineral metabolism. Am J Clin Nutr 73, 459S–464S.

Segain J, Raingeard de la Blétière D, Bourreille A, Leray V, Gervois N, Rosales C, Ferrier L, 
Bonnet C, Blottière H, and Galmiche J (2000) Butyrate inhibits inflammatory responses 
through NF κβ	inhibition: Implications for Crohn’s disease. Gut 47, 397–403.

Spiller RC (2003) Treatment of irritable bowel syndrome. Curr Treat Options Gastroenterol 
6, 329–337.

Suau A, Bonnet R, Sutren M, Godon J, Gibson G, Collins M, and Doré J (1999) Direct analy-
sis of gene encoding 16S rRNA from complex communities reveals many novel molecu-
lar species within the human gut. Appl Environ Microbiol 65, 4799–4807.

Tahiri M, Tressol J, Arnaud J, Bornet F, Bouteloup-Demange C, Feillet-Coudray C, Ducros 
V, Pépin D, Brouns F, and Rayssiguier Y (2001) Five-week intake of short-chain fructo-
oligosaccharides increases intestinal absorption and status of magnesium in postmeno-
pausal women. J Bone Miner Res 16, 2152–2160.

Tannock G (2002) Molecular methods for exploring the intestinal ecosystem. Br J Nutr 87, 
S199–201.

Ten Bruggencate S, Bovee-Oudenhoven I, Lettink-Wissink M, Katan M, and van der Meer R 
(2004) Dietary fructooligosaccharides and inulin decrease resistance of rats to salmo-
nella: Protective role of calcium. Gut 53, 530–535.

Ten Bruggencate S, Bovee-OUdenhoven I, Lettink-Wissink M, Katan M, and van der Meer R 
(2006) Dietary fructooligosaccharides affect intestinal barrier function in healthy men. 
J Nutr 136, 70–74.

Thorburn A, Muir J, and Proietto J (1993) Carbohydrate fermentation decreases hepatic glu-
cose output in healthy subjects. Metabolism 42, 780–785.

Tokunaga T (2004) Novel physiological function of fructooligosaccharides. Biofactors 21, 
89–94.

Tsukahara T, Iwasaki Y, Nakayama K, and Ushida K (2003) Stimulation of butyrate production 
in the large intestine of weaning piglets by dietary fructooligosaccharides and its influ-
ence on the histological variables of the large intestinal mucosa. J Nutr Sci Vitaminol 
(Tokyo) 49, 414–421.

van den Heuvel E, Schaafsma G, Muys T, and van Dokkum W (1998) Nondigestible oligosac-
charides do not interfere with calcium and nonheme-iron absorption in young, healthy 
men. Am J Clin Nutr 67, 445–451.

Waligora-Dupriet AJ, Campeotto F, Nicolis I, Bonet A, Soulaines P, Dupont C, and Butel 
MJ (2007) Effect of oligofructose supplementation on gut microflora and well-being in 
young children attending a day care centre. Int J Food Microbiol 113, 108–113.

Wang X and Gibson G (1993) Effects of in vitro fermentation of oligofructose and inulin by 
bacteria growing in the human large intestine. J Appl Bacteriol. 75, 373–380.



inuLin and oLigosaCCHarides 73

Welters C, Heineman E, and Thunnissen F (2002) Effect of dietary inulin supplementation on 
inflammation of pouch mucosa in patients with an ileal pouch-anal anastomosis. Dis 
Colon Rectum 45, 621–627.

Weston S, Halbert A, Richmond P, and Prescott S (2005) Effects of probiotics on atopic der-
matitis: A randomised controlled trial. Arch Dis Child 90, 892–897.

Wilson K and Blitchington R (1996) Human colonic biota studied by ribosomal DNA sequence 
analysis. Appl. Environ. Microbiol 62, 2273–2278.

Wollowski I, Rechkemmer G, and Pool-Zobel BL (2001) Protective role of probiotics and 
prebiotics in colon cancer. Am J Clin Nutr 73, 451S–455S.

Zafar T, Weaver C, Jones K, Moore D, and Barnes S (2004) Inulin effects on bioavailability 
of soy isoflavones and their calcium absorption enhancing ability. J Agric Food Chem 
52, 2827–2831.

Zoetendal E, Collier C, Koike S, Mackie R, and Gaskins H (2004) Molecular ecological analy-
sis of the gastrointestinal microbiota: A review. J Nutr 134, 465–472.





75

4ChAPTEr 

galacto-oligosaccharides
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4.1 INTroDuCTIoN

The interest in functional foods or food ingredients that exert a beneficial effect 
on human well-being and health is expanding. This is clearly illustrated by the 
increasing use of prebiotics. Prebiotics are defined as “nondigestible food ingredients 
that beneficially affect the host by selectively stimulating the growth and/or activity 
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of one or a limited number of bacteria in the colon and thus improve health.”1 There 
are several classes of prebiotic oligosaccharides of which galacto-oligosaccharides 
(GOS), fructo-oligosaccharides (FOS), and inulin are most applied. GOS have 
attracted particular attention because they have certain similarities to oligosaccha-
rides occurring in human breast milk and modulate the microbial population (micro-
biota) in the gut. Thus, they affect different gastrointestinal activities and have the 
potential to influence inflammatory and immunological processes.2 Enzymatically 
produced GOS (also named transgalacto-oligosaccharides, transgalactosylated oli-
gosaccharides, trans-GOS, TOS, or oligogalactosyl-lactose) have been shown to 
have similar beneficial prebiotic effects as human milk oligosaccharides.3

4.2 MANuFACTurINg

GOS are one of the most commonly produced prebiotic oligosaccharides world-
wide. They can be obtained through the enzymatic conversion of lactose (milk sugar) 
by the enzyme β-galactosidase (EC 3.2.1.23). Lactose is a disaccharide that consists 
of β-d-galactose and β-d-glucose bonded through a β1–4 glycosidic linkage and 
is usually purified from cow’s milk whey.4 The β-galactosidase can mediate both 
the hydrolysis and polymerization of β-linked sugars. Normally, the enzyme forms 
an active intermediate with lactose and reacts with water to catalyze the hydroly-
sis of this β-galactoside. The monosaccharides galactose and glucose are liberated. 
Under the specific conditions used in the commercial production process, however, 
the enzyme reacts with the available lactose to form an oligosaccharide liberating a 
glucose molecule (Figure 4.1).

The consecutive trans-galactosylation reactions during the production process, 
with lactose or the formed oligosaccharides of different chain length as a donor, 
gives rise to heterogeneous mixtures of (β-linked, β) GOS with varying chain length 
and linkages (Figure 4.2a). A general structure of the resulting GOS is shown in 
Figure 4.2b: A chain of variable numbers of galactose units, with a lactose moiety at 
the reducing end.

4.3 CoMPosITIoN

The amount and type of GOS produced depends on several factors, such as the 
enzyme, lactose concentration and source, type of process, process conditions, and 
medium composition. Although, in principle, almost all glycosidic linkages can be 
formed during the production of GOS, β(1–4) and β(1–6) are the most abundant.4 
The trisaccharides β(1–4)-galactosyl-lactose (4´-galacto-oligosaccharide) and β(1–
6)-galactosyl-lactose (6́ -galacto-oligosaccharide), present in commercial products, 
are also found in human milk.3,6 There are more similarities between commercially 
available GOS and oligosaccharides occurring in human milk. Like human milk 
oligosaccharides, commercial GOS contain a high amount of galactose and carry 
lactose at their reducing end.7
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Vivinal® GOS is a commercially available GOS (FrieslandCampina Domo, 
Zwolle, the Netherlands). The saccharides in Vivinal GOS vary in chain length 
from disaccharides (DP2) to octasaccharides (DP8). The type of linkage between 
the monomer units is mainly 1→4 Gal (55 percent in the trisaccharide fraction and 
72 percent in the higher oligosaccharide fraction). 1→6 Gal linkages occur 3 to 4 
percent. Other linkages including 1→2 Glc, 1→3 Glc, 1→4 Glc, 1→6 Glc, 1→2 Gal, 
and 1→3 Gal can also be present.8–10

4.4 APPlICATIoNs

GOS have a safe history of use in food and infant nutrition and are applied in 
various kinds of products. Products containing GOS were first launched in Japan in 
the late 1980s. The first GOS-containing product in Europe was launched in 1997 
with a Dutch fermented milk product. The use of GOS is increasing gradually in 
various applications worldwide. Because of their high solubility and stability (e.g., 
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Figure 4.1  Proposed mechanism of the trans-galactosylation reaction by β-galactosidase.5 
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under pasteurization and sterilization conditions and in acid environments), GOS are 
particularly suitable for use in acid products, such as fruit juices and yogurts, and 
heat-treated products, such as bakery products. At present, GOS is applied in a wide 
range of commercial products, including dairy products, bakery products, breakfast 
cereals, beverages, and snack bars. More specialized applications include its use in 
infant nutrition, functional foods, and clinical nutrition. The dosage of GOS varies 
per product. Infant nutrition contains up to 0.8 g GOS/100 mL product. Current 
functional foods contain up to 5 g GOS per 100 g food.

The first product for a specific target group was introduced in the early 1990s, 
when an infant formula containing GOS was launched. GOS are increasingly 
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that give rise to the formation of the gos mixture. (bottom) structure of gos  
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applied as ingredients for infant formula to mimic the biological functions of human 
milk oligosaccharides. For more than a decade, over 90 percent of infant formulas 
in Japan have been supplemented with nondigestible oligosaccharides (NDOs) as 
growth-promoting factors for bifidobacteria.11 In Europe, mainly GOS or a com-
bination of GOS and long-chain (lc)FOS is applied in infant formulas, follow-on 
formulas, and growing-up milks. According to the European Union (EU) directive 
2006/141/EC on Infant Formulae and Follow-on Formulae, GOS and FOS can be 
added to infant nutrition in all member states of the EU in amounts up to 0.8 g/100 
mL.12 In the United States, Vivinal GOS has the self-affirmed GRAS (generally rec-
ognized as safe) status for use in food as well as term infant formulas at a maximum 
proposed concentration of 0.8 g/100 mL infant formula.

GOS is also increasingly incorporated in synbiotic formulations that consist of 
both pre- and probiotics. Many probiotics (live microorganisms that confer a health 
benefit on the host) are applied for their demonstrated health benefits, such as anti-
pathogen activity and immune stimulation in the gastrointestinal tract (GIT). GOS is 
used to advantage in enhancing the survivability, colonization, and/or functionality 
of the probiotics.

4.5 PhysIologICAl EFFECTs

4.5.1 Digestibility

The salivary and digestive enzymes and the acidic conditions of the stomach have 
virtually no effect on acid-stable GOS. This makes GOS highly resistant to digestion 
and absorption during transit through the stomach and small intestine.13–15 An impor-
tant structural element of GOS with respect to its stability is the β-glycosidically 
bound galactose.16 As the human intestine lacks dedicated enzymes able to hydro-
lyze the β-glycosidic linkages (with lactose as an exception), GOS molecules are 
protected from digestion. As a result, these NDOs, which can also be labeled dietary 
fiber, reach the colon fairly intact and are completely fermented by health-promoting 
members of the gut microbiota (Figure 4.3).

4.5.2 gut health and Well-being

Today, it is well established that the composition and activity of the microbiota 
significantly contribute to the health and well-being of the host.17 After birth, the 
human GIT exists in symbiosis with the intestinal microbiota, composed of a large 
number and variety of bacteria. It supports the host by, among others, the production 
of essential micronutrients, the fermentation of nondigestible dietary fiber, and the 
removal of harmful compounds.18–20 It also constitutes the first line of defense, by 
competing with opportunistic and pathogenic members of the microbiota for space, 
nutrients, and receptors on intestinal cells. The microbiota and their metabolic prod-
ucts (mainly short-chain fatty acids, SCFAs) also have an important trophic effect on 
the intestinal epithelium, stimulating epithelial cell proliferation and differentiation 
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of the small and large bowel. Some members of the microbiota play a role in the 
modulation of mucosal and systemic immune functions with an impact extending 
that of the intestine.

A healthy microbiota is considered one that is predominantly carbohydrate 
fermenting (saccharolytic) and that is comprised of significant numbers of bifido-
bacteria and lactobacilli. Both species have been linked to increased resistance to 
infections and diarrheal disease, stimulation of immune system activity, protection 
against colon cancer, and the synthesis of various vitamins. The products of the sac-
charolytic fermentation, principally SCFAs, have a positive impact on colon physiol-
ogy.21 The metabolism of peptides and proteins (putrefaction) by other anaerobes 
also produces SCFAs, but, in addition, generates potentially toxic substances (e.g., 
biogenic amines and sulfides, ammonia, phenols, thiols, and indols) that can increase 
the risk of colon cancer.

An important factor influencing the composition of the microbiota is nutrition, as 
exemplified by the differences between breastfed and standard formula-fed infants. 
Whereas breastfed infants have a microbiota dominated by bifidobacteria (up to 95 
percent), standard formula-fed infants have a more complex (and less stable) flora, 
which more resembles the adult gut.19 The latter also have higher fecal levels of poten-
tially harmful bacterial metabolic by-products.22 These differences are, most likely, 
due to the supply of human milk oligosaccharides (HMOs) present in breast milk.19

GOS have been shown to positively influence both the composition and activity 
of the microbiota. Through their effect on the microbiota, GOS also affect the activ-
ity of the immune system. In addition, GOS have various other effects that positively 
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Figure 4.3  the digestibility of gos. (from nauta and schoterman, 2009. With permission.10)
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influence host health and well-being as discussed below; an overview is shown in 
Figure 4.4.

4.5.2.1 Bifidogenic Activity

The bifidobacteria-stimulating (bifidogenic) activity and the positive impact on 
lactobacilli of GOS are well established. Many studies with healthy adult subjects 
demonstrated increased numbers of bifidobacteria and/or lactobacilli in the feces 
upon the consumption of GOS.24–29 The bifidogenic activity has also been clearly 
demonstrated with GOS-supplemented and GOS/1cFOS-supplemented (containing 
90 percent GOS and 10 percent 1cFOS) formulas in term and preterm infants.30–36 
In many of the published studies in infants, a GOS/lcFOS mixture, containing 90 
percent GOS and 10 percent lcFOS, was used.

For term infants, various clinical trials with GOS-supplemented infant formula 
have been published. In general, the supplementation was shown to elicit a dose-
related bifidogenic response and increase in bifidobacterial predominance.30–32,35 The 
microbial diversity and composition of the microbiota of GOS/lcFOS-supplemented 
infants was shown to closely resemble that of breastfed infants, also at the level of 
the different Bifidobacterium species.30-32,35-38 In contrast, standard formula groups 
harbor a more adultlike microbiota. At the end of a 6-week study, it was found that 
the bifidobacteria and lactobacilli accounted for 80 percent of the fecal microbiota 
in breastfed and GOS/lcFOS-supplemented groups while the percentage was only 
50 percent in the standard formula group. The supplementation also gives rise to 
such stool characteristics as pH, SCFA profiles, and consistency that more resemble 
those of breastfed infants.36,39 Administration of infant formulas containing GOS/
lcFOS to preterm infants gave similar results with increased fecal bifidobacteria and 
softer stool consistency.7 In addition, the number of pathogens in the fecal samples of 
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Figure 4.4  schematic showing the various beneficial effects of gos. (adapted from 
ouwehand, a.C. et al, 2005.23)
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infants fed supplemented formula was lower as compared to the standard formula.40 

Supplemental GOS/lcFOS also has the ability to alter fecal microbiota in the wean-
ing period.41

An alternative approach to influence the colonization of the neonatal gut by GOS/
lcFOS has also been tested.42 As the maternal microbiota plays an important role in 
the first colonization at birth, pregnant woman were supplemented with GOS/lcFOS. 
Although the proportions of bifidobacteria were significantly increased in the maternal 
gut, no direct effect on the bacterial transfer between mother and child was observed. 
Probably, this was due to a masked effect of the HMOs as the infants were breastfed. An 
alternative approach could be the targeting of the vaginal microflora prior to delivery.43

A random controlled trial (RCT) of GOS and the prevention of antibiotic-associated 
diarrhea (AAD) showed that, in children who had received amoxicillin for bronchi-
tis (resulting in significantly reduced fecal bifidobacteria concentrations and increased 
numbers of Escherichia coli), the administration of GOS positively influenced bifi-
dobacteria concentrations.44 GOS has been shown to have a synergistic effect on the 
bifidogenic activity of probiotics.45 The increase in the amount of bifidobacteria in 
school-aged children was significantly greater after the ingestion of GOS combined 
with Lactobacillus rhamnosus GG (LGG) as compared to the ingestion of LGG alone.

4.5.2.2 Inhibition of Pathogens

Some members of the microbiota are considered potentially harmful (pathogenic) 
in view of their involvement in toxin production or activation of carcinogenesis, feed-
ing intolerance, inflammatory responses, mucosal invasion, and infections. As GOS 
are able to selectively manipulate the intestinal microbiota in the lumen and at the 
mucosal surface, they indirectly result in the displacement of less-desirable members 
of the microbiota.46, 47 In addition, the metabolism of GOS by the specific members of 
the microbiota results in the production of antagonistic agents (e.g., diacetyl, hydrogen 
peroxide), antimicrobial peptides,48,49 and SCFAs. The last reduce the luminal pH in 
the colon to levels below those at which the pathogens can effectively multiply.

GOS have also been shown to have a more direct inhibitory effect on pathogens 
as they competitively prevent bacterial adherence. GOS resemble the receptor sites 
coating the intestinal epithelial cells to which pathogens adhere for initiation of the 
infection process.50 As a result, they can act as “molecular receptor decoys” or “anti-
adhesives” that competitively inhibit bacterial adherence by mimicking the host cell 
receptors.50–52 GOS were shown to impair the adherence of an enteropathogenic E. 
coli (EPEC) strain on HEp-2 and Caco-2 cells by 65 and 70 percent, respectively, in 
a dose-dependent manner.52 In addition, the average number of bacteria per micro-
colony was significantly reduced (over 70 percent) when GOS were present. GOS 
were also shown to strongly inhibit the attachment of another EPEC and Salmonella 
typhimurium to HT29 adenocarcinoma cells in vitro.51
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4.5.2.3 Gastrointestinal Diseases

The pathogenesis of GIT diseases (e.g., inflammatory bowel disease, IBD) is 
associated with an imbalance in the intestinal microbiota. Both genetic predisposi-
tion and alterations in the mucosal microbial communities and overexposure to 
luminal bacterial products are thought to be involved in the development of these 
conditions. IBD is a chronic inflammatory condition of the GIT that manifests as 
ulcerative colitis (UC) or Crohn’s disease (CD). CD, affecting the small intestine, 
has been linked tentatively to mycobacterial inhabitants. UC, concentrated in the 
large intestine, has been associated with sulfate-reducing bacteria and their met-
abolic product sulfite causing destruction of colon cells. In addition, changes in 
gut microbiota include a relative deficiency of bifidobacteria. Manipulation of the 
microbiota seems to represent a way to prevent and treat GIT diseases. Numerous 
studies with various prebiotics, in general, show a benefit in reducing IBD activ-
ity and increasing bifidobacteria and lactobacilli and concentrations of butyrate in 
the gut.53 The administration also resulted in immune modulation as the propor-
tion of dendritic cells (DC) expressing Toll-like receptor 2 (TLR2) and TLR4 was 
shown to be increased.54 The ability of GOS to selectively increase bifidobacteria 
and lactobacilli should, in principle, allow correction of the observed microbial 
imbalances.55

4.5.2.4 Retardation of the Development of Colon Cancer

GOS can retard several fermentation-related processes that are associated 
with the development of colon cancer. GOS give rise to a reduction in the activity 
of several genotoxic bacterial enzymes (such as β-glucuronidase, β-glucosidase, 
arylsulfatase, azoreductase, nitrate reductase) involved in the formation of toxic 
and carcinogenic compounds.56 In human microflora-associated rats, administra-
tion of GOS lowered cecal pH and reduced the activities of β-glucuronidase and 
nitrate reductase.56 The formation of secondary bile acids is also positively corre-
lated with an increased colon cancer risk. Because of the reduction in the colonic 
pH upon GOS fermentation, the formation of these compounds is inhibited.57 
In a study with healthy subjects, a decrease in the concentration of other harm-
ful compounds, ammonia, p-cresol, and indoles in the feces was observed after 
the consumption of GOS.24,27 GOS also suppress the production of phenols in 
the intestinal tract and the accumulation of phenols in the serum.58 The latter is 
important for patients with renal failure as the accumulation of phenols in their 
serum has toxic effects.

GOS has been shown to be protective against the development of induced colo-
rectal tumors in rats.59 Rats were fed diets with either a low or a high dose of GOS 
and a low, medium, or high amount of fat. A high dosage of GOS resulted in a sig-
nificant reduction in the multiplicity of adenomas, carcinomas, and the total number 
of tumors. The incidence and size of the tumors were also reduced, irrespective of 
the amount of fat in the diet of the rats.
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4.5.2.5 Stimulation of the Absorption of Minerals

The human diet should contain sufficient amounts of minerals (e.g., calcium, 
magnesium, phosphorus, iron) as they play an important role in physiological pro-
cesses. The dietary intake or bioavailability of the minerals, however, is not always 
sufficient to meet the requirements, especially in certain target groups. Several stud-
ies have shown that GOS can be used to stimulate the absorption of various miner-
als.60–62 Most studied is the absorption of calcium, as it is required as a structural 
component of bones, and also plays an important role in blood coagulation and mus-
cle contraction. The effect of GOS (Vivinal GOS) on calcium absorption was demon-
strated in postmenopausal woman in a double-blind randomized cross-over study.63 
The consumption of a GOS-supplemented yogurt drink increased the absorption of 
calcium. This effect was not accompanied by an elevated urinary calcium excretion, 
indicating that GOS also increases the uptake of calcium by the bones and/or inhibits 
bone resorption. This was shown in a study with rats that were given a diet containing 
5 percent (w/V) GOS for a period of 30 days. In addition to the increased absorption 
of calcium, GOS were shown to result in higher bone ash weight and calcium content 
in femur and tibia, indicative of the prevention of bone mineral loss.29 Other studies 
in rats showed similar results on calcium absorption and bone calcium content.60,61 
The bioavailability of magnesium and phosphorus is also positively influenced by 
GOS as was demonstrated in magnesium-deficient rats.64

Several mechanisms for the stimulation of mineral absorption by GOS fermenta-
tion have been proposed.65 The SCFAs produced result in a reduction in pH, which 
can lead to an increase in the solubility and, thus, the absorption of minerals.60,62 
The SCFAs lactate and butyrate also promote the proliferation of enterocytes. The 
resulting enlargement of the absorption surface could also positively influence min-
eral absorption.65

4.5.2.6 Alleviation of Constipation

A problem frequently encountered among pregnant women and elderly individu-
als is constipation. Several human studies have demonstrated that the consumption 
of GOS can alleviate constipation in persons who are constipated or who have a 
predisposition to this condition. Healthy adults with a tendency for constipation 
were shown to benefit from the consumption of GOS.66 Their defecation signifi-
cantly improved as manifested by an increased stool frequency and softer feces. 
Other studies demonstrated similar beneficial effects in elderly subjects suffering 
from constipation.67,68 A study with infant formula supplemented with the probiotic 
B. longum BL999 and a GOS/lcFOS mixture showed that children receiving this 
synbiotic treatment had less constipation as compared to the control.69

A number of mechanisms are thought to be involved in the improvement of 
bowel movement by GOS consumption. The stimulation of bacterial growth could 
result in an increase in bacterial biomass and fecal weight.70 The SCFAs that are sub-
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sequently produced could stimulate intestinal peristalsis and increase fecal moisture 
with osmotic pressure.71

4.5.3 Immune Modulation

The intestinal epithelial cells, as part of the gut-associated lymphoid tissue 
(GALT), play a crucial role in signaling and mediating innate immune responses. 
Epithelial cells also produce essential signals for the induction of memory pathways 
of the adaptive immune system. The adaptive immune system exists of B cells, pro-
ducing antibodies against proteins (humoral immunity) and T cells removing anti-
gens and viral infected cells (cellular immunity). These immune responses develop 
in specialized lymphoid structures, predominantly found in the ileum of the small 
intestine, the Peyer’s patches (PP).

The GALT receives signals from the microbiota or food antigens and induces a 
state of nonresponsiveness, so-called mucosal tolerance.72 When pathogenic bacteria 
invade the intestinal mucosa, however, it should elicit strong humoral and cellular 
immune responses. The composition and/or the activity of the microbiota influence 
the maturation and modulation of the immune system activity.73 This is clearly illus-
trated in germ-free animals that are shown to have an immature and poorly devel-
oped immune system.74 The absence of a normal microbiota can also result in an 
increased antigen transport across the gut mucosa.75 The communication between 
GALT and the microbiota is based on rapid recognition of specific bacterial products 
through pattern recognition receptors (PRR) like the membrane-associated TLRs. 
These receptors are essential for discriminating potential pathogens from the ben-
eficial members of the gut microbiota and, thus, for immune homeostasis both in the 
gut and systemically.72

4.5.3.1 Immune Activity

HMOs have been shown to influence the immune system not only through the 
intestinal flora, but also by direct interaction with immune cells.76 With its effect on 
the microbiota, GOS indirectly influence mucosal and systemic immune activity.77 
In addition, the increased production of SCFAs by GOS fermentation contributes 
to the maintenance of a noninflammatory environment in the intestine as several of 
these SCFAs have been shown to modulate immune responses.78–81 Butyrate has also 
been shown to inhibit NF-κβ activation in intestinal epithelial cells under proinflam-
matory conditions78,79 and has also been shown to inhibit T-cell activation.80 Similar 
findings have also been reported for acetate and propionate.81

The GOS/lcFOS mixture also has a (partially) microbiota-independent effect 
on the immune response.82 It increased the proportion of fecal bifidobacteria and 
lactobacilli and enhanced, vaccine-specific, delayed-type hypersensitivity (DTH) 
responses dose dependently. FOS/inulin induced similar effects on the gut microbi-
ota. However, FOS/inulin scFOS/1cFOS did not enhance DTH responses, indicating 
that an increase in the proportions of bifidobacteria and lactobacilli is not sufficient 
for the observed immunomodulatory effect.
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As the gut microbiota is established, the capacity of the GALT to produce immu-
noglobulin A (IgA)-secreting cells increases. Secretory IgA (sIgA) plays an important 
(immune exclusion) role in the defense of the GIT. Maternal breast milk is full of 
sIgA antibodies against her intestinal microflora (enteromammaric link). As a result, 
a major percentage of the fecal microbes are coated with IgA, thereby preventing the 
induction of immune reactions against commensal residents and attachment to and 
subsequent translocation through mucosal membranes.83,84 The level of sIgA antibody 
is also associated with increased neutralization and clearance of viruses. Formula-fed 
infants who lack the transfer of protective maternal sIgA from breast milk can benefit 
from strategies to support maturation of (humoral) immunity and endogenous pro-
duction of sIgA. In an intervention study, infants fed on a formula supplemented with 
a GOS/lcFOS mixture showed a trend toward higher fecal sIgA levels compared with 
the standard formula-fed infants.85 In contrast, infants fed on a probiotic (B. lactis 
BB12) formula showed a highly variable fecal sIgA concentration with no statistically 
significant differences compared with the standard formula group. A recent double-
blind, randomized, placebo-controlled study also demonstrated higher concentra-
tions of fecal sIgA after consumption of GOS/lcFOS-supplemented infant formula, 
suggesting a positive effect on mucosal immunity.86

4.5.3.2 Allergy

In both eczema and food allergy, there is evidence of an inflammatory response 
in the GIT.87 In addition, the permeability of the intestinal mucosa is increased in 
allergic disease, which can allow the systemic absorption of antigens, bypassing 
antigen-presenting cells and thus producing systemic hyperresponsiveness.88 Infants 
with early onset allergic disease are also at risk of other allergic manifestations, a 
phenomenon described as “the allergic march.” Atopic dermatitis (AD) is usually 
the first manifestation of allergy during early infancy. AD is associated with delayed 
maturation of Th1 immune responses during early infancy with raised total IgE and 
IgE to dietary antigens in the serum.

A promising approach in high-risk infants seems to be prevention of allergic 
diseases by dietary supplementation of pre- and/or probiotics. This has been shown 
to enhance mucosal barrier function, participate in degradation of protein antigens, 
promote early immune system maturation toward nonallergy, and alleviate symp-
toms of eczema.87,89–91 Breastfeeding has been reported to lower the incidence of 
atopy-related disorders,92–94 an effect that was also shown for a GOS/lcFOS mixture 
(Figure 4.5).95 In a murine type I allergy model, the allergic reaction following sen-
sitization with ovalbumin was attenuated in animals fed with dietary GOS/lcFOS.96 
The supplemented infant formulation reduced the cumulative incidence of AD in 
high-risk infants by altering immune development. The supplementation was shown 
to induce beneficial total serum antibody profiles (reduced IgE levels), specifically 
modulating the immune response toward food allergens, while leaving vaccination 
responses intact.97–99 It was shown that total IgE, IgG1, IgG2, IgG3, but not IgG4, 
levels decrease after 6 months of treatment. Dietary supplementation of a combina-
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tion of four probiotic strains and GOS on allergic diseases in allergy-prone infants 
significantly reduced eczema and IgE-associated eczema.100

Effects of GOS/lcFOS on allergic asthma have also been reported.101 
Experimentally induced asthmatic mice were fed GOS/lcFOS. The supplement 
was shown to inhibit airway hyperresponsiveness and the number of inflamma-
tory cells in bronchoalveolar lavage. Allergen-specific IgE levels were decreased. 
The authors hypothesized that GOS/lcFOS treatment increases Th1 over Th2 
type responses. The use of GOS/lcFOS in dietary products might provide an 
opportunity to stimulate the adaptive immune response in a Th1 direction and 
subsequently inhibit infections and Th2-related immune disorders in humans, for 
instance, allergies.

4.5.3.3 Infections

The mixture GOS/1cFOS not only has a protective effect against allergic manifes-
tations, but also against infections. It was shown to reduce the incidence of infectious 
episodes during the first 6 months of life.102 Infants who received prebiotic-supple-
mented (GOS/lcFOS) hypoallergenic formula had fewer episodes of physician-diag-
nosed overall and upper respiratory tract infections. Blind follow-up continued until 
two years of age and showed that the observed protective effect lasted beyond the 
intervention period. A study with infant formula supplemented with the probiotic B. 
longum BL999 and GOS/lcFOS also showed that children receiving this synbiotic 
treatment had a nonsignificant tendency toward fewer airway infections as compared 
to the control.69
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Figure 4.5  (a) incidence of allergic symptoms in infants fed a standard formula; (b) gos/
lcfos-supplemented formula. 1, atopic dermatitis; 2, bronchial symptoms; 3, 
acute allergic cutaneous reactions. (adapted from Moro et al., 2006.95)
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4.6 CoNClusIoNs

For GOS, it has been convincingly demonstrated that they beneficially affect the 
gut microbiota toward a more healthy composition and activity. As a result, GOS 
is increasingly applied to support health and well-being and protect specific target 
groups at risk for certain diseases. GOS have also been shown to induce support-
ive mucosal and systemic immunomodulatory effects. Whether these are mediated 
through microbiota-related and/or (partially) microbiota-independent routes has to 
be revealed. Insight in the underlying mechanisms will enable us to exploit the pre-
biotic characteristics of these oligosaccharides to their full extend.
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5ChAPTEr 

Functional Disaccharides
Lactulose, Lactitol, and Lactose

Andrew Szilagyi

5.1	 INTroDuCTIoN

This chapter discusses three disaccharides: lactulose, lactitol, and lactose. The 
first two are derived from the parent compound lactose and are shown in Figure 5.1. 
Each may be perceived as having prebiotic properties; however, the definition has 
been evolving and at this time it is more restricted. In vivo effects must be proven 
and physiological and microbiological effects should reach more distal parts of the 
colon.1,2 As a result only lactulose is currently accepted as a probable prebiotic.2 It is 
nevertheless recognized that different disaccharide compounds may, under in vitro 
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controlled conditions, exert microfloral changes and result in various amounts of 
short chain fatty acid (SCFA) production in comparison with controls.3 These crite-
ria have been translated into a Prebiotic Index (PI).

The PI is a description of the relative efficiency of particular molecule(s) to 
increase absolute numbers of bifidobacteria and lactobacilli while subtracting any 
expansive effects on bacteroides and clostridia. Increases in the lactic acid bacteria 
are desirable, whereas increases in the other two may not be. The magnitude of 
bacterial change depends on the numbers present in the host colon prior to introduc-
tion of the compound.2 In this schema, lactulose compared with control has a PI of 
4.66 (control 1.23) and lactose 5.75 (control 1.02).3 By comparison, the bimolecular 
fructo-oligosaccharide is listed to have a PI of 7.64. Lactitol or any of the sugar alco-
hols are not listed. Whether the length of time a particular prebiotic is ingested alters 
effects is unclear. For example, are there quantitative or even qualitative differences 
between ingestion of a particular prebiotic for 1, 6, 12 months, or half a lifetime?

In addition, short chain fatty acids produced from disaccharides may have inde-
pendent antiinflammatory effects. It has been known for some time that butyrate 
is the preferred nutrient of colonocytes and exerts antiinflammatory and possible 
antineoplastic effects. Recently, similar attributes of cytokine inhibition and anti-
inflammatory effects for acetate and propionate were reported in an in vitro model.4

As discussed, for each disaccharide, a number of well-defined human health ben-
efits are attributed to them. Therefore, with the exception of lactulose, which is rec-
ognized as a prebiotic, perhaps a new definition needs to be developed for lactitol and 
lactose, or the concept of prebiotic needs to be again reassessed. All three certainly 
should be considered functional food components.

5.2	 lACTulosE

The disaccharide lactulose was first manufactured from lactose in 1930,6 and 
although not a natural product, it forms in small amounts by noncatalytic isomeriza-
tion when milk is heat-treated. The product 4-O-β-d-galactopyranosyl-d-fructose 
has the identical empirical formula as for lactose (C12H22O11). Industrial production 
of the sugar requires alkali hydroxides and boric acid.7 However, biological manu-
facture of lactulose is also possible through transgalactosylation from lactose using 
β-galactosidase from Aspergillus oryzae and from Pyrococcus furiosus.8 The end 
product is available as a liquid syrup or in crystalline form.

5.2.1	 Physiological and Prebiotic Effects of lactulose

Lactulose is not digested by human intestinal enzymes and, therefore, reaches 
the lower bowel making it available for bacterial metabolism. A very small amount 
is absorbed in healthy subjects through tight junctions between cells. Approximately 
0.4 to 2 percent may be absorbed in this way under normal conditions.9 As membrane 
permeability changes, more disaccharide is absorbed via this route and excreted 
intact into urine.
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In the colon, bacteria metabolize it into hydrogen, methane, and carbon dioxide, 
mainly lactic acid and acetic acid, lowering the pH, especially in the cecum.9,10 In 
vitro some propionate and butyrate are also produced.3 In the naïve subject, large 
amounts of undigested lactulose induce symptoms of cramps, gas, bloating, and 
diarrhea.7,9 The mechanism is thought to be largely due to osmotic forces increas-
ing small intestinal volume and transit with resultant high flow across the ileocecal 
valve and possibly overwhelming the reserve capacity of the colon. It has also been 
shown that small amounts (10 to 15 g twice a day) may induce tonic contractions of 
the colon leading to the known anticonstipating effect.11,12

This compound shares with lactose the ability to auto adapt to continued inges-
tion.13,14 The definition of colonic adaptation refers to reduction of measured exhaled 
breath hydrogen, improvement of the outlined symptoms, and a statistically signifi-
cant increase in measured fecal β-galactosidase.14 In human volunteers, adaptation 
is achieved by consuming 20 g of lactulose twice daily for 8 days.

Lactulose is unusual among prebiotics because it has been in medicinal use since 
the 1950s, predating the labeling and definition of the food additive by Gibson and 
Roberfroid.15 Although it was recognized early that many of the effects of lactulose 
may work through its influence on microflora, especially bifidobacteria,7 historically 
it was sold and prescribed as a drug. As such, it still requires a doctor’s prescription 
in most countries. However, by the late twentieth century, lactulose was available as 
a food additive in Italy, Japan, and the Netherlands.7

Lactulose, therefore, is the first true prebiotic recognized for its effects on the 
gut flora. The effects of the sugar may be divided into physiological and those 
related to selective promotion of specific gut bacteria. However, it is difficult 
to separate these two effects, with few exceptions, because as more is learned 
about host/bacterial communications, the more putative medicinal and bacterial 
effects merge.

A marked effect on bifidobacteria of this substance has been shown in numer-
ous human trials.7 Addition of lactulose to bottle-fed infants raised bifidobacteria 
levels to that found in breastfed infants.16 Large daily dose intake of 20 to 60 g17,18 or 
small amounts of 5 g twice a day for 6 weeks19 both induce bifidobacteria in human 
volunteers. The magnitude of bifidogenic effect is influenced by the initial bacterial 
counts. The lower the initial levels, the higher the postconsumption expansion.20 In 
addition to total bifidobacteria, the species Bifidobacterium adolescentis is specifi-
cally increased after 18 weeks of lactulose ingestion in healthy volunteers.21

The effects of lactulose also result in the decrease of a number of enzymes 
including β-glucuronidase,17,22 an enzyme considered pathogenically relevant to col-
orectal carcinogenesis.23,24 Furthermore, lactulose reduces colonic fermentation of 
amino acids in human volunteers.25 Reduction of bacterial proteolysis is considered 
therapeutic for hepatic encephalopathy (see below) and possibly beneficial for some 
intestinal diseases. The same study also revealed that over a 4-week course, intestinal 
permeability decreased, but gastric emptying and oral cecal transit were unaffected.25 
Other postulated effects are discussed in the context of specific medical use.
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5.2.2	 Medical uses of lactulose

Actual and potential medical uses of lactulose have been described over the past 
50 years. As stated, understanding of which specific function or physiological or 
indirect effect through bacterial action is somewhat blurred by the lack of detailed 
knowledge of host/microbial/microbial interactions in the intervening years. The 
conditions and putative mechanisms are listed in Table 5.1.

As a drug, the disaccharide was initially prescribed for constipation7,9 and is still 
used for this purpose, particularly in elderly patients. The traditional explanation for the 
drug effect is the induction of osmotic diarrhea. In a study by Jouet et al.,26 a 40-g single 
lactulose dose added to a meal increased both small intestinal and colonic motility, rais-
ing a possibility that a small dose had effects on gut transit. Subsequently, it was shown 
by the same group that lactulose has tonic effects on the colon.11,12 The mechanism is 
not yet clear, but may involve release of peptide YY27,28 and perhaps other gut peptides.

Table 5.1  Indications for Which lactulose Is Firmly Established and for Which 
Further research May Confirm benefit

Established Indication Comments refs.

Constipation osmotic effect, direct motility 7, 11, 12

Hepatic encephalopathy osmotic effect, ammonia trapping by pH; reduced 
ammonia production, altered bacterial 
metabolism

7, 9, 10, 
29–34

diagnostic uses Measurement of intestinal permeability; estimate 
of oral cecal transit; evaluation of intestinal 
bacterial overgrowth; these last two are 
controversial to an extent

77–81

Potential Indications

reduced bacterial carrier 
states

shown for Shigella; some controversy for 
Salmonella after acceptance as indication

7, 35, 36

Metabolic effects Controversial human studies in dyslipidemias and 
diabetes; some human studies showing 
enhanced mineral absorption and one study on 
improvement of lactose intolerance

42–47, 49, 
50, 53

reduced bacterial 
translocation

Mainly based on animal data, human study for 
urinary tract infections and obstructive jaundice, 
proposed for prevention of complications of 
chronic liver disease

57–60

antiendotoxin effect animal models and in vitro evidence for reduced 
tnf-α production

37–41

anticolorectal cancer some human studies on bile acids and reduced 
carcinogenic bacterial enzymes attenuation of 
carcinogens in animal models

64–66

therapy in ibd Prevention in animal model, minimal in humans 73–75

Note: Potential mechanisms are listed as shown. tnf-α, tumor necrosis factor alpha; ibd, 
inflammatory bowel disease.
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Another early indication for lactulose therapy was the amelioration of hepatic 
encephalopathy (PSE).7–10 Although the precise cause of the progressive clouding of 
sensorium with advancing liver functional deterioration is likely multifactorial, the 
role played by ammonia produced in the gut is preeminent in pathogenesis, and meth-
ods to reduce its formation are the key to successful therapy.29 Early reports compar-
ing nonabsorbable antibiotic with lactulose showed equivalence in low-grade PSE.30

The benefit of this treatment in subclinical PSE, which can only be diagnosed with 
psychometric tests, has now been shown.31 Physiological studies where lactulose was 
incubated in vitro with stool from healthy volunteers revealed that it inhibits short-
chain fatty acids produced from protein via a marked drop in pH,32 reduced ammonia 
concentrations, and increased nitrogen excretion.22,33 In addition, acetate and lactic 
acid with reduction of pH also trap nonlipid-soluble ammonia in the colon.34

Lactulose has also been used to reduce the rate of Salmonella carriage in chronic 
carriers and apparently this was also an early indication recognized in some coun-
tries.7 Similarly, the carrier rate of Shigella was reported to be reduced.35 However, a 
rat model of the effects of lactulose on infection showed that while colonization was 
reduced with Salmonella, translocation into the host was increased.36 Currently, this 
indication for lactulose is not used in North America.

Other clinical situations exist in which lactulose may potentially help. Oral lactu-
lose was given to patients in a nonrandomized controlled study in the pericholecys-
tectomy operative period and was found to reduce postoperative sepsis in patients 
with obstructive jaundice.37 Both a reduction in circulating endotoxin and tumor 
necrosis factor-α (TNF-α), a key cytokine induced by endotoxin, has been shown 
with lactulose in animal models.38,39 These effects could be also attributed to the 
bifidogenic impact of lactulose. In at least one model, contamination with galactose, 
limiting hepatotoxicity of galactosamine, may have been more relevant.40 However, 
another in vitro study found that lactulose directly inhibits TNF-α.41 The hypoth-
esis raised was that, in patients with biliary obstruction, intestinal permeability is 
increased, which allows the disaccharide to be absorbed in larger amounts, leading 
to TNF-α inhibition, which then attenuates endotoxin effects.

Lactulose is also postulated to affect several metabolic processes. First, it was 
reported in a human study that after a week of treatment of dyslipidemic patients, 
there was a 17 percent decrease in serum cholesterol lasting for at least 4 weeks 
after discontinuation.42 In a small-animal model, reduction of serum cholesterol and 
the lithogenic index (a marker for gallstone formation risk) was found to be more 
effective with a combination of lactulose and lignin, than with the latter substance 
alone.43 More recent studies on lipids conflict with these earlier reports. De Preter et 
al.25 did not find that long-term lactulose changed serum lipids in healthy volunteers. 
In another human study, Vogt et al.44 also failed to show an effect of 4 weeks of 
lactulose on serum cholesterol in healthy men. They did find a 10 percent decrease 
of serum triglycerides in this partial randomized cross-over trial.44 Opposite effects 
of lactulose were observed by Jenkins et al.,45 again in healthy volunteers. After 2 
weeks consumption of 18 to 25 g of lactulose, fasting total and low density lipopro-
tein associated serum cholesterol were higher by 9 percent.45 The authors felt that 
rapid fermentation of lactulose raised acetate levels contributing to lipid metabolism. 
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Whether or not lactulose has a different impact on patients with dyslipidemia com-
pared to healthy subjects has not been addressed.

Lactulose may have hypoglycemic effects in individuals with diabetes.7 A plau-
sible explanation was provided in an animal model showing that the disaccharide 
reduced glucose absorption in an isolated jejunal loop by 40 percent.46 In a small 
study of 10 obese subjects, a biscuit prepared with fiber and lactulose blunted glucose 
and insulin response to regular meals.47 However, because commercial lactulose 
syrup contains small amounts of absorbable sugar impurities, these can adversely 
affect glycemic control. In fact, this is a known cautionary warning for use. Although 
usually well tolerated, there is at least one report of a severe disruption of glycemic 
control in a diabetic cirrhotic patient on lactulose.48

Mineral absorption, particularly calcium and magnesium, have been shown to 
be enhanced by ingestion of lactulose. In a recent double-blind, randomized trial 
confined to healthy men, a dose effect of lactulose was found on the absorption of 
both minerals using a stable isotope method.49 An earlier study on postmenopausal 
women also found a dose–response absorption of calcium.50 The same enhancing 
absorptive effect on calcium was shown using a dog model.51 Mechanisms by which 
lactulose and other prebiotics or probiotics and combinations of the two may enhance 
mineral absorption are reviewed by Scholz-Ahreins et al.52

As discussed above, long-term ingestion of lactulose can lead to amelioration 
of symptoms and reduction of breath hydrogen measurements.14 Adaptation to lac-
tose is discussed more in Section 5.4. However, it was reported that 10 g twice a 
day of lactulose over 3 weeks led to improvement of response to lactose challenge 
as shown by a reduction in breath hydrogen and symptoms with increased fecal 
β-galactosidase.53 Interestingly, in a single subject, adaptation to lactose with dairy 
foods did not result in adaptation to a lactulose challenge.54

The ability of lactulose to alter bacterial translocations has led to research in 
other areas of prevention of infections as described above for obstructive jaundice. 
The likely mechanism of reduced transfer of bacteria to mesenteric lymph nodes 
across intestinal epithelium is through a bacterial effect on intestinal permeability.55 
However, conflicting information exists on the subject. It was already alluded to above 
that lactulose increased Salmonella translocation in a rat model.36 Demirogullari et 
al.56 reported that in 3-day starved rats, lactulose and lactitol both enhanced coli-
form translocations from the cecum. Alternatively, De Preter et al.25 found decreased 
intestinal permeability. In support of reduced permeability, some earlier publica-
tions reported prophylactic effects against urinary and respiratory tract infections 
in elderly patients using lactulose.7,57 Although no further trials were found for this 
indication of lactulose, the concept remains of interest.58

The other important area of research remains that of cirrhosis, where many of 
the complications are attributed to such bacterial translocations.59 In this context, 
Zhang et al.60 showed in the carbon tetrachloride rat model of cirrhosis, lactulose 
prevented bacterial translocation into mesenteric lymph nodes and small bowel over-
growth compared with placebo. The postulated mechanism is enhanced intestinal 
transit and improved permeability.60 The subject of bacterial translocations is not 
settled and the type of disease may determine outcome of studies.
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Modification of complex pathogenic diseases like colorectal cancer and inflam-
matory bowel disease (IBD) represents an interesting area of research. These two 
diseases are classic examples where host and environmental factors both participate 
in disease formation. The particular role of environment in these cases leads to some 
alterations in the colonic milieu.

In the case of cancer, bacterial or dietary effects on host signaling pathways leads 
to genetic alterations in the colonic epithelium and carcinogenesis.61,62 In addition, 
secondary bile salt formation through bacterial 7-α-hydroxylase has been postulated 
to contribute.63 Lactulose affects bacterial enzymes and participates in inhibiting 
conversion of bile acids. Van Berge Henegouwen et al.64 found that a high dose, 60 
g per day for 12 weeks, in patients with adenomas decreased the secondary bile acid 
deoxycholate. This result was attributed to lowering of fecal pH and increased tran-
sit in the colon.64 The specific pathogenic role of bile acids in carcinogenesis is still 
unsettled. However, a rat model of cancer using dimethyl hydrazine equally induced 
colon tumors in rats given lactulose or placebo.65 On the other hand, B. longum in 
combination with lactulose did prevent aberrant crypt foci (early marker of polyp 
formation) in rats given azoxymethane, a colonic carcinogen.66 Further research is of 
great interest in this area.

The other complex diseases of IBD, Crohn’s disease, and ulcerative colitis also fit 
well into the host–microbial interaction model. In these, the current pathogenic para-
digm is thought to be related to a genetically dysregulated, inappropriate inflamma-
tory response to commensal bacterial flora that penetrate the host via a leaky gut.67 
However, there are disturbances in the microflora as well.68 Whether these precede 
or are concomitant with disease is not yet clear. With either possibility, intestinal 
membrane alterations are certainly involved and this may be more pronounced with 
Crohn’s disease.69 There is also evidence that both IBD forms are associated with 
deficiencies of either lactobacilli or bifidobacteria.70,71

Because lactulose is associated with a bifidogenic effect, as well as possibly an 
antiendotoxin effect, either directly or indirectly as described above, Liao et al.72 
postulated that lactulose may be of benefit in IBD. Indeed, in the interleukin-10 
(IL-10) knockout model of enterocolitis, Madsen et al.73 found that either rectally 
administered lactobacilli or oral lactulose did attenuate colitis. Based on the concept 
of colonic adaptation, a study was carried out to test whether lactulose could lead 
to adaptation in patients with both forms of IBD compared with healthy controls.74 
While controls adapted to lactulose challenge after a 3-week, 10-g twice a day dos-
age, patients with IBD did not. In fact, patients with Crohn’s disease fared worse 
than patients with ulcerative colitis. Perhaps because of a leaky intestinal membrane, 
lactulose may not have adequately reached the colon, failing to exert prebiotic effects. 
Whether a longer interval would improve results was recently evaluated in another 
clinical study by Hafer et al.75 Patients with either Crohn’s disease or ulcerative coli-
tis were given 10 g daily lactulose along with standard therapy for 4 months. While 
there were no significant clinical changes, patients with ulcerative colitis reported an 
improvement in quality of life, but patients with Crohn’s did not. Since it was shown 
in a pilot study that a 3-week, daily ingestion of fructo-oligosaccharide did signifi-
cantly increase bifidobacteria counts and improved clinical state,76 the observations 
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of the failure of lactulose suggest that short-circuiting of the colon through a leaky 
gut (especially in Crohn’s disease) is a plausible explanation. As such, disaccharide 
prebiotics like lactulose may be less useful in IBD. Further studies in IBD are war-
ranted to clarify these issues.

Other important indications for the use of lactulose take advantage of the fact 
that under normal conditions most of the sugar spills into the colon and can be used 
to detect bacterial metabolism. As such, lactulose, which is universally malabsorbed 
in most conditions, may be used to assess small bowel transit time77,78 and bacte-
rial overgrowth.79 However, these two techniques are becoming more controversial. 
Because of the very small amount absorbed and excreted into the urine, lactulose 
is also used to assess intestinal permeability by comparing the ratio excreted to an 
amount excreted of another sugar, either mannitol80 or rhamnose.81 These tests are 
not discussed here.

5.2.3	 safety Issues with lactulose

Lactulose is considered generally safe as attested to by its long clinical use.7 There 
are few serious problems. These are outlined in Table 5.2. One of the more important 
warnings is to suspend use if more than two loose bowel movements occur because rarely 
hypernatremia can develop.82,83 A more recent important safety issue has been raised in 
patients taking anticoagulant medications. Lactulose may enhance the effects of these 
drugs by reducing bacterial populations that produce vitamin K.84 Several potential 
problems may rarely emerge in patients using lactulose with diabetes and dyslipidemia 
as outlined above. However, the clinical relevance of these latter potential problems 
needs further study. Lactulose may aggravate gastro-esophageal reflux through its pos-
sible effects on upper gastrointestinal motility as outlined above11,12,27,28 and in a recent 
study published in abstract form only.85 Finally, there have been a few cases of pneuma-
tosis intestinalis (air in the bowel wall) associated with use of lactulose.86

Table 5.2 safety Issues with lactulose

side Effect Comments refs.

overdose More than two loose bowel movements; may 
provoke hypernatremia

82, 83

enhanced anticoagulation reduced microbial populations producing 
vitamin k

84

Possible Problems

aggravation of dyslipidemia rapid metabolism, acetate induces lipid 
synthesis

45

aggravation of diabetes Variation of other sugar contaminants; may 
affect glycemic control

48

aggravation of 
gastrointestinal reflux

release of peptide yy slows gastric emptying 28, 85

Pneumatosis intestinalis tracking of air in the intestinal wall through 
retained gases with insufficient bacteria to 
metabolize hydrogen

86
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In summary, lactulose is one of the first prebiotics produced, predating the nutri-
tional definition. As a result, it was and is used predominantly as medication. Its 
original indications for constipation and hepatic encephalopathy remain the major 
uses of this disaccharide. However, as this review shows there are many potential 
indications for which lactulose could be used. Further studies will need to be carried 
out before such other indications are accepted.

5.3	 lACTITol

Lactitol is also derived from lactose through hydrogenation of the parent com-
pound.87 This sugar alcohol is designated as 4-β-d-galactopyranosyl-d-glucitol or 
1:4 B-galactosido-sorbitol.88 It appears to be about 35 percent as sweet as sucrose, 
contains 2 to 3 kcals/g of compound and has better taste qualities than lactulose.88 It 
is also neither hydrolyzed nor absorbed in the intestine, but spills into the large bowel 
where it is metabolized by bacteria.88–90

5.3.1	 Physiological and bacteriological Effects

The reaction to lactitol in humans is similar to reaction to lactulose, and the 
diarrheic effects are also putatively related to osmotic influences as in the case of 
lactulose. A study of young Japanese women calculated that a dose above 0.36 g/kg 
of a single ingested amount of lactitol would induce diarrhea. This amount was half 
that tolerated with a single ingestion of lactose.91 Lactitol in the colon leads to the 
induction and release of the motility- and appetite-regulating peptide YY. However, 
the effect appears to be less in humans than in rats.92 No data exist whether motility 
in the colon is as affected as for lactulose.12,92

The effects on microflora also resemble the effects of lactulose described in 
Section 5.2.17 Ballongue et al.17 reported a comparative double-blind, placebo-con-
trolled trial in human volunteers of 20 g/day lactitol against lactulose. These authors 
found similar outcome with both, but the effects of the latter were more distinct and 
were of faster onset. In this case, both bifidobacteria and lactobacilli were found 
to be increased and bacteroides and clostridia species were decreased.17 Fecal pH 
was reduced equally by both lactulose and lactitol. Short-chain fatty acids resulted 
in increased acetic acid, but only about half were found with lactulose. The prote-
olytic short-chain fatty acid valeric acid was decreased somewhat more by lactulose 
than by lactitol. In addition, a number of enzymes, azoreductase, 7α-dehydroxylase, 
β-glucuronidase, nitroreductase, and urease, were significantly reduced compared 
with placebo, but again lactulose was more efficient.

Conflicting in vitro studies found that some monosaccharides and disaccharides 
did increase carbohydrate-derived short-chain fatty acids.3,93 In fact, in another 
in vitro fermentation system, it was found that both bacteroides and bifidobacte-
ria were reduced but butyrate was increased by lactitol.94 Similarly, it was shown 
in a rat model that lactitol in combination with polydextrose raised butyrate lev-
els and induced secretion of mucosal IgA better than individual compounds.95 In 
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a randomized clinical trial, combinations of sucrose and lactitol were evaluated at 
different doses for effect on fecal flora and short-chain fatty acids.96 While total 
bacteria remained constant, at the highest intake of lactitol a significant increase in 
bifidobacteria was observed. In contrast to the larger dose mentioned above, at this 
dose both propionic and butyric acid were significantly increased without gastroin-
testinal symptoms. Production of butyrate is desirable as it is the preferred nutrient 
of colonocytes and may have antineoplastic effects.97–99 These reports are conflicting 
and more consistent results are needed regarding lactitol.

5.3.2	 Medical and Theoretical uses of lactitol

Indications and possible indications for the use of lactitol are listed in Table 5.3. 
Because lactitol is less sweet than lactulose, it is perceived to be better tolerated 
by patients. Effects on the motility of the bowel have not been as detailed as with 
lactulose. A comparison of lactulose with lactitol showed that lactulose significantly 
affected colonic (especially right side) motility compared with placebo. However, 
while lactitol did increase motility as well, it was not statistically significant com-
pared with placebo.100 Nevertheless, in a small clinical study in children with chronic 
constipation, both disaccharides worked equally well, resulting in statistically signif-
icant increases in the number of bowel movements.101 Interestingly, diarrhea induced 
by lactitol in high doses may be reduced by addition of more fiber, like guar gum.102

The other important area of medicinal use for this sugar alcohol is for hepatic 
encephalopathy. As noted above, lactulose and lactitol were found to have equivalent 
physiological effects,88 and lactitol was found to easily replace lactulose for clinical 
effect in a small but longitudinal study.103 Patients preferred the better taste and more 

Table 5.3 uses of lactitol Together with Possible benefits

Indications Comments refs.

Laxation May increase motility, few trials better 
tolerance

100, 101

Hepatic encephalopathy Comparative trials show equivalence, but 
questions regarding efficacy after 40 years of 
regular use

103–106

Possible indications

Metabolic effects animal studies support but human study fails 
to show increased calcium absorption

106–108

attenuates elevation of triglycerides in a 
single human study

109

inhibits bacterial 
translocation?

single human study showing decreased 
endotoxin in chronic viral hepatitis

110

Possible antiparasite therapy animal and in vitro study showing interference 
with Trypanosoma cruzi cell cycle

112

antidental caries effect some early evidence in laboratory animals, 
replaced clinically by xylitol

113–115
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predictable effects. A recent trial of lactitol compared its effects with a new intralumi-
nal acting antibiotic rifaximin in hepatic encephalopathy. The prospective 5- to 10-day 
trial showed equal efficacy with about 80 percent of patients improving. Although this 
trial supported the use of rifaximin over lactitol because of a greater rate of improve-
ment with the former, it also supports the efficacy of lactitol in this condition.104 
Indeed, an earlier meta-analysis comparing lactitol, lactulose, or lactose in lactase-
deficient cirrhotic patients confirmed equality of the two disaccharides.105 However, 
in a Cochrane meta-analysis of 30 randomized controlled trials of lactulose or lactitol 
compared with placebo, no intervention or addition of antibiotics, it was concluded that 
not enough high-quality studies are available to prove whether disaccharides are bet-
ter than placebo in hepatic encephalopathy. Antibiotics may be a better alternative.106 
However, disaccharides are still considered standard treatment in hepatic encephal-
opathy, but further trials will need to be carried out to prove the concept.

Other uses of lactitol follow the pattern outlined for lactulose. Metabolic effects 
particularly for mineral absorption like calcium have been published. Ammann107 
reported increased calcium absorption from the colon in rats gavaged with 2.5 g/
kg of lactitol over a week. Another study using a rat model reported that 2 weeks of 
feeding lactitol resulted in enhanced magnesium absorption.108 However, a month-
long prospective human study failed to find any effect of 20 to 40 g/day of lactitol on 
calcium metabolism.109

A single cross-over study was reported in which a combination of polydextrose 
and lactitol substituted for sucrose and lactose in both an animal and clinical setting 
reduced elevation of triglycerides after consumption of chocolate.110 The authors rea-
soned that less fat was absorbed due to physiological effects of the substitute sugars.

There is a clinical report of a prospective trial on the ingestion of lactitol of 15 
to 45 g/day compared with standard diet for 3 weeks in patients with proven hepati-
tis B (most) or C and documented elevated endotoxin in the serum.111 A significant 
increase in lactobacilli and bifidobacteria and a decrease in Clostridium perfringens 
were observed in treated patients. These microfloral changes were also associated 
with reduced endotoxin levels. This observation needs confirmation.

An unusual function for lactitol has been found as a possible therapeutic agent 
for the achalasia-like infectious disease caused by Trypanosoma cruzi. Acquired 
through a bug bite, it causes Chagas disease, which affects mainly the esophagus 
and heart. It is found largely in South America, but also on occasion in the south-
ern United States. Recent research discovered that part of the organism’s protective 
mechanism, against complement lysis, involves a lactose-binding site that attaches 
to parasite sialic acid in mucin.112 Substitution by lactitol at the lactose/β-galactose 
accepting site inhibits sialic transfer and allows lysis to take place.112,113 However, 
this feature is likely not relevant to the sugar’s prebiotic potential because the disease 
is acquired by a hematogenous route and not gastrointestinal. Nevertheless, the leaky 
gut permeability that affects transcellular absorption of lactulose9 could also affect 
the absorption of lactitol as a whole molecule and may prove to have benefit.

The ability of lactitol to prevent dental caries was demonstrated in rats,114,115 some 
20 years ago. However, from a practical point, xylitol has shown superior effects 
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and has replaced research trials in this area. The putative mechanism is related to 
increased salivary flow, but effects on oral microbes may also be involved.116

5.3.3	 safety Issues

In general, lactitol is considered safe. With the exception of a case of possible 
pneumatosis intestinalis related to lactitol use, no specific bad effects have been 
reported.117 In rats there has been some evidence of testicular Leydig cell tumor 
genesis; however, it is doubtful that this risk is applicable to humans.90,118 Whether or 
not caution expressed for lactulose use with anticoagulation medication84 may be a 
problem remains to be seen, but it is reasonable to limit use in such situations.

In summary, lactitol derived from lactulose is a sugar alcohol with properties that 
are similar to lactulose with better tolerability. However, it has not been as exten-
sively studied as other prebiotics. Although not evaluated for a PI, this sugar alcohol 
has been reported to produce short-chain fatty acids and may be exploited in clinical 
studies for antiinflammatory119,120 and possible antineoplastic effects.121

5.4	 lACTosE

Lactose is composed of galactose and glucose as 4-O-β-d-galactopyranosyl-d-
glucose. This disaccharide is unique among possible prebiotics in that it is naturally 
derived from mammalian sources. Because it is an integral component of milk, which 
is a complex food, specific effects of the disaccharide in nature are difficult to sepa-
rate from other possible effects due to other components of milk.122,123 From the point 
of view of the food industry, lactose is used as an additive both in foods and medica-
tions and as a parent compound for other possible prebiotics. These include the other 
two disaccharides discussed above as well as transglycosidation products.124–127

The second important attribute of lactose that makes it somewhat difficult to 
use clinically is that its digestion is genetically determined. Ability or inability to 
split lactose into its monosaccharide components in adulthood128 divides the entire 
human race into digesters (lactase persistent [LP], a dominant genetic trait)129 and 
maldigesters (lactase nonpersistent [LNP], a recessive genetic trait).130

This divide has intrigued scientists and anthropologists since the discovery of 
its genetic cause. There are three, not necessarily mutually exclusive, hypotheses 
given. The most readily accepted is the one by Simoons who postulated that ancient 
herding practices led to spotty geographic retention of intestinal lactase.131 Another 
hypothesis of Anderson and Vullo is that LNP status in the world followed ances-
tral malaria-infested regions and the reduced consumption of dairy foods protected 
against this parasite by reducing riboflavin intake.132

The phenotypic divide also follows a distinct geographic global distribu-
tion. The predominant LP populations largely inhabit areas away from the equa-
tor while LNP populations live closer to the equator. There are some notable 
exceptions like the aboriginal populations of North America and lactose-tolerant 
Africans. The observation prompted Flatz and Rotthauwe to the third hypothesis 



108 Handbook of PrebiotiCs and ProbiotiCs ingredients

that northern LP populations retained the ability to digest lactose so they could eat 
more calcium-containing dairy foods and thereby compensate for less exposure 
to sunshine.133

Lactase in humans is found to be uninducable by long-term lactose ingestion.134 
The gene for lactase phlorizin hydrolase (LPH) is found on chromosome 2(2q21).135 
Perhaps it is uninducable because the mutation affecting phenotype is found in the 
promoter region some 19 to 22 × 103 base pairs away from the LPH locus. In European 
and ancestral populations from Europe, the predominant cytosine to thymidine sub-
stitution at C/T-13910 controls LPH at the transcription or to a lesser extent trans-
lational level.136 In certain African and in some northern Chinese populations, the 
polymorphism controlling dominant absorption is found to be different from that in 
Europeans137,138 and the original T-13910 haplotype may still be in an evolutionary 
flux.139 In the recessive C/C genotype, intestinal LPH is downregulated in a spotty 
fashion starting at variable ages in different populations.140,141 Lactose digesters are 
made up of homozygous normals and heterozygous mutants, which reduce intestinal 
lactase but still allow normal digestion under usual conditions. Lactose maldigestion 
can also be precipitated by diseases involving the proximal small bowel (like celiac 
disease) and colon142 as well as by the aging process.143 There is also the possibility 
that bacterial overgrowth can lead to lactose maldigestion,144 and in elderly indi-
viduals the usual diagnostic tests may be unreliable.143 Congenital lactase deficiency  
rarely occurs in infancy.

Nevertheless, the practical implications of this global phenotypic dichotomy 
is that, first, LNP populations consume lower quantities of dairy foods (the main 
source of lactose)145 and, second, if LNP populations do consume lactose-containing 
foodstuffs, they either will get symptoms or they adapt and lactose exerts an effect 
on colonic flora.146 It should be realized that some lactose (up to 8 percent) can spill 
into the lower intestine even in LP subjects and this is available for bacterial con-
sumption.147 It is therefore a very relevant question whether this unequal handling of 
lactose by LP and LNP populations, first, has any impact on human health. Second, 
any human study on dairy food effects where lactose may be implicated in causality 
may need to consider LP/LNP status.

Another possibility that may deserve exploration is whether other genetic traits 
are aligned preferentially with one or the other phenotype. Indeed, a north/south 
geographic association between LNP status and bitter taste was reported recently in 
Italians.148 As a result of the scope of this chapter, these other nondairy food possible 
associations are not further discussed, but they are areas of future research.

5.4.1	 Physiological and bacteriological Effects

Because of the differential effects of lactose on LP and LNP populations, many 
clinical attributes may apply primarily to LNP status. Ill effects of lactose would 
more likely affect LP subjects. In LNP persons, introduction of lactose above the 
threshold for absorption in the small intestine could lead to symptoms of gas, bloat-
ing, cramps, and in more severe cases to diarrhea and even vomiting.149 Precipitation 
of symptoms is caused by the same osmotic principles as for all other malabsorbed 
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carbohydrates and is modified by quantity, intrinsic orocecal transit time, which 
delivers a certain amount across the ileocecal valve per unit time,150 and by drugs 
that prolong orocecal transit.151 Symptoms of lactose maldigesters may also be exag-
gerated.152 In Chinese participants (all LNP), intolerance or tolerance to lactose was 
evaluated and found not to be related to fecal microbes or β-galactosidase,153 and 
was unrelated to alteration of oral cecal transit time.154 As such, the mechanisms of 
intolerance deserve further research.

It has now been established that the threshold dose for lactose digestion for a 
single intake is between 6 and 10 g.91,152,155–157 Above this threshold, lactose in LNP 
subjects spills into the colon and bacterial metabolism becomes dominant. It was 
found in a double-blind study comparing 3 day diet recall with response to a lac-
tose challenge that the pretest average daily lactose intake correlated in a dose–
response fashion with measured hydrogen response. A daily intake of greater than 
20 g resulted in a sum of breath hydrogen that was significantly less than in subjects 
who consumed 1 to 10 g/day.158 Between 11 and 19 g, breath hydrogen sum was less 
than the previous group, suggesting a dose effect. Regular lactose ingestion of 15 to 
20 g/day may then be required to induce adaptation.

The adaptation to lactose has been observed in multiple epidemiological and 
clinical studies.159–163 However, the formal description was clinically defined in a pro-
spective study by Hertzler and Savaiano,164 where under test conditions LNP partici-
pants were shown to virtually change to LP phenotype.164 In the original description, 
the area under the curve for breath hydrogen was significantly reduced, symptoms 
of intolerance improved, and fecal β-galactosidase increased about threefold from 
baseline. Symptoms, especially gas and bloat, but also global effects, usually cor-
relate with the magnitude of the hydrogen response.151,158,165

There has been some debate about whether improved symptoms found under 
laboratory conditions after adaptation are due to a placebo rather than a true effect.166 
Indeed, functional (no clear disease-related symptoms) explanations for symptoms 
of lactose intolerance are evident and severity may be overstated.152 However, a pla-
cebo effect alone cannot explain all observations. If symptomatic improvement were 
uniquely a placebo effect, it should be observed with other tested carbohydrates. 
This is not the case with oligofructose and fructose itself.167,168 In addition, symptoms 
of lactose intolerance after pregnancy increase, corresponding to exacerbation or 
unmasking of lactose maldigestion.162

The effects of lactose on fecal microflora are also unclear. Following lactose 
consumption, in vitro human fecal evaluation showed diminished hydrogen produc-
tion.169 An increase in fecal β-galactosidase was shown, and this is interpreted as 
either a population or metabolic expansion by bacteria. Because there is less hydro-
gen produced with adaptation, the suspicion of affected bacteria falls on lactic acid 
producers, although some 80 percent of colonic bacteria have been found to possess 
β-galactosidase.170 The mechanism of adaptation is still not well defined. In a mouse 
model, it was demonstrated that a lactose catabolizing strain of Lactococcus lactis 
was able to digest orally fed lactose.171 This may not be the case in clinical stud-
ies, where mere expansion of fecal microflora with lactic acid (and yogurt) produc-
ing bacteria do not necessarily lead to improved lactose digestion.172,173 In addition, 
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initial prebiotic effects may be accompanied by increased bacterial β-galactosidase 
without a corresponding population expansion.174

Nevertheless, in an in vitro fecal fermentation system, both lactobacilli and 
bifidobacteria demonstrated increased lactose consumption.175,176 In a model of the 
human colon, which can be used to measure segmental effects, a large increase 
in both bifidobacteria and short-chain fatty acids, propionate, and butyrate were 
observed. Although the predominant effect was in the cecal compartment, more 
distal compartments were also affected.177 On the contrary, there is only a single 
existing in vivo study of microbial effects of lactose in LNP subjects.178 This 
6-day study used 15 g/day in Japanese subjects and reported a variety of bacte-
riological changes, including increased lactobacilli and a proportional increase 
in bifidobacteria.

5.4.2	 Potential Medical uses of lactose

The first potential use is outlined above, namely, the autoinduction of colonic 
adaptation, which can improve symptoms of lactose intolerance (Table 5.4). Although 
not completely eliminated, continuous intake at reasonable doses diminishes symp-
toms markedly reducing the need for digestive aids.

The other area is the use of lactose for hepatic encephalopathy. After the intro-
duction of lactulose for treatment of this condition, case reports appeared that 
suggested that, in LNP patients, lactose at 100 g/day could reverse clinical and elec-
troencephalographic features of hepatic encephalopathy.179 Two small controlled tri-
als were conducted in Mexico where the population is predominantly LNP. In the 

Table 5.4 Potential uses of lactose as a Prebiotic

Established Effects Comments refs.

improvement in lactose 
tolerance

Continued ingestion improves symptoms both 
psychologically and physiologically

159–164

Hepatic encephalopathy studies more than 25 years ago showed equivalent 
benefits with lactulose

179–183

Mineral absorption animal studies support enhanced calcium 
absorption in both intestine and colon, but 
minimal-to-no human trial support

184–190

diagnostic aid for breast 
cancer

some support that lactose consumption enhances 
nipple fluid secretion; further studies are needed to 
define appropriate population

191

Possible genetic food 
interaction

a dose differential impact of lactose on fecal 
microflora, between LnP/LP subjects may modify 
risks for some diseases; most plausible candidate 
at this time is colorectal cancer

194–197, 
203, 204

Note: as noted in the text, both LnP and LP subjects spill lactose into the colon. However, 
beyond the single 6 to 10 g dose ingestion in LnP, which can still be digested, dose for 
dose the effect on colonic flora may have more impact on LnP subjects. from a practical 
point, any effect of lactose itself is, therefore, partly dependent on geno/
phenotype.91,147,153–157
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first trial, 10 patients were studied in a cross-over pattern and significant improve-
ment in clinical, encephalographic changes, and blood ammonia levels were noted.180 
In the other prospective trial, lactose enemas achieved similar effects.181 The in vitro 
effects on ammonia production were also found to be similar between lactulose and 
lactose.182,183 These trials were never followed up. The use of lactose enemas theoreti-
cally should also work in LP populations because it would bypass the small bowel.

There are also studies evaluating the effects of lactose on mineral (mainly cal-
cium) absorption. A number of early small-animal studies suggested that lactose 
enhanced calcium uptake in the small intestine.184–186 Magnesium may not have been 
affected,187 and in infants supplemented with lactose, calcium but not zinc absorption 
was improved.188 In adults, the effects of lactose on calcium absorption were evalu-
ated in LP and LNP subjects.189 It was reported that lactose in LP but not LNP par-
ticipants enhanced calcium absorption. A later study in only LP subjects, however, 
failed to show any increase in bioavailability of calcium.190

Lactose intake was found to enhance nipple aspirate fluid, a test used to aid in 
diagnosing breast cancer.191 The place this test has in such a diagnostic role and 
whether both LP and LNP women may benefit need further evaluation.

The phenotypic/genotypic dichotomy may play a role in the modification of 
diseases distributed in a geographic pattern. There have been articles in the past 
suggesting that dairy food consumption and/or LP/LNP status may modify cer-
tain illnesses.192,193 It is observed that the risks of some diseases (mostly “western” 
afflictions) can be mathematically defined based on national per capita yearly dairy 
food consumption or the size of the population with LNP status.194,195 For example, 
the risk for prostate cancer, colorectal cancer, and ulcerative colitis was directly 
increased with increasing consumption of dairy foods. That for stomach cancer was 
decreased. In all cases except stomach cancer (a disease more frequent in eastern 
geographic distribution), LNP status was protective.194,195 In four diseases; prostate, 
ovarian, breast, and colorectal cancer, patient-level meta-analyses were compared 
with geographic results. Although in the case of prostate, ovarian, and breast can-
cer existing meta-analyses generally concurred with population data, in the case of 
colorectal cancer meta-analyses overall supported a protective effect. These results 
are diametrically opposed to that expected with the population data. In the patient-
level analyses for colorectal cancer, however, there is a discrepancy between cohort 
and case-control studies, with the latter being inconclusive.123 The lack of agree-
ment is generally attributed to methodological differences between the two types 
of studies.

However, another explanation may be relevant. If the data are evaluated by 
dividing the countries of origin into three regions of the world, such that studies 
from countries with relatively homogeneous LP (generally northwestern) and LNP 
(mainly Asian) populations, the inverse association between increasing intake of 
dairy foods and reduced risks of colorectal cancer rates is confirmed.196 This fact 
is poignantly expressed in a study from China where lack of dairy food intake is 
associated with increased cancer rates.197 Differences between cohort and case-con-
trol methodologies were not as widely discrepant as nondivided studies suggested. 
These protective effects are achieved at a marked difference in average dose intake 
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of dairy foods between North Americans and Western Europeans and Asians. In 
mixed LP/LNP populations (e.g., southern Europe and South America) all studies 
were case control and these showed a modest but statistically insignificant reduction 
in risk.196

One of the putative mechanisms by which dairy foods protect against colorectal 
cancer and its predecessor adenomatous polyps is calcium of which large doses are 
required for effect.198–200 Because dietary calcium intake may be less in Asians,201,202 
it is postulated that the dairy food protective effect noted in LNP populations might 
relate to a prebiotic effect of lactose. As geographic split studies show, these two pop-
ulations may also face different risks despite residing in the same geographic loca-
tion; LNP, through a facilitated effect of lactose on microbial flora and LP through 
high calcium antiproliferative as well as some prebiotic effects.147 It may be possible 
to arrive at a diluted outcome of protection of dairy foods against colorectal cancer 
when the phenotypic status is not factored in the analysis and maximum protective 
effects of each possible mechanism are not synchronized.196

It could also be argued alternatively that the cause(s) of colorectal cancer may 
be less prevalent in high LNP populated countries. Therefore, such populations need 
to take in less amounts to be protected. This may be relevant in explaining relative 
risk reduction.

However, similar inverse protective effects in different ethnic groups with a 
spectrum of LP/LNP distribution were reported from a study in Hawaii and southern 
California.203 These are regions of relative homogeneous high risk for colorectal can-
cer.204 Analysis of dairy food intake by ethnic groups shows that Japanese Americans 
in this region consume about 60 percent of the intake of white Americans.205 Yet 
increasing dairy food intake in Japanese Americans (predominantly LNP) is also 
dose dependently protective.203 This observation suggests, that protection may be 
achieved in a region of homogeneous risk for colorectal cancer with lower doses 
than that recorded for presumably predominantly LP white Americans. Part of the 
different risks for colorectal cancer in different ethnic groups204,205 in these regions 
may relate to such genetic/nutrient interaction. Clearly, this hypothesis needs fur-
ther exploration. However, proof of concept that regular lactose consumption has an 
impact on disease risks would affect how studies on diet are conducted. Moreover, 
the regular use of lactose-free and lactose digestive aids for lactose intolerance would 
need to be reassessed.

5.4.3	 safety Issues

There are many articles written about either health benefits or ill effects of milk 
and dairy food consumption. There are similarly discussions on the ill effects of 
lactose malabsorption, particularly its relationship to osteoporosis. It is, however, 
not within the scope of this chapter to review those effects. There are few specific 
disease links to lactose. One is a hypothesis that lactose increases atherosclerotic 
coronary heart disease, independent of dyslipidemia.206 However, this complication 
would less likely affect LNP subjects for reasons outlined above.
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5.5	 CoNClusIoN

As the parent compound of the other disaccharides outlined in this chapter, lac-
tose has been investigated the least for prebiotic effects. However, as the review 
suggests there are features that may make investigation of lactose the most relevant 
to human conditions. It is naturally consumed in great quantities and is to our knowl-
edge the only widespread genetically determined carbohydrate nutrient. The genet-
ics of lactase and the imposed differential handling of the disaccharide by LP and 
LNP populations may cause effects beyond those currently recognized. Future stud-
ies should further explore the potential impact that lactose/lactase interactions may 
have on human health.
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6ChAPTEr 

Natural resistant starches as 
Prebiotics and synbiotics

Susan S. Cho and E. Terry Finocchiaro

6.1 INTroDuCTIoN

Resistant starch (RS) is defined as “the sum of starch and products of starch deg-
radation not absorbed in the small intestine of healthy individuals” (Englyst et al., 
1996, 2007). Its inherent digestibility is influenced by a variety of physicochemical 
factors, including the type and ratio of starch polymers (for example, straight chain 
[amylose] versus branched chain [amylopectin]),—the precise architecture of these 
polymers within a starch granule, degree of amylose crystallinity, and starch source. 
In native starch granules, high-amylose starches (HAS) tend to be more resistant 
to enzymatic hydrolysis than high-amylopectin starches (Finocchiaro et al., 2009). 
Consequently, more of the HAS is expected to reach the large intestine where fer-
mentation can occur. Thus, HAS and various physically modified products made 

CoNTENTs

6.1 Introduction .................................................................................................. 123
6.2 RS as Prebiotics ............................................................................................ 125
6.3 RS and Bifidobacterium ............................................................................... 126
6.4 RS as Prebiotic and Synbiotic ....................................................................... 128
6.5 Colonic Cell Health ...................................................................................... 130
6.6 Immune Function Treatment of Acute Diarrhea .......................................... 133
6.7 Interaction with Other Nutrients ................................................................... 134
6.8 RS Intake in the United States ...................................................................... 134
6.9 Conclusions ................................................................................................... 134
References .............................................................................................................. 135



124 Handbook of PrebiotiCs and ProbiotiCs ingredients

from such materials can be considered logical sources of natural RS that may serve 
as the basis of viable prebiotic ingredients.

Resistant starch has been classified principally on a structural basis and most 
(with the exception of RS4) could be considered a natural source of RS. The four 
classes are simply referred to as RS1, RS2, RS3, and RS4. RS1 is starch trapped in or 
by a food material (e.g., whole grains). RS2 is found in native or physically processed 
starch granules. High-amylose cornstarches (HACS) including Hi Maize® 260 are 
considered primarily RS2. Resistant starch 3 is formed when starch-containing 
foods are cooked and cooled such as in bread, cooked-and-chilled potatoes, or ret-
rograded high-amylose corn. The resistant structure that is formed can be degraded 
by microbial fermentation, but is not hydrolyzed by human alimentary enzymes. 
Novelose® 330 starch is a retrograded RS3 generated from annealed, enzyme-treated 
HACS (approximately 56 percent RS3). Resistant starch 4 refers to chemically modi-
fied starches using standard starch chemical modification techniques, such as cross-
linking, substitution, or a combination of the various chemistries (Finocchiaro et al., 
2008).

The colon harbors significant populations of butyrate-producing bacteria, such 
as Clostridium, Eubacterium, and Fusobacterium (Pryde et al., 2002). Fermentation 
of a commercially available Hi maize RS2 was dominant in the proximal colon, but 
degradation of hydrothermally treated HACS was more dominant in the distal colon 
(Bird et al., 2007). Fecal output and large bowel digesta mass and concentrations and 
pools of individual and total short-chain fatty acids (SCFAs) were higher (by about 
two- to threefold; all P < 0.05) and digesta pH lower (by about 1 unit, all P < 0.001) 
in pigs fed either HACS or hydrothermally treated HACS compared to the controls.

In ruminants, SCFAs provide a high proportion of the total energy gained from 
the diet. In humans, the overall contribution of SCFAs toward the energy require-
ment is far lower, but they do play an important role in colonic health (Pryde et al., 
2002). Butyrate and propionate are preferred energy sources for the colonic mucosa 
as these SCFAs are preferential substrates for the aerobic ATP formation of colono-
cytes. Thus, HACS may play a role in protection against colitis and colorectal cancer 
(Jacobasch et al., 1999). Acetate may support these mechanisms by activating capil-
lary blood circulation. High-amylose cornstarch is a suitable substrate for most intes-
tinal bacteria producing glucose and SCFAs. High-amylose cornstarch and other 
RSs are considered butyrogenic, as more reduced substrates tend to promote butyrate 
formation (Brouns et al., 2002). In a pig study, the intake of HACS increased fecal 
butyrate and SCFA concentrations more than did the low HACS diet whether pigs 
were supplemented with probiotic bacteria or not (Brown et al., 1997).

Cummings et al. (1996) reported that RS increased stool wet weight by 1.6 g/
day per gram RS fed for potato, 1.7 for banana, 2.5 for wheat, and 2.7 for maize, 
but this was significantly less than bran nonstarch polysaccharides (NSP) at 4.9 g/g. 
Resistant starch 2 and RS3 are broken down in the human gut, probably in the colon,  
although in 26 percent of cases this breakdown was impaired (Cummings et al.,  
1996). Resistant starch decreased NSP breakdown and RS2 tended to prolong transit 
time. All forms of RS increased fecal total SCFA excretion.
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6.2 rs As PrEbIoTICs

A prebiotic is “a selectively fermented ingredient that allows specific changes, 
both in the composition and/or activity in the gastrointestinal microflora that confers 
benefits upon host well-being and health,” whereas synergistic combinations of pro- 
and prebiotics are called synbiotics (Gibson and Roberfroid, 2008). Nondigestible 
oligosaccharides (particularly inulin, its hydrolysis product oligofructose, (trans)
galacto-oligosaccharides, and resistant starch) meet the criteria for prebiotic clas-
sification. These fibers have shown a positive impact on the intestinal microflora. 
Other indirect health effects of prebiotics, mediated by the intestinal microflora, may 
include prevention of diarrhea or obstipation, modulation of the metabolism of the 
intestinal flora, cancer prevention, positive effects on lipid metabolism, stimulation 
of mineral adsorption, and immunomodulatory properties.

In the large intestine, RS is fermented by intestinal bacteria to produce SCFAs, 
particularly butyrate (Binder and Ramakrishna, 1998; Cummings et al., 1996; 
Topping et al., 2003). Some data suggest that the colonic microflora may adapt to 
produce more butyrate if given time and the proper substrate (Silvi et al., 1999). The 
fermentation of these RS led to in vitro SCFAs levels (acetate, propionate, butyrate) 
of 2,000 to 2,500 μmol/g feces dry weight with butyrate contents of 30 to 60 mol% 
(Schmiedl et al., 2000).

In human studies, RS2 and RS3 from HACS results in selective colonic microflora 
activity as well as increased fecal butyrate concentrations (Brown et al., 1997, 1998; 
Wang et al., 2002; Jacobasch et al. 2006; Finocchiaro et al., 2009). Thus, RS can be 
considered a prebiotic because it promotes health of the host through fermentation.

Jacobasch et al. (2006) demonstrated that RS3 (Novelose® 330 starch) was well 
fermented in the cecum and proximal colon in rats, whereas the degradation of 
hydrothermally treated RS3 (hydrothermally treated Novelose) took place beyond 
the cecum and increased continuously through the colon to favor SCFA production 
in the distal colon. Corresponding to the high rate of hydrothermally treated RS3 fer-
mentation in the distal colon, the SCFA concentrations in the feces and the growth of 
bacteria increased significantly, resulting in a nearly twofold increase in wet content. 
An exchange of 10 percent starch with a butyrogenic RS3 in the diet was proved to 
be sufficient to provide enough substrate for bacterial fermentation in the distal colon 
and rectum. As SCFA concentration increased, the pH decreased in the large bowel. 
Consumption of RS3 lowered the pH in the cecum and proximal colon to 6.5 to 6.6 
from 7.5 (control diet) and intake of hydrothermally treated RS3 lowered the pH in 
the distal part of the colon to 6.3.

Wang et al. (2002) demonstrated that different amylomaize starches could gener-
ate desirable variation in gut microflora in mice. In this study the effects of HACS 
and modified (carboxymethylated and acetylated) HACS on the composition of 
colonic bacteria and the production of volatile fatty acids was investigated in mice. 
All starches tested showed the increases in indigenous bifidobacteria in mice fed 
although 40 percent unmodified HACS showed the highest numbers. High-amylose 
cornstarch increased Lactobacillus numbers in the mice colon and acetylated HACS 
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significantly reduced the population of coliforms. High-amylose cornstarches utiliz-
ing bifidobacteria reached their highest levels and butyrate levels were markedly 
increased when bifidobacteria with HACS or carboxymethylated HACS were simul-
taneously administered in mice. It appears that the starch type influenced the popu-
lations of indigenous Lactobacillus, Bacteroides, and coliforms in mice. However, 
in an in vitro model with sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), none of the Lactobacillus stains tested showed any starch-degrading 
activity (Wang et al., 1999a).

It has been recognized that the mouse is a good animal model for studying the 
dietary impact on colonic bacteria. Despite some anatomical differences in the gas-
trointestinal tracts, the fecal bacteria populations of the major groups of bacteria 
were similar between mice and humans (Tannock, 1997).

Wang et al (1999b) reported from an in vitro study that only a few species of 
Bifidobacterium could degrade and utilize HACS (Table 6.1 and Table 6.2). The 38 
types of human colonic bacteria were tested in an in vitro model for their capacity 
to utilize soluble starch, gelatinized amylopectin maize starch, and HACS granules 
(Table 6.1). It was demonstrated that only Bifidobacterium spp. could efficiently uti-
lize HACS and Bacteroides spp. could not hydrolyze HACS. Bifidobacterium spp., 
Bacteroides spp., Fusobacterium spp., and strains of other bacteria could hydrolyze 
the gelatinized amylopectin maize starch.

 Bifidobacterium bifidum and B. pseudolongum had higher specific growth rates 
in the autoclaved medium containing high-amylose maize starch granules and hydro-
lyzed 70 and 40 percent of the amylose, respectively (Table 6.2).

6.3 rs AND BIFIDOBACTERIuM

The study of Wang et al. (1999a, 1999b) indicated that both amylopectin maize 
starch and HACS granules were fermented by several colonic bacteria and that 
Bifidobacterium spp. may play an important role in the utilization of starches, 
particularly HACS. Bifidobacterium and Bacteroides had more cell-bound starch-
degrading enzymes. It was proposed that the degrading enzymes produced by the 
Bifidobacterium pseudolongum FII 509500 and Bifidobacterium bifidum FII 509800 
may include both alpha-amylase and alpha-glucosidase as indicated by a range of 
molecular weights of starch-degrading enzymes. There was no detectable degrada-
tion of the amylose by Bacteroides vulgaris or Eubacterium limosum.

Resistant starch 2 diets containing HACS increased fecal/cecal levels of bifido-
bacteria in rats (Le Leu et al., 2005) and in mice (Brown et al., 1998; Wang et al., 
2002), indicating coutilization of starch and its metabolites with other bacteria because 
lactobacilli could not utilize RS2 directly. Le Leu et al. (2005) reported a significant 
interaction between dietary RS and supplemental bacteria to a genotoxic carcinogen 
in the colon and fecal pH (P < 0.01). Rats fed the moderate-RS diet in combination 
with Bifidobacterium lactis had a significantly greater acute apoptotic response to 
genotoxic carcinogen (AARGC) in the colon than those fed that diet without B. lac-
tis. The moderate RS diet (10 percent Hi-maize) increased SCFA levels and numbers 
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Table 6.1  bacterial hydrolysis of soluble starch, granular high-Amylose Maize 
starch, and Amylopectin (Mean Diameter of Clear Zone, Mm)

bacterial strain soluble starch high Amylose Amylopectin

Bifidobacterium infantis 20.5 7.5 26.3

Bifidobacterium adolescentis 18 7.5 21

Bifidobacterium bifidum 32.2 22.2 33.6

Bifidobacterium longum 24.6 16.7 26.2

Bifidobacterium pseudolongum 31.33 21.7 34.5

Bifidobacterium breve 30 16 30.5

Bacteroides fragilis 19.2 0 23

Bacteroides vulgatus 20.2 0 16.3

Bacteroides thetaiotaomicron 0 0 0

Bacteroides distasonis 0 0 0

Bacteroides ovatus 18 0 22.8

Fusobacterium mortiferum 0 0 20.7

Fusobacterium gonidiaformans 18.5 0 22.7

Fusobacterium necrogenes 14.5 0 19.7

Fusobacterium necrophorum 0 0 19

Lactobacillus viridescens 0 0 0

Lactobacillus fermentum 0 0 0

Lactobacillus casei 0 0 0

Lactobacillus acidophilus 0 0 0

Lactobacillus plantarum 0 0 0

Lactobacillus rhamnosus 0 0 0

Lactobacillus brevis 0 0 0

Lactobacillus salivarius 0 0 0

Streptococcus thermophilus 0 0 0

Streptococcus salivarius 19 0 0

Propionibacterium acnes 20 0 16

Propionibacterium freudenreichii 0 0 0

Eubacterium limosum 26 0

Staphylococcus aureus 0 0 0

Lactococcus lactis 0 0 0

Peptostreptococcus anaerobius 0 0 0

Enterococcus faecalis 0 0 0

Enterococcus hirae 0 0 0

Escherichia coli 0 0 0

Note: results are expressed as the size of the cleared zone after growth on agar plates con-
taining the starches. sodium dodecyl sulfate-polyacrylamide gel electrophoresis (sds-
Page) was used to detect bacterial starch-degrading enzymes.

Source: adapted from Wang et al., 1999.
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of bifidobacteria and lactobacilli species and lowered pH levels and numbers of total 
coliforms as compared with the low-RS diet (no supplemented RS). The moderate-RS 
diet also increased cell proliferation and crypt column height. Bifidobacteria bind to 
HACS granules, which increases survival at pH 6.5, pH 3.5, and under bile salt condi-
tions (Wang et al., 1999b).

Lesmes et al. (2008) studied the possible effects of RS3 crystalline polymor-
phism on RS fermentability by human gut microbiota and the SCFAs production in 
vitro. Human fecal pH-controlled batch cultures showed that RS induces an ecologi-
cal shift in the colonic microbiota. Polymorph B promoted the growth of bifidobac-
teria in the proximal part of the colon and double their relative proportion in the 
microbiota in the distal colon while increasing butyrate production to levels of 0.79 
mM. Among several bifidobacteria strains, the preparations obtained from normal 
and waxy cornstarches were the best substrates for growth of B. breve KN14, even 
compared with glucose (Wronkowska et al., 2008).

In pigs, HACS (85 percent amylose) and hydrothermally treated HACS increased 
fecal and proximal colonic lactobacilli and bifidobacteria numbers by 1 and 3 log 
units (P < 0.05) (Brown et al., 1997; Bird et al., 2007). One human study reported 
that RS2 increased fecal bifidobacteria measurements (Brown et al., 1998).

6.4 rs As PrEbIoTIC AND syNbIoTIC

Probiotics are defined as live microorganisms that are administered in ade-
quate amounts to help beneficial intestinal microflora grow (Topping et al., 2003). 
Prebiotics are nondigestible substances that provide a beneficial physiological effect 
on the host by selectively stimulating the favorable growth or activity of a limited 
number of indigenous bacteria. Roberfroid (1998) and Nakanishi et al. (2003) have 
proposed the term synbiotics or symbiotics, a combination of a probiotic and a pre-
biotic because synbiotics or symbiotics are more potent than either a probiotic or 

Table 6.2  Concentration of Total Carbohydrate residues after bacterial 
growth for 48 h in Autoclaved basal Medium Containing glucose, 
Amylopectin, and hACs) granules (Mean Concentration, Mg/Ml, 6 
sD in Medium Containing glucose, Amylopectin, hACs)

glucose Amylopectin hACs

Bifidobacterium bifidum 4.05 5.30 6.96

Bifidobacterium pseudolongum 4.64 5.47 7.53

Bacteroides vulgatus 7.08 10.23 9.66

Bacteroides fragilis 7.12 7.86 8.86

Eubacterium limosum 5.39 9.97 10.99

Note: total carbohydrates were measured by using the dubois method and are the 
means of two determinations from four individual experiments. the initial total 
carbohydrate concentration was 12 mg/mL.

Source: adapted from Wang et al., 1999.
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prebiotic alone. Specifically, a more potent inhibition of azoxymethane (AOM)-
induced aberrant crypt foci (ACF) was found in rats administrated both inulin (pre-
biotic) and Bifidobacterium longum (probiotic) than in rats administered either inulin 
or B. longum separately (Rowland et al., 1998). Probiotic bacteria may use prebiotic 
substrates as an energy source in the colon, which facilitates the growth of the probi-
otic bacteria while reducing pathogenic bacteria in the large intestine.

It has been reported that HACS acted as a prebiotic and a synbiotic in promoting 
the fecal excretion of probiotic organisms in pigs (Brown et al., 1997). High counts 
of bifidobacteria were found when pigs were fed the experimental HACS diet with 
the bacterial supplementation (Brown et al., 1997). No bifidobacteria were detected 
in the absence of the supplement (at a detection limit of 4 cfu/g). The high HACS 
diet resulted in significantly higher counts than did the low HACS diet. The high 
HACS diet increased average fecal concentrations and total fecal excretion by 0.79 
log10

 cfu/g wet wt and 0.97 log10 cfu/day higher, respectively (Table 6.3). Several 
mechanisms have been proposed for HACS action on increased fecal probiotic num-
bers (Brown et al., 1997): (1) RS may protect the bacteria from bactericidal materi-
als, such as bile acids, free fatty acids, and other products, by acting as a diluent in 

the upper gut; (2) the bacteria may have been protected in the gastrointestinal tract 
by adhesion to undigested starch or through entry into the pits formed in the starch 
granules; and (3) the HACS could serve as a substrate for the bifidobacteria, although 
bifidobacteria do not metabolize starches efficiently. This is supported by the lack 
of difference in fecal starch excretion between pigs fed RS alone and those fed RS 
with probiotic.

Synbiotic effects of RS (20 or 30 g HACS/100 g diet) and two strains of B. lac-
tis, which facilitated the apoptotic response to a genotoxic carcinogen (AARGC) 
in the colon have been reported in studies using rats (Le Leu et al., 2005) and mice 
(Wang et al., 2002). A dosage used in this study was based on the study of Le Leu 
et al. (2003), which reported that higher amounts (i.e., 20 or 30 g HACS/100 g diet) 
do have an effect and that the moderate amount of RS did not affect the AARGC. 
The synbiotic combination of RS with B. lactis enhanced the apoptotic response by 
33 percent (Le Leu et al., 2005). This change may have biological significance since 
only a small change (approximately 2 percent) in the proportion of apoptotic cells in 
the crypt column may be enough to influence colorectal tumor development (Chang 

Table 6.3  Fecal Concentrations and Daily Excretion of bifidobacteria of Pigs Fed 
Either A low Amylose or high Amylose (Amylomaize) Cornstarch with 
live Bifidobacterium Longum

starch Type in the Diet
Fecal Concentration, log10 

cfu/g Wet wt
Fecal Excretion, log10 

cfu/d

Low amylase 8.12 10.76

HaCs 8.91 11.73

difference 0.79 0.97

statistical analysis, P value P < 0.01 P < 0.01

Source: adapted from brown et al., 1997.
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et al., 1997). It appears that ingested RS acts as a metabolic substrate to create an 
optimal environment for B. lactis. Thus, RS can enhance the apoptotic response 
to DNA damage initiated by carcinogens in the colon of rats, which may lead to a 
reduction of the colorectal cancer risk.

Human fecal pH-controlled batch cultures showed that RS induces an ecologi-
cal shift in the colonic microbiota by inducing Bifidobacterium spp. (Lesmes et al., 
2008). A possible mechanism by which the B. lactis in combination with RS enhanced 
AARGC may be through the immunomodulating properties of probiotic bacteria 
(Perdigón et al., 2003). Lactobacillus also activated different immune receptors and 
induced a different cytokine profile (such as tumor necrosis factor-α, interferon-α, 
and interleukin-10) that promote immune responses in BALB/c mice (Perdigón et 
al., 2001; Dogi et al., 2008). Lactobacillus casei, L. delbrueckii ssp. bulgaricus, and 
L.acidophilus enhanced the immunoglobulin G1 (IgG1) response favoring Th2 bal-
ance, while L. acidophilus also increased the IgG2a response inducing Th1 balance 
(Perdigón et al., 2001). The main immune cells activated after oral L. casei admin-
istration were those of the innate immune response, with an increase in the specific 
markers of these cells (CD-206 and TLR-2), but with no changes in the number of T 
cells (Galdeano and Perdigón 2006).

RS was successfully used as symbiotic in ice cream containing 1 percent RS 
with free and encapsulated L. casei (Lc-01) and B. lactis (Bb-12) (Homayouni et al., 
2008). Crittenden et al. (2001) screened 40 probiotic Bifidobacterium strains using an 
in vitro screening regimen to find that B. lactis Lafti B94 possesses all the required 
characteristics to complement HACS in a synbiotic yogurt. Bifidobacterium lactis 
Laftitrade mark B94 was genetically closely related to the B. lactis type strain (DSM 
10140), and to the commercial strains B. lactis Bb-12 and B. lactis DS 920. These 
strains produced the same pulse field gel electrophoresis patterns when the chromo-
somal DNA was cut using a restriction enzyme. However, B. lactis Laftitrade B94 
was the only one of these isolates that could hydrolyze and utilize HACS. It survived 
well in an in vitro gastrointestinal model, grew well at temperatures up to 45°C, and 
grew to a high cell yield in laboratory-scale fermentations. B. lactis Laftitrade B94 
survived without substantial loss of viability in synbiotic yogurt containing HACS 
during storage at 4°C for 6 weeks. Thus, the strain appeared to possess technological 
properties suitable for yogurt manufacture.

6.5 ColoNIC CEll hEAlTh

Prebiotics may exert their cancer protective effects via modulation of fermenta-
tive events, possibly by increasing SCFA production or by altering gut microbiota 
toward a more beneficial composition. Butyrate and, to a lesser degree, propionate 
are substrates for the aerobic energy metabolism (Jacobasch et al., 1999). In normal 
cells, butyrate induces proliferation at the crypt base, while inhibiting proliferation 
at the crypt surface. In neoplastic cells, butyrate inhibits DNA synthesis and arrests 
cell growth in the G1 phase of the cell cycle. Butyrate is associated with induction of 
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differentiation, suppression of proliferation, enhanced apoptosis, and reduced DNA 
damage (Le Leu et al., 2005, 2007a; Finocchiaro et al., 2008).

DNA damage and apoptosis have been used as biomarkers of colonic cell health 
in animal models (Chang et al., 1997). DNA damage is an early step in cancer initia-
tion. Rats fed high-RS2 diets had less DNA damage in rats fed high-protein diets 
(Bird et al., 2000; Toden et al., 2003, 2005, 2006, 2007a). Rats were fed diets con-
taining approximately 15, 25, or 35 percent of cooked beef or chicken, both with or 
without 20 percent HACS as a source of RS, for 4 weeks. Red meat induced greater 
colonic mucus layer thinning than white meat, but HACS was protective in both 
cases. Dietary RS protects against the meat-induced damage and also against loss of 
the mucus barrier, probably through increased butyrate production. Dietary RS also 
attenuated casein, soy, or whey protein-induced colonocyte DNA damage (Toden et 
al., 2007b). But DNA damage remained significantly higher in rats fed 25 percent 
soy compared with those fed 15 percent protein, indicating that proteins differ in 
their effects on these indices of colon health. Inclusion of 10 percent HACS was 
found to be sufficient to reduce colonocyte DNA damage, and to increase SCFA 
pools in the colon (Toden et al., 2007c).

In a study by Fässler et al. (2007), batch fermentation of RS-enhanced antig-
enotoxic activity and decreased DNA damage by 9 to 30 percent. This suggests that 
RS may offer protection for the colon against diet-induced assaults. Using an apop-
tosis model, Le Leu et al. (2005) have showed that rats fed RS2 from HACS had 
reduced incidence of neoplasms in the colon and small intestine. HACS (20 percent 
in diet) prevented dietary protein-induced colonocyte genetic damage in rats, pos-
sibly through the SCFA butyrate, a bacterial fermentation product of RS (Bajka et 
al., 2008).

Apoptosis is a marker of the body’s ability to remove damaged cells. Apoptosis 
appears to be a better predictor of carcinogenesis than proliferation in induced car-
cinogenesis models (Le Leu et al., 2002). Enhanced apoptotic ability to remove cells 
with DNA damage is associated with a reduced risk of colorectal cancer. Prebiotics 
such as RS in the form of HACS (20 to 30 percent wt:wt) and oligosaccharides (5 to 
10 percent wt:wt) (Le Leu et al., 2003; Hughes et al., 2001) as well as wheat bran were 
shown to stimulate the acute apoptotic response to a genotoxic carcinogen (AARGC) 
azoxymethane in the rat colon (Hu et al., 2002; Le Leu et al., 2002). The AARGC may 
eliminate DNA damaged cells that might otherwise progress to malignancy. Thus, 
AARGC may play a role in regulating mutational load in the colon and may have a 
protective effect at the early stages in the onset of cancer. In a study by Jacobasch et 
al. (1999), the RS-fed rats showed the improvement of the 2,4,6,-trinitrobenzene sul-
fonic acid (TNBS)-induced colonic inflammation as compared to the RS-free group.

Supplementation with SCFAs, such as butyrate and acetate, may protect against 
H2O2 insult by postponing menadione-induced ATP (adenosine tri-phosphate) deple-
tion and delaying onset of cell death. SCFAs decrease vulnerability against a H2O2 
insult by stimulating DNA repair and antioxidant defense systems. Butyrate pro-
tection against DNA damage may also be related to the protection against apopto-
sis (Abrahamse et al., 1999). Hass et al. (1997) have demonstrated that the absence 
of butyrate after the isolation of the colonic epithelium-induced apoptosis and that 
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addition of butyrate protected against the induction of apoptosis. Butyrylated starch 
also protected colonocyte DNA against dietary protein-induced damage in rats 
(Bajka et al., 2008).

The increased SCFA production decreases the luminal pH, which lowers the 
activity of 7-dehydroxylase. Consequently, the transformation of primary into 
secondary bile acids is inhibited, and in particular transformation of cholate and 
chenodeoxycholate into deoxycholate and lithocholate, respectively (Jacobasch et 
al., 1999). Deoxycholate inhibits butyrate-mediated cell proliferation in the lower 
third of the colonic crypts in a rat colitis model. The lower pH and higher butyrate 
concentration of the cecal and colonic contents significantly suppressed the for-
mation of secondary bile acids in RS3-fed rats based on a study with Novelose® 
330 starch (Jacobasch et al., 2006). The formation of secondary bile acids was 
inhibited more strongly by hypothermally treated-RS3 versus the untreated RS3 
control.

Resistant starch may also have a positive impact on a mucus layer (Nofrarías et 
al., 2007). Mucin serves as a protective layer for the mucosa, restricting the adhesion 
and invasion of pathogenic bacteria. Healthy rats fed high-RS2 diets had a thicker 
mucus layer with reduced colonic permeability (Morita et al., 2004). Incorporating 
RS2 into high-protein diets prevented mucosal thinning typically observed when 
a high protein diet is fed (Toden et al., 2006). In rats exposed to liver injury via a 
gut-derived endotoxin, mucin weight was higher, with improved mucosal barrier 
function shown by lower endotoxin translocation (Morita et al., 2004). The colonic 
mucosa functions as a barrier, protecting the body from harmful agents in the colon. 
Novelose 330 starch-containing diet also increased large-bowel surface and crypt 
length in the proximal colon in rats (Jacobasch et al., 2007). Colonic RS can improve 
colonic cell health, which therefore contributes to stronger barrier function (Toden et 
al., 2006; Finocchiaro et al., 2008).

Short chain fatty acids promote colonic tissue growth increasing the absorptive 
area, and promoting colonic blood flow. Colon length was 0.5 to 0.9 m longer (19 
to 35 percent) in pigs fed the high-RS diets relative to those fed the highly digest-
ible starch diet (P < 0.05; Bird et al., 2007). Large bowel surface and crypt length 
increased in the proximal colon in rats fed the Novelose 330 starch-containing diet 
(Bauer-Marinovic et al., 2006). However, Kim et al. (2003) reported no changes in 
colon or cecum length in rats fed RS from corn or rice source.

Long-term intake of RS from raw potato starch also improved the colonic envi-
ronment, reduced damage to colonocytes, improved mucosal integrity, and reduced 
colonic and systemic immune reactivity as indicated by reduced numbers of intraepi-
thelial T cells and blood leukocytes, neutrophils, and lymphocytes, mainly T-helper 
lymphocytes (Nofrarías et al., 2007). A rice porridge, high in RS, appears to modify 
the porcine large bowel microflora favorably through lowering Escherichia coli and 
coliform numbers, mediated by SCFAs production (Topping et al., 2003). High-RS2 
diets also increased mineral absorption (calcium, magnesium, zinc, iron, and copper 
absorption) in rats as a lower pH in the colon can help improved mineral absorption 
(Lopez et al., 2001).
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6.6 IMMuNE FuNCTIoN TrEATMENT oF ACuTE DIArrhEA

Resistant starch stimulates the growth of various bacterial genera, in particu-
lar, facultative anaerobic organisms. RS increases the counts of bifidobacteria, lac-
tobacilli, eubacteria, bacteroides, enterobacteria, and streptococci (Kleesen et al., 
1997; Degnan et al., 1997). The enhanced counts of lactobacilli inhibit the growth of 
pathogenic bacteria, such as certain E. coli strains or sulfur/sulfate-reducing anaero-
bic bacteria.

Due to prebiotic and symbiotic properties of RS, RS2 ingredients made from 
HACS have been proposed for adjunct therapy to oral rehydration solution (ORS) for 
acute diarrhea (Binder and Ramakrishna 1998). Consumption of RS assists in recov-
ery from infectious diarrhea in humans and animals (Topping et al., 2003). In three 
studies in India, RS2 from HACS improved water retention for children, adolescents, 
and adults suffering cholera-like diarrhea or acute diarrhea (Ramakrishna et al., 2000, 
2008; Raghupathy et al., 2006). In a study of Ramakrishna et al., (2008), 50 adult 
males with severe watery cholera-like diarrhea of less than 3-day duration and moder-
ate to severe dehydration were randomized to receive hypo-osmolar oral rehydration 
solution (HO-ORS) with or without high-amylose maize starch 50 g/L (substituted for 
glucose, HACS-ORS). Compared to HO-ORS, HACS-ORS reduced diarrhea duration 
by 55 percent and significantly reduced fecal weight after the first 12 hours of ORS 
therapy in adults with cholera-like diarrhea. This study confirmed the previous finding 
that the addition of an RS to ORS (50 g HACS per liter of ORS) reduces fecal fluid 
loss and shortens the duration of diarrhea in 48 adolescents and adults with cholera 
(Ramakrishna et al., 2000). In young children (6 months to 3 years) with acute diar-
rhea, the addition of HACS to glucose ORS (standard World Health Organization ORS) 
significantly shortened duration of diarrhea compared with glucose ORS treatment 
(Raghupathy et al., 2006). Time to first formed stool was also significantly shorter in 
children receiving HACS-ORS (median, 18.25 hours) compared with children receiv-
ing glucose ORS (median, 21.50 hours) (p < 0.05). In the HACS group, there was a 
tendency to have a lower mean stool weight in first 24 hours (p = 0.0752) as well as a 
lower total diarrheal stool weight (p = 0.0926).

In children, specific classes of fecal bacteria were lower during acute diarrhea 
than during a normal period, indicating alterations in the bacterial flora during diar-
rhea (Balamurugan et al., 2008). Altered flora of anaerobic bacteria may be due to 
colonization of the intestine by pathogens and to rapid intestinal transit (Balamurugan 
et al., 2008). In children with acute diarrhea, the numbers of Bacteroides-Prevotella-
Porphyromonas group, E. rectale, L. acidophilus, and F. prauznitzii groups were 
low as compared with their levels after recovery from diarrhea. Administration of 
amylose maize starch as an adjuvant therapy was associated with lower levels of 
F. prauznitzii at the time of recovery, indicating that HACS had an impact toward 
establishment of more desirable microflora during diarrhea (Balamurugan et al., 
2008). RS also have a positive impact on IgA. Morita et al. (2004) reported that rats 
fed high-RS2 diets containing HACS had higher intestinal and fecal IgA.
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6.7 INTErACTIoN WITh oThEr NuTrIENTs

Resistant starch (10 percent HACS) not only protected against intestinal carcino-
genesis but also ameliorated the tumor-enhancing effects of dietary resistant protein 
(Morita et al., 2004; Le Leu et al., 2007b). Feeding resistant protein increased protein 
fermentation products, but this effect was reduced by adding RS to the diet. Intestinal 
neoplasms and colorectal adenocarcinomas were reduced by feeding RS (p < 0.01).

Govers et al. (1999) reported that wheat bran can shift the fermentation of 
RS further distally in pigs, thereby improving the luminal conditions in the dis-
tal colonic regions. Authors concluded that the combined consumption of RS and 
wheat bran may contribute to the dietary modulation of colon cancer risk. Psyllium 
(15 g psyllium/kg diet) delayed the fermentation rate of HACS diets (50 g/kg diet) 
in the cecum and shift the fermentation site of HACS toward the distal colon, lead-
ing to the higher butyrate concentration in the distal colon and feces (Morita et al., 
1999). Resistant starch altered the colonic luminal environment by increasing the 
concentration of SCFAs including butyrate and lowering production of potentially 
toxic protein fermentation products.

6.8 rs INTAkE IN ThE uNITED sTATEs

Recent National Health and Nutrition Examination Survey (1999–2002 
NHNAES) indicated that Americans aged 1 year and older consumed approximately 
4.9 g RS per day (Murphy et al., 2008). Resistant starch intake was highest for men 
aged 20 to 49 years whose daily mean intake level was 5.9 g. Adult women had a 
mean intake of 4.3 g; children aged 1 to 5 years, 3.7 g; and older children aged 6 to 
11 years, 4.2 g. Top sources of RS were breads, cooked cereals/pastas, and vegetables 
(other than legumes) and these foods contributed 21, 19, and 19 percent of total RS 
intake, respectively. In 10 different European countries, the mean daily RS intake 
has been estimated at 4.1 g per person (a range of 3.2 to 5.7 g; Asp et al., 1996). Per 
capita daily dietary fiber intake in the United States has been estimated to be in the 
range of 16 to 18 g (Cho, unpublished data), which is far below recommended intake 
levels (adult men aged 19 to 50 years, 35 g/day; adult women 25 g/day; IOM, 2002). 
It is imperative to increase the dietary fiber intakes of the western population to meet 
recommended intake levels.

6.9 CoNClusIoNs

The results of this chapter suggest that RS may be used to selectively modify gut 
function and that increasing butyrate availability may improve colonic health. HACS 
and the various commercial ingredients derived from them have been the focus of most 
of the studies regarding prebiotic and symbiotic effects. Given the current interest in 
developing new sources of commercial RS, there is great potential to increase the RS 
intake as well through consumption of many different types of processed foods.
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7ChAPTEr 

AgE, AlE, rAgE, and Disease  
A Food Perspective

Stig Bengmark

7.1 MAIllArD ProDuCTs IMProvE PAlATAbIlITy, buT …

Humans have known for thousands of years that heating the food we eat to higher 
temperatures will improve both its taste and smell. High temperature makes food 
proteins change structure—coagulate, aggregate, and produce crusts—information 
that modern food chemists, chefs, and cooks use every day to produce new delicious 
foods. The French biochemist Louis-Camille Maillard explored and published in 
1912 a description of the chemical processes that occur in foods during heating,1 an 
achievement for which he received the distinguished prize of the French Medical 

CoNTENTs

7.1 Maillard Products Improve Palatability, But … ........................................... 139
7.2 Heating, Reduction of Antioxidants, and Accumulation of Maillard 

Products ........................................................................................................ 140
7.3 Introduction of Molecular Biology Changed the View of AGEs/ALEs ....... 141
7.4 RAGE: A Receptor and Master Switch—A Key Actor in Inflammation ..... 142
7.5 Many Players in the Inflammation Orchestra ............................................... 143
7.6 Dramatic Alterations in Food Habits ............................................................ 146
7.7 Animal Feeds Have Changed in Parallel with Human Food Changes ........ 147
7.8 Diseases Associated with High Tissue Levels of AGEs/ALEs .................... 148
7.9 Foods Rich in AGEs/ALEs ........................................................................... 149
7.10 Prevention and Treatment of AGE/ALE Accumulation ............................... 150
7.11 Intestinal Flora and Probiotics of Great Importance .................................... 151
7.12 Future Aspects .............................................................................................. 152
References .............................................................................................................. 153



140 Handbook of PrebiotiCs and ProbiotiCs ingredients

Academy in 1914. The process has ever since been referred to as the Maillard reac-
tion and its products collectively named Maillard products. During the process, so-
called reducing sugars —fructose, glucose, glyceraldehyde, lactose, arabinose, and 
maltose—will bind to amino acids and nucleic acids, both DNA and RNA, pep-
tides, and proteins, and produce compounds usually called Amadori products, which 
with time undergo complex changes: cyclization, dehydration, oxidation, condensa-
tion, cross-linking, and polymerization to form irreversible chemical products. In 
particular, reactive carbonyls, such as glyoxal and methylglyoxal, have been found 
to rapidly modify reactive side chains of proteins. Important amino acids, such as 
lysine (essential amino acid) and histidine (essential for children), are often involved. 
During the heating process, thousands of good-tasting and good-smelling volatile 
compounds are released in addition to significant amounts of pigments (melanoids) 
that often make the food or parts of the food brown or black, which is why some-
times the process is referred to as “browning.” Common browning products are bread 
crusts and the roasted surface of fried meat and fish. All sorts of broths, irrespective 
of vegetable or animal origin, Chinese soy, Balsamico products, smoked foods are 
rich in brown/black Maillard products. But not all Maillard products are dark in 
color. White Maillard products also exist; common examples are diary products, 
especially cheese and powdered milk. It was suggested early on that the Maillard 
process might be negative to health, at least when its products are consumed in larger 
amounts, as these products will accumulate in the body, sometimes for the rest of 
life, but also because the process might reduce the supply of important and essential 
amino acids to the body.

7.2 hEATINg, rEDuCTIoN oF ANTIoxIDANTs, AND 
ACCuMulATIoN oF MAIllArD ProDuCTs

Most of the well-known plant antioxidants are inactivated at temperatures 
between 30°C and 100°C. Antioxidants in common food oils such as olive and 
rapeseed oil will start disappearing at temperatures around 30°C. Heating to higher 
temperatures, as almost always occurs with microwaving, eliminates almost all anti-
oxidants. The production of Maillard products occurs much in parallel to reduction 
of the content of antioxidants in foods, and accelerates dramatically, almost expo-
nentially, as the temperatures are elevated above 100°C.

Maillard products based on association of carbonyl groups in sugars and proteins 
have in more recent years been collectively called advanced glycation end products 
(AGEs). Similar products are often formed between reactive fatty acids and proteins, 
referred to as advanced lipoxidation end products (ALEs). A long list of such syn-
thetic products are identified, and two to three previously unknown such compounds 
are added to the list each year. Commonly studied AGEs/ALEs are pentosidine, 
Nε-carboxymethyl)lysin (CML) and Nε-(carboxyethyl)lysin (CEL).

It is important to observe that the production of both AGEs and ALEs is not at 
all dependent on enzymes. The intensity in production increases, not only with the 
increase in temperature, but also with the length of storage at elevated temperatures. 
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Other industrial processes commonly used by the food industry, such as irradia-
tion, ionization, microwaving, smoking, also significantly contribute to increased 
production of AGEs/ALEs. No foods seem to be excluded; industrial treatment of 
plant products (roasting, drying, “curing”) will contribute to increased amounts of 
AGEs/ALEs in foods to the same extent as animal products. Fresh tobacco leaves, 
fresh coffee beans, fresh peanuts are extremely rich in powerful antioxidants, which 
totally disappear during the industrial process (“curing,” roasting) and are replaced 
by larger amounts of AGEs/ALEs. As the temperature increases above 100°C, car-
cinogens, especially heterocyclic amines, are also produced, a production that also 
increases dramatically with higher temperatures.

AGEs/ALEs do not reach the body exclusively through the food we eat; these 
compounds are also produced spontaneously in the body, especially with elevated 
levels of sugars and fatty acids in body fluids and tissues. Accumulation in the body 
of late Maillard products—AGEs/ALEs—is generally regarded as irreversible; what 
is accumulated will stay more or less forever. The observation that these substances 
are found in larger amount has commonly been regarded as an expression of normal 
aging. However, it might not be so. Instead, it might depend mainly on lifestyle and 
thus in theory be preventable. Large to extreme increases in content of AGEs/ALEs 
are regularly observed in body fluids and tissues of patients with chronic diseases, 
particularly in diabetes and chronic renal diseases, especially so in those suffering 
complications such as patients with diabetes with reduced wound healing,2 neph-
ropathy,3 and angiopathy.4,5 Advanced accumulation of AGEs/ALEs in tissues often 
occurs as amyloid,6 fibrillary tangles,6,7 or similar deposits. Such structures were 
long regarded as degenerative but biologically inert structures. However, increas-
ing evidence supports the conclusion that these structures are foci with very strong 
proinflammatory potential, capable of maintaining chronic inflammation at high 
level in the tissues.

7.3 INTroDuCTIoN oF MolECulAr bIology 
ChANgED ThE vIEW oF AgEs/AlEs

Early on, Maillard had suggested that accumulation in the body of AGEs/ALEs 
could significantly contribute to progression in diseases, such as diabetes and some 
chronic urogenital diseases, especially uremia. He created what he called “index of 
urogenital imperfection,” which he used to document an association between degree 
of accumulation in the body of Maillard products and severity of disease, especially 
chronic renal disease. However, the time was not yet ripe for such thinking and the 
concept was rejected by scientists and clinicians of that time and would remain so 
for several decades. With the introduction of modern molecular biology and par-
ticularly so with the identification of specific receptors in the body for these sub-
stances, human medicine became more seriously interested. Although identification 
by American Ann Marie Schmidt in 1992 of a specific receptor for AGEs/ALEs 
(RAGE) seems to be the turning point,8-11 it is only in the last few years that a wider 
interest in the concept has developed. Since the year 2000, several international 
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scientific organizations have demonstrated a significantly increased interest in the 
concept, and new societies have even been founded with the main goal to investi-
gate the effects on health and well-being of AGEs/ALEs in foods. The New York 
Academy of Science appears to have taken the lead and a large number of scientific 
contributions about AGEs/ALEs are published each year in its annals. In excess of 
5000 titles about AGE and ALE are registered on PubMed, in addition to another 
14,000 titles about the glycated hemoglobin, HbA1c.

Several methods are available for measurement of content of AGEs/ALEs in 
body fluids and tissues: immunohistochemistry with polyclonal or monoclonal anti-
bodies, high-performance liquid chromatography (HPLC), and mass spectrography. 
A large proportion, but not all, of these substances are autofluorescing,12,13 even if 
not visible to the human eye. Often studied substances such as CML and CEL have 
no fluorescing ability or any color. Despite that, measuring fluorescence is an excel-
lent method especially for screening of individuals with suspected high levels of 
AGEs/ALEs in the body, but also for screening of foods suspected to be rich in these 
dysfunctioning proteins. The fluorescence has its maximum at wavelengths between 
350 and 440 nm.12

7.4 rAgE: A rECEPTor AND MAsTEr sWITCh—A 
kEy ACTor IN INFlAMMATIoN

RAGE is a prominent member of what has been called the immunoglobulin 
superfamily of cell surface molecules. It is described as a “master switch” with the 
ability to coordinate the inflammatory reaction in the body. RAGE induces a long-
lasting activation of the proinflammatory transcription factor NF-κβ and suppresses 
a series of endogenous autoregulatory functions.14–17 Increased deposition of AGEs/
ALEs in tissues is suggested as a key element in the development of metabolic syn-
drome.18,19 AGE/ALE accumulation and subsequent activation of RAGE are reported 
to induce a significant downregulation of leptin in adipose cells.20 Pronounced effects 
of RAGE activation are often observed on endothelial cells, where increased expres-
sion of a long row of molecules, such as VCAM-1, ICAM-1, E-selectin, eNOS, TGF-
β, TNF-α, IL-6, PAI-1, and VEGF, are induced.21 Strong RAGE-induced effects are 
often reported on immune cells, macrophages,22 and dendritic cells,23,24 as well as 
on smooth muscle, particularly in the walls of blood vessels, under the mucosa and 
in the skin,25 and associated with subsequent reduction in regenerative capacity and 
function of the cells, increased blood pressure, and with development of chronic 
diseases or exacerbation of complications to chronic diseases.26

AGEs/ALEs accumulated in endothelial cells can be significantly reduced by 
control of intake of foods rich in these substances. The situation is different in tissues 
with low regenerative capacity and long life length, such as myelin- and collagen-
rich structures, where the substances risk staying forever: brain, peripheral nerves, 
skeleton muscles, tendons, joints, skin, and eye, especially the lens. More recent 
research has demonstrated the existence of an endogenous soluble form of RAGE 
called sRAGE, which acts as a decoy for RAGE and prevents accumulation of RAGE 
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in body tissues,27 and studies suggest that chronic diseases are associated not only 
with increased levels of RAGE in the body, but also, and probably as important, with 
low levels of sRAGE.

7.5 MANy PlAyErs IN ThE INFlAMMATIoN orChEsTrA

The largest part of the immune system, in contrast to what was earlier believed, 
is to be found in the gastrointestinal system (Figure 7.1), which explains why the food 
we eat has such a dominating influence on our well-being and health.28 Apart from 
AGEs/ALEs, many other food-related factors influence the level of inflammation in 
the body and thus our health and well-being. Some evidence suggests that these fac-
tors are additive and that they collectively contribute to the sustained, long-lasting, 
but often discrete and unrecognized, exaggerated level of inflammation in the body, 
which is common to most chronic diseases. Among these factors are the following:

Low level of vitamin D in the body•	 . A strong correlation among the level of vitamin 
D in the body, the degree of inflammation, and the incidence of chronic diseases 
has been observed. Individuals living at higher latitudes, northern Scandinavia, 
Russia, and Canada, are reported to have generally lower levels of vitamin D in 
serum, especially during the winter season, which is associated with the observed 
higher incidence of coronary-vascular diseases in these regions and is suggested 
to contribute to the higher incidence of acute coronary events during the winter 
months in these countries.29,30

Low levels in the body of antioxidants, such as folic acid and glutathione, and •	
increased levels of homocysteine. Figure 7.2 illustrates the central role of folic acid 
and glutathione in prevention of accumulation of homocysteine in the body,31 a 
substance regularly associated with increased levels of systemic inflammation and 
chronic diseases.
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Figure 7.1  distribution of the immune system within the body. (adapted from brandtzaeg  
P. et al., 1989.28)
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Impaired hormonal homeostasis. •	 Aging, as well as chronic diseases, is often 
accompanied by hormonal disturbances, and aging was recently referred to as a 
state of “hormonal chaos.”32 Hormonal disturbances accompanied by increased 
oxidative stress/increased release of free radicals, intracellular accumulation of 
“waste products,” inhibition of apoptosis, disturbed repair mechanisms, reduced 
gene polymorphism, premature shortening of telomeres, reduced immune defense, 
and reduced resistance to disease are often observed in premature aging as well 
as in several chronic diseases.32 17β-Estradiol has been shown to induce a strong 
activation of RAGE mRNA in endothelial cells, an effect that is abolished by 
supply of an antiestrogen such as 4-OH tamoxiphen.33,34 An impaired hormonal 
homeostasis is suggested to explain why chronic diseases are often aggravated dur-
ing pregnancy, especially vascular and eye complications to diabetes.34 Physical 
as well as mental stress contributes to activation of RAGE, and increased release 
of noradrenaline is reported to reduce immune defense and increase the sensibil-
ity to acquire infections with up to 4 logs.35 Increased release of noradrenaline in 
the intestine will dramatically reduce the beneficial intestinal flora and increase 
the virulence of potentially pathogenic microorganisms, changes that most likely 
contribute to increased RAGE activation.36,37 Permanently increased levels of 
noradrenaline are also observed in a chronic disease such as Alzheimer’s disease 
and reported to correlate with the severity of disease.38 Parathyroid hormones 
constitute another example of hormones deeply involved in the inflammatory pro-
cess, and significant elevations in IL-6s is observed in hyperparathyroidism (up to 
16 times), but also in other conditions with a high level of systemic inflammation, 
such as obesity.29

Methionine

Methionine
Synthase

Methionine adenosyltransferase

Apoptosis

Methyl acceptors: DNA, RNA, histones,
Phosphatidylcholine, neurotransmitters

Folate

Folate SAM

CBS

CH3

SAH

Glutathione

Cysteine

Vit-B6

Vit-B6

Vit-B12

Cystathionine

Impaired DNA repair
Increased DNA damage

Increased vulnerability to:
Oxidative stress
Excitotoxicity

Homocysteine

Figure 7.2  Mechanism through which homocysteine contributes to increased risks of chronic 
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Angiotensin/rennin. •	 It is well documented that release of angiotensin is signifi-
cantly associated with oxidative stress, increased levels of free fatty acids in serum, 
and with reduction in beta cell function in diabetes.39–41 Recent studies demonstrate 
that blockage of the angiotensin receptor will reduce production and accumulation 
of AGE both in vitro and in vivo.41

Larger intake of glutenoids.•	  Glutenoids are increasingly regarded as proinflamma-
tory in the body (Tlaskalová-Hogenová H, personal communication), even in the 
absence of intestinal changes.42,43

Low intake of plant antioxidants•	
High intake of carbohydrates•	
High intake of saturated and trans-fatty acids.•	  A strong association has repeatedly 
been documented between the average content of fat in food and the morbidity and/
or mortality in chronic diseases in a country, as demonstrated for breast cancer in 
Figure 7.3,44 but also reported for various other cancers and chronic diseases such 
as coronary heart disease45,46 and diabetes.47 As more than three-fourths of the con-
sumed saturated fat is of bovine origin, similar curves are also reported that corre-
late amount of intake of dairy products to incidence of various chronic diseases.48
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7.6 DrAMATIC AlTErATIoNs IN FooD hAbITs

The incidence of most chronic diseases has dramatically increased during the 
last 150 years, much in parallel with a significantly altered intake of foods. The 
annual per person intake of saturated fat has doubled, the intake of omega-3 fatty 
acids has decreased by about 50 percent, and intake of omega-6 fatty acids more 
than doubled since the year 1850 (Figure 7.4).49 During the same time period, the 
intake of refined sugar has increased from 0.5 kg to almost 50 kg per person per 
year. To this shall be added a recent and fast increase in intake of high-fructose 
corn syrup, mainly used in carbonated drinks and fast foods, an intake which today 
in the United States exceeds that of sucrose.50 Much can be learned from studies in 
Japan, a country that has gone through identical changes in food habits in no more 
than 50 years and, during this time period, has seen a manifold increase in the inci-
dence of several chronic diseases. The incidence of prostatic cancer, for example, 
has increased 25 times during this 50-year period, much in parallel with an increase 
in intake of industrially produced agricultural foods: egg 7 times, meat 9 times, and 
dairy products 20 times.48

The annual per cow production of milk has in the Western world during the 
last 150 years increased up to 50 times. In addition, modern milk is today heated 
to high temperature before it is delivered to the consumer. Although consumption 
of drinking milk has decreased significantly during the last 50 years in Western 
countries (United States: from 144 L in 1950 to 92 L per person per year in 2000), 
the consumption of cheese has instead quadrupled (from 4 kg in 1950 to 15 kg in 
the United States and 19 kg in the European Union per person and year in 2000), 
to a large extent due to extensive use of cheese products in fast foods: pizza, tacos, 
nachos, salads, fast-food sandwiches, and sauces for potatoes and vegetables. But it 
is in intake of powdered milk that the largest increases has occurred; powdered milk 
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is today used in most industrially produced foods as reconstituted milk, in bread and 
bakery products, chocolate, ice cream, and hundreds of other common foods, but 
also in baby formulas and clinical nutrition formulas.

Commonly, 10 to 20 percent, but sometimes up to 70 percent, of the amino acid 
lysine is reported to be modified during common industrial treatment of milk (ster-
ilization, pasteurization, irradiation, etc.). Fructoselysine is the dominating modified 
molecule, but CML and pyrraline are also usually produced during processing of 
milk. The sugar content, level and time of elevated temperature, and storage time 
are the main factors behind increased production of AGEs/ALEs in milk products. 
Figure 7.5 demonstrates the influence of various industrial treatments on the content 
of the AGE furosine in various milk products including powdered milk.51

7.7 ANIMAl FEEDs hAvE ChANgED IN PArAllEl 
WITh huMAN FooD ChANgEs

Not only human food but also animal feeds have undergone dramatic altera-
tions during the twentieth century, from mainly forage-based feeds containing more 
starch-rich and fast-absorbed carbohydrates: corn, maize grains, barley, molasses, 
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and dextrose. Modern industry can produce a pig weighing 100 kg in less than half 
a year in contrast to about 2 years in the past and, as already mentioned, can drasti-
cally increase the cow’s production of milk. However, as in humans, such “force-
feeding” will most likely induce insulin resistance in animals and, if the animals 
were allowed to live long enough, manifest diabetes. Insulin resistance is also 
reported in intensively milk- and lactose-fed calves.53 High levels of proinflamma-
tory cytokines and various stress hormones are regularly registered in intensively 
fed animals. However, no information was found regarding whether or not such mol-
ecules can be transferred to humans by the food we eat. It is suggested that larger 
intake of hormone-rich foods, especially dairy products, might explain the reduced 
age of first menstruation in girls from approximately 17 years of age 200 years ago 
to the current of about 12 years, and be responsible for shorter menstruation periods 
and later menopause among Western women. About 80 percent of milk consumed 
today, much in contrast to the old days, comes from pregnant cows, and thus is rich 
in various hormones, especially sex hormones.53 This is especially so for condensed 
products, such as butter, cheese, and most likely also powdered milk. As this prob-
lem is increasingly observed, “hormone-free” milk has become available in such 
countries as the United States.

7.8 DIsEAsEs AssoCIATED WITh hIgh 
TIssuE lEvEls oF AgEs/AlEs

Increased levels of various AGE/ALE substances in the body are reported in 
almost all chronic diseases from allergy and Alzheimer’s disease to paradontosis, 
polycystic ovary syndrome, and various urogenital diseases, particularly uremia 
(Table 7.1). An association with dairy products is thus far reported in significantly 
fewer such conditions, but is reported in allergy,84 coronary heart disease,85,86 and 
diabetes,87–89 Parkinson’s disease,90 and various cancers, such as breast,48,91 pros-
tatic,92,93 testicular,92 and ovarian94,95 malignancies. Increasing evidence also sug-
gests that reduced bone density and osteoporosis are not, as believed in the past, 
dependent on deficiency in minerals, but instead are a result of increased inflam-
mation in the body, which explains the high incidence of osteoporosis in patients 
with chronic diseases. High levels of AGE/ALE in the body are also reported in 
patients with osteoporosis.75,75 A recent American study reported reduced bone 
density in older women consuming more than three cola drinks per week com-
pared to matched controls consuming similar amounts of other carbonated soft 
drinks.96 This becomes especially interesting when considering that cola drinks, 
much in contrast to other soft drinks, are rich in AGE. Increased AGE/ALE levels 
are also reported in other disease conditions with obscure etiology, such as rupture 
of the Achilles’ tendon and fibromyalgia.54,72 The mouth reflects the health status 
of the body to a large extent, and paradontosis, frequently seen in patients with 
chronic diseases, is clearly associated with elevated inflammation in the body and 
elevated levels of AGE/ALE.77 It would not be a surprise if the lowest levels of 
AGE/ALE are to be found in the group referred to as raw eaters, but this group has 
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attracted few studies and none with regard to the content of AGEs/ALEs. However, 
it has been demonstrated that vegans, much in contrast to meat eaters and lacto 
vegetarians, have significantly lower levels of AGEs/ALEs in the body. As a matter 
of fact, it has been shown that lacto vegetarians have even higher levels of AGEs/
ALEs in the body than meat eaters,97 which might be explained by a higher intake 
of dairy products, especially cheese, but might also be influenced by a higher 
intake of fructose. Significant health advantages are reported for vegans, when 
compared to the other groups: statistically significantly lower levels of proinflam-
matory molecules such as cytokines and acute phase proteins, lower systolic and 
diastolic blood pressure, lower total cholesterols, lower low-density lipoprotein 
(LDL)-cholesterols, lower fasting blood sugar and triglycerides, and lower inci-
dence of chronic diseases, especially diabetes and complications to diabetes.

7.9 FooDs rICh IN AgEs/AlEs

So far, the information regarding AGE/ALE content in foods is incomplete. 
However, an international association has recently been formed with the goal of 
filling this gap. Leading universities around the world are building institutions 
for studies of nutragenomics; for example, on how various food ingredients affect 
our health. However, from existing information it is clear that dysfunctioning 
proteins are especially rich in foods that have been subjected to industrial pro-
cessing. Table 7.2 provides guidance on foods expected to contain larger amounts 
of AGEs/ALEs.

Table 7.1 Diseases Associated with high levels in the body of AgEs/AlEs

ref. ref.

achilles tendon rupture 54 down’s syndrome 70

aging 55 familiar amyloidotic polyneuropathy 71

allergy 56 fibromyalgia 72

autoimmune diseases 57 glaucoma 62

alzheimer´s disease 58 Huntington’s disease 73

amyotrophic lateral sclerosis 59 Macular degeneration 62

atherosclerosis 60 Liver cirrhosis 74

Cardiovascular disease 61 osteoporosis 75, 76

Cataract 62 Paradontosis 77

Chronic endocrine disorders 63 Parkinson’s disease 78, 79

Chronic lung diseases 64 Polycystic ovarial syndrome 80

Chronic renal diseases 65 rheumatoid arthritis 81, 82

Creutzfeldt–Jakob’s disease 66 stroke 83

Cystic fibrosis 67 uremia 21

diabetes 68, 69
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7.10 PrEvENTIoN AND TrEATMENT oF AgE/AlE ACCuMulATIoN

Several pharmaceuticals, especially those used for treatment of diabetes, are 
reported to reduce the content of AGEs/ALEs in the body, at least in short-lived tis-
sues, that is, tissues with high turnover. Significant reduction in body content of AGE/
ALE in comparison to controls (eating standard Western food) is observed in indi-
viduals who practiced caloric restriction (CR, they eat only two-thirds of what they 
would like to) for more than 2 years, which is also accompanied by significant health 
advantages compared to matched controls: lower blood pressure (102/61 ± 7 vs. 131/83 
mm Hg), and lower levels of markers of inflammation, such as CRP (0.3 vs. 1.9 mg/L), 
TNF-α (0.8 vs. 1.5 pg/mL), and TGF-β (29.4 vs. 35.4 ng/mL).99 Elevated RAGE and 
low sRAGE is reported in patients with active rheumatoid arthritis (RA), but patients 
with RA practicing CR for about 2 months are reported to have lower levels of pento-
sidine (an often measured AGE) in urine, as well as lower disease activity.100

Table 7.2 Foods reported To Contain larger Amounts of AgEs/AlEs

Dairy products, especially powdered 
milk

ice cream•	
baby formulas •	
Clinical nutrition solutions•	

Cheese: 
Pizza•	
tacos•	
nachos•	
salads•	
fast-food sandwiches and sauces•	
brown cheeses (norwegian brunost)•	

grains, cereals, bakery products toasted bread•	
bread crusts•	
Crisp breads•	
Pretzel (500 ku/portion)•	
rice Crispies (600 ku/portion)•	
biscotti (1000 ku/portion)•	

Meat, poultry, and fish Content increases as one goes from boiling 
to oven frying: 

boiling (1000 ku/serving)•	
roasting (4300 ku/serving)•	
broiling (5250 ku/serving)•	
deep frying (6700 ku/serving)•	
oven frying (9000 ku/serving); •	

(see goldberg t et al.98)

Egg yolk powder, lecithin powder

Coffee, especially dark roasted, dark 
hard-cured teas, roasted and salted 
peanuts, dark and sugar-rich alcoholic 
beverages, broth, Chinese soy, 
balsamic vinegar, smoked foods
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Rich supply of vitamins, such as A, B, especially B6 and B12, C, D, E, and K 
as well as glutathione and folic acid, is often emphasized.31,101,102 A long line of 
plant antioxidants, particularly those collectively defined as polyphenols, with 
documented up to 10 times stronger oxidation-quenching properties than con-
ventional vitamins have been shown to have strong chemopreventive abilities, 
strong ability to prevent accumulation in the body of AGEs/ALEs, significant 
ability to reduce inflammation in the body, and to prevent reduction in organ 
function and premature aging.103–105 Such plant antioxidants exist in nature in 
many thousands of different compounds, most likely hundreds of thousands; of 
flavonoids alone, more than 4,000 have been identified and of carotenoids almost 
1,000. Table 7.3 summarizes some of the most well-known and studied such 
plant antioxidants. Supplementing histidine, taurine, carnetine, and carnosine 
has also been reported to have AGE/ALE-protecting abilities.106,107 No vegetar-
ian food with the exception of certain algae contains any taurine. This important 
amino acid is obtained only from eating animal-derived foods—meat, poultry, 
and fish.

7.11 INTEsTINAl FlorA AND ProbIoTICs oF grEAT IMPorTANCE

Most of the above-mentioned substances will need assistance from microbial 
enzymes for their release from foods and absorption into the body. A rich intes-
tinal flora is regarded necessary for release and absorption of various important 

Table 7.3  Plant Antioxidants with Chemoprotective Effects on the body; reduction 
in Accumulation of AgEs/AlEs and Downregulation of the rAgE 
receptor Function

aanthocyanins and hydroxycinnamic acids in •	 cherries

epigallocatechin-3-gallate (egCg) in •	 green tea

Chlorogenic acid and caffeic acid in •	 coffee beans and tobacco leaves

Capsaicin in •	 hot chili peppers

Chalcones in •	 apples

daidzein and genistein in •	 soy beans

euginol in •	 cloves

gallic acid in •	 rhubarb

Hisperitin in •	 citrus fruits

isothiocyanates in •	 cruciferous vegetables

kaempferol in •	 white cabbage

Myricetin in •	 berries

naringenin in •	 citrus fruits

resveratrol and other procyanidin dimers in •	 red wine and virgin peanuts

rutin and quercetin in •	 apples and onions

Various curcumenoids in main yellow pigments in •	 turmeric curry foods
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antioxidants. However, the increased intake of refined food and deficient intake of 
fresh fruits and vegetables among Westerners has led to a significant reduction in 
both density and diversity of the flora. This reduction is especially pronounced for 
strong fiber-fermenting lactic acid bacteria (LAB), such as Lactobacillus plantarum 
and L. paracasei; 75 percent of omnivorous Americans and 25 percent of vegetar-
ians in the United States lack L. plantarum.108 A more recent Scandinavan study 
found L. plantarum in only 52 percent and L. paracasei in only 17 percent of healthy 
individuals.109 This information is particularly interesting as L. plantarum and L. 
paracasei belong to the small group of intestinal bacteria with ability to break down 
semiresistant fibers, such as inulin,110 reduce inflammation, reduce infection, and 
eliminate pathogenic bacteria, such as Clostridium difficile.111 Some LAB may well 
have the ability to eliminate AGEs/ALEs from foods, similar to what has been dem-
onstrated for gluten112 and heterocyclic amines.113 In vitro studies have shown that 
fructoselysine, the dominating AGE in heated milk, can be effectively eliminated 
when incubated with fresh intestinal flora.114

7.12 FuTurE AsPECTs

Recent studies in the United States demonstrate an 83 percent reduction in rate 
of coronary heart disease,115 a 91 percent reduction in diabetes in women,116 and a 
71 percent reduction in colon cancer in men117 in patients adhering to what today is 
regarded as an “healthy lifestyle”: no use of tobacco, moderate use of alcohol, regular 
physical exercise, and controlled eating. To these four factors should be added control 
of stress. Numerous studies demonstrate that both physical and mental stress increase 
the degree of inflammation in the body and activate RAGE.118–120 It is likely that con-
trol of both intake and endogenous production of AGEs/ALEs might further add to a 
healthy lifestyle and further improve health and well-being. It is unfortunate that only 
a small fraction of us will give priority to issues related to active control of health and 
prevention of disease. A recent study in the United States suggests that only a small 
minority of 3 percent adhere to the four principles mentioned above.121 Among these 
are mainly individuals who are otherwise fortunate in life, have a higher education, 
and a good financial status. Those who have low income and low level of education, 
including their children, are reported to be about 50 percent more unhealthy.

Too long have we ignored measures to control health by referring to the impor-
tance of genetic factors, which we thought we could not do much about. However, the 
message from numerous studies in monocygotic twins and in immigrants, especially 
Japanese and Italians, where one immigrated to the United States while the other 
remained in the home country is clear: lifestyle is significantly more important for 
health than genetic inheritance. The message from the winners of the 2006 Nobel 
prize in medicine and physiology is encouraging: it might well be possible to silence 
genes which might have a negative influence on health. Increasing evidence sug-
gests that control of exaggerated systemic inflammation in the body is of the greatest 
importance for sustained health. For this, diet is a necessary, easily accessible, and 
most powerful tool.
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8.1 WEsTErN FooD—ThE ThrEAT To huMAN hEAlTh

The modern Western diet is based on nutrients received from only a small num-
ber of plants; 80 percent of the nutrients come from 17 plants and 50 percent of the 
calories from 8 grains. Furthermore, the most Western food is extensively processed, 
which not only reduces the nutritional value of the food, but also increases the level 
of systemic inflammation in the body. Many nutrients and antioxidants do not sustain 
heating and drying; among them are the important amino acid glutamine and the 
master antioxidant glutathione. Furthermore, manipulation of food, especially heat-
ing, increases the content of unwanted proinflammatory ingredients. These include 
mutagens, oxidized fatty acids—trans-fatty acids—and dysfunctional and highly 
proinflammatory proteins, or Maillard products, which are most often advanced gly-
cation and advanced lipoxidation end products; they are referred to as AGEs and 
ALEs (see Chapter 7). Among foods rich in AGEs and ALEs are dairy products 
especially powdered milk (frequently used in enteral nutrition and baby formulas, and 
in numerous foods such as ice cream), cheese, bakery products (bread crusts, crisp 
breads, pretzels, biscotti) and cereals (crisp rice), overheated (especially deep-fried 
and oven-fried) meat and poultry, as well as fish, drinks like coffee and cola, Chinese 
soy, balsamic products, and smoked foods in general (for further information, see 
Goldberg et al.1,2). The consumption of such foods, often the main constituents in 
fast foods, has increased dramatically in recent decades, much in parallel with the 
endemic of chronic diseases. The antiinflammatory effects of plant fibers and pro-
biotic bacteria might not be strong enough to control chronically enhanced systemic 
inflammation, strongly associated with the global epidemic of chronic diseases.

8.2 DErANgED AND DysFuNCTIoNAl IMMuNE sysTEM

Numerous chemical substances, additives to foods and pharmaceutical drugs, 
seem to derange the immune system. In the past, priority was not given to investiga-
tion of the eventual negative effects on the innate immune systems of consumed food 
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additives and pharmaceutical drugs. It is clear, even if not fully investigated, that a 
large number of chemicals have a strong negative influence on the immune system 
and the body’s resistance to disease when consumed. As an example, it has long been 
known that antibiotics suppress various immune functions, especially macrophage 
activities, such as chemiluminescence response, chemotactic motility, and bacteri-
cidal and cytostatic ability.3,4 Recent experience suggest that H2-blockers, commonly 
used in many diseases and in critically ill patients, exhibit strong procoagulatory and 
proinflammatory effects. Ranitidine, as an example, has been shown in animal stud-
ies to enhance the inflammatory response and increase the extent of tissue injuries, 
especially in the liver.5–7

Several other factors increase the degree of systemic inflammation in the body:

Impaired hormonal homeostasis•	  increases oxidative stress/release of free radicals, 
increases intracellular accumulation of “waste products,” inhibits apoptosis, dis-
turbs repair mechanisms, reduces gene polymorphism, increases premature short-
ening of telomeres, and reduces immune defense and resistance to disease, changes 
often observed in premature aging and in various chronic diseases.8

Low level in the body of vitamin D•	  and subsequent secondary hyperparathyroidism.9,10

Low levels in the body of antioxidants,•	  such as folic acid and glutathione and 
increased levels of homocysteine.11

High levels in the body of estrogens•	 , especially 17β-estradiol, often induced by high 
consumption of hormone-rich dairy products.
High levels of angiotensin/rennin.•	 12,13

Larger intake of glutenoids.•	 14,15

The reason attempts to reduce inflammation with the use of probiotics have 
sometimes failed in the past might be that the proinflammatory pressure is sim-
ply too high due to underlying disease, but also due to consumption of too much 
of proinflammatory food and prescription drugs, all with inflammation-enhancing 
abilities. It is likely that in certain conditions additional measures are needed to 
achieve successful treatment with probiotics. Measures, such as reduced supply of 
proinflammatory foods, restriction in use of pharmaceuticals, and increased intake 
of plant foods rich in antiinflammatory vitamins and antioxidants, especially various 
polyphenols, might well be needed (see further below).

8.3 PlANT FIbErs rEDuCE sysTEMIC INFlAMMATIoN

Table 8.1 summarizes the content of fiber in some common plant-derived foods. 
It should be observed that various seeds, nuts, beans, and peas are especially rich 
in fiber, foods that no longer are eaten in the quantities they deserve. A common 
recommendation of minimum daily fiber intake is in the range of 30 to 35 g/day,16,17 
which roughly corresponds to about half a kilogram of fruits and vegetables, or, as 
often expressed, five to eight fresh fruits and vegetables per day. The recommenda-
tions for children above the age of 2 years are usually defined as age + 5 g/day.18 No 
precise recommendation exists yet about intake of fiber under different conditions 
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of disease. The daily intake of dietary fiber is unsatisfactory in all Western coun-
tries, especially among people with a low level of education and low income. In the 
United States, for example, the estimated daily intake of fiber is approximately 14 
to 15 g/day or about 50 percent of what is recommended, and far below the 60 to 
80 g/day of substrate required to maintain a large bowel flora of 1014 microorgan-
isms, which is known to be typical for a healthy and well-functioning human colon. 
Most Americans and Europeans have lost the ability to maintain a large proportion 
of what can be regarded as a natural flora.19 A recent study in a northern European 
population found Lactobacillus plantarum, L. rhamnosus, and L. paracasei ssp. 
paracasei on the rectal mucosa of healthy humans in only 52, 26, and 17 percent, 
respectively.20 The colonization rate with other, commonly milk-borne probiotic bac-
teria, such L. casei, L. reuteri, and L. acidophilus was in the same study only 2, 2, 
and 0 percent, respectively.

Commonly consumed cooked roots and other starchy vegetables; grains, con-
sumed as bread, cereals, and porridge; and most fruit consumed in Western countries 
contain relatively little fiber, usually no more than 1 to 3 g/serving.21 The largest 
amount of consumed plant fiber is provided by resistant starch (raw potato, unripe 
green banana, especially when allowed to cool after cooking, especially potato 
and whole-grain bread). However, the difference in intake between one person and 
another is several hundred percent (~8 to 40 g/day).22 The second largest source of 

Table 8.1  Content of Fiber in Common Plant-
Derived Foods, g/100

flax seeds 42 Cabbage 3.5

sunflower seeds 21 gooseberries 3.4

Passion fruit 16 avocado 3.3

soy flour 12 fennel 3.3

Prunes 9 savoy cabbage 3.2

Peanuts 8 blueberries 3.1

Hazelnuts 6 Cauliflower 3.0

blackberries 6 bean sprouts 3.0

green peas 6 Pears 2.8

Walnuts 5 strawberries 2.4

artichoke 5 tomatoes 2.0

black currents 5 grapefruit 1.9

onion 5 orange 1.9

beans 5 apple 1.8

brussels sprouts 4 Potato, cooked 1.4

olives 4 Chili pepper 1.3/tsp

kiwi 4 turmeric 0.5/tsp

raspberries 3.7
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fiber is nonstarch polysaccharides (~8 to 18 g/day). The third group of fiber is oligo-
saccharides (onions, artichoke, banana, cecoria), which although important to health, 
are today regrettably consumed in much too small quantities (~2 to 8 g/day).22

8.4 DIETAry FIbErs—FuNCTIoN AND DEFINITIoN

Dietary fiber is the collective name for pure fibers obtained from processing 
various plants. The term dietary fiber was coined some 50 years ago, and was then 
suggested to consist of cellulose, hemicellulose, and lignin,23 all indigestible con-
stituents of the cellular walls of plants. Some 20 years later, the concept was defined 
as “plant fibers and lignin, which are resistant to hydrolysis by the digestive enzymes 
of man.”24 A more recent definition by the American Association of Cereal Chemists 
(AACC) suggests that dietary fiber is “the edible parts of plants or analogous carbo-
hydrates that are resistant to digestion and absorption in the human small intestine 
with complete or partial fermentation in the large intestine. Dietary fibers include 
polysaccharides, oligosaccharides, lignin, and associated plant substances. Dietary 
fibers promote beneficial physiological effects including laxation, and/or blood cho-
lesterol attenuation, and/or blood glucose attenuation.”25 According to this definition, 
some noncarbohydrates like waxes, phytate cutin, saponins, suberin, and tannins, 
also are included in the concept, substances sometimes referred to as associated 
with nonstarch polysaccharide and lignin complex in plants. Of the many substances 
known, only a few have been properly investigated as dietary fibers and for health 
purposes, for example, as medical fibers.

Supplemented fibers are associated with several health benefits. The best docu-
mented physiological effects, in addition to providing energy and nutrients to the 
host and flora, are that they:

Change in mucosal structure, increase mucosal growth, and improve mucosal •	
function.
Increase in intestinal flora, relieve constipation, reduce production of putrifactive •	
gases, and provide resistance to invading microorganisms
Reduce serum triglycerides, serum cholesterol, and very low density (VLD) •	
lipoproteins
Reduce the glycemic response to eating.•	
Improve water and electrolyte balance and increase bioavailability and absorption •	
of minerals, such as calcium, magnesium, iron, and zinc.

Consumption of medical fibers should always be regarded as a surrogate for not 
consuming enough fresh fruits and vegetables. There is no solid information to sup-
port that supplementation of medical fibers to healthy individuals eating a diet rich in 
fruits and vegetables is associated with additional health benefits. Medical fibers are 
mainly needed because the individual has lost the ability to consume enough fresh 
fruits and vegetables. This is often the situation in persons with severe allergies, in 
old and debilitated persons, and in persons with some gastrointestinal (GI) disorders, 
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such as short bowel syndrome and advanced diverticular disease. This is also most 
often the condition for critically ill patients, for whom enteral supply of concentrates 
of medical fibers has become a most valuable clinical tool. It must, however, always 
be remembered that bioactive fibers during the processing have lost their content of 
numerous important antioxidants and nutrients, some of which when possible should 
be separately supplemented, and whenever possible complemented by a supply of 
fresh fruits and vegetables.

8.5 DoCuMENTED hEAlTh bENEFITs oF 
INCrEAsED FIbEr CoNsuMPTIoN

Significant information on beneficial effects from increased intake of plant fibers 
and prebiotics exists mainly for two large groups of diseases:

Blood glucose control/prevention of type 2 diabetes. Fiber is a slow-release sys-
tem for delivery of glucose to the body. Sugar “entrapped” in plant cells is slowly 
released by fermentation and absorbed resulting in a controlled blood glucose and 
insulin response. It is well documented that the physical structure of starchy foods 
determines the glycemic index of that food. Fiber, regularly supplied to patients with 
diabetes, will significantly reduce the level of blood glucose and the need for insulin. 
Studies suggest that the most pronounced effects of fibers on glycemic index are 
obtained by water-soluble fibers. Guar gum is by far the most clinically used fiber 
and will, based on 15 different studies, induce a reduction in blood glucose to almost 
half (44 percent).26

Lipid control/prevention of coronary heart disease. Soluble fibers, such as pec-
tin, guar gum, and betaglucans (oat) have repeatedly been shown to reduce blood 
cholesterol both in hypercholesterolemic and normocholesterolemic individuals, 
effects not found when nonsoluble fibers, such as cellulose and wheat bran, have 
been used. Common to water-soluble fibers is that they are gel forming. Soluble 
fibers are excellent substrates for production in the large intestine of short-chain fatty 
acids (SCFAs), known to reduce the level of cholesterol in the body. Studies both in 
animals and in humans suggest that it is especially propionic acid that is hypocholes-
terolemic.27 A meta-analysis reports statistically significant protective effects against 
coronary heart disease in 14/16 studies.28 In addition, fiber consumption is reported 
to reduce clotting and increase fibrinolysis, also important for prevention of building 
of arterial wall plaques and prevention of thrombosis formation.29

8.6 FIbErs CoMMoNly usED IN ClINICAl NuTrITIoN

Substances, important to health—amino acids, such as arginine, glutamine, his-
tidine, taurine, various sulfur and related amino acids, polyamins, omega-fatty acids, 
numerous vitamins, and antioxidants—are all to a great extent supplied to the body 
from plants. One cannot expect any significant amount of antioxidants to be deliv-
ered to the lower level of the GI tract, if not “hidden” in plant fibers. It is important 
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to remember that key nutrients, such as omega-3 fatty acids, glutamine, glutathione, 
and several other nutrients, are heat-sensitive and do not tolerate processing or stor-
age to any great extent. Plant fibers that have been dried, heated, or microwaved 
cannot be expected to contain any large amounts of these key nutrients; they mainly 
come from unprocessed foods. It is highly desirable that, whenever possible, the 
supply of commercial nutrition formulas is complemented by a supply of fresh fruit 
and vegetable juices, produced as locally as possible. It is also desirable that several 
fibers are supplied in parallel, and that both soluble and nonsoluble fibers are used. 
For example, oat fibers are mainly metabolized in the proximal colon, whereas wheat 
fibers are known to be effective in the distal part of the colon, for example, the part of 
the colon where most cancers are localized. Oat has mainly shown sepsis-reducing 
effects while wheat has mainly been effective in cancer prevention. Among the fibers 
commonly used in clinical nutrition are discussed below.

8.6.1 Algal Fibers

Most of the algal fibers are resistant to hydrolysis by human endogenous digestive 
enzymes, but are fermented by colonic flora to various degrees. The soluble fibers 
consists in lamarans (a sort of β-glucan associated with mannitol residues), fucans 
(sulfated polymers associated with xylose, galactose, and glucoronic acid), and alg-
inates (mannuronic and guluronic acid polymers). The insoluble algal polymers con-
sist mainly of cellulose. Fermentation of alginates yields high levels of acetate (80 
percent), while lamarans preferably yield butyrate (16 percent). It is most likely that 
algal fibers will be routinely used in clinical nutrition within a few years.

8.6.2 Fructans

Fructan starches and sucrose serve the plant as its energy reserve. These sub-
stances are also produced by bacteria and fungi. Fructans are said to enhance the 
tolerance of the plant to stressful conditions and make it possible for the plants to 
survive under harsh conditions, such as low temperature and draft. The most well 
known fructans are inulin (rich in chicory, artichoke, onions, banana) and phleins 
(rich in various grasses). Thus far, mainly inulin has been tried in human nutri-
tion. Various oligosaccharides are reported to stimulate the flora and especially the 
growth of Lactobacillus and Bifidobacterium in the large intestine and to reduce the 
content of potentially pathogenic microorganisms (PPMs) in the intestine. Increase 
in the Bifidobacterium flora is regarded as especially favorable as bifidobacteria are 
known to produce important vitamins, among them thiamine, folic acid, nicotinic 
acid, pyridoxine, and vitamin B12, which is of great importance for health. A fructan 
called neokestose, found in onion, is reported to have even better ability than inulin to 
promote growth of lactic acid bacteria (LAB).30 Supplementation of fructans is also 
reported to reduce concentrations in serum of insulin, cholesterol, and triacylglyc-
erol. It is also reported to promote absorption of calcium and other minerals. Other 
oligosaccharides, such as those extracted from peas and beans, especially soy bean 
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oligosaccharide (raffinose and stachyose) and pyrodextrin, produced by pyrolysis of 
maize and potato starch, are also reported to be beneficial for human health.

8.6.3 glycomannans

Glycomannan, a glucose/mannose polymer derived from a plant called 
Amorphophallus konjak, has several English names, such as devil tongue, elephant 
yam, and umbrella arum. It has unique hydroscopic abilities and will swell and form 
a viscous gel on contact with water. Like other gels, this will delay gastric emptying 
and intestinal transit time. It has been shown to be effective in delaying absorption of 
digestible energy. It has thus far been used mainly in Japan and other Asian countries 
to treat diabetes, hypertension, and hypercholesterolemia. Dietary supply of konjak 
mannans has been shown to alter the flora and reduce tumorigenesis in experimental 
animals. It is also effective in controlling diarrhea in enteral nutrition, especially in 
elderly patients, and to increase the Bifidobacterium flora.

8.6.4 oat gum

Oat contains a series of interesting compounds, which is the reason an increasing 
part the world production of oat goes to the pharmaceutical and cosmetic industries. 
The amino acid pattern of oat is similar to that of human muscle (only that of buck-
wheat is more alike), and thus can be expected to deliver most of the amino acids 
needed to build muscles. Oat is rich in water-soluble fibers, β-glucans, known for 
their antiseptic properties. Oat is also rich in natural antioxidants, particularly fer-
ulic acid, caffeic acid, hydrocinnamic acid, and tocopherols, and, before synthetic 
antioxidants, oat was available extensively and used to preserve foods: milk, milk 
powder, butter, ice cream, fish, bacon, sausages, and other food products sensitive 
to fat oxidation. Another ingredient richly available in oat is inositol hexaphosphate 
(phytic acid), a strong antioxidant, particularly known to enhance natural killer (NK) 
cell activity and to suppress tumor growth. Oat is also rich in polyunsaturated fats/
polar lipids, such as phosphatidylcholine, known for its protective effects of mucosal 
and cellular surfaces.

8.6.5 Pectin

Pectin is also an interesting fiber, extensively used by the pharmaceutical and 
food industries. It has a unique ability to form gels and is commonly used as a carrier 
of pharmacologically active substances; it is common in baby foods. An important 
finding is that pectin is a very strong antioxidant against the three most dominating 
oxidation damages induced by peroxyl, superoxide, and hydroxyl radicals. These 
effects might explain why pectin has the capacity to stimulate the gut-associated 
immune system and to prevent disruption of the intestinal microflora. In experi-
mental studies, pectins have shown strong protective and healing effects on gas-
tric and on intestinal mucosa, not inferior to that observed with H2-blockers, proton 
inhibitors, and surface-protection agents.31,32 Pectin builds a protection layer in the 
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stomach and facilitates maintenance of gastric acidity, important for prevention of 
colonization of the stomach by pathogens. Pectin is also an excellent substrate for 
microbial fermentation.

8.7 lACTIC ACID bACTErIA IMPorTANT 
For FErMENTATIoN oF FIbErs

Not all fibers are easily fermented in the gut. Among the more fermentation-
resistant fibers are wheat fibers, which usually are not digested until they reach the 
descending colon. Also oligofructans (inulin or phleins) are difficult to ferment, and 
only a small minority of LAB are able to do so. When the ability of 712 different LAB 
to ferment oligofructans was studied, only 16 of 712 were able to ferment the phleins 
and 8 of 712 inulin.33 Apart from Lactobacillus plantarum only three other LAB spe-
cies, L. paracasei subsp. paracasei, L. brevis, and Pediococcus pentosaceus, were 
able to ferment these semiresistant fibers. Another study investigated the ability of 
28 different LAB to ferment pure fructo-oligosaccharides (FOS). All L. plantarum, 
L. casei, and L. acidophilus strains studied and most Bifidobacterium utilized FOS, 
in contrast to yogurt bacteria, such as L. bulgaricus and Streptococcus thermophilus 
and Lactobacillus strain GG, which were all unable to ferment these fibers.34

8.8 ClINICAl ExPErIENCE WITh suPPlEMENTED PlANT FIbErs

8.8.1 Plant Fiber in Constipation

Chronic constipation is one of the most common disorders in Western countries. 
Its etiology remains unclear despite numerous clinical, pathophysiologic, and epide-
miologic studies, but it is suggested that high intake of dairy products and intake of 
plant fibers plays a significant role in its pathogenesis. A randomized sample of 291 
children with idiopathic chronic constipation was in a case control study compared 
with 1,602 healthy controls.35 Constipation was clearly negatively correlated with 
low intake of cellulose and pentose fibers (p < 0.001). FOS may also have potential 
benefits in constipation because they exhibit many soluble dietary fiber-like proper-
ties. In a study, a total of 56 healthy infants, age 16 to 46 weeks (mean age 32 weeks) 
were randomly assigned to receive either 0.75 g FOS or placebo added to a serving 
of cereals for 28 days.36 The mean number of stools per infant was 1.99 ± 0.62 per 
day in the FOS-supplemented group compared with 1.58 ± 0.66 in the control group 
(P = 0.02).

8.8.2 Plant Fiber to Prevent and Treat Diarrhea

In a large randomized study in acutely ill medical and surgical patients, all 
requiring enteral nutrition for a minimum of 5 days, supplementation of hydrolyzed 
guar gum was compared to fiber-free enteral nutrition. The incidence of diarrhea 
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was 9 percent with fiber supplementation, compared to 32 percent with fiber-free 
nutrition (p > 0.05).37 One of the effects of certain fibers is that they increase the bio-
availability and absorption of zinc, which is especially shown for oligosaccharides. 
Zinc supplementation was proved effective to lower both the incidence of diarrhea 
and the duration of diarrhea in a randomized study in 3- to 59-month-old children in 
Bangladesh.38 In another study from Bangladesh, 250 g/L of green (unripe) banana 
(equivalent to two fruits) or 2 g pectin/kg food was supplemented to a rice diet in 
children suffering from persistent diarrhea.39 The amounts of and frequency of stools, 
the duration of diarrhea, numbers of vomiting, use of oral rehydration, and amounts 
intravenous fluid solutions given were all significantly reduced with supplementa-
tion of both green banana and pure pectin. Recovery on the third day was seen in 59 
percent in the green banana group and in 55 percent in the pectin group, compared 
to 15 percent in the rice-only control group.

8.8.3 Plant Fiber to support Mineral Absorption

It is well accepted that nutrition is of great importance for bone health. Most of 
the interest has thus far focused on calcium and vitamin D. Much less interest has 
been paid to other important nutrients, such as protein, and especially to miner-
als, such as phosphorus, potassium, magnesium, and to vitamins, such as C and K. 
Recent studies suggests that increased intake of plant fibers, fruits, and vegetables is 
associated with an increased bone mineral density, including in elderly subjects, both 
women and men.40,41 Of the pure fibers available, the effects of oligosaccharides have 
primarily been studied, and mainly in experimental animals. Calcium absorption, 
bone calcium content, bone mineral density, bone balance, and bone formation/bone 
absorption index are reported to significantly increase after 3 weeks of supplementa-
tion of a mixture of inulin and FOS.41

8.8.4 Plant Fiber to Control Weight

No major effects on body weight by supplementation of prebiotic fiber alone have 
thus far been reported. The effects of dietary fiber on subjective hunger ratings and 
weight losses were studied some 20 years ago in members of a weight loss club. Of 
135 members, 108 completed the trial: 23 controls, 45 on ispaghula granulate, and 
40 on bran sachets.42 Both fiber preparations reduced hunger at all meals. The mean 
(± SD) weight reductions during the trial were 4.6 ± 2.7 kg for the controls, 4.2 ± 3.2 
kg for the ispaghula group, and 4.6 ± 2.3 kg for the bran group (p > 0.05 for both 
groups). Although supply of dietary fiber immediately before meals did reduce the 
feeling of hunger, it did not provide any additional benefits to the weight reduction. 
A more recent cross-over study compared the effect on satiety of supplementation 
of 27 ± 0.6 g/day of fermentable fibers (pectin, betaglucan) with similar amounts 
of nonfermentable fiber (methylcellulose). The daily satiety was significantly more 
increased with nonfermentable (methylcellulose) than with fermentable fibers (beta-
glucan, pectin) (p = 0.01), but no differences were observed in daily energy intake or 
loss of body weight or body fat.43
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8.8.5 Plant Fiber in Inflammatory bowel Diseases

Although patients with both inflammatory bowel disease (IBD) and irritable 
bowel syndrome (IBS) are known to underconsume dietary fibers, there is little evi-
dence that lack of dietary fiber plays a role in the pathogenesis of these diseases. The 
ability of maintaining remission in patients with ulcerative colitis (US) by a daily 
supply of 10 g of Plantago ovata seeds (also called psyllium or ispaghula husk) was 
compared with daily treatment with 500 mg of mesalamine and a combination of the 
two.44 The 12 months of treatment failed to demonstrate any difference in clinical 
benefits between the three groups. Germinated barley foodstuff (GBF), a by-product 
from breweries, rich in hemicellulose and in glutamine, was tried in 39 patients 
with mild-to-moderate active UC.45 Daily supply of 30 g reduced significantly the 
disease activity, increased concentration of SCFAs, and increased the numbers of 
Bifidobacterium and Eubacterium in stool. It may well be that the observed effect 
was due more to increased supply of glutamine and other antioxidants, such as vari-
ous B vitamins than to the fiber per se as these compounds are known to be rich in 
by-products from breweries. Glutamine, as well as other antioxidants, are known to 
attenuate proinflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) 
and to enhance release of heat shock proteins (HSP-72).46 A controlled study using 
oat bran as fiber source was recently reported from a study in 22 patients + 10 con-
trols with quiescent UC. Daily supply during 3 months of as much as 60 g of oat bran 
(equivalent to 20 g dietary fiber) resulted in a significant increase in fecal butyrate 
(average 36 percent), but also to a reduction in abdominal pain. All the treated 
patients tolerated well the large dose of fiber, and signs of relapse of disease were 
seen in none of the patients with colitis.47 Butyrate has been shown to inhibit nuclear 
factor kappa B (NF-κβ) activation of lamina propria macrophages, and to reduce 
the number of neutrophils in crypts and surface epithelia, as well as the density 
of lamina propria lymphocytes/plasma cells in patients with ulcerative colitis48—
findings correlating well with the observed decreased disease activity. In a study, 20 
patients with ileal pouch-anal anastomosis received 24 g of inulin daily for 2 weeks. 
Significant reduction in inflammation was observed with endoscopy and histology. 
In addition, significant increase in fecal concentrations of butyrate and reductions in 
fecal pH, fecal content of secondary bile acids, and growth of Bacteroides fragilis 
were observed.49

8.8.6 Plant Fiber in Irritable bowel Disease

Dysmotility disorders are increasingly common in Western societies. Some evi-
dence suggests that various dysmotility disorders, gastroesophageal reflux problems, 
infant colic, and constipation are all food-related features, and often due to intoler-
ance to cow’s milk proteins.50 IBS is a clinical diagnosis based on the occurrence 
of abdominal distension, abdominal cramps, often increased transit time, more fre-
quent stools, and relief of pain on defecation. The prevalence of the syndrome varies 
between 7 and 22 percent, making IBS the most common functional GI disorder.51 
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Unfortunately, no effective pharmaceutical treatment exists or when existing is unac-
ceptably toxic.52 This has resulted in a need for additional modalities for the treat-
ment of IBS. In this perspective, pre- and probiotics appear as attractive alternatives 
(see recent reviews53,54). Data from human intervention studies and especially results 
from recent animal studies clearly indicate that prebiotics have an impact on the 
immune system: Immune cells of the GALT (gut-associated lymphoid tissue) includ-
ing Peyer’s patches are primarily responsive to the oral administration of prebiot-
ics.55 However, a consequence of feeding the currently favored prebiotics (inulin, 
FOS, trans-galacto-oligosides, and lactulose) is increased gas production in the gut, 
which might preclude prebiotic use in diarrhea-predominant IBS, or where bloat-
ing or gas are prominent symptoms, but might allow their mild laxative properties 
to be useful in constipation-predominant IBS.53 A few small open trials have been 
performed, but thus far no larger and randomized trial has been reported. However, 
a recent small open-label trial supplementing 15 g/day of a mixture of oligofructose 
(70 percent) and inulin (30 percent) reports significant reduction in disease activity 
(Harvey Bradshaw index fell from 9.8, SD 3.1 to 6.9 SD 3.4, p = 0.01) in parallel with 
a significant increase in fecal bifidobacteria concentration (from 8.8, SD 0.9 log10 to 
9.4, SD 0.9 log10 cells/g dry feces p = 0.001). Also the interleukin 10 (IL-10) posi-
tive dendritic cells increased (from 30 to 53 percent, p = 0.06), and the percentage 
of dendritic cells expressing Toll-like receptor 2 (TLR2) and TLR4 increased from 
1.7 to 36.8 percent, p = 0.08, and from 3.6 to 75.4 percent, p = 0.001),56 respectively, 
which offers hope for the future.

Other dietary fibers have also been tried in various groups of abdominal pain. A 
recent Cochrane review was unable to find any evidence that fiber supplements, lac-
tose-free diets, or Lactobacillus supplementation is effective in the management of 
children with recurrent abdominal pain.57 However, a study in adult patients reports 
significant success with fibers other than the classical prebiotics. In one study, 188 
adult patients with IBS were classified as having diarrhea-predominant, constipation-
predominant, or changeable bowel habit type IBS and randomly assigned to groups 
receiving 30 g/day of wheat bran or 5 g/day of guar gum (PHGG).58 After 4 weeks, 
patients were allowed to switch group, depending on their subjective evaluation of 
their symptoms. Both fiber and PHGG were effective in improving pain and bowel 
habits. Significantly more patients switched from fiber to PHGG (49.9 percent) than 
from PHGG to fiber (10.9 percent) at 4 weeks. Intention-to-treat analysis showed a 
significantly greater success in the PHGG group (60 percent) than in the fiber group 
(40 percent). In addition, significantly more patients in the PHGG group reported a 
greater subjective improvement than those in the fiber group. It was concluded that 
improvements in core IBS symptoms were observed with both bran and PHGG, but 
the latter was better tolerated and preferred by patients.58

The capsaicin (chili pepper) receptor (TRPV1) is known to play an important 
role in visceral pain and hypersensitivity states. It is of special interest that the num-
bers of TRPV1-immunoreactive fibers was found to be increased by 3.5 times in 
biopsies from patients with IBS compared with controls (p < 0.0001).59 Substance 
P-immunoreactive fibers (p = 0.01), total nerve fibers (PGP 9.5) (p = 0.002), mast 
cells (c-kit) (p = 0.02), and lymphocytes (CD3) (p = 0.03) were also all significantly 
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increased in the IBS group. However, in multivariate regression analysis, only 
TRPV1-immunoreactive fibers (p = 0.005) and mast cells (p = 0.008) were signifi-
cantly related to the abdominal pain score. The information of increased TRPV1 
nerve fibers in IBS, in addition to the observed low-grade inflammatory response, 
makes TRPV1 nerve fibers an interesting new therapeutic target.59

8.8.7 Plant Fiber to Control Infections

In an effort to prevent nosocomial pneumonia and sepsis, patients with severe 
multiple trauma were treated with beta-1-3 polyglucose (glucan)—a component of 
cell walls of plants and microbes.60 Pneumonia occurred in 2 of 21 glucan-treated 
and in 11 of 20 patients in the control group (p < 0.01). Infectious complications 
(pneumonia and/or general sepsis) occurred in 14 percent of the glucan-supplemented 
patients versus 65 percent in the control group (p < 0.001). Another study compared 
the effects of a high-protein formula enriched with fiber, but also arginine and anti-
oxidants with a standard high-protein formula in early enteral nutrition in critically 
ill patients.61 The supplemented group had, in comparison to nonsupplemented con-
trols, a lower incidence of catheter-related sepsis (0.4 episodes/1,000 intensive care 
unit, ICU, days) than the control group (5.5 episodes/1000 ICU days) (p < 0.001), but 
no differences were observed between the groups in incidence of ventilator-associ-
ated pneumonia, surgical infection, bacteremia, urinary tract infections, mortality, 
and in long-term survival.61

8.9 PlANT FIbErs rICh IN ANTIoxIDANTs

LAB produce themselves and/or release from consumed plants a whole range of 
important vitamins and antioxidants. One important example is the essential B vita-
min, folate, known to have a strong effect in reducing homocysteine and an ability to 
prevent some chronic diseases. Folate is synthesized by LABs, such as Lactococcus 
lactis and Lactobacillus plantarum. Other LABs, however, such as L. gasseri, are 
net consumers of folate. A recent publication describes successful transfer of five 
genes essential for folate biosynthesis from Lactococcus lactis to Lactobacillus gas-
seri, turning L. gasseri into a net producer of folate.62 Anemia, iron deficiency, and 
folate deficiency are common among patients with both acute and chronic diseases, 
such as IBD.63,64

In a pediatric study of 43 patients and 46 controls, plasma total homocysteine 
(tHcy) concentrations were shown to be significantly higher in children with IBD 
than in control subjects (p < 0.05). Furthermore, the level of plasma tHcy levels 
correlated well with observed reductions in plasma 5-methyltetrahydrofolate (p < 
0.0005).65 A similar study in 108 adult patients with IBD and 74 adult healthy con-
trols found significantly lower levels of folate (p < 0.05) in patients with both UC and 
Crohn’s disease (CD).66 Also in this study, the serum concentration of tHcy was sig-
nificantly higher in both groups: UC 15.9 ± 10.3 mmol/l and CD 13.6 ± 6.5 compared 
to controls 9.6 ± 3.4 (p < 0.05).
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The choice of fibers for medical use has probably not considered the content of 
vitamins and antioxidants as it should. Pectin has demonstrated high antioxidant 
ability, but most of the fibers generally used are not particularly rich in antioxi-
dants. Numerous other plant fibers exist that should be considered as medical fibers 
and used either as replacement for or complements to other fibers in various enteral 
nutrition solutions. Plants with documented ability to boost resistance and decrease 
vulnerability to disease, often referred to as chemopreventive agents, are usually 
easily available, inexpensive to produce, rich in fibers, and have no or limited 
toxicity. Among the numerous agents with chemopreventive abilities are a whole 
series of phenolic and other compounds suggested to reduce the speed of aging 
and often documented to prevent degenerative malfunctions of organs: isothiocya-
nates in cruciferous vegetables, epigallocatechin-3-gallate (EGCG) in green tea, 
caffeic acid in coffee, capsaicin in hot chili peppers, chalcones in apples, euginol in 
cloves, gallic acid in rhubarb, hisperitin in citrus fruits, naringenin in citrus fruits, 
kaempferol in white cabbage, myricetin in berries, quercetin in apples and onions, 
resveratrol and other procyanidin dimers in red wine, and various curcumenoids 
found in turmeric curry foods, in addition to thousands of hitherto less explored or 
unexplored substances. Turmeric, dried and powdered roots of the plant Curcuma 
longa, is rich in natural antioxidants, and has proved to be a strong inhibitor of 
proinflammatory messengers, such as NF-κβ, cyclooxygenase-2 (COX-2), matrix 
mettaloproteinase-9 (MMP-9), inducible nitric oxide synthase (iNOS), TNF, IL-8, 
eotaxin, cell surface adhesion molecules, and antiapoptotic proteins.67 (See further 
a recent review.68)

Chili pepper, a herb with high content of flavonoids (>100 mg/100 g), has recently 
caught attention, especially since a specific receptor for its active substance, cap-
saicin, has been demonstrated and cloned.69 The cloning of the vanilloid receptor 
1 (TBRV1) has opened a floodgate for discoveries regarding the function of this 
complex molecule70 and provided explanation for earlier observed clinical effects of 
intake of chili peppers. This receptor is associated with nociceptive afferent nerve 
fibers and broadly expressed, especially in brain, epidermis, and visceral cells. Old 
observations as well as recent studies suggest a great potential of antioxidant-rich 
chili fibers for control the immune cells, both innate and acquired,71 of chronic dis-
eases especially diabetes, both type 1 and 2,72,73 hypertension,74 and cancer,75 as well 
as chronic pain conditions76 and obesity.77

8.10 DIvErsITy IN MICrobIoTA For bArrIEr FuNCTIoN

The gut mucosa and microbiota are intimately joined in the maintenance of a 
well-functioning barrier between the host and the external environment—see further 
two excellent reviews.78,79 The barrier is suggested to be composed of three barriers 
in one: physical, innate immune, and adaptive immune. Emphasis has in the past 
focused mainly on the physical barrier, but tends in more recent years to switch to the 
importance of the innate immune mechanisms, particularly the role of antimicrobial 
peptides, such as defensins and more recently angiogenins.80
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Several plant fibers (prebiotics) and a few LABs (probiotics) have documented 
significant effects in improving both the function of the innate immune system and 
the physical barrier and in increasing resistance to disease. The hope is that com-
bined supply of these components will have synergistic, that is, more than additive, 
effects in boosting the immune system and enforcing the barrier functions. Products 
that combine pre- and probiotics are called synbiotics and treatment using the com-
bination is termed synbiotic treatment.

The term “defense by diversity” was coined in 1999,81 and seems applicable to 
synbiotic treatment. Natural foods supply both LAB and a great variety of plant 
fibers. A recent study concludes that combining several fibers has more than addi-
tive effects on the microbial ecosystem and immune responses,82 and a recent 
review suggest that multispecies probiotics are superior to single-species probiot-
ics to enhance growth, reduce antibiotic-associated diarrhea, prevent infections (S. 
typhimurium) and reduce pathogenic colonization (Escherichia coli).83 The choice 
of pre- and probiotics must be based on scientific evidence (see below). This is espe-
cially important in the selection of LABs, as the majority of LABs have no or much 
limited effects on immune functions and outcome. It is important to remember in 
constructing synbiotic formulations that most of the LABs used by the food industry 
have no or limited ability to ferment bioactive fibers, such as inulin or phlein, no 
ability to adhere to human mucus, low antioxidant capacity, and most important do 
not survive the acidity of the stomach and bile acid content. Stronger bioactivities 
cannot be expected from LABs, such as yogurt bacteria, chosen mainly for their 
palatability. The LAB used in the synbiotic studies must be selected according to 
their bioactivity. Unfortunately, few studies have looked at the synergistic effects of 
simultaneous supply of LAB and fibers—synbiotics.

Although some studies have used various synbiotic compositions, only two such 
compositions have been produced after extensive preclinical studies:

 1. A one LAB/one fiber composition, produced (Probi AB, Lund Sweden) by fermen-
tation of oat meal with L. plantarum strain 299, containing 109 of LAB and approx-
imately 10 g oat fiber.84 In a few studies a commercial fruit juice, PRO VIVA™ 
containing 107 of a related L. plantarum strain called 299V (Skånemejerier, Malmö, 
Sweden), has also been tried.

 2. A four LAB/four fiber composition, called Synbiotic 2000™, consisting in a mix-
ture of 1010 (more recently also a Synbiotic Forte™ with 1011) of each of four LAB: 
Pediacoccus pentosaceus 5-33:3, Leuconostoc mesenteroides 32-77:1, Lactobacillus 
paracasei subsp. paracasei 19, and L. plantarum 2362 and 2.5 g of each of the 
four fermentable fibers (prebiotics): betaglucan, inulin, pectin, and resistant starch 
(Medipharm AB, Kågeröd, Sweden and Des Moines, Iowa).

Lund University microbiologists Åsa Ljungh and Torkel Wadström developed 
this multistrain/multifiber synbiotic formula, which in recent years has been exten-
sively used in clinical trials. The choice of LAB for the formulation was done after 
extensive studies of more than 350 human85 and more than 180 plant microbial 
strains86 and was based especially on the ability of the LAB to produce bioactive 
proteins, transcribe NF-κB, produce pro- and antiinflammatory cytokines, produce 
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antioxidants, and most important to functionally complement each other. In recent 
studies, both the Synbiotic 2000 Forte and a Probiotic 2000 Forte™ (no fiber added), 
containing 1011 of each of the four LABs, that is, 400 billion LAB per dose, have 
been tried. The effects of Synbiotic 2000 have thus far been investigated in a series 
of conditions.

8.10.1 synbiotics in Acute Pancreatitis

In one study, 62 patients with severe acute pancreatitis (SAP) (Apache II scores: 
Synbiotic 2000-treated 11.7 ± 1.9, controls 10.4 ± 1.5) were given either two sachets/
day of Synbiotic 2000 (2 × 40 billion LAB/day and a total 20 g fibers) or the same 
amount of fibers (20 g) as in Synbiotic 2000 during the first 14 days after arrival to 
the hospital. 87 Of 33 patients, 9 (27 percent) in the Synbiotic 2000-treated group and 
15 of 29 patients (52 percent) in the only fiber-treated group developed subsequent 
infections. Of 33 Synbiotic 2000-treated patients, 8 (24 percent) and 14 of 29 (48 
percent) of the only fiber-treated patients developed SIRS (systemic inflammatory 
response syndrome), MOF (multiple organ failure), or both (p < 0.005).88 A total of 7 
pathogenic microorganisms were cultivated in the synbiotic-treated group compared 
to 17 in the fiber-only group.

8.10.2 synbiotics in Polytrauma

In patients with polytrauma, two prospective randomized trials with Synbiotic 
2000 and Synbiotic 2000 FORTE have been concluded. The first study compared the 
following treatments in patients with acute extensive trauma: (1) Synbiotic 2000 (40 
billion LAB/day) with (2) a soluble fiber, (3) a peptide diet (Nutricomp, Braun Inc., 
Germany), and (4) supplementation of glutamine. Treatment with Synbiotic 2000 
led to a highly significant decrease in number of chest infections (4/26 patients, 15 
percent), compared to peptide diet (11/26 patients, 42 percent, p < 0.04), glutamine 
(11/32 patients, 34 percent, p < 0.03), and fiber only (12/29 patients, 41 percent, p < 
0.002).89 The total number of infections was also significantly decreased: Synbiotic 
2000 5/26 patients (19 percent); fiber only 17/29 patients (59 percent); peptide 13/26 
patients (50 percent); and glutamine16/32 patients (50 percent).

In the second study, 65 patients with polytrauma were randomized to receive 
Synbiotic 2000 Forte (400 billion LAB + 10 g fiber, see above) once daily for 15 
days or maltodextrine as placebo. Significant reductions were observed in number of 
deaths (5/35 vs. 9/30, p < 0.02), severe sepsis (6/35 vs. 13/30, p < 0.02), chest infec-
tions (19/35 vs. 24/30, p < 0.03), central line infections (13/32 vs. 20/30, p < 0.02), 
and ventilation days (average 15 vs. 26 days).90 A total of 54 pathogenic microorgan-
isms were cultivated in the symbiotic-treated group compared to 103 in the fiber-
only group.
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8.10.3 synbiotics in Abdominal surgery

In a randomized controlled study, 45 patients undergoing major surgery for 
abdominal cancer were divided into three treatment groups: (1) enteral nutrition 
(EN) + Synbiotic 2000 (LEN), (2) EN + only the fibers in the same amounts (20 g) as 
in Synbiotic 2000 (FEN), and (3) standard parenteral nutrition (PN). All treatments 
lasted for 2 preoperative and 7 days postoperative days. The incidence of postopera-
tive bacterial infections was 47 percent with PN, 20 percent with FEN, and 6.7 per-
cent with LEN (p < 0.05).91 A total of 34 pathogenic microorganisms were cultivated 
in the symbiotic-treated group compared to 54 in the fiber-only group. Significant 
improvements were also documented in prealbumin (LEN, FEN), C-reactive protein 
(LEN, FEN), serum cholesterol (LEN, FEN), white cell blood count (LEN) , serum 
endotoxin (LEN, FEN), and IgA (LEN).

In another prospective randomized, double-blind trial, 80 patients subjected 
to pylorus-preserving pancreatoduodenectomy (PPPD) received twice daily either 
Synbiotic 2000 (2 × 40 billion LAB) or only the fibers in composition from the day 
before surgery and during the first 7 postoperative days.92 A highly significant differ-
ence in infection rate (p = 0.005) was observed as only 5 of 40 patients (12.5 percent) 
in the Synbiotic 2000-treated group suffered infections (4 wound and 1 urinary tract 
infection) versus 16 of 40 (40 percent) in the fiber-only group (6 wound infections, 
5 peritonitis, 4 chest infections, 2 sepsis, and 1 of each of urinary tract infection, 
cholangitis, and empyema). The infecting microorganisms in the symbiotic-treated 
group were Klebsiella pneumoniae (2 patients), Enterobacter cloacae (2 patients), 
Proteus mirabilis (1 patient), and Enterococcus faecalis/faecium (1 patient); in the 
fiber-only group Enterobacter cloacae (8 patients), Enterococcus faecalis/faecium (7 
patients), Escherichia coli (7 patients), K. pneumoniae (2 patients), Staphylococcus 
aureus (2 patients), and Proteus mirabilis (1 patient). Statistically significant differ-
ences between the groups were also observed in use of antibiotics (mean: Synbiotic 
2000; 2 ± 5 days, fiber-only; 10 ± 14 days).

8.10.4 synbiotics in Chronic liver Disease and liver Transplantation

In a study, 58 patients with liver cirrhosis suffering minimal encephalopathy were 
randomized into three treatment groups: Group 1 (20 patients) received Synbiotic 
2000 (40 billion LAB); group 2 (20 patients) received the same amount of the fibers 
in Synbiotic 2000; and group 3 (15 patients) received placebo (nonfermentable, 
nonabsorbable fiber—crystalline cellulose).93 A significant increase in intestinal 
LAB flora was observed after 1 month of supplementation in the synbiotic-treated 
group, but not in the other two groups. Intestinal pH was significantly reduced in 
both treatment groups, but not in the placebo-treated group. Significant decreases 
in fecal counts of Escherichia coli, Staphylococcus, and Fusobacterium, but not 
in Pseudomonas and Enterococcus, and significant decreases in ammonias, endo-
toxins, ALTs (alanine transaminase), and bilirubins (original level 252 ± 182) were 
observed in the Synbiotic 2000-treated group (84 ± 65, p < 0.01) and in the fiber-only 
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treated group (110 ± 86, p < 0.05), while it remained unchanged in the placebo group. 
The improvements in liver function were accompanied by significant improvements 
in psychometric tests and in the degree of encephalopathy.

In a follow-up study by the same group of investigators 30 patients with liver 
cirrhosis were randomized to receive either Synbiotic 2000 or placebo (crystalline 
cellulose) for 7 days.94 Viable fecal counts of Lactobacillus species, Child-Pugh class, 
plasma retention rate of indocyanine green (ICGR15), whole blood TNF-α mRNA, 
IL-6 mRNA, serum TNF-α, soluble TNF receptor (sTNFR)I, sTNFRII and IL-6, and 
plasma endotoxin levels were measured pre- and posttreatment: Synbiotic treatment 
was associated with significantly increased fecal lactobacilli counts and significant 
improvements in plasma retention rate of ICGR15 and stage of liver disease (Child-Pugh 
classification). No significant changes in any study parameter followed placebo treat-
ment, but significant increases in whole blood TNF-α mRNA and IL-6 mRNA, along 
with serum levels of soluble TNF receptors sTNFRI and sTNFRII, were observed in 
the Synbiotic 2000-treated patients. TNF-α and IL-6 levels correlated significantly, 
both at baseline and after synbiotic treatment. Synbiotic-related improvement in 
ICGR15 was significantly associated with changes in IL-6, both at mRNA and protein 
levels, and unrelated to plasma endotoxin values. It was concluded that even short-
term synbiotic treatment can significantly modulate gut flora and improve liver func-
tion in patients with cirrhosis. The observed benefits seemed unrelated to reduction 
in endotoxemia, but could be mediated, at least in part, by treatment-related induction 
of IL-6 synthesis by TNF-α. These results offer great hope that synbiotic treatment 
of patients on the waiting list for liver transplantation might prevent septic episodes, 
improve liver function, and promote successful outcome of surgery.

In another study, 66 patients were randomized to either receive Synbiotic 2000 
or only the fibers in Synbiotic 2000 in connection with human orthotopic liver trans-
plantation. The treatment started on the day before surgery and continued for 14 days 
after surgery. During the first postoperative month only 1 patient in the Synbiotic 
2000-treated group (3 percent) showed signs of infection (urinary infection) com-
pared to 17 of 33 (51 percent) in the patients supplemented with only the four fibers.95 
The infecting organisms in the synbiotic-treated group were Enterococcus faecalis 
in 1 patient and in the only fiber-treated group E. faecalis/faecium in 11 patients, 
E. coli in 3 patients, Enterobacter cloacae in 2 patients, Pseudomonas aeruginosa 
in two patients, and Staphylococcus aureus in 1 patient. The use of antibiotics was 
on average 0.1 ± 0.1 days in the synbiotic-treated patients and 3.8 ± 0.9 days in the 
fiber-only group.

8.10.5 synbiotics in Inflammatory bowel Disease

Daily rectal instillations with Synbiotic 2000 reconstituted in saline were given 
to 10 patients with distal colitis for 2 weeks. One patient withdrew after 1 week; the 
remaining patients showed dramatic improvements in various disease scores during 
the 3 weeks of observation: episodes of diarrhea (decreased from 2.4 to 0.8), visible 
blood in stool (2.2 to 0.8), nightly diarrhea (0.5 to 0), urgency (1.9 to 1.0), and con-
sistency of stool (1.1 to 0.8).96 In the study, 2 patients reported significant bloating 
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and flatulence, but no other adverse or side effects were reported. In another study, 
8 patients with active ulcerative colitis (UC) received a syn biotic composed of 4 × 
1011 freeze-dried Bifido bacterium longum and 6 g of a prebiotic FOS/inulin mix 
called Synergy daily for 4 weeks. These patients were compared to 8 similar patients 
receiving placebo.97 Levels of intestinal bifidobacteria at the end of the study were 
increased 42-fold compared to 4.6-fold in the placebo group. The sigmoidoscopy 
score decreased on average by 1.3 compared to an increase of 0.58 in the placebo (p = 
0.06). The mean histology score was decreased in the synbiotic group and increased 
in the placebo group. However, due to the small size of the patient group, these 
changes were not statistically significant. The bowel habit index scores decreased by 
20.4 percent in the synbiotic group and the scores increased by 70.4 percent in the 
placebo group. Human beta-defensin (hBD) (2, 3, and 4), TNF-α, and IL-1 were all 
decreased after synbiotic treatment, but remained unchanged in the placebo group 
(p = 0.05). These observations are most interesting and promising for future thera-
pies. I fully agree with the statement of the reviewer: “Slowly, the links of diet to the 
intestinal environ ment and the association of the intestinal environment to IBD are 
becoming evident. The prebiotic and probiotic trials reveal the importance of the 
intestinal environment as a potent regulator of IBD activity.”98

8.10.6 synbiotics in short bowel syndrome

Seven malnourished patients aged 2.5 to 24 years with short bowel syndrome 
and refractory enterocolitis received a synbiotic composition consisting ~1 billion 
Bifidobacterium breve and Lactobacillus casei and ~3 g galacto-oligosaccharides 
three times daily for 15 to 55 months.99 Improvement of the flora as a whole (general 
increase in anaerobic bacteria and suppression of pathogenic flora) and an increase in 
fecal content of SCFAs (from an average of 27.8 to 65.09 ~mol/g wet feces) resulted. 
Six of seven patients increased their body weight between 1.0 and 4.2 kg/year. 
Prealbumin was increased in all treated patients (p = 0.05). These results in a small 
study offer hope that other eventually more potent probiotics in combination with 
other fibers and antioxidants will significantly contribute to the quality of life for 
patients with short bowel syndrome.

8.10.7 synbiotics in Irritable bowel syndrome

The effects of twice-daily consumption of a probiotic fruit drink ProViva 
(Skånemejerier, Malmo, Sweden) containing L. plantarum 299v (6 × 107 cfu/drink) 
or placebo for 4 weeks were studied in a controlled study including 40 patients.100 The 
vast majority (95 percent of LAB-treated vs. 15 percent of the placebo-treated patients) 
of individuals in the probiotic consumption group reported general improvement. A 
total of 20 of 20 patients in the LAB-supplemented group and 11 of 20 patients in the 
placebo group (p = 0.0012) reported resolution of abdominal pain. A similar study, 
using the same formula, was performed in patients who received the treatment for 4 
weeks. A significant enhancement of LAB composition in probiotics-supplemented 
patients was described. Flatulence was rapidly and significantly reduced in the LAB-
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treated group, but no difference in bloating was reported between the groups.101 The 
same formula was applied in a cross-over trial of 4 weeks duration in 12 patients. 
A significant reduction in breath hydrogen was registered after 2 hours of ingestion, 
without a change in total hydrogen production or any symptomatic improvement.103 
A total of 68 patients with IBS were treated for 12 weeks with a vitamin and plant 
fiber-enriched diet containing either live or heat-inactivated LAB including 109 each 
of L. acidophilus, L. helveticus, and Bifidobacterium spp.104 Of the patients, 80 and 
40 percent, respectively, reported significant improvements in pain, bloating, consti-
pation, and bowel habits (p < 0.01).

8.10.8 synbiotics in Helicobacter pylori Infections

A clinical trial was carried out in a school in a low socioeconomic area of 
Santiago, Chile. Helicobacter pylori (Hp) positive children were randomly distrib-
uted into four groups: (1) antibiotic treatment (lanzoprazole, clarythromycin, and 
amoxicillin) (Ab) daily for 8 days; (2) 250 mg Saccharomyces boulardii plus 5 g 
inulin (SbI) daily for 8 weeks; (3) 1 billion L. acidophilus LB (LB) daily; or (4) no 
treatment.105 A 13C-urea breath test (13C-UBT) was performed before and after the 
study and the differences in 13CO2 over baseline were calculated (DDOB). Hp was 
eradicated in 66, 12, and 6.5 percent of the children from the Ab, SbI, and LB groups, 
respectively, while no spontaneous clearance was observed in the children without 
treatment. A moderate but significant difference in DDOB was detected in children 
receiving living SbI (76.31; 95 percent CI: 711.84 to 70.79), but not in those receiving 
LB (+0.70; 95 percent CI: 75.84 to +7.24). Although more studies are needed to con-
firm the effects and elucidate the mechanisms, it is clearly an interesting observation 
that Hp infection was eradicated in 12 percent of synbiotic-treated and 6.5 percent of 
probiotic-treated Hp-infected children. It is likely that other LAB and larger doses of 
both LAB and prebiotics might achieve much stronger effects.

8.10.9 synbiotics in Allergy

A synbiotic combination of L. casei subsp. casei + dextran prevented cedar pol-
len-induced nasal and ocular symptoms, increased cedar pollen-specific IgE, and 
increased the number of eosinophils.106

In another randomized study, children > 2 years with atopic dermatitis received 
either potato starch and L. rhamnosus-based synbiotics or the prebiotic alone three 
times a day for 3 months. The disease score decreased with synbiotic treatment from 
39.1 to >20.7 (P < 0.0001), and with prebiotic treatment from 39.3 to 24.0 (P < 0.0001). 
No difference was observed after 3 months of treatment (P = 0.535).107

8.10.10 synbiotics in Prevention of Cancer

A synbiotic preparation consisting of oligofructose- enriched inulin (12 
g) (SYN1), L. rhamnosus GG (LGG), and B. lactis Bb12 (BB12) (1010 cfu), was 
recently administered in a 12-week randomized, double-blind, placebo-controlled 



LaCtiC aCid baCteria and PLant fibers 183

trial including 37 patients with colon cancer and 43 polypectomized patients.108 The 
intervention resulted in significant changes in the fecal microbiota, including eleva-
tions of Bifidobacterium spp. and Lactobacillus spp. and reductions of Clos tridium 
perfringens. The intervention re duced colorectal proliferation, the capacity of fecal 
water to induce necrosis in colonic cells, and improved epithelial barrier func tion 
in polypectomized patients. Genotoxicity assays of colonic bi opsy samples at the 
end of the intervention period indicated a decreased exposure to genotoxins in the 
polypectomized patients. Syn biotic consumption prevented an increased secretion 
of IL-2 by peripheral blood mononuclear cells in the polypectomized pa tients and 
increased the production of interferon-gamma (IFN-γ) in the patients with colon 
cancer. It was concluded that several colorectal cancer biomarkers may be favorably 
altered by synbiotic intervention.

8.11 TrEATMENT-rEsIsTANT CoNDITIoNs

Treatment with synbiotics has failed in two types of patients: those with CD and 
general intensive care patients.

8.11.1 Crohn’s Disease

Attempts in the past to affect CD by probiotic interventions have generally failed. 
Daily oral administration of 1010 of the probiotic LA1, even when instituted early after 
ileo-cecal resection, failed to exert any protective effect on early endoscopic recur-
rence in patients with CD. The histological score, the serum inflammatory param-
eters, and the clinical relapse rate were similar to those of the controls.109 Two studies 
with Synbiotic 2000 have also ended with negative outcome. In one study, after an 
initial treatment with infliximab, 63 patients were randomized to daily receive either 
Synbiotic 2000 or crystalline cellulose as placebo.110 Median time to relapse was 9.8 
and 10.1 months, respectively. In a second study, patients following surgery were 
supplemented with either Synbiotic 2000 or crystalline cellulose as placebo. In the 
synbiotic-treated group, 7 patients completed the scheduled 24-month treatment, as 
did and 2 patients in the placebo group.111 No differences were observed between the 
two groups either in endoscopic findings or rate of clinical relapse. After 3 months of 
treatment, the Rutgeerts disease scores were 0.6 ± 0.8 in the synbiotic-treated group 
and 0.8 ± 1 in the placebo group (NS).

8.11.2 general Intensive Care Patients

Two large studies have been performed in a general intensive care population: 
one with Synbiotic 2000 and one with Synbiotic 2000 Forte. Synbiotic 2000 (40 bil-
lion LAB) was given to 162 patients and only the fibers in the synbiotic composition 
to 168 patients. No difference was observed in mortality or in multiorgan dysfunc-
tion.112 In the other study Synbiotic 2000 Forte was supplemented to 130 patients 
twice a day throughout the whole intensive care unit stay (2 × 400 billion LAB) and 
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compared to 129 patients supplemented with a cellulose-based placebo. No statisti-
cal difference was demonstrated between the groups in the incidence of ventilator-
associated pneumonia (VAP) (9 and 13 percent, P = 0.31), the rate of VAP per 1,000 
ventilator days (13 and 14.6, p = 0.73), and hospital mortality (27 and 33 percent, p 
= 0.32).113

8.12 ChoICE oF lACTIC ACID bACTErIA As ProbIoTICs

Only a few probiotic strains have thus far shown ability to eliminate or reduce 
unwanted proinflammatory molecules, such as AGE, ALE, glutenoids, and heterocy-
clic amines, from food. Furthermore, only a minority of several hundred tested pro-
biotic strains have demonstrated ability to suppress inflammation in the body, when 
supplemented. Especially desirable strains are those that improve immune function 
by increasing the number of IgA-producing plasma cells, improve phagocytosis, and 
the proportion of Th1 cells and NK cells.114 The genetic differences between differ-
ent LAB are large, said by some to be larger than those between fish and humans. 
The choice of probiotics for clinical use is critical, especially as strains that carry 
the same name have often different and sometimes opposite effects. A recent study 
selected 46 strains of Lactococcus lactis from about 2,600 LAB and compared their 
ability to induce production of cytokines.115 Even if the different strains carry the 
same name, their ability to produce pro- and antiinflammatory cytokines varies 
widely, which seems to underline the importance of a meticulous choice for clini-
cal studies and use. Some strains, however, are more likely to have strong clinical 
effects; among them are such strains as Lactobacillus paracasei subsp paracasei, 
L. plantarum, and Pediococcus pentosaceus. Especially L. paracasei has a solid 
record. It has been shown to induce cellular immunity and stimulate production of 
suppressive cytokines, such as transforming growth factor beta (TGF-β) and Il-10 
and to suppress Th2 activity and CD4 T cells,116,117 to suppress splenocyte prolif-
eration,118 and to decrease antigen-specific IgE and IgG1.119 Lactobacillus paracasei 
was also shown to be the strongest inducer of Th1 and repressor of Th2 cytokines 
when more than 100 were compared.120 A recent study in rats compared the ability 
of four different strains: L. paracasei, L. johnsonii, B. longum, or B. lactis to control 
Trichinella spiralis-induced infection; only L. paracasei but not the other LAB was 
able to reduce the infection-associated Th2 response, muscle levels of TGF-β, COX-
2, and PGE2, and attenuate infection-induced muscle hypercontractility.121 An even 
more recent study compared three probiotic strains—B. lactis NCC362, L. johnsonii 
NCC533, and L. paracasei NCC2461—and their effects on stress-induced changes 
in gut permeability and on sensitivity to colorectal distension. Again, only L. para-
casei but not the other LAB significantly prevented visceral hyperalgesia, reduced 
visceral pain, and restored normal gut permeability.122 However, L. plantarum also 
has an excellent record. When the ability of 50 different LAB to control 23 differ-
ent Clostridium difficile strains was studied, only L. paracasei and L. plantarum 
were effective in eliminating all C. difficile strains; more than half of the tried LAB 
strains were totally ineffective, and some against only a few.123 Some LAB can be 
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potentiated by simultaneous supply of prebiotic fibers (probiotics + prebiotics = synbi-
otics), but there are great differences in their ability to utilize semifermentable fibers 
such as oligofructans. When 712 different LAB strains were tested, only a handful 
demonstrated ability to ferment inulin and phlein, namely, L. plantarum (several), L. 
paracasei subsp. paracasei, L. brevis, and Pediococcus pentosaceus.124

8.13 CoNClusIoNs

Aging and various chronic diseases are all associated with an increasingly 
deranged function of the neuroendocrine axis resulting in an increased status of 
systemic inflammation.125–128 This affects the intestinal microbiota, which become 
reduced both in diversity and numbers. Continuous supplementation of pro- and 
synbiotics, as well as plant fibers and antioxidants, provides a promising alterna-
tive to suppress systemic inflammation, reduce the risk of developing other chronic 
diseases or complications to disease, and to considerably improve quality of life. 
Treatment with lactic specific LAB and plant fibers (Synbiotic 2000) has shown a 
unique ability to suppress inflammation in animal models—neutrophil accumulation 
in tissues, release of markers of inflammation: myeloperoxidase, malondialdehyde, 
nitric oxide—and to prevent destruction of tissues.129 This offers great hope for the 
future.
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9.1 INTroDuCTIoN

9.1.1 Definition of Probiotics

As defined by the Food and Agriculture Organization of the United Nations 
(FAO) and the World Health Organization (WHO) in 2002, probiotics are: “Live 
microorganisms which when administered in adequate amounts confer a health 
benefit on the host.” Probiotics (literally “for life”) are friendly bacteria or yeasts 
and are a concept in contrast to antibiotics. Lactobacilli and bifidobacteria are the 
most common probiotic bacteria, but the yeast Saccharomyces cerevisiae and some 
Escherichia coli strains are also used as probiotics. Probiotics can be found in the 
form of food or dietary supplements in the United States. Potential health benefits 
from probiotics may vary depending on the type of probiotics consumed.

9.1.2 Lactobacillus

Lactobacillus is a genus of Gram-positive, nonspore-forming, catalase-negative, 
facultative anaerobic or microaerophilic rods, which commonly produce lactic acid 
as their major metabolite. Lactobacilli are widespread in nature, found in human and 
other animal digestive systems. At present, more than 125 Lactobacillus species have 
been identified. Some Lactobacillus species aid in production of “fermented foods,” 
such as pickles, kimchi (kimchee), cheese, yogurt, and fermented milk. Lactobacilli 
have been used to enhance the storage stability of foods and improve taste, but 
recently attention has been paid to their beneficial effects on human health.

9.1.3 Lactobacillus casei

Lactobacillus casei is broadly distributed in nature and isolated from dairy prod-
ucts, silage, and the intestinal tracts of various animals. This particular species, L. 
casei, is suggested to have a wide range of pH and temperature. The most common 
application of L. casei is industrial, specifically for dairy production. Lactobacillus 
casei is typically the dominant species of nonstarter lactic acid bacteria used in the 
manufacture of fermented dairy beverages.

Several stains of L. casei have been found, and many aspects of their biological 
activities have been intensely studied.

9.1.4 Lactobacillus casei strain shirota

In 1930, Dr. Minoru Shirota was at the Microbiological Laboratory of Kyoto 
Imperial University’s School of Medicine, where he successfully cultured a bacterial 
strain that was able to survive throughout the intestines. This strain, selected from 
a large collection of lactic acid bacteria, was later named Lactobacillus casei strain 
Shirota and was found to act as a probiotic agent (Figure 9.1).
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9.1.5 Focus Point in This Chapter

There are more than 70 years of research studies that indicate the various health 
benefits of regular consumption of L. casei Shirota, including regulation of the diges-
tive tract and strengthening of the immune system. Nowadays the research field is 
expanding more and more to include prevention of infection, allergies, autoimmune 
diseases, and several cancers.

In this chapter, recent human studies conducted not only in Japan, but also in 
other countries, are presented. (Please see Reference 1 for more information on the 
reviews of L. casei Shirota.)

9.2 MoDIFICATIoN oF INTEsTINAl FuNCTIoN

9.2.1  Lactobacillus casei shirota reaches the Intestines Alive and 
Modifies the Composition of Intestinal Flora in humans

Matsumoto et al.2 investigated the effect of consumption of a probiotic milk prod-
uct containing 4.0 × 1010 cells of L. casei Shirota for 2 weeks on the gastrointestinal 
tract of 40 healthy Japanese subjects. Over 1.0 × 107 colony-forming units (CFU)/g 
feces of L. casei Shirota was recovered, and the number of bifidobacteria and their 

Figure 9.1  scanning electron microscopy of L. casei shirota. the cells of L. casei shirota are 
about 0.5 µm in diameter and about 1.5 µm in length (original magnification ×17,000). 
(Photo courtesy of yakult Central institute for Microbiological research.)
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percentage in the total number of fecal bacteria increased significantly compared 
with the levels before intake.

Tuohy et al.3 conducted a double-blind, placebo-controlled study with 20 
healthy European volunteers to investigate the effect of consumption of two 65 mL 
bottles of fermented milk (6.5 × 109 CFU of L. casei Shirota/bottle) for 3 weeks on 
the survival of the probiotic in the gastrointestinal tract. After 7 days of fermented 
drink intake, L. casei Shirota was recovered from the test group’s fecal samples at 
107.1 ± 0.4 CFU/g feces (mean ± SD) and numbers were maintained at this level for 3 
weeks (Figure 9.2).

Spanhaak et al.4 performed a similar study to assess the effect of consumption 
of a fermented drink containing L. casei Shirota in healthy Europeans. The treat-
ment group (n = 10) received 100 mL of a fermented milk containing 1.0 × 109 
CFU/mL three times a day, while the control group (n = 10) was given the same 
amount of unfermented milk (placebo) in the same manner. As a result, more 
than 1.0 × 107 CFU/g feces of L. casei Shirota were recovered, and the significant 
increase of Bifidobacterium was found in comparison to the placebo group.

Shioiri et al.5 investigated the effect of consumption of L. casei Shirota and 
transgalactosylated oligosaccharides on the microflora of elderly Japanese sub-
jects. The volunteers were administered a fermented milk beverage containing 
L. casei Shirota at 3.0 × 1010 CFU/bottle and 2.5 g of transgalactosylated oli-
gosaccharides once a day for 2 weeks. By weeks 1 and 2 of ingestion of the fer-
mented milk beverage, the numbers of fecal Bifidobacterium and Lactobacillus 
were significantly higher than those of the placebo group. On the other hand, the 
numbers of fecal lecithinase-positive Clostridium and Enterobacteriaceae in the 
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Figure 9.2  survivability of L. casei shirota in feces by drinking of a fermented milk bever-
age containing L. casei shirota. Healthy subjects drank two 65-mL bottles of 
fermented milk for 3 weeks. on days 7, 14, 21, and 28 after subjects stopped 
drinking sample for 7 days, the fecal numbers of L. casei shirota were measured. 
each black circle represents the mean value of Log10 Cfu/g feces, and each 
bar expresses standard deviations (error bar). (from tuohy, k.M. et al., J. Appl. 
Microbiol., 102, 1026–1032, 2007. With permission.3)



ProbiotiCs 197

L. casei Shirota group were significantly lower than those of the placebo group 
(Figure 9.3).

These results suggest that L. casei Shirota reached the intestines alive in both the 
Japanese and European subjects, and modified the composition of the intestinal flora.

9.2.2  suppression of the Intestinal Production and 
Accumulation of Putrefactive substances

Proteins we ingest are degraded by intestinal bacteria into potentially toxic 
metabolites, such as ammonia, and phenolic compounds, such as p-cresol. These 
metabolites cause intestinal putrefaction and are related to the pathogenesis of cer-
tain diseases. It has also been shown that these metabolites undergo further hepatic 
transformation, and their metabolites are then excreted in the urine.

To evaluate the effect of ingestion of L. casei Shirota on intestinal putrefaction, a ran-
domized, placebo-controlled, cross-over study was conducted on 19 healthy European 
subjects. Healthy volunteers were administered a probiotic beverage containing 6.5 × 
109 cells of L. casei Shirota or placebo drink for 2 weeks twice daily.6 By ingesting L. 
casei Shirota, the urinary excretion of 15N, which is a biomarker of NH3, and p-[2H4] 
cresol, were significantly lower compared with ingestion of placebo (Figure 9.4).
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Figure 9.3  Change of the intestinal flora in healthy elderly people by drinking a fermented 
beverage containing L. casei shirota and transgalactosylated oligosaccharides. 
Healthy elderly subjects were administered a fermented milk drink beverage (gray 
circles) or placebo (black circles) once a day for 2 weeks. before and after intake 
of a fermented drink or placebo, feces were collected and the number of each 
bacterium was measured. (from shioiri, t. et al., Biosci. Microflora, 25, 137–146, 
2006. With permission.5)
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These results suggest that oral administration of L. casei Shirota suppressed the 
intestinal production and accumulation of putrefactive substances, such as NH3 and 
p-cresol.

9.2.3 Improvement of bowel Movement

Koebnick et al.7 investigated the effect of the daily intake of a fermented milk 
beverage containing L. casei Shirota (6.5 × 109 CFU/bottle) on the gastrointesti-
nal symptoms in patients with chronic constipation by conducting a double-blind, 
placebo-controlled, randomized study in Europe. The consumption of a fermented 
milk drink containing L. casei Shirota for 2 weeks resulted in a significant improve-
ment in the self-reported severity of constipation and stool consistency. At the end 
of the 4 weeks, although the occurrence and degree of flatulence or bloating sensa-
tion did not change, the occurrence of moderate and severe constipation was signifi-
cantly improved by ingesting a fermented milk drink containing L. casei Shirota 
(Figure 9.5).

It has also been reported that ingestion of 4.0 × 1010 cells of L. casei Shirota for 
2 weeks was effective for the Japanese subjects to improve defecation frequency, the 
stool smell, and the feeling of completion of voiding.2 These results suggest that L. 
casei Shirota improved the state of bowel movements, and may contribute to people’s 
quality of life.
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Figure 9.4  suppression of putrefaction products by intake of L. casei shirota. Healthy sub-
jects ingested a probiotic drink or placebo for 2 weeks twice daily. before and 
after intake of probiotic beverage (black bar) or placebo (gray bar), urines were 
collected and 15n and p-[2H4]-cresol were measured. (from de Preter, V. et al., Br. 
J. Nutr., 92, 439–446, 2004. With permission.6)
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9.3 IMMuNoMoDulATory EFFECTs

9.3.1 Normalization of Natural killer Cell Activity

Natural killer (NK) cells are a type of cytotoxic lymphocyte that constitutes a 
major component of the innate immune system. NK cells play an important role in the 
rejection of tumor cells and cells infected by viruses. As for the relationship between 
the level of NK cell activity and the occurrence rate of cancer, it has been reported 
that men and women with low NK cell activity were more likely to develop cancer.8

Takeda et al.9 studied whether or not the habitual intake of fermented milk con-
taining 4.0 × 1010 cells of L. casei Shirota for 3 weeks would increase NK cell activ-
ity in Japanese subjects. This study was conducted on volunteers who had relatively 
low NK cell activity. The result was that NK cell activity significantly increased, and 
the elevated NK cell activity was maintained 3 weeks after cessation of intake.

Morimoto et al.10 investigated the effect of NK cell activity by supplementation of 
fermented milk containing 4.0 × 1010 cells of L. casei Shirota for 3 weeks in Japanese 
habitual smokers. It has been reported that habitual smoking significantly reduces 
NK cell activity.11 By ingesting fermented milk containing L. casei Shirota, average 
NK cell activity in the test group was significantly higher than that of placebo.

On the other hand, Spanhaak et al.4 has reported that oral intake of fermented 
milk drink containing L. casei Shirota for 4 weeks did not affect the immune sys-
tem, including NK cell activity in healthy volunteers.

These results suggest that L. casei Shirota augmented NK cell activity only in 
subjects with low NK cell activity, and did not affect healthy subjects with normal 
NK cell activity. So, it may be important to take L. casei Shirota continuously to 
maintain innate immunity.
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Figure 9.5  improvement of constipation by drinking of fermented milk containing L. casei shirota. 
Patients with chronic constipation were administered a 65-mL fermented beverage 
(black bar) or placebo (gray bar) for 4 weeks. after that, all patients were questioned 
on gastrointestinal symptoms and stool habits. (from koebnick, C. et al., Can. J. 
Gastroenterol., 17, 655–659, 2003. With permission.7)



200 Handbook of PrebiotiCs and ProbiotiCs ingredients

9.3.2  Possibilities That L. casei shirota Protects 
against Allergic rhinitis

Ivory et al.12 investigated the effect of the daily ingestion of a fermented milk bev-
erage containing L. casei Shirota (6.5 × 109 CFU/bottle) over a period of 5 months on 
seasonal allergic rhinitis in 20 people by conducting a double-blind, placebo-controlled 
study. First, the antibody levels of the plasma were measured; next, the peripheral blood 
mononuclear cells were cultured; and finally, their cytokine levels were measured. By 
intake of a fermented milk drink containing L. casei Shirota, the level of specific 
immunoglobulin G (IgG) increased while the level of IgE decreased. Furthermore, 
ingestion of the fermented drink decreased the production of antigen-induced interleu-
kin 5 (IL-5), IL-6, and interferon gamma (IFN-γ). These results suggest that L. casei 
Shirota modulated the immune response in allergic rhinitis, but further studies are 
needed to investigate the effect of L. casei Shirota on allergic rhinitis symptoms.

Tamura et al.13 conducted a randomized, double-blind, placebo-controlled trial 
in subjects with allergic rhinitis triggered by Japanese cedar pollen. Subjects were 
given a fermented beverage containing 4.0 × 1010 CFU of L. casei Shirota or a 
placebo drink for 8 weeks. Consequently, oral administration of L. casei Shirota 
delayed the deterioration of nasal symptoms by 1 week, compared to the placebo 
group. In comparing the subgroups of mild and moderate-to-severe nasal symptoms, 
the nasal symptom scores in moderate-to-severe cases in the L. casei Shirota group 
were lower than that of placebo group at 4 and 5 weeks. These results suggest that 
L. casei Shirota may delay the onset of the allergic symptoms in patients with mod-
erate-to-severe scores.

9.4 ANTITuMor EFFECTs

9.4.1 Preventive Effect on the recurrence of bladder Cancer

Aso et al. have reported that L. casei Shirota preparation (Biolactis® Powder, BLP, 
which contains 1.0 × 1010 cells of viable L. casei Shirota per gram, Yakult Honsha, 
Tokyo, Japan) was effective for reducing the recurrence of bladder cancer.14,15

Ohashi et al.16 conducted an epidemiological study on the effect that lifestyle 
habits (such as smoking or habitual intake of a fermented drink containing L. casei 
Shirota) has on the risk of developing bladder cancer. Smoking was concluded to be 
a 1.6 times higher risk factor than not smoking, and a frequent intake of this probi-
otic beverage (once to twice a week) was related to about 50 percent reduction risk 
of bladder cancer compared to occasional intake of L. casei Shirota (once to twice 
a month).

9.4.2 Preventive Effect on Colorectal Cancer

Ishikawa et al.17 investigated whether the administration of dietary fiber and L. 
casei Shirota prevented the occurrence of colorectal tumors. The subjects in this 
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study were 398 Japanese, at the time free from tumor and who previously had at 
least two colorectal tumors removed. They were randomly assigned to four groups 
and were administrated wheat bran (7.5 g/day), L. casei Shirota preparation (3.0 × 
1010 cells/day), both, or neither. The primary end point was the presence or absence 
of new colorectal tumor(s) diagnosed by colonoscopy after 2 and 4 years. There were 
no significant differences in the development of new colorectal tumors with adminis-
tration of either wheat bran or L. casei Shirota preparation after 2 years (20 percent 
risk reduction), but the occurrence rate of tumors with a grade of moderate atypia or 
higher was significantly decreased by ingestion of L. casei Shirota preparation after 
4 years (35 percent risk reduction) (Figure 9.6). These results suggested that L. casei 
Shirota may prevent development of colorectal tumors.

9.5 ClINICAl APPlICATIoNs

Barrett et al.18 studied the effect of daily intake of a fermented milk drink con-
taining L. casei Shirota (6.5 × 109 CFU/bottle) for 6 weeks on small intestinal bac-
terial overgrowth (SIBO) of 18 patients with irritable bowel syndrome (IBS). SIBO 
occurs in up to 78 percent of patients with IBS, and may be directly related to the 
genesis of IBS symptoms.19 To evaluate SIBO, a lactulose breath test was conducted. 
By ingesting a fermented milk beverage containing L. casei Shirota, the median 
time of the first rise in breath hydrogen increased significantly from 45 to 75 min 
(Figure 9.7). While there was no significant result for bloating, a significant improve-
ment was seen in the passage of wind.
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Figure 9.6  reduction in the risk of colorectal tumors by intake of L. casei shirota. subjects 
who had at least two colorectal tumors surgically removed previously were given 
L. casei preparation (biolactis®), wheat bran, both, or neither. before the experi-
ment (white bar) and after 2 years (gray bar) and 4 years (black bar), endo-
scopic investigation was undergone. as a baseline, the risk of not taking L. casei 
shirota was taken as “1.00.” after 4 years, the relative risk was significantly (p 
< 0.05) lower than that of baseline. (from ishikawa, H. et al., Int. J. Cancer, 116, 
762–767, 2005. With permission.17)
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Candy et al.20 reported a case study that L. casei Shirota is effective for the 
patient with short bowel at 12 months of age. Short bowel syndrome is characterized 
by impaired digestion and absorption mainly due to extensive bowel resection. The 
subject ingested 15 mL of a fermented milk beverage containing more than 1.5 × 109 
cells of L. casei Shirota three times a day. As a result, abundant L. casei Shirota was 
detected from patient’s stool after 3 days, stool frequency decreased from 12 to 4 per 
day, and the concentration of sodium in the urine increased. After 2 years of taking 
L. casei Shirota, the patient’s development became normal.

Matsuzaki et al.21 conducted a study to determine whether or not consump-
tion of fermented milk containing L. casei Shirota is effective for patients 
with human T-cell lymphotropic virus type-1-associated myelopathy (HAM) 
or tropical spastic paraparesis (TSP). It has been reported that HAM/TSP is 
a chronic progressive myelopathy.22 The precise mechanism that causes HAM/
TSP is not clear, but it is thought that virus–host immunological interactions are 
most important in causing this disease. In the study, 10 patients with HAM/TSP 
were administered 4.0 × 1010 cells of L. casei Shirota twice a day for 4 weeks. 
Significant improvement of urinary symptoms and spasticity were seen after L. 
casei Shirota administration.

Naito et al.23 evaluated whether or not L. casei Shirota could enhance the effect of 
epirubicin (an anticancer drug). After transurethral resection for superficial bladder 
cancer, patients were randomly administered either epirubicin intravesically or epiru-
bicin intravesically plus oral administration of L. casei Shirota preparation (3 g/day) 
for 1 year. As a result, there were no serious adverse drug reactions in either group, 
and the 3-year recurrence-free rates in the epirubicin plus L. casei Shirota group were 
significantly higher than that of the epirubicin group (74.6 percent vs. 59.9 percent).
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Figure 9.7  increase of the mean time of first rise of hydrogen in breath by intake of L. casei 
shirota. Patients with irritable bowel syndrome were administered a fermented 
milk drink for 6 weeks. before and after ingestion of a fermented beverage, a 
lactulose breath test was undergone. the median time of first rise in breath hydro-
gen before and after intake of probiotic drink was 45 and 75 min, respectively. 
(from barrett, J.s. et al., World J. Gastroenterol., 14, 5020–5024, 2008. With 
permission.18)
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9.6 CoNClusIoNs

Lactobacillus casei Shirota was found to have various biological activities 
through its use in human trials conducted both in Japan and in other countries. 
Now, the beneficial effects of L. casei Shirota have been acknowledged not only 
for healthy subjects, but also for patients suffering from various diseases. In some 
studies, a randomized, double-blind, placebo-controlled clinical trial is needed to 
definitively prove the effectiveness of L. casei Shirota.
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Prebiotics and lipid Metabolism

Jonathan E. Teitelbaum

10.1 INTroDuCTIoN

Coronary heart disease (CHD) is a major cause of morbidity and mortality in 
industrialized countries. Several epidemiologic and clinical studies reveal a posi-
tive correlation between elevated total serum cholesterol levels, mainly reflecting the 
low-density lipoprotein (LDL) cholesterol fraction, and risk of CHD.1 Specifically, 
large-scale epidemiologic surveys suggest that elevated fasting triglyceride levels 
are associated with a greater risk of CHD, and that this effect is independent of any 
association with high-density lipoprotein (HDL) cholesterol.2 Elevated postprandial 
triglyceride concentrations may also predict CHD risk.3,4 Intervention studies have 

CoNTENTs

10.1 Introduction ..................................................................................................209
10.2 Cholesterol Metabolism ................................................................................ 210
10.3 Bile Acid Metabolism ................................................................................... 211
10.4 Probiotics and Lipid Metabolism .................................................................. 212
10.5 Prebiotics and Lipid Metabolism .................................................................. 213

10.5.1 Experimental (Animal) Studies ........................................................ 213
10.5.2 Human Studies .................................................................................. 214

10.6 Mechanism by Which Prebiotics Exert Their Effect on Lipid 
Metabolism ................................................................................................... 215
10.6.1 Effects on Hepatic Cholesterol Synthesis ......................................... 215
10.6.2 Fermentation Products as Mediators of the Systemic Effects .......... 215
10.6.3 Increase in Cholesterol Excretion ..................................................... 216
10.6.4 Effect on Bacterial Flora .................................................................. 216

10.7 Conclusion .................................................................................................... 217
References .............................................................................................................. 217



210 Handbook of PrebiotiCs and ProbiotiCs ingredients

then gone on to prove that reduction in total plasma cholesterol levels in patients with 
primary hypercholesterolemia can lower the incidence of coronary thrombosis.5

Various drugs have been developed to regulate cholesterol metabolism based on 
our current understanding of the key enzymes, receptors, and transporters in choles-
terol biosynthesis and transfer.6 In addition, current dietary strategies for prevention 
of CHD include low fat/low saturated fat diets.7 Although these diets seem effec-
tive, they are difficult to maintain on a long-term basis and their efficacy diminishes 
over time. Alternative dietary interventions include the use of soluble fibers, soy 
protein, plant sterols, probiotic bacteria, and prebiotic compounds.8 The effect of 
prebiotics on lipid metabolism in animal and human studies has been the subject 
of various reviews.9–12 Indeed, a study in which inulin was added to a moderately 
high carbohydrate/low fat diet was shown to decrease hepatic lipogenesis and plasma 
triacylglyceride concentrations.13 More to the point, a study of the effects of inulin on 
atherosclerotic plaque formation in male apo E deficient mice revealed the prebiotic 
group to have 32 to 25 percent less atherosclerotic lesion area than controls.14

10.2 CholEsTErol METAbolIsM

Cholesterol is important in cell membranes, as well as acting as a precursor mol-
ecule for the synthesis of steroid hormones, vitamin D, and bile salts. It is derived 
from the diet or synthesized within the body. The typical human diet contains 200 
to 500 mg of cholesterol. Cholesterol also enters the intestine via bile (800 to 1,200 
mg/day) and desquamated intestinal epithelial cells (300 mg/day). Between 30 and 
60 percent of intestinal cholesterol is absorbed, with losses occurring through unab-
sorbed bile salts or dietary cholesterol, as well as through sebum. Approximately 
900 mg of cholesterol needs to be synthesized daily to balance out losses.15 The prin-
cipal sites of cholesterol synthesis are in the liver and central nervous system.

The principal plasma lipoproteins are the chylomicrons, very low density lipo-
proteins (VLDL), LDL, and HDL. Chylomicrons are rich in triglycerides and are 
secreted by enterocytes into the lacteals of the intestine and enter the blood from 
lymph. Triglyceride is the principal fat in the diet and is absorbed from mixed micelles 
formed in the intestinal lumen as fatty acids and monoglycerides after hydrolysis by 
intestinal and pancreatic lipases. In the enterocyte, triglyceride is resynthesized and 
complexed with Apo B48 to form chylomicrons. Short-chain fatty acids escape this 
process and enter the portal vein directly. Free cholesterol is largely reesterified and 
packaged with the triglyceride to form the core of the chylomicron.

Once chylomicrons enter the circulation they come in contact with lipoprotein 
lipase on the luminal surface of the vascular epithelium of skeletal muscle, adipose 
tissue, and lactating breast. This enzyme hydrolyzes the triglyceride in the chylomi-
cron which then becomes smaller, cholesterol-rich chylomicron remnants. The fatty 
acids and monoglycerides released are then taken up by local adiposites, myosites, 
or hepatocytes. The remnants are also taken up by the liver.

The liver also exports cholesterol to the tissue via secreted VLDL and to a lesser 
degree as HDL. Triglycerides that cannot be accommodated in VLDL accumulate in 
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the liver giving rise to fatty liver disease. Once in the circulation, VLDL accepts cho-
lesterol ester from HDL and LDL. This transfer occurs because of CETP (cholesteryl 
ester transfer protein) in human plasma. Other species, such as the rat, which has 
lower levels of circulating LDL, do not contain the CETP. Of note, another interspe-
cies difference in cholesterol metabolism is that in humans the liver secretes largely 
unesterified cholesterol, whereas in the rat it is esterified before secretion. During its 
circulation, VLDL undergoes progressive removal of triglyceride from its core by 
lipoprotein lipase leaving smaller cholesterol-rich LDL. The LDL is small enough to 
cross the vascular epithelium to supply tissues with cholesterol. In the adult human, 
HDL can transfer excess cholesterol from the tissue back to the liver.

10.3 bIlE ACID METAbolIsM

Cholic and chenodeoxycholic acids are the two primary bile acids of humans and 
are synthesized from cholesterol. The first reaction in bile acid synthesis is catalyzed 
by a liver-specific microsomal cholesterol 7α-hydroxylase. This enzyme is regulated 
in part by negative feedback of bile acids returning by way of the portal vein dur-
ing their enterohepatic recycling. However, different bile acids vary in the strength 
of this negative feedback, so that whereas primary bile acids successfully down-
regulate synthesis, those with a 7β-hydroxy group, such as ursodeoxycholic acid, 
do not. Factors that influence cholesterol 7α-hydroxylase activity cause concomitant 
changes in 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the 
rate-limiting enzyme for cholesterol synthesis. This allows for maintenance of a con-
stant cholesterol pool size. After the synthesis of 7α-hydroxycholesterol, modifica-
tions to the steroid nucleus result in oxidoreduction and hydroxylation. The final step 
is the conjugation of cholic and chenodeoxycholic acids to the amino acids glycine 
and taurine within peroxisomes.

The final products, referred to as primary bile acids, are secreted in canalicular 
bile and stored in gallbladder bile. The gallbladder concentrates the bile and releases 
it into the duodenum during meals. This raises the intraluminal concentration of 
bile salts above the critical micellar concentration, allowing formation of micelles 
(macromolecular aggregates with phospholipids and cholesterol). Micelles promote 
solubilization of nonpolar dietary constituents and assist in the delivery of lipids to 
the intestinal absorptive surface.

Bile acids are efficiently absorbed in the distal ileum by a carrier-mediated trans-
port mechanism, returning to the liver by the portal vein. The total bile acid pool cir-
culates approximately twice with each meal. Bacterial enzymes metabolize primary 
bile acids to secondary bile acids with different physicochemical characteristics. 
7α-Dehydroxylation of cholic and chenodeoxycholic acids results in the formation 
of the secondary bile acids deoxycholic and lithocholic acids, which are relatively 
insoluble and thus poorly absorbed. They make up the largest proportion of fecal 
bile acids. The large portion (95 percent) of bile acids that are reabsorbed results in 
feedback inhibition of new bile acid synthesis.
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10.4 ProbIoTICs AND lIPID METAbolIsM

The Maasai people of Africa consume large amounts of meat, blood, and milk. 
Despite this atherogenic diet, the incidence of cardiovascular disease is low. It 
has been hypothesized that it is their consumption of milk fermented with a wild 
Lactobacillus strain that offers protection against disease. A study of these people 
found that when one group consumed higher amounts of the fermented milk (up to 
an average of 8.3 L/day) there was a decrease in cholesterol concentration despite an 
increase in body weight.16

Animal studies of the effect of probiotics on lipid metabolism have demonstrated 
positive results. A study of rats randomized to receive yogurt with or without bifido-
bacteria found that the total cholesterol of all the rats fed the yogurt decreased. The 
probiotic group had a notable increase in HDL, and a 21 to 27 percent lower LDL 
compared to the rats fed whole milk.17 Gilliland studied pigs on high cholesterol diets 
and found that supplementation with L. acidophilus resulted in a smaller increase in 
total cholesterol compared to the unsupplemented group. The authors speculated 
that the bacteria modified the cholesterol within the lumen of the intestine, making 
it unavailable for absorption.18 Akalin et al.19 in a study of rats fed water, yogurt, or 
L. acidophilus yogurt found that the probiotic group had lower total cholesterol con-
centration after 28 days of feeding, with levels 22 percent lower than controls. By day 
56, the difference was 31 percent, with HDL and triacylglyceride being unaffected.19 
Finally, a group compared the cholesterol-lowering effects of a group of bacteria 
including bacilli, lactobacilli, streptococci, Clostridium butyrium, Saccharomyces 
cervisiae, and Candida utilis with those of L. acidophilus or Streptococcus faecalis. 
The group of rats receiving the mixture had a greater reduction in cholesterol con-
centration than did those receiving a single supplement.20

Investigations into the cholesterol-lowering effects of probiotics on human 
subjects reveal conflicting results. While some studies of patients with normal or 
borderline high cholesterol levels failed to reveal any effect,21,22 a study in which 
subjects were randomized to either placebo or Enterococcus faecium supplemen-
tation did show an effect. The supplemented group had a 6 percent decrease in 
total cholesterol and a 10 percent decrease in LDL at 6 weeks.23 A similar study 
using the same probiotic in 87 normolipidemic men and women found a significant 
decrease in LDL in the supplemented group after 1 month compared to placebo. 
However, by 6 months there were no differences in cholesterol reduction between 
to the two groups.24 Studies of probiotics in individuals with elevated cholesterol 
levels also reveal varied results with a study by Bertolami demonstrating a small 
positive effect on cholesterol and LDL lowering after 2 months,25 whereas Sessions 
was unable to prove any effect in a hypercholesterolemic population after 3 months 
of a probiotic.26

The mechanism by which probiotics might lower serum cholesterol levels 
is unclear. Observations that HMG-CoA reductase in the liver decreased signifi-
cantly with probiotic consumption points toward a decrease in cholesterol synthesis. 
Further, increases in the amount of fecal bile acids suggest there is a compensatory 



PrebiotiCs and LiPid MetaboLisM 213

increased conversion of cholesterol to bile acids.20 The cholesterol-lowering effect 
seen in culture media is thought to be secondary to precipitation of cholesterol with 
free bile acids formed by bacterial bile salt hydrolases.27 Hydrolation of bile salts in 
vivo may also decrease cholesterol. Those bacteria that hydrolyze efficiently lead to 
faster cholesterol conversion to bile acids, and thus lower serum cholesterol. Indeed, 
studies demonstrate that bile acids are eliminated faster in normally nourished rats 
than in germ-free rats.28

10.5 PrEbIoTICs AND lIPID METAbolIsM

As evidence exists that alteration in gut flora via probiotics may reduce serum 
cholesterol levels, it allows for the study of prebiotics, which encourage the growth 
of various prebiotic strains, to determine if they too can alter lipid metabolism. This 
approach holds promise as prebiotic substances are not subject to viability problems 
and have greater possibilities for incorporation into a wide range of common foods.

10.5.1 Experimental (Animal) studies

The use of animal models often forms the basis to test theory and allows for the 
development of future interventional studies in humans. Convincing evidence indi-
cates that the intake of inulin-type fructans and oligofructose has beneficial effects 
on blood lipid changes in animals. However, lipid metabolism in animals is not iden-
tical to that in humans, and the conditions that exist within the laboratory are often 
more homogeneous as compared to complexity of human studies, which inherently 
contain more variable factors that cannot be controlled including genetics, diet, bac-
terial colonization, and compliance.

The addition of inulin-type fructans,29 fermented resistant rice starch,30 raw 
potato, or high amylase cornstarch31 to the diet of nonobese rats or hamsters fed a 
high carbohydrate diet resulted in a decrease in hepatic and serum triacylglycerol. 
Delzenne32 studied the influence of dietary fructo-oligosaccharides (FOS) on lipid 
metabolism in rats. Animals were fed oligofructose for 30 days, at a dose of 20 g/100 
g food. He reported a large decrease in the concentration of liver and serum trig-
lycerides in the study animals versus controls. The total cholesterol did not change, 
but there was an increase in HDL/LDL ratio. Similar observations were made by 
Leverat33 who fed rats 10 percent inulin by weight. Trautwein et al.34 fed Syrian ham-
sters cholesterol-enriched diets containing differing amounts of inulin (8, 12, and 
16 percent) for 5 weeks. Significant hypocholesterolemic and hypotriglyceridemic 
effects were seen, especially at inulin levels of 12 and 16 percent. Alterations in bile 
acids profiles were seen at all three concentrations. A study in obese Zucker rats fed 
oligofructose revealed an increase in body weight without a change in serum triglyc-
erides at 7 weeks. However, at 10 weeks there was a 57 percent decrease in hepatic 
triglycerides versus controls.35
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10.5.2 human studies

Various human studies have been done based on the promising results of those 
in animals. However, the results are conflicting and differences may be based on 
study design or patient population studied. A meta-analysis of 15 human studies 
from 1995 through 2005 on the effects of inulin was associated with a significant 
decrease in serum triacylglycerides by 7.5 percent. Effects on total cholesterol were 
not as evident.36 In addition, human studies typically use lower doses than animal 
studies as human subjects often report adverse events when given doses greater than 
15 g/day. The type of prebiotic used or the study duration does not seem to influence 
the results. Human effects of prebiotics may also be affected by the fact that inhibi-
tion of hepatic fatty acid synthesis, a major site of action for the cholesterol-lowering 
effects of inulin and oligofructose, is relatively inactive in humans unless a high 
carbohydrate diet is fed, the subject is obese, or has hypertriglyceridemia. Indeed, 
individuals with serum cholesterol over 250 mg/dL tend to have the greatest reduc-
tion in cholesterol after inulin supplementation.

A study among 12 healthy young men fed 9 g/day of inulin within a ready-to-eat 
breakfast cereal demonstrated a 27 percent reduction in fasting triglycerides and 5 
percent decrease in total cholesterol.37 There was no effect on the number of bile acid 
dehydroxylating bacteria in the test subjects, thus arguing against an affect mediated 
by such bacteria.

However, other studies among healthy individuals failed to show any sig-
nificant cholesterol-lowering effects. One study by Pedersen et al.38 on 64 young 
women involved a randomized, double-blind, cross-over design over weeks using 
14 g of inulin as the intervention. The authors reported no differences in serum 
cholesterol, HDL, LDL, or triglyceride concentration. Two similar studies by Luo 
et al.39,40 with 12 young healthy men, or 10 adults with noninsulin-dependent 
diabetes ingesting 20 g FOS/day for 4 weeks also failed to reveal any signifi-
cant cholesterol-lowering effects. Similarly, a large study of 215 infants during 
the first 6 months of life compared cholesterol levels in breastfed, formula-fed, 
and prebiotic-supplemented groups. There was no difference in serum choles-
terol levels of the formula-fed groups with or without prebiotic supplementation.41 
Finally, the long-term, 6 months, administration of 10 g/day of inulin and olig-
ofructose versus placebo to 17 healthy subjects failed to produce a significant 
cholesterol-lowering effect, and cholesterol synthesis was not altered as there 
was no change in circulating mRNA concentrations of key regulatory genes of 
cholesterol metabolism.42

The use of prebiotics in humans with elevated cholesterol appears more promis-
ing. A study of a synthetic oligofructose in people with noninsulin-dependent diabe-
tes reported an 8 percent reduction in total cholesterol and a 10 percent reduction in 
LDL after 14 days compared to a control group. Within the group, greater decreases 
were observed among those who were hypercholesteroloemic.43 The lack of a cross-
over design where subjects serve as their own control brings the results into some 
question. In a supporting randomized, double-blind, cross-over study in 21 adults 
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with mild to moderate hypercholesterolemia in which subjects consumed 18 g/day 
of inulin-containing foods for 6 weeks, there was a significant reduction of 14.4 
percent in LDL, and 8.7 percent in total cholesterol comparing the control period 
and the inulin period. The significance was due to a rise in these levels during the 
control period rather than a reduction in cholesterol during the inulin period. Thus, 
the authors suggest that the inulin prevented the increase in cholesterol during the 
control period.44

Furthermore, a study of 54 subjects with moderate hypercholesterolemia con-
suming 10 g/day of inulin or placebo over 8 weeks revealed no difference in serum 
cholesterol; however, there was a 19 percent decline in fasting serum triglycerides. 
This effect was lost 4 weeks after discontinuation of treatment.45 Another study by 
Causey on men with hypercholesterolemia also showed a decline in triglycerides 
with 20 g/day of inulin after 3 weeks.46

10.6 MEChANIsM by WhICh PrEbIoTICs ExErT 
ThEIr EFFECT oN lIPID METAbolIsM

10.6.1 Effects on hepatic Cholesterol synthesis

It is commonly accepted that the principal mechanism by which oligofructose and 
inulin produce a cholesterol-lowering effect is linked to a decrease in de novo hepatic 
lipogenesis.29 A decrease in the expression of hepatic lipogenic enzymes, reflected 
by a decrease in fatty acid synthase messenger RNA, has been demonstrated after 
fructan or resistant starch supplementation. Kok et al.47 showed that oligofructose 
supplementation to rats can protect them against the rise in free cholesterol concen-
trations induced by high-fat diets, without preventing the accumulation of cholesterol 
in liver tissue. This hypothesis is further supported by the Trautwein et al.34 study 
in which there was a reduction in plasma VLDL particles indicating a decreased 
production and secretion of VLDL. Others have observed a significant postprandial 
triglyceride lowering effect after administration of oligofructose to male rats fed a 
standard, fiber-free, or high-fat diet.48 It has also been shown that FOS reduces serum 
insulin and glucose,47 as well as increases intestinal peptides (i.e., GIP and GLP-1)49 
all of which are regulators of hepatic lipogenesis.

10.6.2 Fermentation Products as Mediators of the systemic Effects

Intestinal breakdown of prebiotics leads to the production of substantial amounts 
of short-chain fatty acids, mostly acetate, propionate, and butyrate. Butyrate is 
widely metabolized by erythrocytes, while Wolever50 found that rectal infusion of 
short-chain fatty acid fermentation products, acetate or propionate, are absorbed into 
the blood. When acetate enters the hepatocyte, it is activated by the cytosolic acetyl-
coenzyme A synthetase 2, and then enters the cholesterolgenesis and lipogenesis 
pathways. Conversely, propionate is a competitive inhibitor of the protein that is 
devoted to the entry of acetate into the hepatocyte, thus decreasing lipogenesis and 
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cholesterolgenesis. Levrat et al.33 showed that high levels of propionic acid fermenta-
tions were present in the cecum of rats fed moderate amounts of inulin. Similarly, 
Eberhard et al.51 showed inulin supplementation in piglets decreased cecal acetate. 
This suggests that one role of prebiotics or probiotics is to alter the proportion of 
these breakdown products produced during fermentation. While intriguing, this fact 
is controversial and does not seem to play a major role in the cholesterol-lowering 
effects of prebiotics.9

10.6.3 Increase in Cholesterol Excretion

Studies suggest that an interruption of the enterohepatic circulation of bile acids 
and enhanced fecal excretion may have a major impact on the hypocholesterolemic 
effect of prebiotics. In a study by Vanhoof and Schrijver,52 normocholesterolemic 
rats were fed a bread diet with cornstarch or 6 percent inulin in either cholesterol-
free diets or diets with 1 percent cholesterol and 0.1 percent cholic acid. There was 
significant reduction in plasma cholesterol in those rats fed inulin and a cholesterol-
free diet. Also seen was a tendency toward greater fecal excretion of neutral ste-
roids. The authors speculated that the greater cholesterol excretion could be due 
to a decrease in cholesterol absorption as a result of a higher viscosity in the upper 
intestinal tract. Fecal loss results in higher hepatic cholesterol catabolism. This is 
supported by an inverse relationship between liver cholesterol concentrations and 
daily fecal bile acid excretion. Greater excretion is facilitated by a lower cecal pH as 
seen in those rats consuming inulin. At a lower pH, the amount of soluble bile acids 
decreases, resulting in less lipid absorption. A similar experiment with hypercholes-
terolemic rats, however, showed a tendency toward greater bile acid excretion, but no 
effect on serum or hepatic cholesterol.52

In humans, a study of 12 healthy volunteers fed short-chain fructo-oligosac-
charides for 4 weeks revealed an increase in fecal cholesterol concentration during 
ingestion, and a return to baseline 4 weeks after completion of the study. This was 
correlated with a rise in the number of fecal bifidobacteria and a decrease in fecal pH 
during the study period, with a subsequent return to baseline.53

10.6.4 Effect on bacterial Flora

Most prebiotics promote lactic acid–producing bacteria. As previously dis-
cussed, in animals the use of fermented dairy products to lower cholesterol has been 
demonstrated. The combination of different types of bacteria, such as Lactobacillus 
acidophilus, L. casei, and Bifidobacterium bifidum, may be responsible for the 
cholesterol-lowering action of dairy products.54 Although animal studies appeared 
promising regarding the ability of probiotics to lower cholesterol, their effect in 
humans is unclear. The mechanisms by which probiotics exert an effect were previ-
ously discussed.
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10.7 CoNClusIoN

The data available at present are still inconsistent regarding whether prebiotics 
have a significant cholesterol-lowering effect in humans although overall they may 
lower triacylglycerides. However, animal models do seem to indicate that intake of 
moderate amounts of inulin or oligofructose affect lipid metabolism. The difficulty 
in demonstrating an equivalent effect in humans may be species or dose related. 
There does seem to be a greater effect of prebiotics in those individuals with elevated 
baseline cholesterol levels as opposed to those with normal levels. Clearly, more 
research will be needed to further define the role of prebiotics in manipulating lipid 
metabolism in humans. Studies need to investigate the mechanism by which these 
products exert their action, as well as build on preliminary data suggesting the effi-
cacy of synbiotics in lowering serum lipds.55
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11ChAPTEr 

Fermentation of Prebiotics and short-
Chain Fatty Acid Production

Julia M. W. Wong, Cyril W. C. Kendall, and David J. A. Jenkins

11.1 INTroDuCTIoN

The concept of prebiotics has gained much attention in recent years as evident in 
the scientific literature and the emergence of functional foods marketed with health 
benefits associated with its prebiotic properties. Prebiotics and other nondigestible 
carbohydrates (including dietary fiber) are fermentable substrates that have been 
associated with favorable effects on both colonic and systemic health.1 Furthermore, 
specific end products of bacterial fermentation, such as the short-chain fatty acids 
(SCFAs), have also been associated with reducing the risk of gastrointestinal dis-
orders, cancer, and cardiovascular disease (CVD).2 Therefore, the purpose of this 
chapter is to discuss the benefits of prebiotic fermentation and SCFA production.
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11.2 PrEbIoTICs AND FErMENTATIoN

Gibson and Roberfroid have refined their original definition of a prebiotic whereby 
“a prebiotic is a selectively fermented ingredient that allows specific changes, both 
in the composition and/or activity in the gastrointestinal microflora, that confers 
benefits upon host well-being and health.”3 The original definition of a prebiotic 
took into account only the associated microbial changes in the colon;4 however, the 
current proposed definition considers the additional health benefits associated with 
the targeted stimulation of particular microorganisms. Any substrates or food com-
ponents that are not digested may enter the colon intact and be a potential prebiotic. 
However, to be classified as a prebiotic, three criteria must be met. These include (1) 
resistance to gastric acidity, digestion, and absorption; (2) fermentation by intestinal 
microflora; and (3) selective stimulation of the growth and/or the activity of those 
intestinal microflora that contribute to the health and well-being of the host.5

To date, much of the interest in prebiotics has been focused on nondigestible 
oligosaccharides, specifically inulin-type fructans, such as inulin and oligofructose, 
which meet all three criteria for classification as prebiotics. Inulin-type fructans 
are oligo- or polymers of d-fructose joined by β(2-1) bonds with an α(1-2) linked 
d-glucose at the terminal end. Oligofructose is referred to those with degrees of 
poly-merization (DP) between 3 to 10, and inulin to those with a DP between 10 and 
65.6 Other possible candidates, such as gluco-oligosaccharides, isomalto-oligosac-
charides, lactosucrose, polydextrose, soybean oligosaccharides, and xylo-oligosac-
charides, are being investigated for their prebiotic activity.5

The nondigestible and fermentable nature of inulin-type fructans has been shown 
to selectively stimulate the growth of specific bacteria that are beneficial to health, 
especially bifidobacteria and lactobacilli, which have defined metabolic functions.7 In 
studies involving patients with ileostomies, inulin and oligofructose have been shown 
to be resistant to hydrolysis and 88 and 89 percent, respectively, are recovered in the 
effluent in the intact unhydrolyzed form.8,9 Furthermore, inulin and oligofructose are 
not recovered in the feces suggesting they are completely fermented in the colon.10,11 
This is supported by studies using various in vitro fermentation systems, with mixed 
or pure cultures of human fecal microflora, demonstrating that the fermentation of 
both inulin and oligofructose result in the selective stimulation of bacterial growth, 
specifically bifidobacteria.12–14 In a study by Gibson et al.,15 intake of 15 g/day of 
oligofructose or inulin for 15 days resulted in a significant increase in bifidobacte-
ria from 8.8 to 9.5 log10/g stool and 9.2 to 10.1 log10/g stool, respectively. The total 
bacterial counts remained unchanged indicating that the increase in bifidobacteria 
resulted in a shift in the balance of microflora in the large intestine, where decreases 
in bacteroides, clostridia, and fusobacteria were observed.15 Numerous human stud-
ies with varying dose, substrate, duration, and subject population have also resulted 
in similar outcomes of increased fermentation and bifidobacteria.15–22 Furthermore, 
increases in breath hydrogen excretion, as an indirect marker of colonic fermenta-
tion, have also been observed with intake of oligofructose and inulin.11,15,23 It has 
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been suggested that prebiotic intake of about 5 to 20 g/day is sufficient to induce a 
significant increase in colonic microflora.1,3,24

11.3 sCFA ProDuCTIoN AND hEAlTh

The major end products of colonic fermentation of nondigestible carbohydrates 
are production of SCFAs (acetate, proprionate, and butyrate), gases (CO2, CH4, and 
H2), heat, and bacterial cell mass.25,26 Increased SCFA production has been associ-
ated with various health benefits including decreased pH, which may reduce the 
potential pathogenic bacteria, decreased bile acid solubility, increased mineral 
absorption (indirectly), and reduced absorption of ammonia by protonic dissociation 
of ammonia and other amines (i.e., conversion of the diffusible NH3 to less diffusible 
NH4

+).1,26–29 In general, fecal SCFA production is in the order of acetate > propionate 
> butyrate in a molar ratio of ~60:20:20, respectively.30 However, the relative ratio 
between the three primary SCFAs is dependent on a number of factors, including 
the number and types of microflora present in the colon,1 type of substrate,2 and gut 
transit time.2,31,32 SCFAs produced in the colon are efficiently absorbed, where as 
little 5 to 10 percent are excreted in the feces.1,33–35

11.4 ACETATE

Acetate is readily absorbed in the colon where 50 to 70 percent of the absorbed 
acetate is taken up by the liver and the remainder enters the systemic circulation.1 
As a result, acetate is often used to monitor colonic events in human studies because 
it is the main SCFA in blood. The presence of acetyl-coenzyme A (CoA) synthetase 
in the cytosol of adipose tissue and mammary glands allows the use of acetate for 
lipogenesis once it enters the systemic circulation.

Acetate is the primary substrate for cholesterol synthesis and has been associ-
ated with hyperlipidemia. Subjects given rectal infusions of acetate and propionate 
in equivalent ratios showed a dose-dependent increase in serum total cholesterol 
and triglyceride, providing indirect evidence that SCFA is utilized for lipid syn-
thesis.36 However, the methodology used in this study may have resulted in greater 
than physiological levels of acetyl-CoA from the rapid uptake of acetate. As a result, 
SCFA may have been diverted from oxidation to lipid synthesis.37 It is possible that 
substrate-dependent SCFA produced by fermentation inhibits cholesterol synthe-
sis.38,39 However, uniform agreement has not been reached on the effect of increased 
colonic fermentation on lipid metabolism, because the possibility exists that differ-
ent substrates of varying chemical composition and properties may produce different 
effects.36, 40

The intake of resistant starch has been shown consistently to raise fecal 
butyrate levels.41–44 Fermentation of starch primarily yields acetate and butyrate, 
whereas fermentation of pectin and xylan yields acetate alone as the main prod-
uct.45 Human studies found that acute ingestion of nondigestible monosaccharide, 
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l-rhamnose (25 g), yields more propionate relate to acetate,46 but longer-term stud-
ies have not shown reductions in serum lipids.47 Lactulose, a rapidly fermented 
dietary fiber, has been shown to increase colonic fermentation and serum cho-
lesterol compared to a control group that did not receive the intervention.48 The 
increase in cholesterol may be a result of increased production and absorption 
of colonic acetate, which is a substrate for increased hepatic lipogenesis.48 Other 
substrates such as psyllium, which are viscous fiber sources, are less fermentable 
and have been shown to be very effective in reducing serum lipids.38,49 This effect 
may be related to the increase in fecal losses of bile acids. These fermentable 
substrates may also generate propionate,37,38 which have been suggested to reduce 
serum cholesterol levels by offsetting the hyperlipidemic effect of acetate genera-
tion. However, results from human studies have been inconsistent. Intakes of 2.7 g 
of sodium propionate given in bread50 and 7.5 g of sodium taken as capsule51 did 
not affect serum lipids. Only one study showed that 5.4 g of propionate given daily 
for 2 weeks decreased total cholesterol and low-density lipoprotein cholesterol 
(LDL-C) in subjects with total cholesterol > 5.5 mmol/L.52 In healthy young men 
and women, rectal infusions of propionate (180 mmol) did not affect serum lipids 
or triglycerides.53 However, when propionate (60 mmol) was infused with acetate 
(180 mmol), free fatty acids decreased by an additional 10 percent and negated 
the increase in total and LDL-C seen when acetate was given alone.53 Therefore, 
it appears that the ratio of propionate to acetate may be one of the mechanisms of 
action by which propionate reduces serum lipids.53–56

11.5 ProPIoNATE

Propionate is produced through two main pathways: (1) fixation of CO2 to form 
succinate, which is subsequently decarboxylated (the “dicarboxylic acid pathway”);  
and (2) from lactate and acrylate (the “acrylate pathway”).26 Propionate is a sub-
strate for hepatic gluconeogenesis and has been associated with the inhibition of 
cholesterol synthesis in hepatic tissue.51 However, propionate appears to have two 
competing and opposing effects on gluconeogenesis. It is both a substrate for gluco-
neogenesis and an inhibitor of gluconeogenesis. Propionate enters the Krebs cycle at 
the level of succinyl CoA. The inhibition of gluconeogenesis by propionate may be 
related to its metabolic intermediaries, methymalonyl CoA and succinyl CoA, which 
are specific inhibitors of pyruvate carboxylase.57 Propionate enhances glycolysis, 
possibly by depleting hepatic citrate,58 which is an important metabolic inhibitor of 
phosphofructokinase. Propionate may also have an indirect effect on hepatic glucose 
metabolism by lower concentrations of plasma free fatty acids, which, in itself, is 
known to be closely related to the actual rate of gluconeogenesis.59 Much of the 
knowledge about the nutritional fate of propionate comes from studies of ruminants. 
Due to the presence of microbiota in the rumen of ruminants, which digest and 
ferment carbohydrates, intestinal glucose update is minimal. Therefore, the produc-
tion of SCFA constitutes the major source of ruminant energy,60 where propionate is 
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the primary precursor for gluconeogenesis. However, in humans, the metabolism of 
propionate is less well understood.

Propionate may also have systemic effects in humans, including a potential hypo-
lipidemic action. Results from animal studies suggest that propionate inhibits cho-
lesterol synthesis by inhibiting both 3-hydroxy-3-methylglutaryl-CoA synthase and 
3-hydroxy-3-methylglutaryl-CoA reductase.61,62 As mentioned earlier, polyfructans 
are bifidogenic and may improve the acetate:propionate ratio, which is associated 
with a reduction in serum lipids. The use of polyfructans (e.g., Neosugar, inulin) in 
individuals with type 2 diabetes mellitus (8 g/day)63 and hyperlipidemia (18 g/day)64 
resulted in decreases in serum cholesterol. However, no hypolipidemic effect (20 
g/day) was observed in healthy subjects.65 Other studies have also investigated the 
effect of polyfructans on blood lipids in the dose range of 8 to 20 g/day, but have 
yielded inconsistent results.66 This inconsistency in human intervention studies, in 
contrast to animal experiments, may be related to species differences. Numerous 
mechanisms have been proposed to be responsible for the observed lipid-lowering 
effect, with increased production of propionate being one of the possible mecha-
nisms of action. Increased production of propionate, through fermentation, may 
inhibit hepatic cholesterol synthesis.39,54,61,67–69 This effect has been supported in 
studies with hyperlipidemic experimental animals,38,39 but not supported in other 
animal studies.70–72 To date, there are limited experimental studies in humans that 
have quantified the production of acetate and propionate specifically related with the 
use of prebiotics. Absorption of propionate from the human colon is more efficient 
than acetate,73,74 and studies in ruminant mucosa show that propionate is activated to 
its CoA derivative (a step required for its oxidation) to a greater extent than acetate.75 
During a single pass, the liver extracts 90 percent of propionate, as opposed to 75 
percent of acetate76,77 and colon infusions of equal amounts of acetate and propionate 
suggest that the amount of colonic propionate reaching peripheral blood is only 25 
percent of the amount of colonic acetate doing so.53

11.6 buTyrATE

Butyrate is an important SCFA not only as the preferred fuel of the colonic epi-
thelial cells, but it also plays a major role in the regulation of cell proliferation and 
differentiation and may be beneficial for inflammatory bowel disease.1,25,78,79 It is 
estimated that 70 to 90 percent of butyrate is metabolized by the colonocyte, thus 
making it the most important SCFA in colonocyte metabolism.2 Butyrate is used 
preferentially over propionate and acetate in a ratio of 90:30:50,2 and is preferred 
over glucose or glutamine supplied by blood.80 More than 70 percent of the oxygen 
consumed by human colonic tissue is due to butyrate oxidation. Sodium butyrate 
exerts an antiproliferative effect on many cell types, and evidence from animal and 
cell line studies suggests that it also has preventive effects on colon cancer and ade-
noma development.81 Similar effects have been shown with acetate and propionate 
where apoptosis was induced in colorectal tumor cell lines, but to a much lesser 
extent than butyrate.82,83 Butyrate also stimulates immunogenicity of cancer cells.84
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The mechanisms of action of butyrate on colon cancer are not clearly defined. 
It has been suggested that butyrate induces p21WAFI/Cip1 protein and mRNA lev-
els.85–87 As a result, cell cycle is blocked at G1 leading to the inhibition of cell prolif-
eration. The blockage of cell cycle at G1 may allow DNA checkpoint-mediated repair 
of genomic instability or mutations.88 Through the inhibition of histone deacetylase, 
butyrate has been shown to induce apoptosis through hyperacetylation of histones 
(H3 and H4),89 resulting in the DNA being in a more open form.90 Ideally, the open 
form of the DNA would be necessary if DNA damage had occurred and repair 
enzymes were needed to approach the damaged DNA. However, the open form of 
the DNA may be more susceptible to mutation in the presence of a carcinogen.91 The 
inhibition of histone deacetylase by butyrate may have a role in reversing epigenetic 
events.92 Butyrate can also induce differentiation of neoplastic colonocytes in vitro, 
producing a phenotype typically associated with normal mature cells.92

Accumulation of SCFAs decreased the colonic pH, which results in reduced 
solubility of free bile acids. This drop in pH decreases the production of secondary 
bile acids, which have potential tumor-promoting activity.93 Furthermore, increased 
colonic acidification (pH below 6 to 6.5) may inhibit colonic bacterial enzyme 
7α-dehydroxylase, which degrades primary bile acids to secondary bile acids.94 The 
decreased colonic pH also increases the availability of calcium for binding to free 
bile acids and fatty acids, rendering them insoluble.95

In vitro and in vivo studies have shown that butyrate is the preferred energy 
substrate and stimulates cell proliferation in normal colonocytes,78,79 yet it sup-
presses proliferation of colon adenocarcinoma cells. This observed inconsistency 
has been termed the “butyrate paradox.”88,91 Possible reasons for this discrepancy 
may be differences between in vitro and in vivo environments, the timing of butyrate 
administration in relation to the stage of cancer development, the amount of butyrate 
administered, the source of butyrate (i.e., different dietary fibers), and interaction 
with dietary fat.91

SCFA enemas, especially with butyrate, have also been used as a possible treat-
ment for bowel inflammation, including diversion and ulcerative colitis. It has been 
demonstrated that colonocytes of individuals with active and quiescent ulcerative 
colitis have reduced butyrate oxidation compared with controls.96 Harig et al.97 
administered a SCFA enema solution of sodium acetate (60 mM), sodium propionate 
(30 mM), and sodium n-butyrate (40 mM) to five patients with diversion colitis for a 
period of 2 to 6 weeks. This study was the first to provide evidence that an absence 
or near absence of SCFAs resulted in rectosigmoid colitis, suggesting that a local 
nutrient deficiency resulted in a state of inflammation. The use of either surgical 
reanastomosis or SCFA irrigation to resupply nutrients led to marked improvements 
by endoscopic appearance and histologic findings. However, another study using 
the same SCFA enema solution in 13 patients with diversion colitis resulted in no 
endoscopic or histologic changes after 2 weeks.98 SCFA irrigation for the treatment 
of distal ulcerative colitis has also produced inconsistent results,99 some showing 
it to be an effective treatment,100–102 whereas other have not.102,103 Possible explana-
tions for the inconsistencies include type of SCFA used (mixture or butyrate alone), 
SCFA concentrations, frequency of administration, and duration of treatment. 
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Many mechanisms of action have been proposed to explain the use of SCFA 
irrigation as a possible treatment of bowel inflammation. These include a lack of 
luminal SCFAs (i.e., a nutritional deficiency of colonic epithelium) and a block 
in the uptake or oxidation of SCFA by colonocytes,104,105 possibly related to a 
reduction in CoA which is required for fatty acid (SCFA) oxidation.96 It has been 
suggested that the latter may result from the production of sulfur-containing com-
pounds by colonic microflora.106 However, this block in uptake and oxidation may 
be overcome by “mass action,” in other words, by raising SCFAs to higher than 
normal concentrations in the colonic lumen.105 Overall, the use of SCFA irriga-
tion as a treatment for bowel inflammation still remains inconclusive and further 
research needs to be pursued.

11.7 CoNClusIoN

The fermentable nature of nondigestible carbohydrates, specifically the inulin-
type fructans (i.e., inulin and oligofructose), may have significant implications for 
systemic health. In particular, the end products of fermentation, specifically the SCFA 
end products, have been associated with reducing the risk of developing gastroin-
testinal disorders, certain cancers, and cardiovascular disease. However, currently 
there are limited human studies quantifying the alterations in SCFA production from 
intake of prebiotics and its link to outcomes that reduce the risk of chronic disease. 
Further studies in this area will contribute to the growing body of evidence support-
ing the health-promoting aspects of prebiotics as a functional food.
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Probiotics and Prebiotics in 
Inflammatory bowel Disease
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12.1 INFlAMMATory boWEl DIsEAsE

Inflammatory bowel disease (IBD) refers primarily to two major disorders, 
ulcerative colitis (UC) and Crohn’s disease (CD), but is a collective term for a 
group of intestinal conditions characterized by uncontrolled inflammation in the 
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gastrointestinal (GI) tract. IBD is most prevalent in North America and Europe (1.4 
and 2.2 million sufferers, respectively)1 while other, previously low-incidence areas 
have reported an increased occurrence in recent years.2 Environmental factors, such 
as diet and degree of sanitation, are believed to play a role in the development of 
IBD.3 There is also a large body of evidence suggesting a genetic predisposition to 
IBD, with genes such as CARD15/NOD2, OCTN1 and 2, and DLG5 all linked to 
the development of IBD.4 The role of genetics has been comprehensively reviewed by 
Henckaerts and colleagues.3 Although the exact etiology of IBD remains unknown, 
it is believed to be the result of a dysfunctional interaction between the gut micro-
biota and the mucosal immune system.6 While many speculate both CD and UC 
may be instigated by similar mechanisms, there are a number of differences between 
the two conditions. UC occurs primarily in the colon, extending proximally from 
the rectum.7,8 It is characterized by continuous inflammation of the colon, super-
ficial mucosal inflammation, increased neutrophil presence in the lamina propria 
and crypts, and the production of proinflammatory mediators such as interleukin 
(IL)-12 and tumor necrosis factor (TNF)-α.9,10 CD is characterized by the aggrega-
tion of macrophages which promotes the formation of noncaseating granulomas.11 
In contrast to UC, CD can occur in any region of the GI tract, but is most com-
mon in the terminal ileum.7 CD lesions often present as patchy, typically transmural, 
inflammation.12 In addition to UC and CD, other conditions including collagenous 
colitis, lymphocytic colitis, and Behçet’s syndrome are classified as IBD. Symptoms 
of IBD include abdominal pain, GI bleeding, malnutrition, and bloody diarrhea13; 
extraintestinal manifestations have also been reported, and can include disorders of 
the liver, lungs, eyes, and joints.14 The mortality rates are 1.4 percent and 1.0 percent 
for CD and UC, respectively.7 Common therapies for IBD, including 5-aminosalicy-
lates, antibiotics, steroids, and growth factors, have been comprehensively reviewed 
by Kozuch and Hanauer.11

Although the exact pathogenesis of IBD remains unknown, four mechanisms 
have been proposed to initiate the disorder. The first theory suggests that micro-
bial pathogens (e.g., mitogen-activated proteins) are detected by the host immune 
system, which initiates an inflammatory immune response.12 The second theory 
proposes that an imbalance between commensal and pathogenic bacteria in the 
microbiota leads to a reduced ratio of protective: aggressive bacterial species, as 
well as reducing the availability of short-chain fatty acids (SCFAs), the primary 
energy source for colonic epithelial cells.12 Defective host-immunoregulation is the 
third possible mechanism in which the host immune system is unable to distin-
guish between harmful and commensal bacteria.12 It is unclear what event would 
act as a trigger in this scenario, as a defective immune system could be present from 
birth, although the disease may not manifest until later in life. Environmental fac-
tors could trigger these events in a genetically susceptible host. This would elicit an 
immune response against commensal bacteria and disrupt gut homeostasis. Finally, 
host genetic defects leading to defective bacterial killing and mucosal barrier func-
tion have been proposed.12 Increased permeability of the epithelial barrier facilitates 
the transfer of harmful luminal antigens into the surrounding intestinal tissue, while 
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defective bacterial killing would reduce the ability of the host to control pathogen 
levels in the gut.

The above hypotheses describe mechanisms by which the intestinal bacteria and 
epithelium initiate the pathogenesis of IBD. As the intestinal microbiota appears 
to play a significant role in IBD, its manipulation has been identified as a potential 
therapeutic option. Previous studies have demonstrated the ability of probiotics to 
modify and improve the intestinal environment and subsequently reduce the severity 
of intestinal inflammation associated with IBD.12,14,15

12.2 ProbIoTICs

Probiotics are defined as living, nonpathogenic microorganisms that exert a 
positive influence on host health and/or physiology when ingested.16 Probiotics have 
demonstrated efficacy for a number of inflammatory conditions, including arthri-
tis, vernal keratoconjunctavitis,17 necrotizing enterocolitis,18 intestinal mucositis,19 
UC,20,21 CD,22 and atopic eczema.23

The mechanisms underlying the beneficial effects of probiotics are not completely 
understood. Numerous bacterial strains have been identified as probiotics, many of 
which differ markedly in their mode of action. The mechanisms of probiotic action 
are numerous and the activities of these strains can also be dependent on a number of 
other factors including the presence of other bacteria in the intestinal environment, 
or even the disease setting in when the strain is being used.24

There are, however, some common mechanisms of action that have been reported 
for a majority of probiotic strains (Table 12.1). One general mechanism is the adher-
ence of the probiotic to the intestinal epithelium, which not only stimulates the 
immune system but also reduces pathogen colonization and subsequent infection.25 
Evidence for this mechanism has been demonstrated in various in vitro systems, for 
example, Lactobacillus rhamnosus GG, L. rhamnosus LC705, Bifidobacterium breve 
99, and Propionibacterium freudenreichii ssp. shermanii JS have all been demon-
strated to reduce the adhesion of a number of pathogenic species to human intestinal 
mucus.25 The ability of probiotics to modulate cell proliferation and apoptosis is also 
common among different species. Intragastric administration of 108 or 109 colony 

Table 12.1  Common Mechanisms Involved in the beneficial Effects of Probiotics

stimulation of the host immune system25,28–31

reduction of pathogen colonization25,28–32

Modulation of cell apoptosis-to-proliferation ratio26

downregulation of proinflammatory cytokines14,33–38

stimulation of antiinflammatory cytokines39

elimination of microbial pathogens40–42

Maintenance of intestinal barrier function43,44

Provide energy source for colonic enterocytes through sCfa production45
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forming units (cfu)/mL of L. rhamnosus was shown to significantly decrease the cell 
apoptosis-to-proliferation ratio in ulcerated rat gastric epithelium.26 The reduction of 
this ratio was hypothesized to occur due to upregulation of ornithine decarboxylase 
and B-cell lymphoma 2 (growth factors critical to ulcer healing).26 Lactobacillus 
rhamnosus GG has been found to increase epithelial cell proliferation in the small 
intestine and distal colon of rats,26 facilitating repair of epithelial damage. This was 
most likely the result of polysaccharide fermentation by the probiotic strain, thus 
increasing SCFA availability for the epithelial cells.27 Stimulation of the mucosal 
immune system is a further mechanism, with evidence suggesting that some probi-
otics have potential antiinflammatory properties.14 Lorea-Baroja et al.14 describe a 
number of potential mechanisms for the antiinflammatory effect of probiotics, such 
as modulation of the balance between T-helper 1 (Th1), Th2, and regulatory T (Treg) 
cells; downregulation of proinflammatory cytokine production (e.g., IL-12, TNF-α) 
and/or stimulation of antiinflammatory cytokines (e.g., IL-10); enhanced elimina-
tion and permeation of proinflammatory antigens; and as a response to antagonism 
against potentially pathogenic or proinflammatory endogenous bacteria.14 It is likely, 
however, that there are further mechanisms of action that have not yet been eluci-
dated, as such, a wide range of candidate strains continue to be screened in vitro, in 
vivo, and in clinical trials.

12.2.1 Probiotics in IbD

12.2.1.1 In Vitro Models

There has been a recent increase in the number of comprehensive cell culture 
experiments investigating the effects of probiotics using in vitro model systems of 
IBD. Miyoshi and colleagues investigated the relationship between mucus adhesion-
promoting protein (MapA) and L. reuteri in Caco-2 cells.46 Lactobacillus reuteri 
has been shown to attenuate visceral pain47 and moderate diarrhea,48 but the mecha-
nism behind the adhesion of the bacteria to the GI tract was previously unknown. 
This study demonstrated that MapA plays a key role in the adhesion of L. reuteri 
as it binds to receptor-like molecules on the Caco-2 cells, as well as revealing the 
existence of multiple receptor-like molecules in Caco-2 cells, which may also be 
involved.46 Further studies could involve competitive binding assays between L. reu-
teri and pathogenic bacteria to determine whether this is a mechanism by which 
L. reuteri exerts its beneficial effect. In addition to competitive binding, a recent 
study has identified production of the potent, broad-spectrum antimicrobial com-
pound reuterin as another mechanism by which L. reuteri could exert a beneficial 
effect in the GI tract.41 Four L. reuteri strains were investigated, and each produced 
different amounts of reuterin. The reuterin derived from each strain was then shown 
to inhibit the growth of pathogenic bacteria (enterohemorrhagic and enterotoxigenic 
Escherichia coli, Salmonella enterica, Shigella sonnei, and Vibrio cholera) to a sim-
ilar extent, indicating no strain specificity. Live L. reuteri displayed greater patho-
gen-inhibitory activities than reuterin alone, indicating that other microbial factors 
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were likely to be important for the inhibition of bacterial pathogens; and that future 
studies should focus on isolating and testing these compounds.

Schlee and colleagues40 investigated the mechanism via which the antimicro-
bial human beta defensin-2 (hBD-2) gene (which is important for the maintenance 
of intestinal barrier function) was induced by the probiotic strains: L. fermentum 
PZ-1138, L. acidophilus PZ1138, E. coli Nissle 1917, and VSL#3 (a combination 
of eight bacterial strains).40 It was determined that hBD-2 induction by probiotic 
bacteria was both time and dose dependent, and that deletion of the NF-κB and 
activator protein-1 binding sites on the hBD-2 promoter completely inhibited 
the probiotic effect. Furthermore, inhibition of mitogen-activated protein kinase 
(MAPK) also impeded hBD-2 induction. Schlee and colleagues demonstrated that 
selected lactobacilli and VSL#3 were able to strengthen intestinal barrier function 
via the upregulation of hBD-2 through the induction of MAPKs and the proinflam-
matory NF-κB and AP-1 pathways.40 In addition to improving barrier function, 
further studies using L. fermentum highlight other potentially beneficial effects. 
Lactobacillus fermentum ACA-DC 179 displayed antimicrobial immunomodula-
tory activity as it reduced Salmonella enterica viability and increased IL-10 levels 
in vitro.42

In support of the findings of Schlee and colleagues, E. coli Nissle 1917 was 
also demonstrated to improve intestinal barrier function, although this effect was 
detected in an in vitro model of intestinal inflammation induced by an E. coli chal-
lenge.43 Following DNA micro-array analysis, Nissle 1917 has been shown to alter 
both the distribution and expression of zonula occludin (ZO)-2 proteins and a number 
of protein kinase C isotypes; both of which are involved in the maintenance of tight 
junctions within the epithelial barrier. Although it is possible these changes occurred 
in conjunction with the effect on hBD-2 observed by Schlee and colleagues, the 
findings of this study are potentially of greater relevance to IBD treatment (assum-
ing that microbial pathogens are involved in the disorder) as they occur following 
pathogen-induced damage to the cell monolayer. In addition to the maintenance of 
barrier function, Nissle 1917 has also been shown to have an antiinflammatory effect 
on human epithelial cells in vitro.33 Following the addition of TNF-α, treatment 
with Nissle 1917 reduced the production of proinflammatory IL-8 without altering 
transactivation pathways, such as NF-κB activation, nuclear translocation, or nuclear 
binding. The ability of E. coli Nissle 1917 to increase both intestinal barrier function 
and antiinflammatory cytokine production makes it a promising therapeutic option 
for IBD. Indeed, clinical trials have been performed and are discussed here.

In addition to reducing pathogen adhesion, Candela and colleagues reported that 
Bifidobacterium longum Bar33 and L. acidophilus Bar13 were able to reduce the pro-
duction of proinflammatory IL-8.34 Interestingly, the experiments were performed 
on two different cell lines, with pathogen competition observed in Caco-2 cells, 
and immunomodulation reported in the HT-29 cell line. Probiotic activity can be 
influenced by the environment; therefore, further studies should investigate whether 
these effects are repeatable in multiple cell lines, and whether they are observed 
in vivo. Similarly, Jankowska and colleagues reported that L. paracasei IBB2588 
reduced adhesion of harmful S. enterica to Caco-2 cells,32 finding that displacement 
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of pathogens was dependent on the time of bacteria–epithelial cell contact, as prein-
cubation with the probiotic reduced S. enterica adhesion sevenfold compared to the 
fourfold reduction observed following coincubation. Studies involving preincuba-
tion are less common than those investigating coincubation; however, these findings 
suggest a greater need for the former. Future studies should compare the effects of 
probiotics in these two treatment regimens, as it could identify a method of improv-
ing their efficacy. Unfortunately, it is impossible to predict the onset of IBD; accord-
ingly, pretreatment with probiotics may be more beneficial in intestinal disorders, 
such as chemotherapy-induced mucositis. Somewhat surprisingly, S. enterica dis-
played far greater adherence properties compared to L. paracasei, indicating that 
the reduced adhesion observed following coincubation and preincubation was likely 
to be due to both competition for epithelial cell receptors and secreted antimicrobial 
compounds. This was further supported by the inability of the culture supernatant 
to exert a similar effect.32

12.2.1.2 Animal Models of IBD

Numerous published reports describe the beneficial effects of probiotic con-
sumption in both genetically and chemically induced murine models of IBD.49,50 
Ukena and colleagues demonstrated that treatment with the probiotic E. coli Nissle 
1917 resulted in an upregulation of the tight junction molecule ZO-1 at both mRNA 
and protein levels, and reduced intestinal barrier permeability in BALB/c mice with 
dextran sulfate sodium (DSS)-induced experimental colitis.44 In addition to the 
upregulation of ZO-1, E. coli Nissle 1917 has been shown to reduce proinflammatory 
cytokine expression, myeloperoxidase (MPO), activity and disease activity in DSS-
treated mice.35 By comparing the efficacy of E. coli Nissle 1917 in wild-type and 
Toll-like receptor (TLR)-2 and TLR-4 knockout mice, this study also determined 
that the bacteria exerted their beneficial effect via TLR-2 and TLR-4 dependent path-
ways. TLRs are expressed on numerous cell types in the GI tract and serve to defend 
against microbial pathogens through four mechanisms: recognition of pathogen-
specific molecular patterns, expression at the interface with the environment of the 
GI lumen, initiation of secretion of either pro- or antiinflammatory cytokines and 
chemokines, and induction of antimicrobial effector pathways.51 The inability of E. 
coli Nissle 1917 to exert its beneficial effect in the absence of TLR-2 and TLR-4 
signaling indicates that it may improve the ability of TLRs to recognize microbial 
pathogens, improving the host immune response. Escherichia coli Nissle 1917 has 
also demonstrated efficacy in the trinitrobenzenesulphonic acid (TNBS) model of 
colitis, where it has been used to significantly reduce visceral hyperalgesia, believed 
to be involved in the manifestation of a number of GI disorders.52 This effect was 
not unique to this probiotic strain; however, as attenuation of visceral pain has been 
reported in a number of in vivo studies using L. paracasei,53 L. reuteri,47 and L. 
farciminis.54

Oral administration of L. plantarum HY115 to mice with DSS colitis has recently 
been shown to reduce colon shortening and to inhibit MPO activity and NF-κB acti-
vation.36 Probiotic treatment also inhibited mRNA expression of the proinflammatory 
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cytokines IL-1β, TNF-α, and interferon (IFN)-γ, reduced protein levels of colonic 
IL-1β and IL-6, and reduced the bacterial degradation activities of chondroitin sul-
fate and hyaluronic acid. Similarly, Osman and colleagues described a reduction in 
disease activity, MPO activity, and bacterial translocation following L. plantarum 
administration in the DSS model of colitis,55 while Schultz and colleagues reported 
efficacy of L. plantarum in the IL-10-deficient (IL-10–/–) model of colitis as indicated 
by decreased IL-12 and IFN-γ production.37 Furthermore, Bujalance and colleagues 
demonstrated the ability of L. plantarum to improve immune function in immuno-
compromised hosts.56 The various beneficial mechanisms of L. plantarum highlight 
its therapeutic potential in GI disorders, such as IBD.

Peran and colleagues demonstrated the preventative effects of L. reuteri and L. 
fermentum in the rat TNBS colitis model.45 Oral administration of these probiotics 
reduced colonic inflammation scores, MPO activity, colonic TNF-α expression, and 
inducible NO synthase expression when compared to untreated rats. Interestingly, 
only L. fermentum treatment lowered colonic cyclo-oxygenase-2 expression and 
increased SCFA production in the colonic contents, indicating a greater efficacy of 
L. fermentum in the treatment of experimental colitis. These findings are supported 
by Zoumpopoulou and colleagues who also reported efficacy of L. fermentum in a 
mouse model of TNBS-induced colitis.42 In a separate study, Peran and colleagues 
demonstrated the ability of L. acidophilus, L. casei, and B. lactis to reduce intes-
tinal inflammation in the TNBS model.38 Interestingly, each probiotic displayed a 
unique antiinflammatory profile: L. acidophilus reduced MPO activity and leuko-
triene B4 production; B. lactis reduced colonic TNF-α production edema; and L. 
casei decreased cyclooxygenase-α expression in the colon. These findings further 
highlight the different mechanisms by which probiotics can exert their beneficial 
effects.

IL-10–/– mice spontaneously develop colitis following colonization with conven-
tional flora, and have been frequently used to screen probiotics for therapeutic poten-
tial. Neonatal IL-10–/– mice typically possess low levels of colonic lactobacilli, and 
Madsen and colleagues reported normalization of lactobacilli levels following rectal 
administration of L. reuteri.57 Furthermore, L. reuteri treatment reduced levels of 
colonic mucosal adherent and translocated bacteria and prevented the development 
of colitis. Administration of L. gasseri (109 cfu/mL), a strain that produces high lev-
els of manganese superoxide dismutase (MnSOD, an antioxidant), reduced intes-
tinal inflammation compared to untreated animals in the IL-10–/– model.58 When 
compared to wild-type L. gasseri, treatment with the MnSOD-producing strain led 
to significantly lower histological inflammation scores and provides an example of 
how probiotics can be used as vehicles to deliver therapeutic compounds as well 
as exerting their own beneficial effects. Both L. salivarius UCC118 and B. infantis 
were shown to attenuate the development of colitis in IL-10–/– mice.28 The authors 
concluded that this was a result of reduced Th1-type cytokine production, as well as 
maintenance of transforming growth factor (TGF)-β levels.

Gnotobiotic mice have been used to elucidate the effects of probiotics on the 
host immune response. Menard and colleagues tested a number of Bifidobacterium 
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strains in gnotobiotic mice, reporting a host of immunomodulatory responses, 
including induction of Th1 and Th2 cytokines, increased IL-10, IL-4, IFN-γ, and 
TNF-α secretion and increased TGF-β gene expression.39 These results further 
highlight the difficulties involved in isolating the “ideal” probiotic as the influence 
of probiotics on the immune system may be highly strain specific. The ability to 
modulate the immune response is characteristic of a number of probiotic strains, 
with Park and colleagues reporting immunoenhancing effects, including increased 
numbers of immunoglobulin A+ cells and CD4+ T cells, in gnotobiotic mice treated 
with L. fermentum PL9005,29 while Shima and colleagues observed an upregula-
tion of genes involved in immune function following administration of L. casei 
Shirota.30 The increase in gene expression following L. casei treatment was more 
pronounced in the ileum than in the colon, indicating site specificity for probiotic 
effects of L. casei. Interestingly, L. casei was present at greater levels in the colon 
than in the ileum, suggesting the difference in gene expression may be due to the 
function of the probiotic changing as a result of being in a different environment. 
Menard et al.39 and Park et al.29 also reported immunomodulatory effects in the 
small intestine, but did not investigate potential probiotic effects in the colon. With 
UC typically extending proximally from the rectum, probiotics that could exert 
their beneficial effects in the colon would likely be most successful as a therapeu-
tic strategy.

Bioengineered probiotics have demonstrated therapeutic capacity in a number 
of in vivo models. Steidler and colleagues reported that Lactococcus lactis mIL10, 
which had been developed to secrete biologically active murine IL-10, was able to 
reduce histological damage in both the DSS and IL-10–/– models of colitis.31 Further 
studies using this strain showed it to also be successful in preventing food-induced 
anaphylaxis.59 Lactobacillus lactis has also been engineered to secrete ovalbumin 
(OVA), a protein used to stimulate allergic reactions.60 Oral administration of the 
probiotic in OVA T-cell receptor transgenic mice led to antigen-specific tolerance, 
indicated by reduced IFN-γ and increased IL-10 levels. Despite their therapeutic 
potential, there has been limited research into bioengineered probiotics. Their effec-
tiveness will depend greatly on further research into the pathogenesis of IBD. Once 
this is known, probiotics could be designed to specifically target the trigger, whether 
it is a specific antigen or a pathogen. If the cause of IBD itself could not be targeted, 
strains similar to that developed by Steidler et al.31 could be designed to produce 
antiinflammatory compounds and, hence, reduce intestinal damage.

12.2.1.3 Human Studies/Clinical Trials

The efficacy of probiotics in the setting of IBD has been investigated in a number 
of clinical studies; however, there remain an insufficient number of large, random-
ized, double-blind, placebo-controlled trials that investigate the efficacy of candidate 
probiotics.7 Key findings from clinical trials have recently been reviewed compre-
hensively by Hedin and colleagues.61

Promising results involving the use of probiotics in IBD treatment have been 
reported in the setting of pouchitis. Pouchitis is a nonspecific, idiopathic inflammation 
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of the ileal reservoir and is characterized by symptoms, such as rectal bleeding, 
increased stool frequency, abdominal cramping, and fever.62 Gionchetti and col-
leagues62 investigated the use of VSL#3 as a treatment for active mild pouchitis, as 
defined by a pouchitis disease activity index (PDAI) between 7 and 12. In the study, 
23 consecutive patients were treated with two sachets twice a day. According to the 
PDAI, 3,600 billion bacteria/day for 4 weeks, and symptomatic, endoscopic, and his-
tologic evaluations were taken before and after probiotic treatment. Patient quality 
of life was also assessed using the Inflammatory Bowel Disease Questionnaire. Of 
the 23 patients, 16 (69 percent) were in remission following probiotic treatment, and 
median total PDAI scores, before and after treatment, were 10 and 4, respectively. 
The median questionnaire score was also improved, from 110 to 200. Patients deter-
mined to be in remission were placed on a maintenance treatment regimen consisting 
of one sachet twice a day (1,800 billion bacteria). None of the 16 patients receiving 
the maintenance treatment reported relapse of pouchitis within the experimental 
period.62 VSL#3 has also been investigated by Bibiloni and colleagues, in the setting 
of active UC.13 In this study, 34 patients with active UC were treated with two sachets 
twice a day (3,600 billion bacteria/day) for a period of 6 weeks. Using the ulcerative 
colitis disease activity index (UCDAI) as a guide, patients were determined to be 
in either remission (UCDAI ≤ 2); response (decrease in UCDAI ≤ 3 points, but final 
score ≥ 3); no response or worsening (increase in UCDAI). Of the 32 patients who 
completed the trial, 18 (53 percent) were determined to be in remission, while 8 (24 
percent) reported a positive response to treatment. No response was reported in 3 (9 
percent) patients, and another three (9 percent) reported a worsening of UC.

Positive results have also been observed for UC treatment using the BIO-THREE 
tablet formulation.20 Tsuda and colleagues investigated this probiotic combination, 
which comprised Streptococcus faecalis T-110, Clostridium butyricum TO-A, and 
Bacillus mesentericus TO-A in 20 patients with mild to moderate distal UC. Patients 
ingested 9 tablets daily for a period of 4 weeks, with UCDAI scores obtained prior 
to and following treatment. By using a system similar to that described by Bibiloni et 
al.,13 treatment was determined to elicit remission, response, no response, or worsen-
ing. Remission was observed in 9 (45 percent) patients, response in 2 (10 percent), no 
response in 8 (40 percent), and worsening in only 1 (5 percent). Fecal samples were 
also obtained from patients, with the microbiota analyzed via the terminal-restric-
tion fragment length polymorphism (T-RFLP) method. An increase in bifidobacteria 
was the principal alteration to the intestinal microflora following probiotic treatment. 
This was particularly interesting, as no bifidobacteria were administered within the 
probiotic supplement. The reason for this increase remains unknown, but could 
represent a consequence of the treatment altering the environment to facilitate the 
growth of bifidobacteria, perhaps by removal of competing pathogens.

Administration of E. coli Nissle 1917 has been reported to both induce and 
maintain remission of UC in numerous studies.63–65 In a randomized, double-blind 
clinical trial of patients in remission from UC, treatment with Nissle 1917 led to 
relapse rates statistically similar to patients receiving the antibiotic mesalazine.63 
These findings were confirmed in a larger, double-blind, double-dummy trial, dur-
ing which relapse rates of UC patients receiving Nissle 1917 or melasalazine were 
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not significantly different.64 In addition to maintaining remission, Rembacken and 
colleagues reported that Nissle 1917 administrated to patients with active UC led 
to similar remission rates to those treated with melasalazine, with mean time 
to remission, and duration of remission also similar between the two treatment 
groups.65

Mechanistic studies have also been performed in humans to elucidate the mode of 
action of specific probiotic strains. Lorea-Baroja and colleagues examined the effect 
of yogurt supplemented with L. rhamnosus GR-1 and L. reuteri RC-14 on Treg cells, 
cytokines in T cells, monocytes, dendritic cells (DC), and fecal and serum cytokine 
concentrations.14 The proportion of Treg cells increased significantly in patients with 
IBD both before and after treatment, but no significant difference was observed in 
controls. Basal proportion of TNF-α+/IL-12+ monocytes and myeloid DC decreased 
in both groups, but only in stimulated cells of patients with IBD. Probiotic treatment 
significantly decreased serum IL-12 concentration in both controls and patients with 
IBD, and also decreased serum TNF-α concentration in healthy patients. No signifi-
cant changes in serum or fecal TNF-α or IL-10 were observed as a result of probiotic 
treatment.

12.2.1.4 Summary of Probiotics in IBD

Probiotics have demonstrated efficacy in vitro, in vivo, and in a clinical setting 
of IBD. However, not all probiotics have decreased disease severity and, indeed, 
some strains, in fact, have worsened the condition.15 To gain the maximum ben-
efits from probiotics, a greater understanding of the role of the intestinal micro-
biota in the pathogenesis of IBD is required. This will facilitate the development 
of effective microbial therapies as specific targets for manipulation will be identi-
fied. Furthermore, detailed studies investigating interactions between probiotics and 
commensal bacteria are required, as it is unlikely that the effects of a single probiotic 
would be uniform throughout a population. This knowledge will aid in the identi-
fication of the optimal treatment regimen for each patient, and may help to reduce 
the incidence of disease worsening. Finally, the long-term effects of probiotic treat-
ment and the regimens required for long-term colonization of the GI tract need to be 
investigated further.

12.3 PrEbIoTICs

The use of prebiotics to manipulate the intestinal microbiota offers another 
potential therapeutic option for IBD sufferers. Prebiotics are defined as “nondigest-
ible food ingredients that beneficially affect the host by selectively stimulating the 
growth and/or activity of one, or a limited number of bacteria in the colon, thus 
improving host health.”68 A healthy microbiota is predominantly saccharolytic, and 
contains a high concentration of bifidobacteria and lactobacilli.69 Treatment with 
prebiotics can alter the saccharolytic activity of the gut,70 as well as elevate the num-
ber of beneficial bacterial strains present in the microbiota.71 Improving the health 
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of the microbiota has many benefits, including improved barrier function, preven-
tion of mucosal colonization by aerobic enterobacteria, reduced luminal pH, and an 
increase in SCFA production.70,72 A number of prebiotics have been demonstrated to 
be effective in the manipulation of the microbiota. These include inulin, germinated 
barley foodstuff (GBF), and oligosaccharides, such as oligofructose.70 Other sug-
gested mechanisms of prebiotic action are listed in Table 12.2. Similarly to probiot-
ics, there is a lack of conclusive clinical studies supporting the use of prebiotics as a 
treatment for IBD.

12.3.1 Prebiotics in IbD

12.3.1.1 Prebiotics in Animal Models of IBD

Kanauchi and colleagues demonstrated that GBF, a mixture of glutamine-rich 
protein and hemicellulose-rich dietary fiber, had prebiotic characteristics when 
tested in the rat model of DSS colitis, where it decreased the incidence of bloody 
diarrhea and mucosal injury.81 Furthermore, GBF has been shown to be more effica-
cious than a probiotic mixture of lactobacilli and Clostridium butyricum.82 Active 
hexose correlated compound (AHCC) demonstrated prebiotic activity as evidenced 
by an antiinflammatory effect in the TNBS model of colitis in female Wistar rats.73 
Administration of AHCC to rats 2 days prior to TNBS challenge led to increases in 
body weight and food intake; reduced colonic inflammation, expression of proinflam-
matory cytokines, MPO activity; and improved the colonic weight-to-length ratio 
and intestinal damage score. While TNBS treatment increased colonic clostridia 
levels, AHCC-treated rats had increased aerobic and lactic acid bacteria counts.

Goats milk oligosaccharide recently demonstrated efficacy in the DSS model 
of colitis, with treated rats showing reduced MPO activity and higher body weights 
than DSS-treated controls.74 Fructo-oligosaccharide (FOS) administration has also 
been reported to decrease the severity of DSS colitis, reducing disease activity and 
damage in the distal colon, while producing more rapid recovery from damage.83 
In contrast, Moreau and colleagues observed a reduction of inflammation in the 
cecum, but not the colon of FOS-treated rats with DSS colitis.84 Winkler and col-
leagues83 administered FOS via intragastric gavage to C57BL/6 mice, while Moreau 
and colleagues84 added FOS to the solid diet of Sprague-Dawley rats; therefore, the 
contrasting results could have been due to species differences and/or route of admin-
istration. Indeed, delivery of FOS in liquid form may have increased the rate of 

Table 12.2 Common Mechanisms Involved in the beneficial Effects of Prebiotics

reduction of neutrophil aggregation (determined by MPo activity)73–76

stimulation of beneficial bacteria77,78

Provide energy source for colonic enterocytes through sCfa production79

downregulation of proinflammatory cytokines73

increased expression of tLrs80



244 Handbook of PrebiotiCs and ProbiotiCs ingredients

passage through the stomach of mice, and subsequently altered the interaction of the 
prebiotic with the intestinal epithelium.

Lactulose is another prebiotic that has recently demonstrated a capacity to reduce 
the severity of DSS colitis in rats.75 Twice daily prebiotic administration for 6 days 
was shown to significantly reduce colonic lesions and MPO activity; however, the 
effects on the microbiota were not determined. Furthermore, inulin administration 
has also proved efficacious in the setting of DSS colitis, reducing mucosal inflam-
mation, MPO activity, and release of inflammatory mediators, such a prostaglandin 
E2.76 Interestingly, this effect was observed only following oral administration, as 
rectal administration of the prebiotic showed no beneficial effects. This is surprising 
as the method of administration should not have affected prebiotic availability and 
hence its ability to exert it beneficial effects.

As is the case with probiotics, not all prebiotics have demonstrated antiinflam-
matory effects in the setting of IBD, with some prebiotics actually increasing the 
severity of damage. FOS is one prebiotic that has demonstrated antagonistic effects 
in the intestine. FOS, administered as a dietary supplement (6 percent w/w of total 
diet), has been shown to stimulate lactobacilli and bifidobacteria77,78 and increase 
SCFAs in the large bowel (a result that has been replicated in humans with ulcerative 
colitis85).86 Therefore, FOS has been proposed to have the capacity to be beneficial 
in the IBD setting; however, it has also been demonstrated that, while FOS could 
decrease the colonization of pathogenic bacteria, it actually increased translocation 
of bacteria, increased mucosal irritation, and increased cecal and colonic MPO activ-
ity.78 The proposed mechanism of injury involves elevated FOS levels in the cecum 
promoting rapid bacterial fermentation, thus increasing organic acid concentrations. 
These organic acids then damage the mucosa of the cecum and colon.87 Interestingly, 
however, when FOS was administered by oral gavage in the TNBS rat model of coli-
tis, it was shown to decrease the severity of damage, indicated by increased lactic 
acid bacteria, lactate, and butyrate and decreased inflammation scores and MPO 
activity.79 The effect of the route of administration on the efficacy of the prebiotic is 
similar to those reported by Moreau et al.84 and Winkler et al.83 described above, with 
oral administration leading to an increased efficacy of treatment. These inconsistent 
findings may be due to differences in the model of colitis, differences between the 
remainder of the diet between trials (i.e., levels of fiber, indigestible carbohydrates), 
or a result of alterations in the delivery or dosage of FOS, leading to different rates 
of fermentation, and in turn SCFA production. Optimizing SCFA production by the 
microbiota is an important determinant of probiotic efficacy, as SCFAs are a vital 
energy source for intestinal epithelial cells.

12.3.1.2 Prebiotics in Human Trials

Lactulose was recently shown to have no beneficial effects in human IBD patients, 
despite promising findings from murine models.88 Patients were treated with either 
10 g of lactulose combined with standard medication or standard medication alone 
for 4 months. The study group comprised both UC and CD sufferers, but the results 
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did not differ greatly between conditions. No significant improvement in clinical 
activity index, endoscopic score, or immunohistochemical parameters was observed, 
although UC sufferers did report a significant increase in quality of life. The absence 
of a sole-lactulose treatment group prevented the determination of the prebiotic effect 
in human IBD, and the failure to replicate the positive results observed in vivo could 
have occurred as a result of a nonideal combination with medication. Despite the 
effect of lactulose not being supported by the investigated parameters, the increase 
in quality of life following administration reported by UC sufferers indicates further 
investigation is warranted. UC appears to be suited to prebiotic treatment, with GBF 
reducing disease severity both clinically and endoscopically as well as increasing the 
concentration of fecal butyrate.89 Another dietary fiber, derived from the Plantago 
ovate seed, has also been demonstrated to have therapeutic effects. It has been shown 
to increase fecal butyrate levels, and was as effective as conventional mesalamine 
treatment to maintain remission in patients with UC in an open-label study of 102 
patients.90

FOS administration has yielded promising results in studies involving patients 
with CD. Lindsay and colleagues reported increased fecal bifidobacteria concentra-
tions and a decrease in disease severity.80 Interestingly, FOS also increased levels of 
DCs expressing TLR-2 and TLR-4, as well as IL-10+ DCs. Immunomodulatory effects 
of prebiotics have not been studied extensively, but indicate another mechanism via 
which they could be associated with efficacy in IBD treatment. Furthermore, com-
bination with probiotics that exert similar beneficial effects could increase potency 
of the treatment. Hussey and colleagues reported efficacy of FOS administration, 
although it was delivered in combination with inulin and whey protein.91 Once 
again, disease severity scores were reduced following treatment, as were erythro-
cyte sedimentation rates, a biochemical marker of inflammation. The effects of FOS 
administration alone were not determined, but may have been useful in identifying 
the most active component of the combination and, hence, potential methods of 
increasing its potency.

Prebiotics have also demonstrated efficacy in the setting of pouchitis. Welters 
and colleagues reported a decrease in both histological and endoscopy scores of 
patients with pouchitis following inulin administration.92 Inulin administration was 
shown to reduce the concentration of Bacteroides fragilis, a bacteroide hypoth-
esized to initiate inflammation in pouchitis and associated with villous atrophy, 
but had no effect on commensal lactobacilli or bifidobacteria concentrations. Fecal 
butyrate levels were also increased by inulin administration, leading to increased 
energy availability for colonic epithelial cells, which may have aided to tissue 
repair and regeneration.

Prebiotics have demonstrated efficacy both in animal models in vivo and in clini-
cal trials. Similar to probiotics, a greater understanding of the role of the intestinal 
microbiota in IBD is required in order to optimize their efficacy. This would facili-
tate the development of more effective microbial therapies as specific targets for 
manipulation will be identified. In addition to exerting their own beneficial effects, 
prebiotics could also be utilized to manipulate the microbiota to facilitate the sur-
vival of probiotic species or increase the efficacy of other therapeutics.
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12.4 syNbIoTICs

Administration of probiotics and prebiotics in conjunction is referred to as a syn-
biotic,93 and is a further potential treatment for IBD. The rationale behind synbiotic 
treatment is that the desired probiotic and prebiotic (presumably with independently 
demonstrated efficacy) would exert a beneficial effect greater than would be observed 
when each was administered individually. Indeed, a prebiotic that was not efficacious 
when administered singularly may stimulate probiotic species, significantly enhanc-
ing its beneficial effects on intestinal health. There are currently few well-conducted 
studies that examine the effects of synbiotic therapy in IBD; however, it remains a 
logical and viable treatment option.

Bomba and colleagues demonstrated that a synbiotic combination of L. para-
casei and maltodextrin decreased E. coli colonization, while a combination of 
L. paracasei and FOS led to an increase in Lactobacillus and Bifidobacterium 
and decreased Clostridium and Enterobacterium in the jejunum of piglets.94 
Furthermore, Su and colleagues determined that treatment with the prebiotics soy-
bean oligosaccharide, FOS, and inulin were able to increase both survival time and 
retention period of the probiotics B. lactis LAFTI B94, L. casei L26 LAFTI, and 
L. acidophilus LAFTI L10.95 Beneficial effects on the human intestinal ecosystem 
by synbiotic administration have been reported by Casiraghi and colleagues, who 
observed an increase in fecal bifidobacteria and lactobacilli counts.96 In addition, 
Kanamori and colleagues demonstrated that synbiotic treatment with B. breve, 
L. casei Shirota, and galacto-oligosaccharide for over 12 months increased fecal 
SCFA levels, increased fecal bifidobacteria, and lactobacilli concentrations and 
improved the rate of body weight gain in patients with short bowel syndrome.97

Studies into the effectiveness of synbiotics as a therapy for IBD have delivered 
contrasting findings. Geier and colleagues reported that treatment with FOS and 
the probiotic L. fermentum BR11 failed to reduce the severity of DSS colitis in 
rats.98 However, investigations into the efficacy of FOS delivered alone determined 
that the prebiotic actually increased some indicators of colonic injury, indicating 
that FOS may not be a suitable prebiotic for use in this synbiotic combination. 
Shultz and colleagues reported an improvement in colonic inflammation of colitic 
rats treated with a combination of L. acidophilus 5, B. lactis Bb-12, and inulin.99 
Synbiotic administration increased the diversity of the gut microbiota, although 
the two probiotics were not detected. This led to the suggestion that the antiinflam-
matory effects of the treatment may have been due to the prebiotic. Chermesh and 
colleagues reported the failure of “Synbiotic 2000” (a combination four prebiotics 
and four probiotics) to reduce the postoperative recurrence of CD.100 These findings 
were not unexpected, however, as probiotics and prebiotics have typically dem-
onstrated a greater efficacy in the treatment of UC rather than CD. Indeed, the 
prebiotic mixture Synergy 1®, combined with B. longum in a double-blind, random-
ized controlled pilot study was able to improve sigmoidoscopy scores, decrease 
β-defensin mRNA, TNF-α, and IL-1α, and reduce inflammation seen in biopsies 
of active UC.101
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The potential benefits of synbiotic therapy are clear; however, the great challenge 
is to determine the best combination for each disease setting and for each individual 
patient. Logically, the first investigations should focus on combining probiotics and 
prebiotics that have demonstrated individual benefits, and to determine the specific 
properties that a prebiotic requires to be beneficial to a probiotic, and to select the 
prebiotic accordingly.

12.5 FuTurE DIrECTIoNs

12.5.1 Inactivated bacteria

Traditionally, it has been thought that probiotics need to be living to exert their 
beneficial effects. However, recent evidence suggests that inactivated bacteria may 
also possess therapeutic properties. It is postulated that the protective effect of pro-
biotics may be mediated, to some degree, by their own DNA; hence, the bacteria do 
not need to be “live” to exert their therapeutic effect.102 This challenges the previous 
dogma suggesting that probiotic bacteria must survive passage through the GI tract 
to exert their beneficial effects. The use of inactivated bacteria for therapeutic benefit 
has a number of advantages as it reduces the risk of sepsis potentially associated with 
administration of live bacteria. This could provide a safer means to deliver probiot-
ics to immunocompromised patients as well as providing greater quality control and 
longer storage life. The efficacy of dead and inactivated bacteria has been tested in 
a number of in vitro and in vivo models of diseases of the GI tract, but has yet to be 
examined in clinical trials.

12.5.1.1 In vitro Studies of Inactivated Bacteria

Zhang and colleagues compared the ability of live and inactivated L. rhamno-
sus GG (LGG) to decrease TNF-α-induced IL-8 production, a proinflammatory 
cytokine observed at increased levels in IBD, using Caco-2 cells.103 Cells were 
treated with LGG at a range of doses (104 to 1010 cfu/mL), in the presence or 
absence of TNF-α or antibiotic (penicillin or streptomycin). Both live and heat-
inactivated LGG were reported to reduce the TNF-α-induced IL-8 production. 
However, when IL-8 levels were examined in cells treated with 1010 cfu/mL LGG 
in the absence of TNF-α, cells produced more IL-8 than untreated cells and cells 
treated with TNF-α alone. In contrast, an identical dose of heat-inactivated LGG 
only slightly increased IL-8 levels compared to untreated controls. The addition 
of antibiotics did not alter these results, indicating no detrimental effect on pro-
biotic efficacy. Although the effect was not as apparent using dead bacteria, the 
increase in IL-8 levels following high-dose treatment indicates a degree of risk 
of inflammation associated with both live and inactivated LGG administration. 
Interestingly, Roselli and colleagues reported that heat-killed LGG did not have 
the same beneficial effect as live bacteria in Caco-2 cells.104 Live and heat-killed 
LGG and B. animalis MB5 were tested for their ability to reduce E. coli-induced 
neutrophil transmigration, but only live bacteria were able to induce a significant 
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decrease. These two studies provide further insight into the complexity of the 
mechanisms of probiotic action. Although both studies used live and dead LGG 
in Caco-2 cells, different parameters were measured. While dead bacteria were 
able to reduce inflammation,103 they had no impact on neutrophil transmigration,104 
indicating different mechanisms of action for each probiotic. This indicates that 
probiotic-induced effects may be mediated by different bacterial-derived pathways, 
some which are dependent on viable bacteria, while others, mediated by probiotic 
structures or secreted products, do not require live bacterial cells. Differences in 
the efficacy of dead LGG also may have been due to the challenge applied to the 
cells. Although LGG was effective against TNF-α-induced damage, it was unable 
to counteract damage caused by enterotoxigenic E. coli. Depending on the disease 
setting, heat-killed LGG still provides a therapeutic option.

12.5.1.2 In vivo Studies of Inactivated Bacteria

Laudanno and colleagues tested live and heat-killed forms of the commer-
cially available Bioflora probiotic, which contains four species of bacteria: L. 
casei, L. plantarum, Streptococci faecalis, and B. brevis.105 Female Wistar rats 
were challenged orally with 50 mg/kg of indomethacin to induce gastric necrotic 
lesions and erosions of the small intestine, and treated (either subcutaneously or 
orally) with 1 mL of either live or dead Bioflora probiotic. Regardless of admin-
istration route, both the live and heat-killed bacteria prevented indomethacin-
induced lesions and reduced MPO activity. Live and heat-inactivated Bioflora 
was also able to reduce inflammation in the carrageenin-induced model of plantar 
edema. Rachmilewitz and colleagues provided further evidence supporting the 
theory that bacterial DNA could be responsible for the beneficial effects of cer-
tain probiotics.106 Live, irradiated (nonviable), and heat-killed forms of VSL#3 
were administered to rats with DSS colitis. However, in contrast to the findings 
of Laudanno and colleagues, only the live and irradiated probiotics attenuated the 
severity of colitis. The contrast between heat-killed and irradiated VSL#3 was 
surprising, suggesting that during the heating process the bacterial DNA may 
have been damaged. It is unclear why this effect did not occur for the Bioflora 
probiotic, but it may have been due to differences between the properties of the 
probiotic strains. Future studies should investigate whether the probiotic DNA 
structure was damaged during the inactivation process. Irradiated VSL#3 did 
not ameliorate DSS colitis in TLR-9–/– mice, indicating a key role for the TLR-9 
pathway in the attenuation of colonic inflammation. Furthermore, irradiated bac-
teria treated with DNase also failed to replicate the beneficial effects of untreated 
irradiated bacteria, suggesting that DNA was the component of the probiotic that 
exerted this beneficial effect, most likely through stimulation of the host immune 
system. Immunostimulatory DNA has further been shown to inhibit colonic 
proinflammatory cytokines and chemokines107 as well as to promote regulatory 
T-cell production.108
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12.5.2 Probiotic supernatants

Recently, there has been increasing interest in the use of probiotic supernatants 
in the treatment of intestinal disorders. Probiotic supernatants are devoid of bacte-
rial cells, but contain a mixture of secreted products. If deemed to have therapeutic 
potential, the use of bacterial supernatants would reduce the minor risk of sepsis 
associated with administration of live bacteria. The use of supernatants will also 
facilitate the delivery of these secreted products in a more controlled manner, which 
does not require the colonization and survival of the bacterium.109 Bacterial superna-
tants could also be more effective therapeutics as they would have a longer shelf life 
than live bacteria, facilitating greater quality control during production. The exact 
composition of the secreted products is not known, but would vary dependent on 
species, strain, and culture conditions. Studies have reported probiotic supernatants 
to contain SCFAs,110 phospholipids,111 bacteriocins,112 and proteins.109

Frick and colleagues investigated the ability of L. fermentum supernatant to 
inhibit the proinflammatory responses of HeLa 229 cells on Yersinia enterocolitica 
infection.111 Yersinia enterocolitica treatment was shown to induce two proinflam-
matory responses: NF-κB activation and increased IL-8 production. Treatment with 
L. fermentum supernatant inhibited IL-8 secretion and decreased NF-κB activation 
following infection. The antiinflammatory effect of L. fermentum supernatant was 
diminished upon treatment with phospholipase C, indicating a key role for a secreted 
phospholipid in the antiinflammatory effect. Similarly, Roselli and colleagues dem-
onstrated the efficacy of both B. animalis MB5 and LGG in the treatment of E. 
coli K88-infected Caco-2 cells.104 Supernatant administration decreased E. coli K88 
adhesion, counteracted IL-8 upregulation, and inhibited neutrophil translocation. 
This supernatant exerted identical beneficial effects following protease digestion, 
suggesting that proteins were not the active constituent. Escherichia coli viabil-
ity was unaffected by treatment, eliminating bactericidal activity of the probiotic 
or its supernatant. The mechanism for these beneficial effects needs to be further 
elucidated. Interestingly, only treatment with live bacteria prevented the pathogen-
induced increase in expression of IL-1β and TNF-α and the decrease of TGF-α. This 
study provided an example of the differing impact of live bacteria and supernatants, 
and highlights that not all therapeutic benefits of probiotic bacteria are mediated by 
their secreted products.

Yan and colleagues performed the first study in which proteins were character-
ized and purified from a probiotic supernatant, and shown to exert beneficial effects 
on colonic epithelial cells.109 In this experiment, two proteins (p75 and p40) were 
isolated from LGG and tested in four settings: young adult mouse colon epithelial 
cells, kinase suppressor of Ras-1 knockout mouse colon epithelial cells, human HT-29 
colon cells, and cultured C57BL/6 mouse colon explants. Cells and colon explants 
treated with p75 and p40 displayed increased Akt activation, inhibition of cytokine-
induced epithelial cell apoptosis, and growth promotion. TNF-induced epithelial cell 
apoptosis was also significantly reduced by both p75 and p40. These findings eluci-
date key mechanisms behind the therapeutic effects of LGG, and indicate potential 
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for its use as a therapeutic for cytokine-mediated GI diseases. All of the mechanisms 
responsible were not identified, however; an earlier study also reported that soluble 
products of LGG were able to activate MAP-kinases and induce cryoprotective heat 
shock proteins in intestinal epithelial cells, further mechanisms that could contribute 
to the beneficial clinical effects of LGG.113

The production of multiple bioactive compounds by probiotic bacteria has pre-
viously been reported in L. johnsonii NCC 533.114 The supernatant was shown to 
contain products capable of catalyzing the synthesis of the antimicrobial compound, 
hydrogen peroxide, in addition to the previously identified lactic acid and other bac-
teriocins. Production of hydrogen peroxide was also observed in eight other L. john-
sonii strains, suggesting a degree of species, rather than strain, specificity.

12.5.3 Efficacy of Probiotics, Prebiotics, and synbiotics

Probiotic, prebiotic, and synbiotic treatments have the potential to decrease the 
severity of IBD. A number of potential mechanisms have been identified, includ-
ing increased SCFA production, reduction of proinflammatory cytokine secretion 
and gene expression, strengthening of the intestinal epithelial wall and improvement 
of barrier function, improvement of the Th1/Th2 balance, and the elimination of 
pathogenic bacteria, among others. As a result of their variable successes, concerns 
remain related to the use of probiotics as therapeutics for IBD. Although some exert 
beneficial effects, many strains have been reported to be ineffective while some have 
been shown to exacerbate disease severity. A critical step to improve the effective-
ness of these therapies is to gain a better understanding of the intestinal microbiota 
and its relationship with disease development. This information would facilitate the 
identification of specific targets for manipulation and allow for strategic selection of 
the most beneficial probiotics for a given disease. Furthermore, a greater mechanistic 
understanding of probiotics, prebiotics, and synbiotics would facilitate the selection 
of the strains and combinations most suited to each gut disorder. Finally, it is essen-
tial that the manner in which the probiotic treatments interact with the commensal 
bacteria be determined. The microenvironment differs between individuals and it 
is feasible to predict that treatments may be selected to suit the individual based on 
their own unique bacterial profile.

The risk of sepsis associated with the administration of live probiotic bacteria 
is low, but nevertheless worthy of consideration. Probiotic-related cases of sepsis 
are rare and usually observed in immunocompromised patients with impaired bar-
rier function. In addition, the difficulties associated with maintaining a high degree 
of quality control is another problem hindering the development of probiotic-based 
therapeutics.115 Both of these issues can be addressed through the use of either inac-
tivated probiotic bacteria or the supernatant products of probiotics. Inactivated bac-
teria and supernatants have been tested in vivo and in vitro and have demonstrated 
efficacy in the setting of intestinal inflammation. They could potentially allow the 
same beneficial effects of probiotics to be exerted, without the risk of sepsis or harm-
ful interactions with the host microbiota. Furthermore, once the sources of beneficial 
effects associated with probiotics have been identified, whether it be the microbial 
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DNA, a secreted product, or an array of factors, these could be isolated and har-
nessed to produce a more potent therapeutic. Inactivated probiotic bacteria and pro-
biotic supernatants also have the benefit of facilitating greater quality control and 
longer shelf life as therapeutics.

IBD is a complex disorder for which the exact pathogenesis has not yet been 
determined, nor has a definitive treatment been developed. Probiotics and prebiot-
ics have demonstrated therapeutic promise in this disorder, and have the potential 
to be employed as either alternative or cotherapeutics. Nevertheless, further studies 
are required to gain a more detailed understanding of the mechanisms behind the 
beneficial effects of probiotics and prebiotics in order to optimize their applicability 
for prevention or treatment of IBD.
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13ChAPTEr 

Prebiotics and Probiotics in 
Pediatric Diarrheal Disorders

Rosemary J. Young

13.1 INTroDuCTIoN

Prebiotics and probiotics are components of foods that produce positive physio-
logical effects through their interrelationships with the gastrointestinal tract. Whereas 
the benefits of prebiotics have come to light in more recent years, recognition of pro-
biotic effects dates back to the seventeenth century when Louis Pasteur postulated 
the importance of microorganisms in human life. More formalization to the study of 
probiotic organisms came about in 1908 when Eli Metchnikoff made observations 
that human health and longevity are associated with the ingestion of lactic acid-
producing bacteria. His observation stemmed from the fact that Bulgarian peasants, 
who lived longer, consumed large quantities of sour milk containing what is now 
known as Lactobacillus bulgaricus.1 Prior to refrigeration, live bacteria and other 
microorganisms were commonly ingested in food as organisms were extensively 
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utilized for food preservation. Currently, there is a greater consumption of processed 
foods in addition to a sterile food supply, and the ingestion of food-based pre- and 
probiotics has become more limited.

13.2 DEFINITIoNs

Prebiotics are defined as “a nondigestible food ingredient that beneficially affects 
the host by selectively stimulating the growth and/or modifying the metabolic activ-
ity of one or a limited number of bacterial species in the colon that have the potential 
to improve host health.”2 Prebiotics are found naturally in many foods, are present 
in breast milk, and can also be isolated from plants (e.g., inulin from chicory root) 
or synthesized (e.g., enzymatically from sucrose). The major prebiotics for bacterial 
growth in humans are dietary carbohydrates that have not been digested in the upper 
gastrointestinal tract. These most often include resistant starch, nonstarch polysac-
charides, and nondigestible oligosaccharides.3 It is primarily the nondigestible oligo-
saccharides, such as human milk oligosaccharides, fructo-oligosaccharides (FOS), 
and galacto-oligosaccharides (GOS) that have been found to selectively stimulate 
beneficial bacteria to the point of providing a quantifiable benefit. Although some 
proteins and lipids are partially nondigestible, their prebiotic benefits are not as well 
characterized.

Several definitions of probiotics exist. For example, a probiotic has been defined 
as “a live microbial food ingredient that, when ingested in sufficient quantities, 
exerts health benefits.”4 Similarly, the Joint FAO/WHO (Food and Agriculture 
Organization / World Health Organization) Working Group on drafting “Guidelines 
for the Evaluation of Probiotics in Food” has recommended more specifically that 
probiotics be defined as “live microorganisms which when administered in adequate 
amounts confer a health benefit on the host.”5 Therefore, the focus becomes micro-
organisms that are not just safe, but also must have a demonstrable benefit to the 
host. Probiotic microorganisms can be found both in supplement form and as com-
ponents of foods. Examples of probiotics include certain strains of Lactobacillus, 
Bifidobacterium, Streptococcus, Enterococcus, and Saccharomyces. Many are con-
sumed in foods such as yogurts and other cultured dairy products.

13.3 ColoNIZATIoN

Normally individuals receive their first exposure to bacteria during the birthing 
process. Prior to that time, the gastrointestinal tract is sterile. During childbirth, an 
infant swallows bacteria present in the birth canal; these bacteria rapidly colonize 
the small and large intestine, and the intestinal immune system learns to recognize 
these bacteria as desired residents of the gastrointestinal tract. Besides extrinsic fac-
tors, such as mother’s dietary intake or use of probiotics, type of birth (vaginal or sur-
gical), gestational age, and primary source of nutrition (bottle or breastfed); intrinsic 
factors including underlying neonatal health, immunologic status, gastrointestinal 
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transit time, pH, and stress all affect the process of colonization and the types of 
organisms established.6 Because they are not exposed during birth to maternal 
flora, infants born via cesarean section may have delayed colonization as well as 
a greater acquisition of environmental flora than the vaginally born infant. Infants 
delivered via cesarean section have been demonstrated to have delayed acquisition 
of anaerobes, particularly with Bacteroides, which require very close contact for 
transmission.7

Dietary factors also play a major role in gut colonization of the newborn. Human 
milk is thought to create an environment favorable for the growth of bifidobacteria; 
however, studies are conflicting and it may be that the higher counts in this group 
are due to the overall lower proportional levels of other bacterial groups. Once estab-
lished, the intestinal flora is relatively stable throughout life and difficult to change 
permanently. It is recognized as native and typically beneficial to that individual. 
Escherichia coli are the predominant enterobacteria to colonize the infant initially, 
but later bifidobacteria increase in numbers. Formula-fed infants typically have a 
more complex microflora including bacteroides, clostridia, and streptococci in equal 
proportions to the bifidobacteria probably due to greater exposures.8 The bifidobac-
teria strains that predominate in infants, B. bifidum type B, B. infantis ssp. Infantis, 
and B. longum ssp. longum type B rarely occur in adults, implying that dietary/envi-
ronmental exposure plays a significant role in initial colonization.9

By the end of the first month of life, bifidobacteria levels are equal in both groups 
of infants.10 Once solid foods are introduced to formula-fed infants, their flora adjusts 
with increase in anaerobic flora. By the second year of life, assuming similar diet and 
environmental exposure, bacterial populations on both formula-fed and breastfed 
infants resemble that of adults in both number and composition.11

Premature infants and term infants requiring intensive care are slower to 
acquire bifidobacteria flora. Premature infants are also more susceptible to patho-
genic colonization, which predisposes them to infection. Animal studies have 
shown that bacteria considered to be nonpathogenic to adults may be harmful 
in the early human neonatal stages12 and may in part explain the occurrence of 
necrotizing enterocolitis.13 In general, colonization of beneficial intestinal bac-
teria has been shown to stimulate normal mucosal defense systems and inhibit 
pathogenic organisms.

In adults, bacteroides species represent the most prevalent groups in the large 
intestine, but others are also present, including bifidobacteria, lactobaccilli, staph-
ylococci, enterobacteria, streptococci, and clostridia species. While these resident 
commensual bacteria are important, they should not be automatically considered 
probiotic species unless these native microorganisms can be specifically character-
ized and studied.14 Lactobacillus rhamnosus GG is an example of a human-derived 
bacterium that has been specifically studied in this regard.

Temporary alterations in intestinal flora are related to the health of the indi-
vidual and can be altered by diet, environment, antibiotic therapy, radiation or che-
motherapy, or modifications in the individual’s immune system. Ingesting specific 
prebiotics as well as probiotic bacteria that are not currently a part of the individual’s 
daily intake can result only in the transient changes in the flora. Sterilization of our 
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food supply has limited our exposure to the more beneficial organisms previously 
consumed on a daily basis. The science of prebiotics and probiotics is now focused 
on attempting to identify those specific beneficial nutrients and species.

13.4 MEChANIsMs oF ACTIoN

Prebiotics and probiotics are not as similar as their names suggest. Prebiotics 
basically provide the food for all sorts of microorganisms. A beneficial prebiotic 
increases the number of less aggressive or beneficial organisms in the bowel, pro-
duces short-chain fatty acids, which protect the bowel lining and prevent invasion 
of harmful organisms, lowers the intestinal pH, which alters the growth of some 
organisms as well as increases calcium absorption and possibly has some immuno-
modulation effects.2 Prebiotics, therefore, act only on natural flora already present 
in the bowel.

To be a successful probiotic, microorganisms must be ingested in live or dor-
mant form, be able to maintain sufficient viable microorganisms that survive the 
host’s digestive process, as well have demonstrable health effects without significant 
adverse effects.15 Probiotics act by numerous different mechanisms; however, adher-
ence to the intestinal epithelium is often felt to be important for the interaction with 
the gastrointestinal immune system by inducing the immunomodulating benefits, 
such as enhancing immunoglobulin A (IgA) production and stimulating cytokines.16 
Other functions of probiotic bacteria include their ability to produce antimicrobial 
substances, such as bacteriocins, hydrogen peroxide, and biosurfacants. They may 
also act to lower intestinal pH by stimulating lactic acid-producing organisms, which 
favors growth of more beneficial organisms. Some probiotics enhance colonization 
resistance by competing with pathogens for binding and receptor sites and for avail-
able nutrients required by pathogenic organisms.17 A probiotic is most beneficial 
when it can adapt to healthy intestinal flora, not displace the native bacteria already 
present.

13.5 ClINICAl sTuDIEs

13.5.1 Prebiotics

As a result of the relatively recent recognition of the potential benefits of pre-
biotics, the number of randomized controlled studies is limited. It has been recog-
nized that the human milk oligosaccharides, the third most abundant component 
of breast milk, are bifidogenic and one mechanism for the protective effect of the 
breastfed infant against many diarrheal conditions.18,19 The composition of human 
milk oligosaccharides is very complex and more than 100 different oligosaccharide-
like structures are known. The concentration of these compounds in breast milk 
changes according to different lactation phases; it is higher in colostrum than in 
transitional and mature milk. These findings have led to the study of supplementing 
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infant formulas with various prebiotics to obtain the protective benefits conferred 
with the breast milk prebiotics.

The addition of GOS and FOS to formula has been shown to positively affect the 
bifidobacteria content of the infant’s feces,20 as well as to induce a reduction of clini-
cally relevant pathogen germs in the feces of formula-fed preterm infants.21 Stahl et 
al.22 found that GOS/FOS can be detected in stools of prebiotic-supplemented for-
mula-fed infants in amounts similar to those displayed in infants given human milk 
oligosaccharides via breast milk. Furthermore, the pattern of fecal short-chain fatty 
acids in infants fed an oligosaccharide mixture was found to be similar to that of 
breastfed infants and significantly different from that of a group of infants fed with a 
formula without added prebiotics.23 A study by Euler et al.,24 however, identified that 
not only the amount but also the type and origin of prebiotic used in the formula are 
key in obtaining demonstrable clinical benefits, as they were unable to demonstrate 
any change in fecal flora with two different doses of FOS.

In a group of preterm infants, the addition of a combination of GOS/FOS to 
the formula was shown in a double-blind, placebo-controlled study to reduce stool 
viscosity and gastrointestinal transit time without any adverse events.25 Boehm et 
al.26 tested in preterm infants a mixture of 90 percent GOS and 10 percent FOS, 
with a distribution of molecules and a concentration of total oligosaccharides close 
to human milk, added to a standard preterm formula. The supplementation resulted 
in a clear bifidogenic effect, accompanied by more frequent softer stools. It was also 
observed that the Ca/P ratio in the urine was similar to that observed in breastfed 
infants, suggesting also an influence of prebiotics on calcium absorption.

Ziegler et al.27 recently reported the use of a prebiotic supplemented formula in a 
group of healthy term infants and found that the supplemented group had compara-
ble growth to the placebo group with no adverse events. The prebiotic-supplemented 
group also had a stool pattern that more closely resembled breastfed infants than the 
group fed the standard infant formula. A study with term infants has evaluated the 
nutritional efficacy and bifidogenic characteristics of an infant formula containing 
partially hydrolyzed whey proteins, modified fats, and prebiotics with starch and 
reported satisfactory growth and higher counts of bifidobacteria in the feces with no 
adverse side effects.28 Another prospective study suggested that infants with “minor” 
gastrointestinal symptoms (such as colic, regurgitation, and constipation) improved 
within 2 weeks of feeding the same type of supplemented formula.29

The use of oligofructose-supplemented infant cereal was found in a random-
ized, blinded trial to give fewer loose stools, fewer physician visits for diarrhea, 
and fewer days missed from daycare because of diarrhea in the group receiving the 
supplemented cereal.30 However, there was no difference in the incidence of diarrhea 
or other infections. More recently Duggan et al.31 demonstrated that oligofructose-
supplemented cereal given to community-based infants in Peru also had no effect on 
diarrhea incidence, use of healthcare resources, and response to Haemophilus influ-
enzae immunization. It was speculated that the high rate of breastfeeding in both the 
control and treatment group may have negated the effect.

A study on oligofructose supplementation was performed in a group of healthy 
7- to 19-month-olds attending daycare and found that compared to a placebo group 
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they tended to have greater bifidobacteria counts and fewer pathogenic clostridia,  
but not salmonella.32 The oligofructose-supplemented group had less flatulence and 
fewer episodes of vomiting, diarrhea, and febrile episodes than the control group, 
but the effects did not persist beyond the supplementation period. General immune 
system enhancement has been demonstrated by Arslanoglu et al.33 in a study, using a 
mixture of neutral short-chain GOS and long-chain FOS. In this study, the incidence 
of recurring infections, particularly respiratory infections, was decreased during the 
first 6 months of life in the prebiotic group as compared to the placebo group.

Antibiotic use is frequent in children and at times leads to antibiotic-associated 
diarrhea. Brunser et al.34 conducted a randomized, double-blind study of the effects 
of a prebiotic-supplemented formula given to a group of infants 1 to 2 years of age 
receiving amoxicillin for acute bronchitis. They found that the antibiotic usage 
decreased total fecal bacteria and increased clostridia; however, with prebiotic 
supplementation there was increased fecal bifidobacteria and lactobacilli without 
a change in gastrointestinal symptoms. Another common problem in infants is the 
rising incidence of atopic dermatitis due to formula or breast milk intolerance. Many 
children concurrently have gastrointestinal symptoms, such as vomiting, diarrhea, 
and failure to thrive. Moro et al.35 found that a mixture of GOS/FOS-supplemented 
hydrolyzed formula given to infants at high risk for atopy reduced the incidence of 
atopic dermatitis including regurgitation and crying during the first 6 months of life 
as compared to the unsupplemented group.

13.5.2 Probiotics

The use of probiotics in the treatment of acute diarrheas, particularly viral diar-
rhea, has been extensively studied by several groups in placebo-controlled studies 
in both Europe and the United States. In these studies, Lactobacillus GG, L. reu-
teri, L. acidophilus Lb, Saccharomyces boulardii, and a combination product of 
Streptococcus thermophilus, L. acidophilus, and L. bulgaricus led to decreased 
severity and duration of diarrhea in both developed and in developing countries 
when administered alone or as part of oral rehydration therapy. Four meta-analy-
ses have concluded that probiotic therapy reduced the duration of acute diarrheal 
illness by approximately 1 day.36–39 The probiotic with the most consistent results 
was Lactobacillus GG. Two studies have, however, demonstrated no benefit demon-
strated of Lactobacillus GG in the treatment of acute diarrhea children with severe 
diarrhea.40,41 A study of L. paracaseii ST11 also noted no benefit in severe cases of 
pediatric diarrhea; however, some benefit in less severe, nonrotavirus diarrhea was 
noted.42

The prevention of nosocomial infectious diarrhea may be affected by the use 
of probiotics. A double-blind, randomized control trial using Lactobacillus GG in 
children ages 1 to 36 months showed a significant reduction in the risk of rotavirus 
gastroenteritis 2.2 percent versus 6.7 percent.43 However, in a larger double-blind, 
randomized study there was no statistically significant protective effect of the same 
probiotic for nosocomial rotavirus infection.44 Another randomized trial looking 
at 55 infants admitted to a chronic care pediatric hospital showed a lower risk of 
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developing nosocomial diarrhea when infants were fed formula containing bifido-
bacteria and streptococci 7 percent versus 31 percent.45

Randomized controlled studies suggest a modest protective effect of probiot-
ics in decreasing community-acquired diarrheal episodes. A Peruvian study of 204 
malnourished children showed a reduction of the number of episodes of diarrhea per 
child per year from 6.02 to 5.21 in those receiving Lactobacillus GG (46). A second 
study from Finland involving 571 children attending daycare centers did not show 
a significant difference in the number of days with diarrhea when Lactobacillus 
GG was used. However, there was a 16 percent reduction in the number of days of 
absence due to gastrointestinal and respiratory illnesses.47 Another study involving 
210 healthy children in child healthcare centers using L. reuteri and B. lactis showed 
a lower frequency and duration of diarrhea as compared to a control group.48

The most common alteration of intestinal flora in children occurs with anti-
microbial therapy, especially with broad-spectrum antibiotics. Positive effects in 
pediatric antibiotic-associated diarrhea have been identified with Lactobacillus 
GG. Arvola et al.49 performed a double-blind trial in 119 children (mean age 4.5 
years) receiving antibiotics for respiratory infections in Finland. They administered 
Lactobacillus GG twice a day during antibiotic therapy and demonstrated signifi-
cantly fewer incidences of diarrhea in the probiotic group (5 percent vs. 16 percent). 
In this study, actual changes in gut microflora were also identified in patients who 
had diarrhea as defined by three or more loose stools per day. Vanderhoof et al.50 
also reported a placebo-controlled study of 188 children receiving antibiotics for 
common upper respiratory infections that demonstrated fewer episodes of diarrhea, 
as defined by increased stool looseness and frequency, in the group receiving the 
probiotic Lactobacillus GG (48 percent vs. 17 percent).

A meta-analysis of data from five randomized, controlled trials showed 
Saccharomyces boulardii to be moderately effective in preventing antibiotic-associated 
diarrhea in children and adults treated with antibiotics.51 Not all probiotics are equally 
effective in this condition as a combination of L. acidophilus and L. bulgaricus was 
ineffective in preventing diarrhea in children receiving amoxicillin therapy during a 
double-blind, placebo-controlled trial.52 Hospitalized children receiving limited enteral 
intake and broad-spectrum antibiotics may significantly benefit from concurrent pro-
biotic therapy. Biller53 reported a positive effect in an open-label case series of four 
pediatric patients using Lactobacillus GG for recurrent Clostridium difficile infection.

Necrotizing enterocolitis (NEC), a condition seen predominantly in premature 
infants, often results in small bowel resection in severe cases. In three studies, the 
use of a combination probiotic therapy administered to premature infants reduced 
the incidence of NEC.54–56 Other investigators, however, were unable to demonstrate 
any benefit of Lactobacillus GG in NEC prevention.57

A new area of research has demonstrated that probiotics may be particularly effec-
tive not only in intestinal inflammation, but may also affect the systemic immune 
response that occurs with food-related allergies in infants and children. Probiotics 
appear to redirect the immune system toward producing chemical mediators that are 
more useful in controlling infections, rather than mediators that induce the aller-
gic response. Studies in infants with eczema receiving formulas supplemented with 
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Lactobacillus GG have shown benefit in decreasing both gastrointestinal symptoms 
and eczema.58,59 When Lactobacillus GG or placebo was given to pregnant moth-
ers with a strong family history of eczema, allergic rhinitis, or asthma and to their 
infants for the first 6 months after delivery, the frequency of developing atopic der-
matitis in the offspring was significantly reduced at 2 years59 and 4 years.60 Another 
placebo-controlled study showed significant improvement in children with atopic 
dermatitis after a 6-week administration of L. rhamnosus 19070-2 and L. reuteri 
DSM 122460.61 Children with high IgE levels and one or more positive skin tests 
were more responsive to probiotic therapy. In a large controlled study, infants with 
atopic eczema and cow’s milk allergy responded more effectively to hydrolyzed whey 
formula when Lactobacillus GG was added to the formula.62 When L. paracasei-33 
was given for 30 days to 80 children with perennial rhinoconjunctivitis, the quality 
of life questionnaire scores significantly improved relative to placebo.63 However, 
L. rhamnosus supplementation failed to show any benefit in birch pollen allergic 
children in a placebo-controlled trial.64 These positive effects in the gastrointestinal 
tract may be due to a probiotics ability to alter intestinal permeability as well as to a 
direct effect on the gut-associated lymphoid tissue.

The systemic effect of probiotics on the immune system has been demonstrated in 
two placebo-controlled studies examining an antibody response to typhoid vaccine 
in adults and to rotavirus vaccine in children when given the probiotic Lactobacillus 
GG.65,66 In two similar, but separate, controlled studies done in pediatric patients 
with cystic fibrosis and in healthy children in a Finnish daycare, it has been demon-
strated that Lactobacillus GG therapy decreased the number of respiratory infec-
tions requiring antibiotic therapy over an extended period of time.67,68 Recently it has 
also been shown that the episodes of pulmonary exacerbations and hospital admis-
sions were significantly decreased in patients with cystic fibrosis receiving LGG 
compared to a placebo group.69

13.6 sAFETy

Short-term safety, adequate growth, and effects on the total number of bifidobac-
teria in stools have been demonstrated with prebiotics; however, no long-term studies 
on the effects have been conducted. Although the induction of softer stools may be 
beneficial in infants with constipation, a hypothetical concern regarding fluid bal-
ance should be considered. Animal data suggest that there may be an increased risk 
of Salmonella translocation and possible adenoma formation may occur with use of 
FOS,70,71 but this has not been observed in human studies to date.

Probiotics available as food ingredients or dietary supplements containing 
microorganisms have been used extensively in food processing for years, with a long 
history of safety and no adverse effects on metabolism.72,73 However, when consid-
ering the safety of probiotics, potential adverse effects include systemic infections, 
altered metabolism, and gene transfer. Children with abnormal immune function 
should use these products with caution as they could become potential opportu-
nistic pathogens.74 Despite the theoretical risk of immunomodulation, especially 



PrebiotiCs and ProbiotiCs in PediatriC diarrHeaL disorders 267

in immunocompromised hosts or those with autoimmune disorders, few reports of 
probiotic-related disease have been reported.75–77

13.7 CoNClusIoN

Well-designed research studies suggest that supplementary consumption of cer-
tain prebiotic and probiotic strains may temporarily alter the intestinal microflora 
of infants and children to produce a beneficial effect. However, clinical benefit is 
dependent on numerous factors, such as the type of prebiotic ingredient or specific 
bacteria, dosing regimen, delivery method, and other underlying host factors. Many 
claims are made by manufacturers of these products; however, their use needs to 
be directed through careful review of double blind, placebo-controlled studies in 
humans. Recommendation of a specific product for any condition requires thought-
ful analysis of these issues and the avoidance of overgeneralization of results.
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Anticarcinogenic Effects of Probiotics, 
Prebiotics, and synbiotics
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14.1 INTroDuCTIoN

Cancer is a complex disorder, characterized by the uncontrolled growth and 
spread of abnormal cells. The prevalence of cancer is increasing rapidly and it has 
been predicted that the prevalence will increase further in the coming years. At pres-
ent, around the world, more than 10 million cancer cases occur annually. Cancer is a 
leading cause of death around the world, causing more than 6 million deaths a year. 
The exact causes of most types of cancer are still not known, and there is not yet a 
cure for cancer. It is known that the risk of developing many types of cancer can be 
reduced by adopting certain lifestyle changes, such as quitting smoking and eating a 
nutritional balanced diet.
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The prevalence of cancer is more common in industrialized nations, but its prev-
alence in developing countries is also increasing, particularly as these nations adopt 
the diet and lifestyle habits of industrialized countries. The risk of cancer exists for 
every person in this universe, and it is believed that anyone can get cancer at any 
age; however, about 80 percent of all cancers occur in people over the age of 55. 
Cancer appears to occur when the growth of cells in the body is out of control and 
cells divide too rapidly. It can also occur when cells “forget” how to die. Cancer is 
a disorder that can affect any site in the body. About 100 human cancers are recog-
nized. Four most common cancers have been reported in most of the population: 
lung, colon/rectum, breast, and prostate. A report from National Cancer Institute 
(NCI) states that the incidence rates for these four types of cancer have continued to 
decline since 1990; however, even with a decrease, NCI indicates that colon cancer 
is the second most frequently diagnosed cancer in the United States. Colorectal can-
cer is one of the most common causes of death in populations of developed coun-
tries who consume “Western-style diets” (World Cancer Research Fund, American 
Institute for Cancer Research, 1997). Studies report that dietary patterns, lifestyle 
exposure, physical inactivity, and obesity increase colorectal cancer risks, especially 
in genetically predisposed populations (Potter, 1999). Colorectal cancer is thus caus-
ally related to both genes and environment. The environment delivers risk factors 
that cause mutations and initiate cancer or enhance growth by genetic and epigenetic 
mechanisms (Ferguson, 1999). Nutrition may supply products that may counteract 
the causative factors (Johnson et al., 1994) and that can be recommended on the basis 
of a wholesome and complete diet (Pool-Zabel, 2005).

14.2 CArCINogENEsIs ProCEss IN ColorECTAl CANCEr

Cancer is a combination of various metabolic and physiologic disturbances in the 
cell, which are directly or indirectly related to the involvement of genetic makeup 
(Giovannucci, 2007). Generally, all cancers involve the malfunction of genes that 
control cell growth and division. The process by which cancers develop is called car-
cinogenesis. Figure 14.1 shows how colorectal cancer progresses in various stages. 
Generally, the carcinogenesis process usually starts when chemicals or radiation (car-
cinogen) damages DNA, the genetic structure inside cells (Toft and Arends, 1999). 
Viruses are also potent inducers of cancer, and they normally induce carcinogenesis 
by introducing new DNA sequences (Khalili et al., 2001). Normal cells have DNA 
repair machinery, so that most of the time when DNA becomes damaged, the cell is 
able to repair it. In cancer cells, however, the damaged DNA is not repaired. Normal 
cells with damaged DNA die by the process of apoptosis, whereas cancer cells with 
damaged DNA continue to multiply and make multiple copies of cells. The exact 
mechanisms for the development of cancer mediated through mutations are obscure; 
it is not exactly known how mutations in DNA develop cancer and how many muta-
tions are required for the development of the complete carcinogenesis process, as 
carcinogenesis is a multistep process, in which as many as 10 distinct mutations 
may have to accumulate in a cell before the cell becomes cancerous. Normal cell 
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growth is controlled by various cell cycle checkpoints and shows a normal growth 
pattern. These cell cycle checkpoints are regulated by various genes and/or pro-
tein machinery. During development of cancer, various genes related to cell growth 
become mutated, which leads to progression of the cancer phenotype. When cells 
become cancerous, they start to divide in an uncontrollable manner and accumulate 
in a particular area of the body. Uncontrolled dividing cells make lumps, which are 
abnormal accumulations of cells and are called tumors/neoplasms. A tumor, or neo-
plasm, is an abnormal lump or mass of tissue that may compress, invade, and destroy 
normal tissue. Tumors may be benign or malignant.

Based on the area affected, the names of different cancers vary. In colorec-
tal cancer, surface or epithelial cells become cancerous; thereby it is called ade-
noma. Colorectal cancer progresses through following stages: (1) early adenoma, 
(2) intermediate, (3) late adenoma, (4) carcinoma, and (5) malignant or metastasis 
(Figure 14.1).

 1. Early adenoma: When normal gut epithelial cells are exposed with various altera-
tions in the genetic makeup and lose normal growth control, they start to multiply 
uncontrollably. This stage of colorectal cancer is called early adenoma.

 2. Intermediate adenoma: In this stage cancerous cells start to accumulate on the 
surface area of the epithelial membrane and make abnormal aberrant crypt foci 
(ACF), characterized by overconvolution in the gut surface.

 3. Late adenoma: This is also a progressive step for overaccumulation of cancerous 
cells, which makes other cells too sensitive and they also lose contact inhibition. 
Up to this stage adenoma may be benign and may have a noncancerous phenotype, 
if growth is suppressed at some point.

 4. Carcinoma: In this phase, cancerous cells become overreactive and start to grow 
very fast and produce an overgrown tumorlike structure. Cancerous cells start to 
break the border between tissues and the circulatory system.

 5. Metastasis: Circulatory system barriers are broken down in this stage, and cancer-
ous cells start to spread in the whole body via the circulatory system, that is, blood 
and/or lymphatic system. These circulatory cancerous cells accumulate in other tis-
sues and make new tumors far away from the origin, and also invade other tissues.

14.3 ANTICArCINogENIC PoTENTIAl oF 
ProbIoTICs AND PrEbIoTICs

The increasing prevalence of human colorectal cancer is receiving the atten-
tion of health professionals and researchers who seek better therapeutic and pre-
vention strategies. Although early detection and surgery have significantly reduced 
both mortality or morbidity in patients affected by colorectal cancer, survival after 
surgical treatment for advanced colorectal cancer, even if is followed by a number of 
adjuvant therapies, has not seen significant improvement in recent years. Hence, pre-
vention of the development of colorectal cancer appears to be the more rational and 
effective strategy. The multistep nature of colorectal cancer together with the con-
cept of carcinogenesis, that is, the phenomenon by which independent premalignant 
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foci may progress concurrently and at a different rate to give rise to multiple primary 
tumors, makes the colon a peculiarly suitable target organ for any given chemopre-
vention study. Indeed, chemoprevention of colorectal cancer in humans has been 
the focus of a number of studies where fibers, vitamins, calcium, low fat, and non-
steroidal antiinflammatory drugs have all been shown to affect the incidence of this 
disease (Duris et al., 1996; Langman and Boyle, 1999; Reddy, 1999). Approximately 
70 percent of colorectal cancer is associated with environmental factors, probably 
mainly the diet (Saikali et al., 2004). Thus, much attention has focused on decreas-
ing cancer risk through diet alterations, particularly consumption of probiotics and 
increasing intake of dietary fiber (prebiotics). The term probiotics is defined as “a 
viable microbial dietary supplement which beneficially affects the host through its 
effects on the intestinal tract” (Gibson and Roberfroid, 1995). A prebiotic is defined 
as a “indigestible food ingredient which beneficially affects the host by selectively 
stimulating the growth and/or activating the metabolism of one or a limited number 
of health promoting bacteria in the intestinal tract, thus improving the host’s intes-
tinal balance” (Gibson and Roberfroid, 1995). It has been reported that ingestion of 
probiotics, prebiotics, or combinations of both (synbiotics) plays an important role in 
the prevention of colorectal cancer, and represents a novel new therapeutic option. 
Probiotics and prebiotics act to alter the intestinal microflora by increasing concen-
trations of beneficial bacteria, such as lactobacilli and bifidobacteria, and reducing 
the levels of pathogenic microorganisms. Probiotics and prebiotics may regulate col-
orectal cancer by the following possible mechanisms (Figure 14.2):

 1. Changes in the colon pH
 2. Alteration of gut xenobiotic metabolism
 3. Modulation of immune system
 4. Antioxidant property
 5. Demutagenic effect

Lactobacilli and bifidobacteria are the two well-known probiotics that 
could lower the risks of colon cancer and may act as most potent chemopreven-
tive organisms. Goldin and Gorbach have demonstrated that dietary administra-
tion of some specific lactobacilli strains significantly decreased the incidence of 
1,2-dimethylhydrazine-induced experimental colon cancer (Goldin and Gorbacj, 
1980; Goldin et al., 1996). Although the first set of strategies for cancer control is 
ideally the removal of causative agents, such an approach remains very elusive for 
colorectal malignancies, as yet. Several studies have suggested that the effect of diet 
on cancer development is indirect, primarily by affecting the ability of the host to 
metabolize procarcinogens to proximate carcinogens whose activation, in the case 
of colon cancer, may be mediated by the bacterial flora in the large bowel. A number 
of bacterial enzymes have been implicated in producing or enhancing mutagens, 
carcinogens, and various tumor promoters, such as β-glucuronidase, azoreducatse, 
7-α-hydroxy-steroid dehydrogenase, glycocholic acid hydrolase, and cholesterol 
dehydrogenase (Goldin and Gorbach, 1976). Indeed, a number of studies have pro-
vided strong evidence in favor of a key role played by certain resident gut bacteria 
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in the development of large bowel cancer (Gorbach and Goldin, 1990; Kanazawa et 
al., 1996; Kulkarni and Reddy, 1990; Moor and Holdeman, 1975). These latter find-
ings have given rise to a number of chemopreventive studies with probiotics in colon 
cancer models in the last decade (McIntosh et al., 1999; Pool-Zobel et al., 1996; Rao 
et al., 1999; Rowland et al., 1998; Wollowski et al., 1999, 2001; Yamazaki et al., 
2000). Many of these studies have aimed at affecting the occurrence of ACF, such as 
demonstrated by Marotta et al. (2003), because such cellular abnormalities possess 
several biological aberrations including cell mutation and amplification (Bird, 1995) 
and are generally regarded as relevant end point lesions of colonic cancers both in 
the rat and in other species. ACF are regarded as preneoplastic lesions inducible 
in rat colon by exposure to azoxymethane, a colon-specific carcinogen (McLellan 
and Bird, 1988) and the risk of malignancy is correlated with the number of foci 
and the degree of aberrancy as measured by the number of crypts per focus. A new 
promising research on a novel strain, still to be clearly classified from a taxonomic 
viewpoint, is named bacillus oligonitrophilus (KU-1); a Russian and an Italian group 
have demonstrated its potential antitumor effect (Malkov, 2006a) both in implanted 
mammary tumors in dogs and in some ongoing clinical trials (Malkov et al., 2006b). 
Some anecdotal reports (Figure 14.3 and Figure 14.4) have shown striking results in 
case of metastatic localizations, which have been either halted in their progression or 
even reverted to fibrosis. More detailed studies are in progress aimed to identify the 
mechanisms of action and its applicability in larger clinical settings. In addition to 

Probiotics
Prebiotics
Synbiotics

DNA Damage/ 
Mutation

Carcinogen(s)
Inflammation
Oxidative stress
Immune function
Others

Normal Cell Cancerous Cell

Figure 14.2  Purported mechanisms of action of probiotics, prebiotics, and synbiotics on the 
transition of normal cells toward cancerous cells.
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Figure 14.3  Magnetic resonance images (Mris) of patient with backbone metastases (before 
treatment with bacteria). Compression fracture of the th.Xi vertebral body with 
wedge-shaped deformity and slight consequent kyphosis are detected. there 
are sclerotic bony fragments, but the presence of lytic process is also evident; 
this is most conspicuous in the vertebral arches. surrounding soft tissues are 
somewhat widened. there is another lytic area (approximately 1.5 × 2.3 cm) on 
the left anterior aspect of the th.X vertebral body adjacent to th.X intervertebral 
space, affecting the cortical bone as well. a third lytic area is demonstrated in 
th.iX vertebral body on the right side with a size of approximately 1 × 2.5 cm. 
it has lobulated contours with sclerotic margins. there are moderate sclerotic 
degenerative appositions at the th.Xi facet joints. there is no significant spinal 
canal stenosis at this point. Lytic areas in th.Xi vertebra involving the arches: 
white arrows; lytic lesion in th.iX vertebral body with sclerotic margin: short 
arrow; lesion in th.X vertebral body at its lower rim. (adapted from Maklov et al., 
2006a. With permission).
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Figure 14.4  Mris of patient with backbone metastases (after treatment with bacteria). there 
is progressive spinal deformity; collapse of the anterior part of th.Xi vertebral 
body is complete with more prominent wedge-shaped deformity. Posterior scle-
rotic bony elements shifting toward the canal cause significant stenosis (at least 
50 percent in aP direction). remarkable osteophytic appositions have developed 
on the right lateral aspect of th.X–Xi intervertebral spaces. there is marked 
progression of sclerotic degenerative changes in the facet joints as well. there 
is sclerosis in the vertebral arches instead of the formerly observed lytic areas. 
no evidence of soft tissue mass. the lytic area affecting the left anterior aspect 
of th.X vertebral body became demarcated by irregular sclerotic margin. the 
lesion in the th.iX vertebral body is unchanged. Compression fracture of th.Xi 
vertebral body was probably caused by lytic bone pathology, which seemed 
to affect th.X vertebral body as well. from the available data, the nature and 
integrity of this process cannot be determined with confidence; both malignant 
neoplasia (metastasis) and benign tumors/tumor-like lesions may be taken into 
consideration. the follow-up, however, reveals progression only in the second-
ary deformity and the accompanying degenerative changes with consolidation 
and demarcation of the lytic components. this could be explained by an effect 
of successful antineoplastic, bacterial-based treatment of a malignant tumor. 
the probability of malignancy would set lower. the lesion in the th.iX vertebral 
body had slightly different imaging characteristics that have not changed in the 
follow-up period; hence, it may represent benign pathology different from the 
one affecting th.X–Xi segments. the most striking finding of the follow-up scan 
is the evolution of significant bony spinal canal stenosis. sclerosis in place of 
former lytic areas in th.Xi vertebra: white arrows; unchanged lytic lesion in th.iX 
vertebral body with sclerotic margin: short arrow; lesion in th.X vertebral body 
at its lower rim with sclerotic margins. (adapted from Maklov et al, 2006a. With 
permission.)
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probiotics, prebiotics as they are indigestible have been associated with reduced risk 
of colon cancer mainly by production of short-chain fatty acids, such as butyrate. 
The possible mechanism by which both probiotics and prebiotics mediate their effect 
in preventing colon cancer is discussed in the following sections.

14.3.1 Changes in Colon ph

pH in gut plays a very important role as an innate immune barrier. Lactic acid 
bacteria have the potential to produce various free fatty acids, organic acids, and 
other metabolites, which lead to decreased pH in the gut. Decrease in colon pH 
is considered as one of the potent properties of probiotic bacteria in reducing the 
incidence of colon cancer. Reddy et al. (1997) observed that a stimulated growth 
of bifidobacteria in the colon could lead to the inhibition of azoxymethane-induced 
colon carcinogenesis. This inhibition in ACF and its multiplicity was attributed to 
the pH-lowering effect of bifidobacteria in the colon, which subsequently inhibited 
the growth of Escherichia coli and clostridia. The decrease in growth of patho-
genic microorganisms may also produce modulation of such bacterial enzymes 
as β-glucuronidase that can convert procarcinogens to carcinogens (Kulkarni and 
Reddy, 1994). Moreover, a prebiotic-induced decrease in luminal colonic pH may 
function to improve mineral solubility and uptake, namely, calcium, magnesium, and 
iron. In particular, enhanced bacterial fermentation has also been shown to have this 
effect on calcium ions, through the fermentation of such substances as phytate (myo-
inositol hexaphosphate), which binds to divalent cations, such as calcium. Improved 
calcium absorption would provide adequate calcium for various physiological pro-
cesses (Roberfroid et al., 1995; Younes et al., 2001). Additionally, calcium is sug-
gested to be beneficial toward colorectal cancer, with increasing evidence that it 
inhibits proliferation and enhances differentiation and apoptosis of mucosal cells 
(Lamprecht and Lipkins, 2003). Further, an acidic luminal environment may reduce 
procarcinogenic enzyme activity, such as that of 7a-hydroxylase and nitroreductase 
(Ballongue et al., 1997).

14.3.2 Altering xenobiotic Metabolism in gut system

Various chemical substances are responsible for the induction of colon cancer. 
These substances appear either to come with food or to be produced by gut com-
mensal flora. A xenobiotic is “a chemical found in organisms, but not expected to 
be produced or present in them,” and many, if not most, human carcinogens are 
xenobiotics. A range of enzymes (xenobiotic metabolizing enzymes, or XME) are 
classed as either phase 1 or phase 2, which function to convert these exogenous 
compounds into reactive metabolites or carry out conjugation reactions in order to 
detoxify reactive compounds for excretion, respectively (Lhoste et al., 2001). Phase 
1 enzymes include the cytochrome P450s (CYP) and phase 2 enzymes include glu-
tathione-S-transferase (GST) and NAD(P), quinine reductase (quinone reductase), 
UDP-glucuronosyltransferase (UGT), sulfotransferases, and N-acetyl transferase 
(NATs) (Hashimoto and Degawa, 1995; Joseph and Jaiswal,1994; Lin et al., 1994). 
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Although the liver is predominantly responsible for biotransformation of ingested 
compounds, as it contains the majority of the XME, the colon and other tissues also 
show activity (Helsby et al., 2000).

There are 57 CYPs encoded in the human genome, mainly catalyzing the 
metabolism of steroids, bile acids, eicosanoids, drugs, and xenobiotic chemicals 
(Guengerich, 2003). However, some of the P450s are also active carcinogens. Some 
epidemiological research has shown increased risk of colon cancer in individuals 
with high P4501A2 activity. The metabolic activation of food-borne heterocyclic 
amines to colon carcinogens in humans is hypothesized to occur via N-oxidation 
followed by O-acetylation to form the N-acetoxy arylamine that binds to DNA to 
yield carcinogen–DNA adducts. These steps are catalyzed by hepatic cytochrome 
P4501A2 and acetyltransferase-2 (NAT-2), respectively (Lang et al., 1994). It has 
been postulated that probiotics, such as Bifidobacterium, could lower the risks of 
colon cancer, by producing metabolites that could affect the mixed-function of 
P450s and subsequently affect the conversion of azoxymethane from proximate to 
ultimate carcinogen (Campbell and Hayes., 1976). These properties of probiotics 
to alter the xenobiotic metabolizing enzyme suggest that probiotics could suppress 
colon cancer.

Similarly, Helsby et al. (2000) showed that wheat bran fed at 10 or 20 percent 
dietary levels to Wistar rats led to changes in the levels of activity and expression of 
several XMEs, both in hepatic and colonic tissues. Other authors have shown dif-
ferential effects of wheat bran, carrot fiber, and oat bran, to suggest that the nature 
or source of the dietary fiber influences which, if any, enzyme activities are modified 
(Nugon-Baudon et al., 1996). However, the extent to which bacterial modification is 
associated with these changes in expression of XMEs is not always clear. There are 
at least two possible mechanisms by which prebiotics may affect hepatic or colonic 
XMEs through actions on the microbiota (Ferguson et al., 2005; Kirlin et al., 1999). 
Digestion and fermentation of dietary fiber carbohydrates leads to the production 
of short-chain fatty acids, of which butyrate in particular has been shown to induce 
phase 2 enzymes. Other authors (Ferguson et al., 2005; Helsby et al., 2000) have also 
pointed out that the action of colonic esterases may lead to the release of hydroxycin-
namic acids from certain dietary fibers in the human colon, and these acids also have 
modulatory effects on XMEs in mammalian cells.

Binding of carcinogens to bacterial cell walls has been suggested to protect 
against colorectal cancer. El-Nezami and colleagues (El-Nezami et al., 1998; Eaton 
and Gallagher, 1994; Henry et al., 1999) demonstrated such binding with aflatoxin B1 
(AFB1), a fungal dietary contaminant causing mutagenic and carcinogenic effects in 
both animals and humans. Binding of AFB1 was strain-specific, with Lactobacillus 
rhamnosus strain GG (LBGG) and L. rhamnosus strain LC-705 (LC-705) the most 
effective. In vivo, health benefits would work through preventing intestinal contact 
and absorption, hepatic metabolism, and enhancing excretion.

In considering the case of AFB1 as an example, the physical sequestration of 
the carcinogen has been implicated as the main mechanism for the reduced contact 
and absorption into the intestinal mucosa and metabolic transformation by the liver 
into mutagenic and carcinogenic metabolites. It was clearly shown that the effect 
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is not due to detoxification of the carcinogen, as nonviable heat and acid-treated 
LBGG and LC-705 still demonstrated carcinogen-binding properties (El-Nezami et 
al., 1998). It is believed that this binding involves bacterial cell surface carbohy-
drates. Further, new noncovalent or hydrophobic interactions were also found to be 
significant in the treated cells, as was demonstrated with the binding of the dietary 
mutagenic pyrolyzate, 3-amino-1,4-dimethyl-5-H-pyrido [4,3-b]indole (Trp-P-1) to a 
Lactococcus strain. Of minor significance is the electrostatic interactions produced 
by the presence of metal cations, especially with divalent cations, which are che-
lated by AFB1 and bound by bacterial cell walls to lessen bacterial AFB1 binding 
(Haskard et al., 2000).

Perhaps more germane to the current discussion is whether carcinogen binding 
demonstrated in vitro can be extrapolated to an in vivo situation. Bolognani et al. 
(1997) showed that while certain lactic acid bacteria are indeed able to effectively 
bind a range of dietary carcinogens in vitro, with differing species and carcinogen 
specificities, no reduction in in vivo mutagenicity was detected in animal studies. 
Thus, they concluded that binding of carcinogens to the fecal microbiota does not 
exert a significant influence on intestinal absorption, metabolic transformation, and 
distribution. They have offered explanations pertaining to the rise in pH between the 
stomach and the small intestine or changes in other relevant conditions that could 
have reversed binding in vivo. In addition, varying nutritional states prior to treat-
ment may have contributed to disagreement among studies (Bolognani et al., 1997).

14.3.3 Modulation of Immune response

The immune system consists of a complex series of interlinked mechanisms, 
which function in protection against infections (Perdigon et al., 1995) and uncon-
trollably growing tumor cells (Wollowski et al., 2001). The intrinsic properties of 
lactobacilli to modulate the immune system make them attractive for health applica-
tions. The mechanisms by which probiotics may inhibit colon cancer are not yet fully 
characterized; however, one mechanism by which this may occur is via modulation 
of the mucosal and systemic immune responses and by reduction in the inflamma-
tory response to host flora.

Modulation of the immune system can occur through intrinsic adjuvance and 
cytokine-inducing properties of lactobacilli. Administration of lactobacilli can 
affect cytokine expression in specific and nonspecific manners. The ability to 
perform phagocytosis and kill microbes including bacterial pathogens is a major 
effector function of macrophages. Different strains of lactobacilli are able to acti-
vate macrophages and induce production of tumor necrosis factor-alpha (TNF-α), 
interleukins (IL), specifically viz. IL-1, IL-6, IL-12, IL-18 (Maassen, 2000), which 
increase the process of phagocytosis. The natural killer (NK) cells play a key role in 
protection against viral infections and tumor development.

Studies describing a probiotic-mediated increase in antitumor immunity via 
mechanisms including cytokine production and modification of T-cell function 
have been reviewed previously (Hirayama and Rafter, 2000; Rafter 2003). Recently, 
it has been demonstrated that lactic acid bacteria, particularly the cytoplasmic 
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fraction of L. acidophilus SNUL, L. casei YIT9029, and B. longum HY8001, were 
able to significantly reduce tumor proliferation in vitro, increase survival rate in 
mice injected with tumor cells, and promote antitumor activity via increased cel-
lular immunity (Lee et al., 2004). Sun et al. (2005) have further demonstrated in 
vivo that peptidoglycan from a Lactobacillus species was able to dose-dependently 
reduce the growth of CT26 colon cancer cells in BALB/c mice via an increased 
level of apoptosis. Interestingly, peptidoglycan had no effect on tumor cell apoptosis 
in vitro, implying that the in vivo antitumorigenic activity may have been medi-
ated by the immune response (Sun et al., 2005). Similarly, cell wall preparation 
of B. infantis was found to inhibit tumor activity in mouse peritoneal cells in vitro 
(Sekine et al., 1995), while cell wall preparation of heat-killed L. casei (LC9018) 
was found to induce immunity against tumor induction in a randomized, controlled, 
and comparative study involving 223 patients with stage III cervical cancer. The 
antitumor effects were found to be due to the activation of macrophage by LC9018 
(Okawa et al., 1993).

A strain of Lactococcus lactis genetically engineered to produce the antiinflam-
matory cytokine, IL-10, has been demonstrated to reduce colonic inflammation in 
the dextran sulfate sodium model of colitis (Steidler et al., 2000). This study high-
lighted the potential for probiotics to be used as a delivery system for antiinflamma-
tory or antitumorigenic substances that could assist in the prevention or treatment of 
colorectal cancer. A probiotic strain could potentially be engineered to produce other 
cytokines, such as transforming growth factor-b (TGF-b), which has been demon-
strated to inhibit epithelial growth and promote apoptosis in the colon (Markowitz 
et al., 2000).

Prebiotic consumption has further been shown to convey an antitumorigenic 
effect via an enhancement of the immune response. Ghoneum et al. (2004) dem-
onstrated that consumption of modified arabinoxylan rice bran (MGN-3/Biobran) 
was able to enhance the activity of NK cells and the binding of NK cells to tumor 
cells in aged C57BL/6 and C3H mice indicating potential benefits in the treatment 
of colorectal cancer.

Strengthening of tight junctions is another mechanism by which pro- and prebi-
otics may have the capacity to reduce colorectal cancer, as tight junction disruption 
and loss of intestinal barrier integrity are known features of the promotion stage of 
colon carcinogenesis. In support of this, a recent in vitro study demonstrated that 
pro- and prebiotic fermentation products led to an increased integrity of Caco-2 
intestinal monolayers treated with the tumor promoter deoxycholic acid (DCA) 
(Commane et al., 2005). Synbiotic combinations have also shown a synergistic 
effect, greater than that of either the pro- or prebiotics administered individually. 
Roller et al. (2004) demonstrated that synbiotic combination of oligofructose-
enriched inulin, L. rhamnosus and B. lactis conveyed an antitumorigenic effect 
via modulation of the intestinal immune system. This synbiotic treatment was also 
demonstrated to prevent azoxymethane-induced suppression of NK cell-like activ-
ity in Peyer’s patches, an effect not observed in the individual pro- and prebiotic 
treatments.
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14.3.3.1 Reduction of Intestinal Inflammation

Intestinal inflammation has been linked to the development of colorectal can-
cer, with inflammatory bowel disease (IBD) increasing the likelihood of colorec-
tal cancer development later in life (Collins et al., 2006). Recently, probiotics have 
been shown to reduce intestinal inflammation in a number of animal models of IBD 
(Rachmilewitz et al., 2004) and in human patients with IBD (Bibiloni et al., 2005). 
This reduction in inflammation has the potential to lead to a reduced incidence of 
colorectal cancer. Some lactic acid bacteria, such as Streptococcus thermophilus 
TH-4, are bacterial strains with the capacity to produce high levels of folate, a com-
pound with important DNA repair properties. Streptococcus thermophilus has been 
used successfully as a vehicle to deliver a source of folate to rats with chemotherapy-
induced mucositis and reduce the proinflammatory response (Tooley et al., 2006). 
Similarly, Pompei et al. (2007) observed that administration of folate-overproducing 
bifidobacteria (B. adolescentis MB 227, B. adolescentis MB 239, and B. pseudo-
catenulatum MB 116) to Wistar rats produce folate in vivo and improved the folate 
status of rats. Future studies could also investigate the potential for folate-producing 
probiotics to reduce tumor development in vivo, as folate has been shown to protect 
against colorectal cancer (Van Guelpen et al., 2006).

14.3.4 Antioxidant Properties

Oxidative stress is a hallmark in the pathophysiology of various life-threatening 
human diseases including cancer (Halliwell, 2007). Oxidative stress is produced in 
cells by oxygen-derived species resulting from cellular metabolism and from interac-
tion with cells of exogenous sources, such as carcinogenic compounds, redox-cycling 
drugs, and ionizing radiations. Oxidative stress is normally characterized by either 
higher production or lower clearance of reactive oxygen species. Reactive oxygen 
species (ROS) of various types are formed in vivo and many are powerful oxidiz-
ing agents, capable of damaging DNA and other biomolecules (Salim et al., 2008). 
Increased formation of ROS can promote the development of malignancy, and the 
“normal” rates of ROS generation may account for the increased risk of cancer devel-
opment in the aged. Indeed, knockout of various antioxidant defense enzymes raises 
oxidative damage levels and promotes age-related cancer development in animals. In 
explaining this, most attention has been paid to direct oxidative damage to DNA by 
certain	ROS,	such	as	hydroxyl	radical	(OH•).

Various workers reported antioxidant effect of lactic acid bacteria and their 
fermented milk products (Grajek and Olejnik, 2005; Yadav et al., 2007, 2008). 
These studies show that lactic acid bacteria prevent the oxidative stress processes, 
which are considered to play a key role in the pathogenesis of cancer progres-
sion. Zommara et al. (1994) reported that whey collected from fermented milk 
was effective for suppressing the elevation of lipid hydroperoxide induced by bile 
duct ligation. Rats fed on milk whey and its fermented product exhibited lower 
levels of mitochondrial hydroperoxide activity compared with bile duct ligated 
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rats fed on the control diets. An elevation of serum hydroperoxide was also sup-
pressed in rats fed on milk whey and its fermented products. Sanders et al. (1995) 
also reported that Lactococcus lactis demonstrated antioxidative superoxide dis-
mutase (SOD) activity. Likewise, whey from cultured skim milk increased anti-
oxidant enzymes in liver and RBCs of rats (Zommara et al., 1996). The activity 
of SOD in RBCs and the activity of catalase in liver were elevated on feeding 
cultured product diets compared with reference diets. In addition, the activity of 
glutathione peroxidase in RBCs was higher on diet containing Lactobacillus aci-
dophilus compared to reference diet. The nonfermented whey diet was not effec-
tive in increasing antioxidant enzymes as with the fermented products. These 
results suggest that fermented milk exerts a specific effect on oxidative stress. In 
another study, Zommara et al. (1998) studied the antiperoxidative properties of a 
fermented bovine milk whey preparation in rats fed on a low vitamin E diet and 
identified the active principle in the preparation. They observed that fermented 
milk product exerted an antiperoxidative activity in these rats. An exogenous sup-
ply of either an amino acid mixture or lactic acid stimulated the unfermented 
whey proteins to prevent RBC hemolysis and to lower liver thiobarbituric acid 
reactive oxygen substances (TBARS). The supply of whey proteins, particularly 
β-lactoglobulin in the product resulted in an increase in liver reduced glutathione 
(GSH) and prevented iron-mediated lipoprotein peroxidation.

In addition, many workers identified more lactic acid bacteria exhibiting anti-
oxidative activity. Lin and Yen (1999) identified five strains of Streptococcus 
thermophilus and six strains of L. delbrueckii ssp. bulgaricus. Likewise, Lin 
and Chang (2000) demonstrated antioxidant property of L. acidophilus ATCC 
4356 and B. longum ATCC 15708. Terahara et al. (2000) studied the preventive 
effect of L. delbrueckii spp. bulgaricus on the oxidation of LDL in vivo. Recently, 
Kullisaar et al. (2003) reported that consumption of fermented goat’s milk (made 
using L. fermentum ME-3) improved antiatherogenicity in healthy subjects, 
prolonged resistance of the lipoprotein fraction to oxidation, lowered levels of 
peroxidized lipoproteins, oxidized LDL, 8-isoprostanes, and glutathione redox 
ratio, and enhanced total antioxidative activity. Vibha (2004) and Kapila (2004) 
reported increased activity of antioxidant enzymes, specifically, catalase, SOD, 
and GPx, in RBCs of dahi, fermented milk, and probiotic cultures fed groups 
of rats. The levels of lipid peroxides in RBCs and liver were observed to be sig-
nificantly lower in rats fed on fermented milk containing L. casei (Kapila et al., 
2006). Moreover, Choi et al. (2006) demonstrated that heat-killed lactic acid bac-
teria cells and fractionations of such treated cells could suppress the viability of 
human cancer cells and inhibit the cytotoxicity associated with oxidative stress. 
They isolated soluble polysaccharides from L. acidophilus 606 and suggested that 
these polysaccharides may constitute a novel anticancer agent, which manifests 
a high degree of selectivity for human cancer cells and antioxidative agent in the 
food industry.
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14.3.5 Desmutagenicity

Some investigations have also showed that cultured milk possesses desmutagen-
icity and this activity increases with increasing numbers of viable cells, indicating 
that probiotics play an important role in the inhibition of mutagenicity (Usman and 
Hosono, 1998). Thyagaraja and Hosono (1993) found that probiotic isolated from 
“idly,” a traditional cereal pulse product of India could exert desmutagenicity on 
various spice mutagens, heterocyclic amines, and aflatoxins. Subsequent studies on 
the desmutagenicity properties of probiotics suggested that the desmutagenic sub-
stances may reside in the cellular envelope of the bacterial cell wall (Singh et al., 
1997). Also, mutagens were suggested to be bound to the cell wall of probiotics. 
This has been supported by previous studies that have found binding properties by 
fractions of the cell wall skeleton of probiotics on mutagens (Zhang and Ohta, 1991) 
and the binding of heterocyclic amines by intestinal probiotics (Orrhage et al., 1994). 
In addition, whole cells of bifidobacteria have also been found to bind with the ulti-
mate carcinogen methylazoxymethanol (Kulkarni and Reddy, 1994) and mutagen-
carcinogen 3-amino-1,4-dimethyl-5H-pyrido[4,3-b] indole (Zhang and Ohta, 1993), 
thus physically removing it via feces and subsequently minimizing its absorption 
into the intestinal lumen.

14.4 CoNClusIoNs

Various in vitro and animal model studies proved the potential for and prebiotics 
to exert anticarcinogenic effects. Certain combinations of pro- and prebiotics (syn-
biotics) have revealed greater efficacy in vivo than either treatment alone, although 
studies in humans have been less definitive in colorectal cancer. Possible mecha-
nisms by which pro- and prebiotics manifest anticancer activity include a change in 
gut pH, modulation of immune response, decreased colonic inflammation, antimuta-
genic properties, antioxidant properties, production of antitumorigenic compounds, 
and reduction of carcinogenic compounds. Further research is required to identify 
which probiotic, prebiotic, or synbiotic will be most efficacious.

rEFErENCEs

Ballongue J, Schumann C, and Quignon P. Effects of lactulose and lactitol on colonic micro-
flora and enzymatic activity. Scand J Gastroenterol 1997; 222: 41–44.

Bibiloni R, Fedorak RN, Tannock GW, Madsen KL, Gionchetti P, Campieri M, De Simone 
C, and Sartor RB. VSL#3 probiotic-mixture induces remission in patients with active 
ulcerative colitis. Am J Gastroenterol 2005; 100: 1539–46.

Bird RP. Role of aberrant crypt foci in understanding the pathogenesis of colon cancer. Cancer 
Lett 1995; 93: 55–71.



288 Handbook of PrebiotiCs and ProbiotiCs ingredients

Bolognani F, Rumney CJ, and Rowland IR. Influence of carcinogen binding by lactic acid-pro-
ducing bacteria on tissue distribution and in vivo mutagenicity of dietary carcinogens. 
Food Chem Toxicol 1997; 35: 535–45.

Campbell TC and Hayes JR. The effect of quantity and quality of dietary protein on drug 
metabolism. Fed Proc 1976; 35: 2470–74.

Choi SS, Kim Y, Han KS, You S, Oh S, and Kim SH. Effects of Lactobacillus strains on cancer 
cell proliferation and oxidative stress in vitro. Lett Appl Microbiol 2006; 42: 452–58.

Collins P, Mpofu C, Watson A, and Rhodes J. Strategies for detecting colon cancer and/or dys-
plasia in patients with inflammatory bowel disease. Cochrane Database Syst Rev 2006: 
CD000279.

Commane DM, Shortt CT, Silvi S, Cresci A, Hughes RM, and Rowland IR. Effects of fermen-
tation products of pro- and prebiotics on trans-epithelial electrical resistance in an in 
vitro model of the colon. Nutr Cancer 2005; 51: 102–9.

Duris I, Hruby D, Pekarkova B, Huorka M, Cernakova E, Bezayova T, and Ondrejika P. Calcium 
chemoprevention in colorectal cancer. Hepatogastroenterology 1996; 43: 152–54.

Eaton DL and Gallagher EP. Mechanisms of aflatoxin carcinogenesis. Annu Rev Pharmacol 
Toxicol 1994; 34: 135–72.

El-Nezami H, Kankaanpaa P, Salminen S, and Ahokas J. Ability of dairy strains of lactic acid 
bacteria to bind a common food carcinogen, aflatoxin B1. Food Chem Toxicol 1998; 36: 
321–26.

El-Nezami H, Kankaanpaa P, Salminen S, and Ahokas J. Physicochemical alterations enhance 
the ability of dairy strains of lactic acid bacteria to remove aflatoxin from contaminated 
media. J Food Prot 1998; 61: 466–68.

Ferguson LR. Natural and man-made mutagens and carcinogens in the diet. Introduction to 
special issue of mutation research. Mutat Res 1999; 443: 1–10.

Ferguson LR, Zhu ST, and Harris PJ. Antioxidant and antigenotoxic effects of plant cell wall 
hydroxycinnamic acids in cultured HT-29 cells. Mol Nutr Food Res 2005; 49: 585–93.

Ghoneum M and Abedi S. Enhancement of natural killer cell activity of aged mice by modified 
arabinoxylan rice bran (MGN-3/Biobran). J Pharm Pharmacol 2004; 56: 1581–88.

Gibson G and Roberfroid M. Dietary modulation of the human colonic microbiota: Introducing 
the concept of prebiotics. J Nutr 1995; 125: 1401–12.

Giovannucci E. Metabolic syndrome, hyperinsulinemia, and colon cancer: A review. Am J 
Clin Nutr 2007; 86: 836S–842S.

Goldin BR and Gorbach SL. The relationship between diet and rat fecal bacterial enzymes 
implicated in colon cancer. J Natl Cancer Inst 1976; 57: 371–75.

Goldin BR and Gorbach SL. Effect of Lactobacillus acidophilus dietary supplements on 
1,2-dimethylhydrazine dihydrochloride-induced intestinal cancer in rats. J Natl Cancer 
Inst 1980; 64: 263–65.

Goldin BR, Gualtieri LJ and Moore RP. The effect of Lactobacillus GG on the initiation 
and promotion of DMH-induced intestinal tumors in the rat. Nutr Cancer 1996; 25: 
197–204.

Gorbach SL and Goldin BR. The intestinal microflora and the colon cancer connection. Rev 
Infect Dis 1990; 12: 252S–61S.

Grajek W, Olejnik A, and Sip A. Probiotics, prebiotics and antioxidants as functional foods. 
Acta Biochim Pol 2005; 52: 665–71.

Guengerich FP. Cytochromes P450, drugs, and diseases. Mol Interventions 2003; 3: 
194–204.

Halliwell B. Oxidative stress and cancer: Have we moved forward? Biochem J 2007; 401: 
1–11.



antiCarCinogeniC effeCts of ProbiotiCs, PrebiotiCs, and synbiotiCs 289

Hashimoto Y and Degawa M. Induction of cytochrome P450 isoforms by carcinogenic aro-
matic amines and carcinogenic susceptibility of rodent animals. Pharmacogenetics 
1995; 5: S80–83.

Haskard C, Binnion C, and Ahokas J. Factors affecting the sequestration of aflatoxin by 
Lactobacillus rhamnosus strain GG. Chem Biol Interact 2000; 128: 39–49.

Helsby NA, Zhu S, Pearson AE, Tingle MD, and Ferguson LR. Antimutagenic effects of wheat 
bran diet through modification of xenobiotic metabolising enzymes. Mutat Res 2000; 
454: 77–88.

Henry SH, Bosch FX, Troxell TC, and Bolger PM. Policy forum: Public health. Reducing liver 
cancer—Global control of aflatoxin. Science 1999; 286: 2453–54.

Hirayama K and Rafter J. The role of probiotic bacteria in cancer prevention. Microbes Infect 
2000; 2: 681–86.

Johnson IT, Williamson G, and Musk SRR. Anticarcinogenic factors in plant foods: A new 
class of nutrients? Nutr Res Rev 1994; 7: 175–204.

Joseph P and Jaiswal AK. NAD(P)H:quinone oxidoreductase1 (DT diaphorase) specifically 
prevents the formation of benzo[a]pyrene quinone-DNA adducts generated by cyto-
chrome P4501A1 and P450 reductase. Proc Natl Acad Sci U S A 1994; 91: 8413–17.

Kanazawa K, Konishi F, and Mitsuoka T. Factors influencing the development of sigmoid 
colon cancer. Bacteriologic and biochemical studies. Cancer 1996; 77: 1701–1706.

Kapila S. Studies on biodefensive properties of lactobacilli for their applications as probiotics. 
Ph.D. thesis, NDRI (Deemed University), Karnal, India, 2004.

Kapila S, Vibha, and Sinha PR. Antioxidative and hypocholesterolemic effect of Lactobacillus 
casei ssp casei (biodefensive properties of lactobacilli). Indian J Med Sci 2006; 60: 
361–70.

Khalili K, Croul S, DelValle L, Krynska B, and Gordon J. Oncogenic potential of human neu-
rotropic virus: Laboratory and clinical observations. Isr Med Assoc J 2001; 3: 210.

Kirlin WG, Cai J, DeLong MJ, Patten EJ, and Jones DP. Dietary compounds that induce can-
cer preventive phase 2 enzymes activate apoptosis at comparable doses in HT29 colon 
carcinoma cells. J Nutr 1999; 129: 1827–35.

Kulkarni N and Reddy BS. Inhibitory effect of Bifidobacterium longum cultures on the 
azoxymethane-induced aberrant crypt foci formation and faecal bacterial beta-glucuroni-
dase. Proc Soc Exp Biol Med 1994; 207: 278–83.

Kullisaar T, Songisepp E, Mikelsaar M, Zilmer K, Vihalemm T, and Zimer M. Antioxidative 
probiotic fermented goat’s milk decreases oxidative stress mediated atherogenicity in 
human subjects. Br J Nutr 2003; 90: 449–56.

Lamprecht SA and Lipkin M. Chemoprevention of colon cancer by calcium, vitamin D and 
folate: Molecular mechanisms. Nat Rev Cancer 2003; 3: 601–14.

Lang NP, Butler MA, Massengill J, Lawson M, Stotts RC, Maurer-Jensen M, and Kadlubar FF. 
Rapid metabolic phenotypes for acetyltransferase and cytochrome P4501A2 and puta-
tive exposure to food-borne heterocyclic amines increase the risk for colorectal cancer 
or polyps. Cancer Epidemiol Biomarkers Prev 1994; 3: 675–82.

Langman M and Boyle P. Chemoprevention of colorectal cancer. Gut 1998; 43: 78–585.
Lee JW, Shin JG, Kim EH, Kang HE, Yim IB, Kim JY, Joo HG, and Woo HJ. Immunomodulatory 

and antitumor effects in-vivo by the cytoplasmic fraction of Lactobacillus casei and 
Bifidobacterium longum. J Vet Sci 2004; 5: 41–48.

Lhoste EF, Nugon-Baudon L, Lory S, Meslin JC, and Andrieux C. The fermentation of 
lactulose in rats inoculated with Clostridium paraputrificum influences the activities 
of liver and intestinal xenobiotic-metabolising enzymes. J Sci Food Agric 2001; 81: 
1397–1404.



290 Handbook of PrebiotiCs and ProbiotiCs ingredients

Lin D, Meyer DJ, Ketterer B, Lang NP, and Kadlubar FF. Effects of human and rat glutathione 
S-transferases on the covalent DNA binding of the N-acetoxy derivatives of heterocyclic 
amine carcinogens in vitro: A possible mechanism of organ specificity in their carcino-
genesis. Cancer Res 1994; 54: 4920–26.

Lin MY and Chang FJ. Antioxidative effect of intestinal bacteria Bifidobacterium longum ATCC 
15708 and Lactobacillus acidophilus ATCC 4356. Dig Dis Sci 2000; 45: 1617–22.

Lin MY and Yen CL. Reactive oxygen species and lipid peroxidation product scavenging abil-
ity of yogurt organism. J Dairy Sci 1999; 82: 1629–34.

Maassen CB, van Holten-Neelen C, Balk F, den Bak-Glashouwer MJ, Leer RJ, Laman JD, 
Boersma WJ, and Claassen, E. Strain-dependent induction of cytokine profiles in the gut 
by orally administered Lactobacillus strains. Vaccine 2000; 18: 2613–23.

Malkov S, Markelov VV, Barabanschikov BI, Marotta F, and Trushin MV. Oral administration 
of Bacillus oligonitrophilus KU-1 may prevent tumors. Asian Pac J Cancer Prev 2006a; 
7: 343.

Malkov SV, Markelov VV, Polozov GY, Barabanschikov BI, Kozhevnikov AY, and Trushin 
MV. Significant delay of lethal outcome in cancer patients due to per oral administration 
of Bacillus oligonitrophilus KU-1. Sci World J 2006b; 6: 2177–87.

Markowitz S. TGF-beta receptors and DNA repair genes, coupled targets in a pathway of 
human colon carcinogenesis. Biochim Biophys Acta 2000; 1470: M13–20.

Marotta F, Naito Y, Minelli E, Tajiri H, Bertuccelli J, Wu CC, Min CH, Hotten P, and Fesce E. 
Chemopreventive effect of a probiotic preparation on the development of preneoplastic 
and neoplastic colonic lesions: An experimental study. Hepatogastroenterology 2003; 
50: 1914–18.

McIntosh GH, Royle PJ, and Playne MJ. A probiotic strain of L. acidophilus reduces DMH-
induced large intestinal tumors in male Sprague-Dawley rats. Nutr Cancer 1999; 35: 
153–59.

McLellan EA, and Bird RP. Aberrant crypts: Potential preneoplastic lesions in the murine 
colon. Cancer Res 1988; 48: 6187–92.

Moor WE and Holdeman LV. Discussion of the current bacteriological investigation of the 
relationship between intestinal flora, diet and colon cancer. Cancer Res 1975; 35: 
3418–20.

Nugon-Baudon L, Roland N, Flinois JP, and Beaune P. Hepatic cytochrome P450 and UDP-
glucuronosyl transferase are affected by five sources of dietary fiber in germ-free rats. J 
Nutr 1996; 126: 403–409.

Okawa T, Niibe H, Arai T, Sekiba K, Noda K, Takeuchi S, Hashimoto S, and Ogawa N. Effect 
of LC9018 combined with radiation therapy on carcinoma of the uterine cervix. Cancer 
1993; 72: 1949–54.

Orrhage, K., Sillerstrom, E., Gustafsson, J.-Å., Nord, C.E., and Rafter, J. Binding of muta-
genic heterocyclic amines by intestinal and lactic acid bacteria. Mutat. Research 1994; 
311: 239-248.

Perdigon G, Alvarez S, Rachid M, Aguro G, and Gobbato N. Immune system stimulation by 
probiotics. J Dairy Sci 1995; 78: 1597–1606.

Pompei A, Cordisco L, Amaretti A, Zanoni S, Raimondi S, Matteuzzi D and Rossi M. 
Administration of folate-producing bifidobacteria enhances folate status in Wistar rats. 
J Nutr 2007; 137: 2742.

Pool-Zobel BL. Inulin-type fructans and reduction in colon cancer risk: Review of experimen-
tal and human data. Br J Nutr 2005; 93: S73–S90.



antiCarCinogeniC effeCts of ProbiotiCs, PrebiotiCs, and synbiotiCs 291

Pool-Zobel BL, Neudecker C, Domizlaff I, Ji S, Schillinger U, Rumney C, Moretti M, Vilarini 
I, Scassellati-Sforzoli R, and Rowland I. Lactobacillus- and Bifidobacterium-mediated 
antigenotoxicity in the colon of rats. Nutr Cancer 1996; 26: 365–80.

Potter JD. Colorectal cancer: Molecules and populations. J Natl Cancer Inst 1999; 91: 
916–32.

Rachmilewitz D, Katakura K, Karmeli F, Hayashi T, Reinus C, Rudensky B, Akira S, Takeda 
K, Lee J, Takabayashi K, and Raz E. Toll-like receptor 9 signaling mediates the anti-
inflammatory effects of probiotics in murine experimental colitis. Gastroenterology 
2004; 126: 520–28.

Rafter J. Probiotics and colon cancer. Best Pract Res Clin Gastroenterol 2003; 17: 849–59.
Rao CV, Sanders ME, Indrante C, Simi B, and Reddy BS. Prevention of colonic preneoplastic 

lesions by the probiotic Lactobacillus acidophilus NCFMTM in F34 rats. Int J Oncol 
1999; 14: 939–44.

Reddy BS. The role of dietary fibers in colon cancer: An overview. Am J Med 1999; 106: 
16S–19S.

Reddy BS, Hamid R, and Rao CV. Effect of dietary oligofructose and inulin on colonic pre-
neoplastic aberrant crypt foci inhibition. Carcinogenesis 1997; 18: 1371–74.

Roberfroid MB, Bornet F, Bouley C, and Cummings JH. Colonic microflora: Nutrition and 
health. Summary and conclusions of an International Life Sciences Institute (ILSI) 
[Europe] workshop held in Barcelona, Spain. Nutr Rev 1995; 53: 127–30.

Roller M, Pietro Femia A, Caderni G, Rechkemmer G, and Watzl B. Intestinal immunity of 
rats with colon cancer is modulated by oligofructose-enriched inulin combined with 
Lactobacillus rhamnosus and Bifidobacterium lactis. Br J Nutr 2004; 92:931–38.

Rowland IR, Rumney CJ, Coutts JT, and Lievense LC. Effect of Bifidobacterium longum and 
inulin on gut bacterial metabolism and carcinogen-induced aberrant crypt foci in rats. 
Carcinogenesis 1998; 19: 281–85.

Saikali J, Picard C, Freitas M, and Holt PR. Fermented milks, probiotic cultures, and colon 
cancer. Nutr Cancer 2004; 49: 14–24.

Salim EI, Morimura K, Menesi A, El-Lity M, Fukushima S, and Wanibuchi H. Elevated oxida-
tive stress and DNA damage and repair levels in urinary bladder carcinomas associated 
with schistosomiasis. Int J Cancer 2008; 123: 601–608.

Sanders JW, Leehout KJ, Haanbrikmam AJ, Venema G, and Kok J. Stress response in 
Lactococcus lactis: Cloning, expression analysis and mutation of the lactococcal super 
oxide dismutase gene. J Bacteriol 1995; 177: 5254–60.

Sarkali J, Picard C, Freitas M, and Holt P. Fermented milks, probiotic cultures, and colon 
cancer. Nutr Cancer 2004; 49: 14–24.

Sekine K, Ohta J, Onishi M, Tatsuki T, Shimokawa Y, Toida T, Kawashima T, and Hashimoto 
Y. Analysis of antitumor properties of effector cells stimulated with a cell wall prepara-
tion (WPG) of Bifidobacterium infantis. Biol Pharm Bull 1995; 18: 148–53.

Singh J, Rivenson A, Tomita M, Shimamura S, Ishibashi N, and Reddy BS. Bifidobacterium 
longum, a lactic acid-producing intestinal bacterium inhibits colon cancer and modu-
lates the intermediate biomarkers of colon carcinogenesis. Carcinogenesis 1997; 18: 
833–41.

Smalley W, Ray WA, Daugherty J, and Griffin MR. Use of nonsteroidal anti-inflammatory 
drugs and incidence of colorectal cancer. Arch Intern Med 1999; 159: 161–66.

Steidler L, Hans W, Schotte L, Neirynck S, Obermeier F, Falk W, Fiers W, and Remaut E. 
Treatment of murine colitis by Lactococcus lactis secreting interleukin-10. Science 
2000; 289: 1352–55.



292 Handbook of PrebiotiCs and ProbiotiCs ingredients

Sun J, Shi YH, Le GW, and Ma XY. Distinct immune response induced by peptidoglycan 
derived from Lactobacillus sp. World J Gastroenterol 2005; 11: 6330–37.

Terahara M, Nishide S, and Kaneko T. Preventive effect of Lactobacillus delbrueckii subsp. 
bulgaricus on the oxidation of LDL. Biosci Biotechnol Biochem 2000; 64: 1868–73.

Thyagaraja N and Hosono A. Antimutagenicity of lactic acid bacteria from “Idly” against 
food-related mutagens. J Food Protection 1993; 56: 1061–66.

Toft NJ and Arends MJ. DNA mismatch repair and colorectal cancer. J Pathol 1999; 185: 
123–29.

Tooley K, Howarth G, Lymn K, Lawrence A, and Butler R. Oral ingestion of Streptococcus 
thermophilus diminishes severity of small intestinal mucositis in methotrexate treated 
rats. Cancer Biol Ther 2006; 5: 593–600.

Usman-Hosono A. Desmutagenicity of milk cultured with Lactobacillus acidophilus strains 
against mutagenic heated tauco. Food Chem Toxicol 1998; 36: 805–10.

Van Guelpen B, Hultdin J, Johansson I, Hallmans G, Stenling R, Riboli E, Winkvist A, and 
Palmqvist R. Low folate levels may protect against colorectal cancer. Gut 2006; 55: 
1461–66.

Vibha. Effect of standard lactobacilli on cardiovascular disease risk factors for their potential 
application as probiotics. Ph.D. thesis, NDRI (Deemed University), Karnal, India, 2004.

Wollowski I, Ji ST, Bakalinsky AT, Neudecker C and Pool-Zabel BL. Bacteria used for the 
production of yogurt inactivate carcinogens and prevent DNA damage in the colon of 
rats. J Nutr 1999; 129: 77–82.

Wollowski I, Rechkemmer G and Pool-Zobel BL. Protective role of probiotics and prebiotics 
in colon cancer. Am J Clin Nutr 2001; 73: 451S–455S.

World Cancer Research Fund, American Institute for Cancer Research. Food, Nutrition and 
the Prevention of Cancer: A Global Perspective. Washington, DC: American Institute 
for Cancer Research, 1997.

Yadav H, Jain S, Sinha PR, and Marrota F. Diabetes and probiotics: A possible therapeutic 
link. Int J Probiotics Prebiotics 2007; 2: 15–20.

Yadav H, Jain S, and Sinha PR. Oral administration of dahi containing probiotic Lactobacillus 
acidophilus and Lactobacillus casei ameliorated the Streptozotocin-induced oxidative 
stress and dyslipidemia in rats. J Dairy Res 2008; 75: 189–95.

Yamazaki K, Tsunoda A, Sibusawa M, Tsunoda Y, Kusano M, Fukuchi K, Yamanaka M, 
Kushima M, Nomoto K, and Morotomi M. The effect of an oral administration of 
Lactobacillus casei strain Shirota on azoxymethane-induced colonic aberrant crypt foci 
and colon cancer in the rat. Oncol Rep 2000; 7: 977–82.

Younes H, Coudray C, Bellanger J, and Demigne C, et al., Effects of two fermentable carbo-
hydrates (inulin and resistant starch) and their combination on calcium and magnesium 
balance in rats. Br J Nutr 2001; 86: 479–85.

Zommara M, Takagi H, Sakono M, Suzuki Y, and Imaizumi K. Effect of milk whey and its fer-
mentation products by lactic acid bacteria on mitochondrial lipid peroxide and hepatic 
injury in bile duct-ligated rats. Biosci Biotech Biochem 1994; 58: 1213–17.

Zommara M, Tachibana N, Sakono M, Suzuki Y, Hashiba H, and Imaizami K. Whey from 
cultured skim milk decreases serum cholesterol and increases antioxidant enzymes in 
liver and red blood cells in rats. Nutr Res 1996; 16: 293–302.

Zommara M, Toubo H, Sakono M, and Imaizumi K. Prevention of peroxidative stress in rats 
fed on a low vitamin E containing diet by supplementing with a fermented bovine milk 
whey preparation: Effect of lactic acid and β-lactoglobulin on the antiperoxidative 
action. Biosci Biotechnol Biochem 1998; 62: 710–17.



293

15ChAPTEr 

Prebiotics and Probiotics in Infant Formulae

Günther Boehm, Richèle Wind, and Jan Knol

CoNTENTs

15.1 Introduction ...................................................................................................294
15.2 Influence of Breastfeeding on Postnatal Development of Intestinal 

Microbiota ..................................................................................................... 295
15.2.1 Postnatal Development of Intestinal Microbiota ............................... 295
15.2.2 Oligosaccharides as the Main Prebiotic Factor in Human Milk ...... 295
15.2.3 Other Functions of HMOS ................................................................296
15.2.4 Human Milk and Breastfeeding as the Source of Bacteria ..............296

15.3 Prebiotics .......................................................................................................297
15.3.1 Definition of Prebiotics .....................................................................297
15.3.2 Characterization of Prebiotics ...........................................................297
15.3.3 Physiological Effects of Prebiotics .................................................... 298

15.3.3.1 Influence on the Intestinal Microbiota ............................... 298
15.3.3.2 Influence on Postnatal Development of the Immune 

System ................................................................................304
15.3.3.3 Influence on Gut Health .....................................................306

15.3.4 Safety in Infants ................................................................................307
15.3.5 Current Recommendations for Starter and Follow-On Formulae ....307

15.4 Probiotics in Infant Formulae .......................................................................308
15.4.1 Definition ...........................................................................................308
15.4.2 Characterization of Probiotics ..........................................................308
15.4.3 Physiological Effects of Probiotics ...................................................309

15.4.3.1 Influence on Intestinal Microbiota .....................................309
15.4.3.2 Influence on Gut Health ..................................................... 317
15.4.3.3 Influence on Postnatal Development of the Immune 

System ................................................................................ 318
15.4.4 Safety in Infants ................................................................................ 321

15.4.4.1 Systemic Infections ............................................................ 322



294 Handbook of PrebiotiCs and ProbiotiCs ingredients

15.1 INTroDuCTIoN

Human milk is the ideal nutrition for term infants because it provides all neces-
sary nutrients for rapid growth and postnatal development. The quantity and quality 
of nutrients is adapted to the high nutritional requirement of rapid growth as well as 
to the functional maturation of the gastrointestinal tract and the metabolism of the 
infant. In addition, human milk contains components which are—partially or com-
pletely—resistant to intestinal digestion and provide functional capacity.1,2 There is 
broad consensus that breastfed infants develop differently compared to infants with 
artificial feeding.3 Breastfed infants, in comparison to formula-fed infants, have a 
reduced incidence of allergic or atopic diseases,4–8 a reduced incidence of infec-
tions,9–13 and a reduced incidence of diabetes mellitus type I.14 This indicates a major 
impact of breastfeeding on the development of the immune system.15–17 Better cogni-
tive functions18 and lower blood pressure19 in later life have also been reported for 
breastfed infants.

The positive effects of breastfeeding are multifactorial. One of the physiologic 
aspects of the effects of breastfeeding is the establishment of a specific intestinal 
microbiota. There are many functions attributed to the intestinal microbiota found in 
breastfed infants. There is increasing evidence that the composition of the intestinal 
microbiota plays a key role in the postnatal development of the immune system,20–23 
but effects of bacterial fermentation products on the maturation of the immune sys-
tem24,25 are under investigation.

Because of the importance of the intestinal microbiota for the development of gut 
physiology and the immune system,23 many attempts have been made to mimic the 
intestinal microbiota of breastfed infants also in bottle-fed infants.

The composition of the intestinal microbiota can be influenced either by admin-
istration of large amounts of living bacteria that survive the gastrointestinal tract to 
be active in the colon26 or by the use of dietary ingredients that are nondigestible 
during the passage through the small intestine, reach the colon, and can selectively 
be used by health-promoting colonic bacteria.27,28

As a third opportunity, the combination of both principles as “synbiotics” is 
under discussion.29

This chapter summarizes the current knowledge of the influence of breastfeeding 
on the postnatal development of intestinal microbiota. The possibilities to mimic this 
function with prebiotics or probiotics are evaluated and the functional consequences 
of dietary manipulation of the composition of intestinal microbiota on the physiol-
ogy of the host are discussed.
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15.2 INFluENCE oF brEAsTFEEDINg oN PosTNATAl 
DEvEloPMENT oF INTEsTINAl MICrobIoTA

15.2.1 Postnatal Development of Intestinal Microbiota

Before birth, the infant’s gut is sterile. During vaginal delivery, the natural colo-
nization of the infant starts with bacteria mainly from the vaginal and intestinal 
microbiota of the mother. For the further development of the intestinal microbiota of 
the infant the diet plays an important role.30 During breastfeeding, the composition 
of the gut microbiota changes within a short period and becomes dominated by bifi-
dobacteria whereas infants fed formulas without prebiotics develop a flora of a more 
adult type with a lower total level of bifidobacteria.31,32

In healthy breastfed infants, many bifidobacterial species are found with the 
most dominant being Bifidobacterium infantis, B. breve, and B. longum. Formula-
fed infants without prebiotics contain relatively more B. adolescentis and B. catenu-
latum.30,33 Postnatal development of intestinal microbiota is furthermore influenced 
by mode of delivery, gestational age, infant hospitalization, and antibiotic use by the 
infant.34 For example, in infants born by caesarean delivery and in preterm infants, 
the fecal colonization by bifidobacteria is delayed.35–37

15.2.2 oligosaccharides as the Main Prebiotic Factor in human Milk

The prebiotic effect of breast feeding was intensively investigated over the last 
century. Several so called “bifido-factors” have been identified as recently reviewed 
by Coppa et al.38 Lactoferrin, lactalbumin, nucleotides, or urea were seen as specific 
substrates of intestinal microbiota or the low concentration of protein or phosphate in 
human milk might act as an environmental factor for bacterial growth. Consequently, 
the effect of human milk on the postnatal development of the intestinal microbiota 
cannot be attributed to a single ingredient. However, there is evidence that human 
milk oligosaccharides (HMOS) might play a key role in this matter.39– 44

The fraction of oligosaccharides in human milk is characterized by an enormous 
structural diversity. Additionally, there are great variations in concentration and 
composition between individuals and during the course of lactation.42,43 They appear 
as free structures or are conjugated to macromolecules as glycoproteins, glycolipids, 
and others. There is evidence that more than 1,000 distinct molecules in the HMOS 
fraction exist.42–45

Oligosaccharides appear in human milk at a concentration of up to 1 g/100 
mL. As there are no enzymes in the human intestine to cleave the HMOS, they 
are resistant to enzymatic digestion during passage through the small intestine.45–47 
However, many intestinal bacteria express glycosidases to metabolize HMOS.48–51 
This clearly indicates the physiological role of HMOS as prebiotic components in 
breast milk. In particular, bifidobacteria possess several homologous genes to encode 
enzymes involved in the metabolism of numerous carbohydrates present in human 
milk.51,52 This might be the reason for their large presence in the colon, reflecting a 
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specific adaptation to this highly competitive ecological niche, especially in breast-
fed infants.53

All these data provide strong evidence that many HMOS are preferentially syn-
thesized to be metabolized as prebiotic ingredients by intestinal microbiota rather 
than to be used as a nutritional substrate.

Apart from their prebiotic effects, there is also evidence that HMOS act as recep-
tor analogues to inhibit the adhesion of several pathogens on the epithelial surface.54 
There are many different target structures of pathogens,43 which might partially 
explain the great variety of structures of HMOS. On the other hand, the protection 
against adhesion of pathogens might open opportunities for interactions of commen-
sal bacteria with the epithelial surface that seems to be of physiological importance.

15.2.3 other Functions of hMos

As carbohydrate compounds are a main part of structures on the cellular sur-
face, HMOS can act as signaling molecules that might explain the great variety of 
functions attributed to HMOS.38–43 The possibility that HMOS interact directly with 
immune cells is of particular interest. Such direct interactions have been reported 
with selectins,55 dentritic cell-specific C-type lectin,56 integrins,57 and other target 
receptors.58 In an in vitro study, particularly acidic HMOS demonstrated a direct 
effect on the number of activated or regulatory T cells.59

Because HMOS are resistant to digestion and the maturation of the gut is not 
fully developed,60 they can pass the intestinal wall in smaller amounts (approxi-
mately 1 percent of intake).46 It can be speculated that the appearance in the plasma 
and the distribution across the whole body might be one factor for a possibly direct 
systemic effect of HMOS on the immune system. However, this hypothesis needs 
further investigation.

15.2.4 human Milk and breastfeeding as the source of bacteria

For many years studies on the microbiology of breast milk have been restricted 
to transmission of pathogenic bacteria. This was mainly in relation to mastitis and 
contamination of breast milk related to its use in milk banks. Only a few studies 
are available in which bacteria from breast milk samples of healthy women were 
analyzed. These studies show that low amounts of bacteria are present in human 
breast milk. This may, however, be due to contamination or may originate from the 
ducts or areola of the breast. Bacterial strains isolated from breast milk included 
lactobacilli, Streptococcus, Enterococcus, Peptostreptococcus, Staphylococcus, and 
Corynebacterium, with sometimes Escherichia spp.61–63 Recently, the presence of 
bifidobacteria has also been shown.64,65 Bacterial numbers detected in breast milk 
range from lower than 1 × 103 to a maximum of 1 × 105 colony-forming units (cfu)/
mL. Differences in bacterial numbers may be due to contamination and organisms 
residing in the ducts or on the areola of the breast.61–63 Bacterial studies in breast 
milk, therefore, need to be repeated and their biological significance needs to be 
elucidated. It has been shown that transfer of bacteria through breastfeeding is one 
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of the ways that maternal microbes colonize the neonatal gut. Identical strains were 
found in bacterial isolates from mother and newborn pairs, which were not found on 
the breast skin.61,66 Furthermore, it has been shown that breast milk contains a range 
of bacterial DNA signatures, as also found in maternal peripheral blood mononuclear 
cells.63 These DNA signatures showed a larger biodiversity than observed by plating 
of breast milk samples. It was speculated that these signatures might program the 
neonatal immune cells as was shown in pregnant mice. As the impact of the bacteria 
transferred during breastfeeding on the colonization of the gastrointestinal tract is 
not completely clear, this topic is currently the subject of intensive research.

15.3 PrEbIoTICs

15.3.1 Definition of Prebiotics

Prebiotics can be seen as food for the intestinal bacteria, which are mainly located 
in the colon. Gibson and Roberfroid, the pioneers in the developing of the prebiotic 
concept, defined prebiotics as dietary ingredients that are not digestible, reach the 
colon, and can be used by health-promoting colonic bacteria.27

More recently, the prebiotic concept was revised. The same authors now define prebi-
otics as dietary compounds, which have to be resistant against luminal digestion until they 
are fermented by the intestinal (i.e., not only colonic) microbiota. The balanced stimula-
tion of bacterial growth and/or activity of the health-promoting bacteria in the gastrointes-
tinal tract have to be demonstrated by performing studies in the target group.28

15.3.2 Characterization of Prebiotics

By using the example of human milk, several ingredients, such as lactofer-
rin, gangliosides, nucleotides, or urea, have been tested for their prebiotic activity. 
Among the prebiotic ingredients, carbohydrate structures have been identified as the 
most effective prebiotic compounds. Consequently, the majority of infant formu-
las on the market with a prebiotic claim contain carbohydrate structures as active 
ingredient.53

There is a wide range of molecule size distribution within the HMOS fraction.43 
Since 1980, oligosaccharides have been defined as carbohydrates with a degree of 
polymerization up to 10. However, recently the IUB-IUPAC Joint Commission on 
Biochemical Nomenclature stated that the borderline between oligo- and polysac-
charides cannot be drawn too strictly. The term “oligosaccharide” is commonly used 
to refer to defined structures as opposed to a polymer of unspecified length. Thus, 
even though they have molecules with a degree of polymerization significantly larger 
than 10, the HMOS are all described as oligosaccharides. The same approach is 
used for oligosaccharides of nonhuman milk origin as long as they have defined 
structures.67, 68

Depending on the type, size, and structure as well as the source of oligosac-
charides a variety of separation techniques and methods have to be applied for the 
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characterization of the molecules of interest. The most relevant methods have been 
recently reviewed by Boehm et al.69

For the analyses of the most widely used prebiotics like fructans (oligofruc-
toses, inulin) and galacto-oligosaccharides, AOAC methods (Association of Official 
Analytical Chemists) have been recently published.

Because the structure of HMOS is so complex, such molecules are not yet available 
for the production of infant formulas. Thus, other sources of dietary oligosaccharides 
need to be identified. As alternatives, oligosaccharides from milk of domestic ani-
mals as well as several oligosaccharides of nonmilk origin are under investigation.

There are several structural and potentially functional similarities between HMOS 
and oligosaccharides from milk of domestic animals. The structure and function of 
oligosaccharides from domestic animals are extensively reviewed by Urashima et al.70 
The preparation of these compounds is difficult and, therefore, large-scale prepara-
tions have not been commercially available. Consequently, no clinical trial has been 
published so far using fractions of animal milk oligosaccharides as prebiotics.

The most important oligosaccharides already used as prebiotics in infant nutrition 
are galacto-oligosaccharides (GOS; derived from enzymatic synthesis from lactose) 
and fructans from inulin type (fructo-oligosaccharides, FOS; derived from extraction 
from plants and from enzymatic synthesis). But also palatinose/isomaltulose oligosac-
charides (derived from enzymatic synthesis from sucrose), soy bean oligosaccharides 
(derived from extraction from soy beans), lactulose (derived from enzymatic syn-
thesis from lactose), xylo-oligosaccharides (derived from enzymatic synthesis from, 
for example, corncob xylan), and galacturonic acid oligosaccharides (derived from 
enzymatic degradation of pectin) have already been tested in infant formulas.53

15.3.3 Physiological Effects of Prebiotics

The intestinal microbiota play an important role for the physiology of the intesti-
nal tract. Not only does the direct contact between microbiota and the epithelial sur-
face have to be considered, but also the physiological effect of bacterial fermentation 
products, such as short-chain fatty acids has to be considered. Theoretically, prebiot-
ics might also get directly in contact with epithelial cells or the bacterial membrane. 
However, there are only few very preliminary data available to support this hypoth-
esis. Thus, this chapter focuses on the effects of prebiotics mediated via their influ-
ence of the composition and metabolic activity of the intestinal microbiota.

15.3.3.1 Influence on the Intestinal Microbiota

In term infants, prebiotic effects during infancy have been investigated for sev-
eral substances, such as short-chain GOS (scGOS),71,72)scFOS,73–81 inulin,82,83 and 
lactulose.84,85 Additionally, mixtures have been tested, such as a mixture of scGOS 
and lactulose,86 scFOS with inulin,87 galacturonic acid oligosaccharides in combina-
tion with scGOS/long chain FOS (lcFOS),88,89 and a mixture of scGOS and lcFOS 
(IMMUNOFORTIS™)90–112 (Table 15.1). In preterm infants, scFOS113 and the mix-
ture scGOS/lcFOS114–117 have been tested (Table 15.2).
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Related to the use of prebiotics during infancy the most experience exists for 
GOS and FOS. Most of the prebiotic infant formulas currently on the market con-
tain these ingredients either as an individual compound or in various combinations. 
Therefore, the following section focuses on these two prebiotic ingredients.

15.3.3.1.1  Digestibility of Galacto-Oligosaccharides 
and Fructo-Oligosaccharides

As nondigestibility in the small intestine and selective fermentation by the intes-
tinal microbiota are prerequisites of any prebiotic effect of dietary ingredients,27,28 
human studies have been performed to address this issue.

In a study in fructose-sensitive patients, no side effects of inulin could be 
detected demonstrating the low or absent digestibility of lcFOS.118 In a study in 
adult patients with ileostoma focusing on pectin hydrolysates,119 we could also dem-
onstrate that scGOS are still detectable after passage through the small intestine 
(data not yet published). In a group of term infants fed with a prebiotic formula, the 
presence of the dietary scGOS and lcFOS could be detected in the feces.92 The data 
clearly indicate that the studied prebiotics can reach the colon. This assumption is 
supported by the fact that the fecal pH and the concentrations of short-chain fatty 
acids could be significantly influenced by these prebiotics.91,94,102,114 These findings 
are in line with results of fermentation experiments.120–122 In addition, there is also 
evidence from such studies that the metabolic rate decreases with increasing chain 
length.123

15.3.3.1.2  Prebiotic Function of Galacto-Oligosaccharides 
and Fructo-Oligosaccharides

The counts of fecal bifidobacteria or the percentage of fecal bifidobacteria of the 
total bacteria are generally accepted measurements to detect a prebiotic effect. Using 
this marker, GOS and FOS can be classified as prebiotics.124

As demonstrated in Table 15.1 and Table 15.2, many authors use combinations of 
prebiotic oligosaccharides. There are several aspects favoring the use of mixtures of 
oligosaccharides instead of individual components. One principal aspect is the diver-
sity and complexity of the HMOS,39,41–44 which indicates that several structures and 
a wide range of molecule sizes125 are necessary to provide the full functionality of 
HMOS.

In one study with the prebiotic mixture of scGOS/lcFOS, the counts of bifido-
bacteria were measured either with a conventional plating technique (measuring 
the living bacteria) or with a molecular biologic technique (measuring all bacte-
ria). With both methods, an increase of bifidobacteria could be recorded. However, 
with increasing concentration of the prebiotics, this difference between the different 
methods disappeared.126 This indicates that the counts of bifidobacteria as well as 
their metabolic activity have been stimulated by the prebiotics.

As the interaction between dietary components and the intestinal ecosystem is 
very complex, the matrix of the food might be important for the effect. Prebiotics 
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have also been successfully added to infant formula of different protein quality and 
quantity as well as to solid weaning food or cereals (recently reviewed by Boehm and 
Moro53). Prebiotic effects have also been seen with these compounds in adults when 
used as a supplement to a typical western diet.127 Thus, there is evidence that the prebi-
otic effect can be independent of the type of food used as the basis for the nutrition.

The bifidogenic effect is often associated with a reduction of the stool pH and 
changes in the short-chain fatty acid pattern. Short-chain fatty acids are the fer-
mentation products of bacteria in the colon. They are, therefore, an important char-
acteristic feature of the intestinal microbiota.128 As already mentioned, the profile 
of short-chain fatty acids depends considerably on the composition of the diet. 
Supplementing an infant formula with a mixture of scGOS/lcFOS resulted in a pat-
tern of short-chain fatty acids in the feces that corresponded to the pattern found in 
the feces of breastfed infants.94 Since the bifidobacteria produce only acetate and 
lactate, the short-chain fatty acid pattern reflects the metabolic activity of the entire 
microbiota and not only the activity of bifidobacteria. Thus, it can be assumed that 
short-chain fatty acid profiles similar to the profiles found in breastfed infants reflect 
similarities of the entire microbiota between breastfed infants and infants fed with a 
formula supplemented with the studied mixture.

There are several results available indicating that the short-chain fatty acid pro-
file and pH influence the physiological role of intestinal cells. In particular, effects 
on mucin-2 synthesis and barrier integrity are described.130 In addition, there was 
also an effect of the short-chain fatty acids pattern and pH on the growth of several 
pathogens.131 This effect has a particular clinical relevance during infancy. In fact, 
the reduction of fecal pathogens could be demonstrated in a study in preterm115 as 
well as term infants.94

There is evidence that early colonization with specific microbiota might be asso-
ciated with the development of allergic symptoms later in life. Bjorksten et al.132 
found that allergic infants were less often colonized by lactobacilli and bifidobac-
teria than nonallergic infants. Additionally, it was found that allergic infants had 
more adultlike species in their fecal flora, including B. adolescentis, compared with 
healthy infants. In the latter, B. bifidum, B. infantis, and B. breve predominated.133 
Also in Japanese infants suffering from atopic dermatitis, similar findings have been 
reported.134 This suggests that different bacterial species may have different func-
tional effects on the immunological reaction of the host. In two studies using a mix-
ture of scGOS/lcFOS as the prebiotic ingredient, it could be demonstrated that the 
prebiotic mixture promoted B. infantis and depressed B. adolescentis.95,109

In summary, the experimental data as well as the results of clinical trials prove 
that substances with a structure different from the structure of HMOS are able to 
influence the intestinal microbiota comparable to those found in breastfed infants.

15.3.3.2 Influence on Postnatal Development of the Immune System

There is accumulating evidence that the interaction between the intestinal micro-
biota and the gut plays an important role for the postnatal development of the immune 
system. However, the interactions between the intestinal epithelial and immune cells 
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and the different species of the intestinal microbiota are very complex and not fully 
understood.20–23 The variability of the different layers of the human defense sys-
tem135 and the diversity of the intestinal microbiota32 cause this complexity.

15.3.3.2.1 Results of Animal Studies

Following international recommendations,136,137 studies in mice are recom-
mended to substantiate conclusions related to immunological effects of dietary com-
pounds. The available experimental data concerning the immune modulatory effect 
of prebiotics have been intensively reviewed by Vos et al.58

In mice, it could be shown that a prebiotic mixture (scGOS/lcFOS) was bifido-
genic in a dose-dependent manner. This results in a reduction of the fecal pH and 
in a fecal short-chain fatty acid pattern as found in human infants, supporting the 
relevance of the animal data for the human situation.138

A mouse vaccination model adapted to investigate the effect of prebiotics was 
used to study the effect on prebiotics on the allergic reaction. It could be demon-
strated that a prebiotic mixture (scGOS/lcFOS) significantly stimulated the vaccina-
tion response in a dose-dependent manner and modulated the immune system toward 
a Th1-dominated immune response.138 The effect only occurred if the intervention 
with prebiotic nutrition started before the first vaccination. This indicated that the 
modulation of the immune system was mainly mediated by the developing intestinal 
microbiota. It might also indicate that the use of prebiotics for prevention is more 
relevant than for a treatment approach.

There are also data available concerning the effect of prebiotics on the allergic 
reaction in a mouse model using ovalbumin as antigen.139 Feeding the animals with a 
prebiotic mixture (scGOS/lcFOS) significantly reduced the allergic reaction against 
ovalbumin as demonstrated by reduction of bronchial restriction after metacholine 
application, reduction of inflammatory cells in the bronchial lavage fluid, and reduc-
tion in the immunoglobulin E (IgE) concentration in plasma.137

In summary, the animal data allow the conclusion that prebiotics can positively 
modulate the immune system of the mice and provide preventive effects with regard 
to the development of infectious as well as allergic diseases. This effect seems mainly 
mediated by modulation of the intestinal microbiota.

15.3.3.2.2 Results of Human Studies

There is broad consensus that the intestinal microbiota are a physiological part of 
the gastrointestinal tract.140–142 Therefore, it is a logical assumption that early inocula-
tion by intestinal bacteria plays an important role in the development of the infant.

As the immune system is so complex, no individual biomarker can describe the 
whole immune system. Therefore, it is recommended that clinical studies focused on 
clinical outcome (incidence of infectious and/or allergic symptoms) and biomark-
ers representing the status of the immune system be performed.136,137 Following this 
recommendation, the effect of prebiotics on the incidence and severity of diarrhea, 
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the response to vaccinations, and the effect of nongastrointestinal infections as well 
as allergic symptoms have been studied.

Saavedra et al.74,75 reported that the supplementation of weaning food with scFOS 
was associated with a reduced rate of diarrheal episodes. However, no effects of 
the same prebiotics on the clinical course and incidence of diarrhea were found by 
Duggan et al.78

Firmansyah et al.87 reported increased postvaccination IgG antibodies in plasma 
induced by a mixture of scFOS and lcFOS.

Moro et al.103 reported a reduced cumulative incidence of atopic dermatitis diag-
nosed according to the international recommended diagnostic criteria.143 The study 
was performed in a group of high-risk infants identified by familial history. This 
was accompanied by the development of an antiallergic immune globulin profile.105 
More recently, the 2-year follow-up data have been reported that further support the 
hypothesis that a prebiotic formula administered early in life modulates the develop-
ment of the immune system.

In a study performed in a healthy population of 326 term infants,111 the supple-
mentation of a formula with a prebiotic mixture scGOS/lcFOS resulted in a reduced 
incidence of different infectious symptoms during the first year of life.

In summary, the available data from human trials are completely in line with 
the data derived from animal experiments demonstrating the immune modulatory 
effect of prebiotics. There is evidence that the effects are specific for each prebiotic 
ingredient. Thus, data obtained with a specific prebiotic compound cannot easily be 
transferred to all possible prebiotic oligosaccharides.

15.3.3.3 Influence on Gut Health

From animal studies it is known that short-chain fatty acids as products of bac-
terial fermentation play an important role in the regulation of intestinal motility 
mainly due to their interaction with the G-protein coupled receptor 43 (GPR43) 
and sequential release of serotonin. This receptor is also expressed in the human 
colon. Dietary intervention with the target to modulate the intestinal microbiota has 
demonstrated that this modulation influences interdigestive intestinal motility.144,145 
This is in line with observations in preterm infants. Prebiotic formulas (mixture of 
scGOS/lcFOS) fastened the gastrointestinal transit time116 and significantly reduced 
the gastric emptying time.117

Feeding different prebiotics resulted in term infants in softer stools and/or 
increased stool frequency (see Table 15.1) also indicating an effect of prebiotics 
on gut physiology. Consequently, formula with prebiotics as the active ingredi-
ent has been designed to treat gastrointestinal symptoms like constipation and 
abdominal colics.93,98,99

There is first evidence that the mineral absorption during infancy can be posi-
tively influenced by prebiotics.
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In summary, prebiotics might positively influence gut physiology. However, fur-
ther clinical studies are necessary to evaluate the clinical relevance of these effects.

15.3.4 safety in Infants

There are no known side effects when applying up to 1 g/100 mL of GOS. In 
theory, higher dosages could display osmotic effects. In clinical trials, concentra-
tions higher than 1 g/100 mL have not been applied. Therefore, such side effects have 
not been described in infants.

At higher concentrations (>0.5 g/100 mL) FOS can cause flatulence. This is dose 
dependent and applies especially to scFOS (chain length of up to 10 monomers).146 
As a consequence, some commercially available infant formulas with prebiotic oli-
gosaccharides especially use fractions of inulin with a chain length of more than 10 
monomers at a relatively low concentration.125 In this form, the prebiotic formulae 
could be used as treatment for intestinal symptoms.93,98,99

Based on the estimation of fecal excretion of O-linked oligosaccharides, 
Bruggencate et al.147 reported increased bacterial translocation in adults by using 
FOS. However, the study design was not optimal; in particular, some other condi-
tions in the study could cause the observed translocation. In a second study without 
this bias, the translocation could not be observed.148 More recently, Barrat et al.149 
reported an increase bacterial translocation in artificially reared rats fed a prebiotic 
infant formula. Many questions related to the adequacy of the model as well as to 
methodology are still not solved. Thus, the consequences of these findings for human 
infant nutrition are not clear.

The Scientific Committee on Food of the European Union (EU) commented 
twice on applications from suppliers of infant nutrition.150,151 The committee did not 
have any safety concerns with regard to a total concentration of 0.8 g/100 mL and a 
mixture of 90 percent GOS with 10 percent lcFOS. However, they stated in the sec-
ond statement that this comment cannot simply be used as general safety statement 
for all prebiotics.151

Based on these comments, scGOS in connection with lcFOS (ratio 9:1; maximal 
concentration 8 g/L) has been included in the EU directive on infant formula and 
follow-on formula in 2006.152

15.3.5 Current recommendations for starter and Follow-on Formulae

There are no final recommendations available regarding prebiotics in infant for-
mula. The most recent comment has been published by the ESPGHAN Committee 
on Nutrition in 2004.153 Although the committee saw potential benefits, the data 
available at that time did not allow a general recommendation.

As demonstrated in Table 15.1 and Table 15.2, particularly for the mixture of 
scGOS and lcFOS, several new randomized, prospective, double-blind, and placebo-
controlled studies have been published. The data indicate that these prebiotics can 
serve as an effective and safe tool to strengthen the immune system during infancy. 
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This might offer a new method for prevention of infections and allergy. Long-term 
follow-up studies are needed to provide insights whether these effects during infancy 
are relevant for the activity of the immune system during the whole life span.

Based on the experience from clinical trials and the composition of human milk, 
the concentration range of supplemented oligosaccharides should be between 0.4 and 
0.8 g/100 mL. This is supported by the results of clinical studies: At a concentration 
of 0.8 g/100 mL of a GOS/FOS mixture, the concentration of bifidobacteria in feces 
was similar to that of breastfed infants.91 The effect of prebiotic oligosaccharides 
depends on a constant supply. Therefore, the duration of the supplementation should 
follow the recommendations for breastfeeding.

15.4 ProbIoTICs IN INFANT ForMulAE

15.4.1 Definition

The intestine of a newborn is essentially sterile. It is inoculated with bacteria 
during birth and the first days of life. Thereafter, the gut microbial composition of 
infants is affected by infant feeding, mode of delivery, hospitalization, prematurity, 
and antibiotic use.34 Several hundred to a thousand species of bacteria usually inhabit 
the human adult intestine. In the colon 1010 to 1013 microorganisms per gram feces 
are found. The microbiota in the intestine are involved in a number of metabolic 
and immunological processes. This may play a role in health and disease. To sup-
port beneficial microbiota, additional bacteria can be administrated to the infant as 
probiotics.

The term probiotic means “for life” and is currently used to name bacteria asso-
ciated with beneficial health effects for humans and animals when consumed orally. 
Many definitions have circulated that have in common that the use of the word pro-
biotic is restricted to products that contain live microorganisms and provide an ade-
quate dose of probiotic bacteria in order to exert the desirable effects. Therefore, the 
WHO/FAO has adopted the definition of Guarner and Schaafsma:154 “Live microor-
ganisms which when administered in adequate amounts confer a health benefit on 
the host.”155,156 Since more and more studies are describing probiotic effects of nonvi-
able bacteria and bacterial fragments, such as DNA, the ESPGHAN Committee on 
Nutrition broadened the definition to “microbial cell preparations or components of 
microbial cells with beneficial effect on the health and well being of the host.”157 In 
most cases, however, the WHO/FAO adopted definition is used.

15.4.2 Characterization of Probiotics

The number of probiotic products on the market has increased over the past years 
as well as the understanding of function, physiology, and biochemistry. Probiotic 
strains used in infant formula primarily belong to the genera of Lactobacillus and 
Bifidobacterium. Bifidobacteria are present as the predominant bacteria in the intes-
tinal tract of breastfed infants30,95,96,158 and are considered to contribute to the health 
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of infants. Good identification of the bacterial strains by means of fluorescent ampli-
fied fragment length polymorphism (FAFLP), repetitive DNA element (rep)-PCR 
fingerprinting, protein profiling, and 16S rDNA sequencing is highly desirable since 
many cases of misidentification in commercial probiotic products were reported.159. 
A number of criteria are used to select for probiotic strains based on safety, func-
tional, and technological properties.160,161 An effective probiotic must be nonpatho-
genic, nontoxic, and exert a beneficial effect on the host. Furthermore, they should be 
capable of surviving the passage through the gastrointestinal tract and remain viable 
during storage and use.

15.4.3 Physiological Effects of Probiotics

15.4.3.1 Influence on Intestinal Microbiota

Colonization with a probiotic bacterium depends on the interplay of multiple 
factors in the intestinal milieu, such as survival through the stomach–small intes-
tine, presence of prebiotic factors, antibiotic treatment, and adherence to intestinal 
cells.162 Probiotic bacteria can influence the intestinal microbiota by inhibition of 
other groups of bacteria via fermentative production of acids, such as acetate and 
lactate and secretion of antimicrobial components.163

In many of the clinical trials in which the benefit of probiotic bacteria on infants 
is examined, the primary health outcome is microbiota related. In most of these 
trials, the key groups of the gastrointestinal microbiota are determined: bifidobac-
teria, lactobacilli, streptococci, total anaerobes, clostridia, bacteroides, enterococci, 
and Enterobacteriacea group members. In some studies, the administrated probiotic 
strain is detected specifically. A large data set is available on the probiotic strains B. 
animalis subsp. lactis BB-12 (BB-12) and L. rhamnosus GG (LGG) (Table 15.3 and 
Table 15.4), which are discussed in more detail below. These studies show that admin-
istration of probiotic bacteria via infant formula can initiate a temporary increase in 
the administrated bacterial groups, such as bifidobacteria and lactobacilli, but only 
during the intervention period. These effects are clearly strain specific and depend 
on the dosages given. In healthy term infants, other major bacterial groups are in 
most cases not influenced. A decrease in the more pathogenic groups of bacteria can 
be found in infants who already have a disturbed microbiota at the start of the study 
as in preterm infants. A pH-lowering effect during the probiotic intervention was 
found in some cases; however, significant changes in short-chain fatty acid profiles 
were not detected in most cases.

15.4.3.1.1 bifidobacterium animalis subsp. lactis BB-12

In healthy adult volunteers it was shown that the number of fecal bifidobac-
teria can increase significantly during the period of daily ingestion with viable 
BB-12.164,165 Administration of BB-12 to term infants showed variable results on 
changes in microbiota. In a double-blind placebo-controlled trial, the percentage of 
bifidobacteria was not significantly increased by administration of BB-12 during the 
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first 4 months of life.102 In this trial, no effects on short-chain fatty acid profiles were 
found in the infants receiving the BB-12 formula compared to the infants fed with 
the standard formula. The pH was significantly lower in the BB-12 formula group at 
day 10, but not at any of the other time points. In another trial administration, BB-12 
was shown to increase the prevalence of colonization with bifidobacteria at 1 month 
of age similar to that of breastfed infants, which was significantly higher than in 
the standard control infant formula group.166 In a group of preterm infants, receiv-
ing an infant formula with BB-12 from the first day after birth, effects were more 
pronounced as bifidobacterial numbers were significantly higher compared to the 
control group when analyzed by fluorescence in situ hybridization (FISH).167 Earlier 
studies have shown that in general the intestinal bacterial colonization with ben-
eficial bacteria like bifidobacteria and lactobacilli is delayed in preterm infants.168 
Administration of BB-12 was shown to affect the other major bacterial groups in 
preterm infants, as viable counts of Enterobacteriaceae and Clostridium spp. were 
significantly reduced.167

15.4.3.1.2 Lactobacillus rhamnosus GG

Previous studies in adults indicate that administration with LGG can enhance 
the bifidobacterial counts in gut microbiota.169 Administration of LGG to allergic 
infants and infants at risk for allergy does not seem to induce significant changes 
in the major bacterial groups.170–172 In a group of healthy infants, a more frequent 
colonization with lactobacilli was found in the LGG-administrated group during 
the first 6 months of life, but other major bacterial groups were not influenced.173 
Administration of preterm neonates with LGG was reported to give a colonization 
of 25 to 50 percent with LGG depending on the birth weight of the neonate. In this 
study, administration of LGG increased the total number of bacterial species signifi-
cantly, mainly due to an increase in Gram (+) species and anaerobic spp. other than 
LGG. Only in the infants weighing less than 1,500 g, Millar et al.174 and Stansbridge 
et al.175 reported that 90 percent of the preterm infants were colonized with LGG, but 
simultaneous alterations in other bacterial groups were not observed. Colonization 
with LGG was not shown to give any significant increase in fecal short-chain fatty 
acids in preterm infants.175

Changes in microbiota by using a mixture of probiotic strains including LGG 
with or without prebiotics were more pronounced. Kukkonen et al.,176 for example, 
showed that the probiotic group was more frequently colonized with lactobacilli and 
propionibacteria after administration of a mix of four strains and GOS in a group of 
infants at risk for allergy. Also fecal counts of bifidobacteria and lactobacilli were 
significantly higher at 3 and 6 months. It was shown that these microbiota changes 
were relatively short term because at 24 months no differences in these microbi-
ota groups were no longer observed. Simultaneous administration of LGG with B. 
longum BB536 in a group of infants at risk for allergy showed a significant increase 
in bifidobacteria with a parallel decrease in Enterobacteriaceae and Bacteroides-
Prevotella populations.177
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15.4.3.2 Influence on Gut Health

The best-studied clinical outcome with probiotic bacteria in infants is the effect on 
acute infectious diarrhea. Diarrhea contributes significantly to infant morbidity and 
mortality, especially in developing countries. Evidence exists that probiotic bacteria 
are effective in treatment and prevention of acute infectious diarrhea in infants.178,179 
Results of recent clinical trials also suggest that probiotic bacteria reduce the risk of 
necrotizing enterocolitis (NEC) in preterm neonates.180,181 Studies on the use of pro-
biotic bacteria in prevention or treatment of other gastrointestinal diseases, such as 
irritable bowel syndrome, inflammatory bowel disease, and constipation in infants, 
are scarce and provide inadequate evidence so far.182

15.4.3.2.1 Acute Infectious Diarrhea

Acute diarrhea is most often caused by bacterial and viral infections; bacterial 
infections are mostly found in early infancy whereas from the age of 6 months to 2 
years rotavirus infections account for most cases.183 Evidence exists that probiotic 
bacteria are effective in the treatment and prevention of acute infectious diarrhea in 
infants. In a meta-analysis of 34 masked, randomized, placebo-controlled trials on 
prevention of acute diarrhea (all causes), it was shown that in children the overall 
reduction was 57 and in adults 26 percent.179 No significant differences were found 
among the probiotic strains used including L. rhamnosus GG (LGG), L. acidophi-
lus, and Saccharomyces boulardii. Effectiveness in prevention of acute diarrhea was 
also shown for L. reuteri ATCC 55730 and B. animalis BB-12.184 The number and 
duration of diarrheal episodes was reduced using L. reuteri ATCC 55730 or BB-12 
compared to the control formula in a group of infants 4 to 10 months old in childcare 
centers. In another meta-analysis, it was shown that L. rhamnosus GG had a consis-
tent effect in treatment of acute infectious diarrhea in infants and children especially 
reducing the risk of diarrhea lasting longer than 3 days.185 It was calculated that four 
patients need to be treated with LGG to avoid one case of diarrhea lasting more 
than 3 days. The results on prevention of acute diarrhea in various trials with LGG 
were more heterogeneous. It was, however, shown that LGG in one study signifi-
cantly reduced the incidence of diarrhea.179 On a mechanistic level, it has been shown 
that LGG influences intestinal mucosa by the upregulation of MUC-2. This might 
result in increased inhibition of bacterial translocation,186 in addition to inhibition 
of pathogen adhesion to intestinal mucus.187,188 In infants admitted to a hospital, the 
supplementation of infant formula with B. bifidum (BB-12) and Streptococcus ther-
mophilus was shown to reduce the incidence of acute diarrhea and rotavirus shed-
ding.189 A fermented infant formula with B. breve C50 and S. thermophilus 065, 
containing no live bifidobacteria after production, reduced severity of acute diarrhea 
but not the incidence and duration of diarrheal episodes.24

Five commercially available probiotic preparations were recently compared in 
a randomized trial for treatment of acute diarrhea in infants and children aged 3 to 
36 months.190 The five preparations tested were: LGG, Saccharomyces boulardii, 
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Bacillus clausii, a mix of four lactic acid bacteria (L. delbrueckii var. bulgaricus, 
Streptococcus thermophilus, L. acidophilus, and Bifidobacterium bifidum), and 
E. faecium SF68. From the five preparations tested only LGG and the mix of four 
strains were shown to be effective in reducing the duration of the diarrheal episodes, 
whereas the other preparations were found ineffective in the target group tested. The 
data for Saccharomyces boulardii were unexpected because in previous trials it was 
shown to be beneficial in children and infants.191

Overall, it can be concluded that the individual effects on infants might be mod-
est, reducing the duration of diarrhea 17 to 30 hours. However, the larger effects 
on the population may be significant. In a recent review, it was shown that effects 
are strain specific, with LGG the most effective; dose-dependent (larger effect with 
doses > 1010 cfu/day); and most helpful for watery diarrhea (rotaviral) and viral gas-
troenteritis, but not for invasive bacterial diarrhea.182

15.4.3.2.2 Necrotizing Enterocolitis

NEC is the most commonly occurring gastrointestinal disease in preterm infants. 
The disease results from an activation of the inflammatory cascade leading to high 
expression of proinflammatory mediators caused by certain changes in microbiota. 
The incidence is highest in infants with less than 1,500 g birth weight and mortality 
rates approach 30 percent.180 The intestinal complications occur mostly in the first 
weeks of life, suggesting that immaturity of the intestinal epithelial barrier function 
and absorptive capacity play a role. In a recent study, probiotic bacteria were shown 
to decrease intestinal permeability of preterm infants as measured by using the sugar 
absorption test.192 Bifidobacterium animalis subsp. lactis BB-12 was shown to lower 
the lactose/mannitol ratio (a marker for intestinal permeability) significantly com-
pared to the control group at day 30.

Results of recent clinical trials suggest that probiotic bacteria reduce the risk 
of NEC in preterm neonates with less than 33-week gestation. Seven trials were 
included in a meta-analysis using various probiotic strains (B. breve M-16V, LGG, 
Saccharomyces boulardii, BB-12, or a mix of strains). This showed an overall 
reduced risk of developing NEC and a reduced risk of death due to all causes in 
the probiotic group.181 If a larger well-designed trial, taking into account short-term 
and long-term safety of probiotic bacteria in preterms, confirmed these results, this 
would make a strong case for the routine use of probiotic bacteria in neonates. The 
dose, duration, and type of probiotic agents (species, strain, single or combined, live 
or killed) used for supplementation should be investigated in more detail.181

15.4.3.3 Influence on Postnatal Development of the Immune System

Probiotic bacteria have been shown to induce changes in gut barrier function 
and immune responses in in vitro and in vivo animal studies. These are now also 
being documented in human studies in adults, children, and infants. Effects include 
responses of the innate nonspecific immune system like promotion of mucin pro-
duction, inhibition of pathogens, decrease in gut permeability, enhancement of 
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natural killer cell activity, macrophage activation, and phagocytosis. There are also 
responses of the adaptive immune system like an increase in IgA-, IgG-, and IgM-
secreting cells, an increase in total and specific secretory IgA in serum and intestinal 
lumen, and modulation of inflammatory gut responses.193 Most clinical benefits in 
infants are reported on prevention and treatment of allergy and infections, which are 
described in more detail in the next two sections.

15.4.3.3.1 Allergy

The incidence and prevalence of allergic diseases in many western countries have 
increased during the past 40 to 50 years. It is estimated that around 20 percent of the 
population in Western countries suffers from some form of allergy. Development of 
asthma and other allergic diseases is strongly influenced by genetic components but 
studies suggest that environmental factors through a decreased immune stimulation 
also play an important role.194,195 The concept of probiotics as a possible means for 
antiallergic therapy emerged out of indirect evidence linking the composition of the 
intestinal microbiota and the incidence rate of allergies in several studies.133,134,196–202 
Björksten and colleagues compared infants from Sweden, a country with a high 
prevalence of allergies, with infants from Estonia, a country with a low prevalence 
of allergies. In these studies it was found that allergic infants in both Estonia and 
Sweden were less often colonized with lactobacilli and bifidobacteria, whereas they 
were more often colonized with aerobic pathogenic microorganisms.132,196 A reduced 
level of bifidobacteria in infants with atopic dermatitis was also reported in children 
in Japan.134 Moreover, the reduced level of bifidobacteria has been shown to precede 
the development of the atopic disease in infants from Finland.202–204 The composition 
of bifidobacteria in allergic infants has been reported to be more adultlike with more 
B. adolescentis, whereas in healthy infants, B. bifidum, B. infantis, and B. breve 
predominated.133,198

A limited number of probiotic strains were tested for their efficacy in treatment 
and prevention of allergy in infants. A standard scoring system for SCORing Atopic 
Dermatitis (SCORAD) as developed by the European task force for atopic dermatitis 
is applied in most clinical trials.143 In a small trial (n = 27) the addition of B. animalis 
subsp. lactis BB-12 or L. rhamnosus GG was found to reduce SCORAD (p = 0.01) 
in a group of infants who manifested atopic eczema during breastfeeding.206 Other 
clinical trials on treatment of allergy using LGG showed a trend in decrease on 
SCORAD (n = 43)170 or no effects on SCORAD (n = 50).200,201 LGG was effective in 
prevention of early atopic disease in infants at high risk (n = 132); the frequency of 
atopic eczema in the LGG group was half that of the placebo group (p = 0.008).197 In 
this study, mothers were prenatally administrated with LGG capsules in addition to 
administration of LGG to their infants up to an age of 6 months. It was suggested that 
probiotic bacteria increased the immunoprotective potential of breast milk as shown 
by the increase of transforming growth factor (TGF)-β2 in the milk of mothers 
receiving LGG.203 The preventive effect extended to the age of 4 years.20 The study 
cohort was also reexamined after 7 years showing that the overall risk for develop-
ing eczema during the first 7 years of life was significantly decreased.206 However, 
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allergic rhinitis and asthma tended to be more common in the probiotic group after 
7 years indicating that more longer-term studies are needed. Administration of heat-
inactivated LGG was found ineffective.170 Administration of L. reuteri ATCC 55730 
in combination with L. rhamnosus 19070-2 to treat infants and children (1 to 13 
years) with atopic dermatitis did not change the total SCORAD score; SCORAD 
was, however, significantly reduced in the allergic patients with elevated IgE levels 
or at least one positive skin prick test (p = 0.02).207 In the same study, it was shown 
that the intestinal mucosal barrier was impaired in the children with atopic dermati-
tis as measured by a positive association between the lactulose-to-mannitol ratio and 
the severity of eczema.208 After probiotic treatment, the lactulose-to-mannitol ratio 
was lower compared to the control, which might indicate a stabilization of the intes-
tinal barrier function. Lactobacillus reuteri ATCC 55730 reduced IgE-associated 
eczema significantly in a group of infants from 188 families with a history of allergy 
(p = 0.02).209 Occasionally, other strains were found effective.210

15.4.3.3.2 Infection

In vitro it has been shown that probiotic bacteria are able to inhibit pathogenic 
bacteria through a blockade of epithelial access,187,211 production of antimicrobi-
als, and production of acids.212 Also in animal models probiotic bacteria have been 
shown effective in preventing infections.213,214 In adults, studies have shown a ben-
eficial effect of probiotic bacterial strains on prevention of infectious complications; 
a significant reduction of infection rates in patients with abdominal surgery, liver 
transplantation, and acute pancreatitis was reported.215–217 In patients with severe 
acute pancreatitis, probiotic prophylaxis with a mix of six different strains was asso-
ciated with increased mortality and did not reduce the risk of infectious complica-
tions.218 Therefore, the use of probiotics in critically ill patients and patients at risk 
for nonocclusive mesenteric ischemia is currently under debate.

In infants, most data are available on treatment and prevention of acute infec-
tious diarrhea by using probiotic bacteria (see above). Evidence for a modest effect 
of some probiotic strains preventing gastrointestinal and respiratory infections in 
healthy infants was provided in a limited number of clinical trials.184 LGG showed a 
modest but significant effect in reduction in incidence of respiratory infections and 
their severity among children in daycare.219 The administration of either B. animalis 
BB-12 or L. reuteri ATCC 55730 to infant formula for infants in child care centers 
was not shown to affect respiratory illnesses, but the number of days with fever 
was significantly reduced as well as the number of clinical visits, child absences, 
and antibiotic prescriptions.184 In this trial the incidence of diarrheal episodes was 
reduced as well as their duration. In preterm infants, the administration of 7 days of 
LGG was not shown to be effective in reduction of sepsis, urinary tract infections, 
and NEC.220 Bacterial sepsis was more frequent in the LGG group, but the difference 
was not significant.
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15.4.4 safety in Infants

Various committees and expert groups have published reports and made recom-
mendations on the issues that should be addressed to prove the safety of a probi-
otic strain in food.155–157,221–224 At this moment there is no consensus document on a 
European level.225

Recommendations are described in very general terms: the documents lack guid-
ance on how certain issues should be addressed, what kind of experiments should be 
conducted, and how the obtained results should be interpreted. Most of the reports 
produced by these different authorities have in common that the following possible 
side effects should be addressed: systemic infections, deleterious metabolic activi-
ties, excessive immune stimulation, antibiotic resistance, and gene transfer.

In the United States, probiotic bacteria used in food can be classified as an addi-
tive. Additives can either be approved by the Food and Drug Administration (FDA) 
on the basis of their safety and efficacy dossiers or they can be generally recognized 
as safe (GRAS). The GRAS status can be achieved when microorganisms have a his-
tory of safe use dating before 1958 or have been recognized by experts as safe under 
the conditions of intended use.225 For example, B. animalis subsp. lactis BB-12 and 
S. thermophilus TH-4 have GRAS status since 2002 for specific use in infant for-
mula. Currently, the European Food Safety Authority (EFSA) is introducing a simi-
lar approach. The qualified presumption of safety (QPS) concept provides a generic 
assessment system for internal use within EFSA that in principle can be applied to 
all requests received for the safety assessments of microorganisms deliberately intro-
duced into the food chain.226

Several clinical trials within healthy infant groups with existing probiotic lacto-
bacilli and bifidobacteria have shown that the products are safe and well tolerated 
by this age group.227–229 It is, however, currently unknown if consumption in early 
life could lead to longer-term adverse effects. A double-blind, randomized, placebo-
controlled tolerance and safety study addressing consumption of infant formula con-
taining probiotic bacteria by healthy infants aged 3 to 24 months did not show any 
adverse effects.227 The formulas were supplemented with B. animalis subsp. lactis 
BB-12 and S. thermophilus and resulted in adequate growth, reduced reporting of 
colic or irritability, and a lower frequency of antibiotic use.

The particular use of probiotic bacteria in infant formula has been addressed 
by the European Society for Pediatric Gastroenterology, Hepatology and Nutrition 
(ESPGHAN).157 In the ESPGHAN Committee on Nutrition, experts in the field of 
infant nutrition are represented. The committee is concerned that available data are 
not sufficient to support the safety of probiotic bacteria in healthy newborn infants, 
very young infants with immature defense systems, infants with immunocompro-
mised systems, premature infants, and infants with congenital heart disease. Infant 
formula with added bacteria in these target groups should be marketed only if a full 
evaluation of safety and benefits has been performed. The use of probiotic bacteria 
in premature infants is advised against, due to the current lack of information in that 
target group.157 Indeed, no clinical trials were found in which the safety in preterm 
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infants was specifically assessed. Clinical trials in preterm infants were mainly 
focused on reducing the risk of NEC, in general showing no serious adverse events 
and no difference in risk of sepsis between the probiotic and control group.230 In a 
small trial, the clinical safety of L. casei Shirota in critically ill children aged 0.5 to 
15.9 years was assessed. There was no evidence of either colonization or bacteremia 
and the preparation was well tolerated with no apparent side effects.231 In another 
study, in which the effect of L. rhamnosus GG to reduce the incidence of nosoco-
mial infection in pediatric intensive care was studied, a trend toward an increase in 
infection was seen and therefore the study was terminated prematurely.232 Indeed, 
more studies would be needed to study safety of probiotic bacteria in pediatric 
critical care. The committee has fewer concerns on follow-on formulas designed 
for infants older than 5 months because there is a more mature immune response, 
an established intestinal colonization, and a history of exposure to organisms from 
the environment.

15.4.4.1 Systemic Infections

Lactobacilli and bifidobacteria are generally regarded as safe, they are sup-
posed to have low pathogenicity, and they are seldom detected in blood culture. 
Bifidobacteria are among the first microbes to colonize the gastrointestinal tract of 
newborn infants. They are usually transmitted by the mother and the surrounding 
environment.233,234 Bifidobacteria are present as the predominant bacteria in the 
intestinal tract of breastfed infants31,95,158 and are considered to contribute to the 
health of infants. Cases of infections by bifidobacteria are considered extremely 
rare and are mostly resolved by antibiotic treatment.235–237 Lactobacilli are natu-
ral commensals of the gastrointestinal tract and are used worldwide as starter 
cultures for dairy products. Lactobacilli have been associated with isolated cases 
of clinical infections, such as bacteremia and endocarditis, mostly in sick people 
with underlying conditions. The species L. casei and L. rhamnosus are most com-
monly isolated from infection sites.238 A possible epidemiological link between 
probiotic consumption and rise in clinical isolates of lactobacilli could not be 
made.239,240 Increased probiotic use of L. rhamnosus GG has not led to an increase 
in Lactobacillus bacteremia.248 However, several reports can be found in which 
infections are directly linked to consumption of probiotic products mostly using 
L. rhamnosus GG.240–245 Two pediatric patients, one 6-week-old term patient and 
one 6-year-old patient receiving probiotic lactobacilli, subsequently developed 
bacteremia and sepsis attributable to Lactobacillus species. The isolates were 
indistinguishable from LGG as determined by rep-PCR.246 Two other cases of 
Lactobacillus septicemia were reported in two infants of 34- and 36-week ges-
tation with short bowel syndrome. Both infants were treated with Culturelle®, 
containing L. rhamnosus GG, for its antidiarrheal effects. In one infant it was 
confirmed by DNA fingerprinting (PFGE) that the supplemented strain was indis-
tinguishable from the blood culture isolate.243,245 These cases show that although 
the beneficial effects of probiotic agents for infants are well documented, probiotic 
therapy may be associated occasionally with adverse effects, such as bacteremia, 
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sepsis, or endocarditis, for a select subset of patients, such as immunocompro-
mised or severely debilitated hosts.

The safety of S. boulardii is still under discussion since Saccharomyces has been 
described as an emerging fungal pathogen, with S. boulardii accounting for 40 per-
cent of the Saccharomyces infections reported in literature.247 Also in newborns and 
infants cases of fungemia with S. boulardii have been described.248,249

15.4.4.2 Antibiotic Resistance and Gene Transfer

It is generally recommended that bacteria that contain transmissible drug resis-
tance genes should not be used in food.155–157,221–225,250 Therefore, probiotic strains 
should be assessed for their phenotypical antibiotic resistance and potential to trans-
fer resistance genes. A draft text proposal for future IDF/ISO international standard 
on antibiotic susceptibility testing of nonenterococcal lactic acid bacteria is currently 
under review.250 Further research would be needed on characterization of acquired 
resistance mechanisms and transferability of resistance genes, and on methods for 
determining transferability.

Some of the probiotic strains currently used in infant formula are known to 
possess acquired antibiotic resistance genes. Lactobacillus reuteri ATCC 55730 
contains two antibiotic resistance genes: the tetracycline resistance gene tet(W), 
residing on a plasmid, and the lincosamide resistance gene lnu(A) (formerly LinA).251 
Bifidobacterium animalis subsp. lactis BB-12 carries an antibiotic resistance (tetW 
gene) against tetracycline which is chromosomally located.251–254 So far, Kastner et 
al.251 failed to show transferability of the tet(W) gene from L. reuteri ATCC 55730 to 
E. faecalis and Lactococcus lactis. However, transferability of tet and other antibiotic 
resistance genes is possible as was shown in vitro255 and in vivo animal models.256,257 
In vivo transfer of wild-type antibiotic resistance plasmids from Lactobacillus plan-
tarum to E. faecalis was shown in gnotobiotic rats.256 An interesting approach for 
currently used probiotic bacteria with acquired transferable genes would be to elimi-
nate antibiotic resistance by selective removal or curing of plasmids coding for anti-
biotic resistance.251

15.4.4.3 Deleterious Metabolic Activities: D-Lactic Acid

D-Lactic can be produced by certain species of lactobacilli that are currently 
applied in infant formulae. L(+)-Lactic acid is naturally present in the human body 
and is easily degraded. D(–)-Lactic acid, however, is present in the human body by 
bacterial production and/or via ingested food. D-Lactic acid in adults is degraded 
at a 30 percent lower rate compared to L-lactic acid via the enzyme D-2-hydroxy 
acid dehydrogenase.258,259 It has been suggested in the literature that newborn infants 
may fail to completely metabolize D-lactate because of liver immaturity;260 how-
ever, currently very little information is available on D-lactic acid metabolism in 
infants. D-Lactic acid is taken up from the colon and secreted in the urine. This is 
in general no problem except for in infants with specific diseases, like short bowel 
syndrome, and the kidneys can easily be overloaded. Too much D-lactic acid results 
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in a decrease of the blood pH and acidosis, which has been reported by several 
investigators for infants and children.261–263 In the Codex Alimentarius (FAO/WHO 
food standards) and the EU directive on Additives 95/2/EC, it is stated that only 
L-lactic acid (E270) or bacteria that produce only L-lactic acid are allowed in infant 
products.264,265 In a toxicological evaluation of the FAO/WHO on D- and L-lactic 
acid in adults and infants, it was concluded that neither D-lactic acid nor DL-lactic 
acid should be used in infant foods.266 Only one study was found with the primary 
end point being the evaluation of D-lactic acid levels in infants administrated with 
D-lactic acid producing microorganisms. No adverse effects were found from the 
administration of L. reuteri ATCC 55730 regarding its D-lactic acid production in 
a small subgroup of 24 infants.267 It was shown that there was no elevation of D(–)-
lactic acid in the blood of infants given L. reuteri ATCC 55730 at a dose of 108 cfu/
day from birth daily for 12 months. Larger studies would be needed to confirm the 
safety of using D-lactic acid producing bacteria in infant formula.

15.4.5 Current recommendations for starter and Follow-on Formulae

Addition of probiotic bacteria to infant formula has shown promising benefits in 
treatment and prevention of allergy, prevention of NEC, and treatment and preven-
tion of acute infectious diarrhea. Effects are clearly strain specific, depending on 
the dosage given, but also specific for a target group with a given clinical condition. 
Therefore, probiotic bacteria should always be tested for safety and efficacy in the 
target population of end use in its final product composition. Pediatricians should 
choose bacterial preparations based on these effectiveness data. Illustrative is the 
study of Canani in which five commercially available probiotic preparations were 
tested to treat acute infectious diarrhea in infants of which only two preparations 
were shown effective.190 Adequate doses need to be defined for each strain and each 
product independently. The importance of dose was emphasized by the FAO/WHO 
committee, which recommended definition of probiotic bacteria as “live microor-
ganisms which when administrated in adequate amounts confer a health benefit on 
the host.”155–157 However, dose–response studies are lacking in infants. Furthermore, 
safety of probiotic bacteria in pediatric critical care needs more attention. Finally, 
good identification of the strains used in commercial products is highly desirable 
since many cases of misidentification in commercial probiotic products have been 
reported.159

15.5 suMMAry AND FuTurE DEvEloPMENTs

The fact that diseases later in life can be influenced by nutrition during infancy 
has raised a completely new perspective regarding the judgment of infant formulae. 
The consequences of prebiotics or probiotics on the development of the immune 
system are current examples, which have been extensively reviewed in this chapter. 
However, the starting point of the development was the current requirements of the 
infant rather than the prevention of later diseases. Therefore, the composition of 
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human milk served as an example. However, the question still remains why there is 
such a huge structural variety of the oligosaccharide fraction of human milk. It may 
be assumed that a great variety of structures are associated with a large number of 
functions. Better understanding of the relation between oligosaccharide structure 
and function will be a field of intensive research in the future.

There is also evidence that probiotics offer beneficial effects on the host. The 
great variability of the intestinal microbiota might indicate that different bacteria 
play different roles in the symbiosis between the microbiota and the host. Modern 
techniques for identification and quantification of intestinal bacteria will provide 
further insights in this complex ecosystem.

In summary, the possibility of modulating the immune system and intestinal 
resistance offers the opportunity for prevention of infectious and immune-related 
diseases. If finally confirmed, the modulation of the developing immune system 
will be a completely new approach to prevent allergic diseases during an entire life 
time.
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Probiotics and Prebiotics in 
Elderly Individuals

Reetta Satokari, Riikka Rantanen, Kaisu Pitkälä, and Seppo Salminen

16.1 guT FuNCTIoN AND MICrobIoTA oF ElDErly INDIvIDuAls

16.1.1 Aging and gastrointestinal Tract Function

Aging affects the gastrointestinal (GI) tract in many ways. The aging-associated 
physiological changes influence the GI tract microbiota both directly and indirectly. 
First, physiological changes affecting a person’s eating behavior include increased 
taste and smell thresholds, decreased muscle strength for chewing, and loss of teeth, 
which all can lead to a very selective consumption of foods and consequently to 
an altered nutritional status or even to malnutrition. Further, difficulties in swal-
lowing may narrow the range of consumed products. In addition, hypochlorhydria 
due to atrophic gastritis or due to use of proton pump inhibitors or H2-antagonists 
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is common among elderly people and may lead to small intestinal bacterial over-
growth, chronic diarrhea, and malabsortion.1,2 Atrophic gastritis may also affect the 
bioavailability of calcium, ferric iron, and vitamin B12 and contribute to the defi-
ciency of these minerals and vitamins. Also colonic transit may slow with aging, 
but the individual variation is high. Constipation, which is a common symptom in 
elderly people, may be partly explained by the decreased intestinal motility. Another 
factor linked with constipation is low fecal weight, which has been reported among 
the elderly people. The slow intestinal transit has been associated also with increased 
bacterial putrefaction and, consequently, increased levels of ammonia and phenols 
in the gut. The immune system is often adversely affected by the aging process 
and the resistance to diseases may be decreased. More detailed description about 
the aging-related physiological and functional changes in the GI tract can be found 
elsewhere.3,4 The microbiological changes in the GI tract due to aging have been 
characterized and are discussed in detail below after the short introduction on mod-
ern microbiota assessment techniques. Further in this chapter, we discuss the possi-
bilities of counteracting the aging-associated changes in the GI tract with probiotics 
and prebiotics. There is experimental and clinical evidence that they may support 
antibacterial and barrier-enhancing actions, have antiinflammatory effects, as well 
as enhance immunity.5,6

16.1.2 Assessment of Microbiota

The knowledge on intestinal microbiota has been gained over the years by using 
various microbiological techniques. Although early studies relied entirely on culti-
vation, today molecular biological techniques complement the culturing techniques 
and also allow us to study the microbiota in a culture-independent way.7

Cultivated colonies can be identified by genetic fingerprinting by, for example, 
ARDRA, RAPD, or PFGE (amplified ribosomal DNA restriction analysis, randomly 
amplified polymorphic DNA, pulsed field gel electrophoresis, respectively). Whereas 
the above-mentioned techniques usually require some in-house optimization and 
standardization, fingerprinting by automated ribotyping and (partial) 16S rDNA 
sequencing are user-friendly choices. The major advantage of PFGE is that it has the 
highest discriminatory power, and the advantages of RAPD and ARDRA include 
easy performance and relatively low cost. For the phenotypic molecular typing of 
cultivated bacteria cell membrane fatty acid profiling, the so-called FAME (fatty acid 
methyl ester identification) analysis is a popular and well-standardized technique.

Entire bacterial communities can be profiled directly from samples in a culture-
independent manner by using techniques, such as PCR-TGGE or PCR-DGGE and 
T-RFLP (polymerase chain reaction coupled with temperature or denaturing gradient 
gel electrophoresis and terminal restriction fragment length polymorphism, respec-
tively). Construction of 16S rDNA libraries by PCR and subsequent cloning and the 
sequencing of clones have also been extensively used. Specific microbial groups can 
be traced by using specific primers and probes in PCR and fluorescent in situ hybrid-
ization (FISH), respectively. Recently, major methodological improvements for the 
microbiota analysis have been achieved by the development of bacterial high-density 
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microarrays.8,9 The arrays consist of thousands of 16S rRNA gene-targeted oligonu-
cleotide probes selectively recognizing different taxonomic groups or species of bac-
teria. Today, methods of array design and analysis are still imperfect and evolving, 
but it is already evident that they provide us with a powerful high-throughput tool.

16.1.3 Aging and gut Microbiota

The microbial colonization of the gut is thought to start at birth when the new-
born comes into contact with the mother’s microbiota and that of the environment. 
During the microbiota development toward the complex adult microbiota, several 
abrupt shifts occur in the population structure, but the shifts are not necessarily 
linked to any specific age or event.9 The transition to an adult-like profile happens 
gradually after the introduction of solid foods and, at the age of 1 to 2 years, micro-
biota resembles that of adults.9,10 Some geographic and demographic factors may 
influence the microbiota composition. In adulthood, the gut microbiota is highly 
complex, individual-specific, and stable.8,11,12 The highly complex and stable normal 
microbiota functions in maintaining host health in providing colonization resistance 
against invading pathogens, by providing energy in the form of short-chain fatty 
acids (SCFA), and by producing vitamins K and B12.

When a people age, their individual microbiota also “ages” in an individual man-
ner. Although the interindividual variations of the microbiota composition are great, 
general overview on the age-related changes can be obtained with large study groups. 
During aging, no significant change is observed in the total number of anaerobic bac-
teria, but the total number of facultative anaerobes increases.13,14 Shifts in dominant 
species within bacterial groups are common. Table 16.1 compiles changes occur-
ring in the GI tract microbiota during aging at the microbial group level as assessed 
by comparing the gut microbiota of healthy young adults and elderly individuals.13 
Some general trends are particularly notable. Bacteroides, prevotellas, bifidobacte-
ria, and lactobacilli decline, while fusobacteria and propionibacteria rise. Clostridia 
increase particularly in antibiotic-treated elderly people. These changes have been 
observed in culture-based studies and have also been verified by studies based on 
molecular techniques.15–18

The defining factors in microbiota composition and fluctuation in old age have 
not been identified. The multiple physiological and functional changes related to 
aging (see above) are likely to contribute. Decreased secretion of mucus (major 
sources of nutrients for gut microbes) is a possible factor causing changes in the 
microbiota, which is supported by the recent finding that mucin-degrading bacterium 
Akkermansia muciniphila or A. muciniphila-like bacteria decrease significantly in 
elderly individuals.19

Antibiotic use causes changes in the intestinal microbiota in all age groups and 
in elderly individuals some of the age-related changes are fortified with ongoing anti-
biotic treatment.13,15 The antibiotic-treated elderly people have markedly decreased 
bifidobacteria and increased clostridia including prevalence, numbers, and species 
diversity as compared to the healthy elderly individuals. Propionibacteria increase 
and prevotella further decrease both in prevalence and numbers. Enterococci are 
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increased in numbers and diversity as compared to the healthy adults, whereas lac-
tobacilli are increased in diversity but not in numbers. The numbers and overall 
diversity of staphylococci, enterobacteria, and eubacteria are at the same level in 
antibiotic-treated elderly and healthy adults, but different species often prevail.

The changes in the microbiota composition bring along functional changes. 
Changes in the microbial metabolites, such as decreased concentration of SCFA 
and increased concentrations of branched SCFA and l-lactate in feces, have been 
reported.14 Collectively, the balance in the complex cross-feeding network and the 
metabolic activity of the microbiota can be altered. As a consequence, putrefac-
tion can be increased and amylolytic activity decreased. Decreased concentrations 
of SCFA indicate decreased energy supply to the mucosa in the form of butyrate14 

and supposedly decreased energy supply to the host in general. The transformation 
of bile acids is increased, leading to metabolites potentially harmful for the host. 
Colonization resistance is weakened due to the less stable microbiota. The decline of 
Bifidobacterium numbers and the reduced stability is considered to have a negative 
impact on gut health. The Bifidobacterium decline may be related to reduced adhe-
sion to the intestinal epithelium, which can also result in lowered responsiveness of 
the gut-associated immune system. Elderly individuals have increased susceptibility 
to GI tract infections,20–22 which does not seem surprising, taking together the less 
stable microbiota, the reduced Bifidobacterium numbers, and usage of antibiotics.

Table 16.1  Changes in the Fecal Microbiota in healthy 
Elderly Individuals as Assessed by Culturing 
And Fame-Identification

Change

Microbial group Prevalence Numbers
species 
Diversity

bifidobacteria = or ↓ = or ↓ ↓
bacteroides ↓ ↓ ↓
Prevotellas = or ↓ = or ↓ ↓
fusobacteria ↑ ↑ ↑
Propionibacteria = or ↑ = or ↑ = or ↑
Clostridia = or ↓ = ↓
eubacteria ↑ ↑ ↓
Lactobacilli ↓ ↓ ↓
enterobacteria = or ↑ ↑ ↓
enterococci ↓ ↓ ↓
streptococci ↑ ↑ ↑
staphylococci ↑ ↑ ↑
Candida albicans ↑ ↑

Note: = no change, ↑ increased or ↓ decreased as compared to 
the healthy young adults.

Source: Compiled from Woodmansey et al., 2004.13
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It is suspected that intestinal microbiota changes may produce a more proinflam-
matory signal to the mucosal immune cells and that such inflammatory activation could 
contribute to systemic inflammation. Mucosa-associated bacteria are suspected to have, 
because of their location, more influence on the immunological and inflammatory 
parameters of the host than bacteria in the intestinal lumen (fecal bacteria). However, 
knowledge on the mucosa-associated bacteria is scarce in comparison to that of fecal 
bacteria and in particular the changes mucosa-associated microbiota related to aging 
have not been characterized adequately. Several findings indicate that aging may bring 
significant compositional changes to the mucosa-associated microbiota. First, bifidobac-
terial strains isolated from the feces of elderly people are bound worse to the intestinal 
mucus than those isolated from healthy adults, indicating a shift to a Bifidobacterium 
population with reduced adhesive abilities.23 Second, the numbers of the mucin-degrad-
ing A. muciniphila-like bacteria have been found to decline in elderly individuals.19

16.2 ProbIoTICs AND PrEbIoTICs For ElDErly INDIvIDuAls

16.2.1 Probiotics and Prebiotics

Probiotics are defined as viable microbes, which through oral administration 
produce health benefits to the host. Probiotics act by functioning as members of 
the healthy gut microbiota and by balancing the microbiota. Most studied probiotic 
strains belong to the genus Lactobacillus or Bifidobacterium. The health benefits of 
probiotics are reviewed in Chapters 12 through 16 of this book.

Prebiotics act through promotion of specific groups of bacteria, which are consid-
ered to be essential in maintaining and enhancing gut health. Naturally, the prereq-
uisite for the prebiotic activity is that bacteria to be stimulated are already present in 
the gut. Most prebiotic components have been shown to enhance the Bifidobacterium 
microbiota, but different prebiotic oligosaccharides have different microbiota-mod-
ifying properties. When assessing the efficacy of a prebiotic substrate it should be 
considered that it might also enhance the levels of unknown microbes in human 
gut and thus potentially facilitate undesirable effects. This emphasizes the impor-
tance of proper microbiota analysis at an adequate level of accuracy during clinical 
interventions.

The objective of developing probiotic and prebiotic products for elderly people 
is essentially the same as for other age groups with special emphasis to counteract 
the microbiota changes related to aging, to improve bowel function (alleviate con-
stipation and diarrhea), and to enhance immunity and thereby to improve general 
well-being and health. Selected recent clinical trials on probiotics and prebiotics for 
elderly people are compiled in Table 16.2 and Table 16.3.6,24–30

16.2.2 Efficacy of Probiotics

The particular challenges related to the probiotic research include the right selec-
tion criteria for probiotic strains for elderly individuals. Each probiotic strain has its 
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specific properties, which have to be evaluated prior to application. Salminen and 
Ouwehand with their co-workers isolated and selected probiotics strains B. longum 
2C and 46, which adhere well to intestinal mucus from elderly individuals.31,32 In 
a clinical trial, these strains showed efficacy in normalizing bowel movements of 
institutionalized elderly people,25 modulating the fecal Bifidobacterium microbiota 
and inducing potentially beneficial immunological changes.33 In the study by Ahmed 
et al.24 with B. lactis HN019, an increase of fecal bifidobacteria, lactobacilli, and 
enterococci and a decrease of enterobacteria were observed showing the potential of 
probiotics to counteract the age-related microbiota changes. Recently, prevention of 
antibiotic- and Clostridium difficile-associated diarrhea by consumption of a yogurt 
drink containing L. casei DN-114001, Streptococcus thermophilus, and L. bulgari-
cus (undefined strains) was demonstrated in elderly hospitalized patients.27 Likewise, 
the intake of L. acidophilus and B. bifidum (undefined strains) in capsules reduced 
the incidence of C. difficile-associated diarrhea in elderly people receiving antibiot-
ics.34 Previously, the treatment of relapsing C. difficile diarrhea with L. rhamnosus 
GG has been reported.35 Beneficial microbiota modification in elderly individuals 
and efficacy in reducing the extent of microbiota disruption due to antibiotic treat-
ment has been obtained with several probiotics.36–39

Concerning the immunoenhancing potential of probiotics in elderly people, per-
haps the most convincing data of all have been obtained with the strain B. lactis 
HN019.40–42 The clinical trials reported that consumption of B. lactis HN019 resulted 
in stimulation of phagocytic activity of mononuclear cells and natural killer (NK) 
cell activity, increased size of T- and NK-cell populations, and enhanced production 
of interferon-alpha (IFN-α) from stimulated PBMC in culture. The probiotic strain 
L. rhamnosus HN001 increased polymorphonuclear cell phagocytic activity and 
NK-cell activity in elderly subjects.42,43 Indication of the improvement of the immu-
nological status by probiotics in elderly people in the form of decreased incidence 
of infections was recently reported.26 In a Japanese study, decreased incidence of 
infections in response to feeding with L. johnsonii La1 was observed in hospitalized, 
enterally fed subjects.

An interesting new application of probiotics is the prevention of oral candido-
sis.28 Hatakka et al.28 demonstrated that a probiotic cheese containing a mixture of L. 
rhamnosus GG and Lc705 and Propionibacterium freudenreichii JS decreased the 
prevalence of high salivary yeast counts in elderly subjects.28

Taken together, it is apparent that specific probiotics can provide measurable 
and clinically relevant benefits to elderly people in counteracting the age-related 
changes in gut microbiota, enhancing immunity, and promoting intestinal health. 
However, one should bear in mind that probiotic properties are strain specific and 
results cannot be extrapolated to apply other strains even if they are of the same or 
closely related species.

16.2.3 Efficacy of Prebiotics

Traditionally, prebiotic components have been aimed at fortifying the indige-
nous Bifidobacterium microbiota in the intestine. The bifidogenic effect of inulin 



ProbiotiCs and PrebiotiCs in eLderLy indiViduaLs 349

and fructo-oligosaccharides (FOS) in elderly subjects has been demonstrated in 
clinical trials.29,44,45 Prebiotics may have adverse side effects, such as abdominal 
discomfort, bloating, and increased frequency of flatulence, when consumed in 
high doses, and therefore it is important to determine the appropriate daily doses 
in order to avoid the undesired side effects. For FOS the bifidogenic effectiveness 
could not be demonstrated with a daily dose of approximately 4 g or less,6 but an 
8 g-dose per day yielded increased fecal counts of bifidobacteria and was well 
tolerated although increased frequency of flatus and bloating with mild symp-
toms occurred.29 Feeding of 8 or 15 g per day of galacto-oligosaccharide (GOS) 
did not show any bifidogenic effect in adults,46–48 but a constipation-relieving 
effect was observed with 9 g daily intake of GOS in the elderly individuals.49 
The constipation-relieving effect in elderly subjects was also demonstrated for 
inulin.45

Potentially adverse effects of prebiotics have been revealed in experimentation 
with animals. Ten Bruggencate et al.50,51 revealed that inulin and FOS disturbed the 
intestinal barrier in rats and increased the translocation of Salmonella. In humans, 
however, the daily consumption of 20 g FOS did not affect the intestinal permeabil-
ity, although increased flatulence and intestinal bloating were observed indicating 
for excessive dosage.52

Changes in the microbial metabolism including decreased concentrations of 
fecal SCFA have been reported for elderly people.14 It has been considered that 
prebiotics could redirect the microbial metabolism to a favorable course. However, 
clinical studies with adults did not detect any effect of FOS or GOS on the fecal 
concentration of SCFA.48,53 Likewise, Kleessen et al.45 did not detect any change in 
the concentration fecal SCFA in response to inulin or lactose in elderly subjects, but 
a slight trend toward higher molar ratios of acetate to butyrate was observed. Other 
interesting findings from prebiotic trials include the possible change in cholesterol 
metabolism, which could possibly be related to decreased cholesterol bacterial trans-
formation.29 The potentially beneficial change in cholesterol metabolism requires 
further studies.

Few studies with prebiotics have focused on the possibility of improving the low 
noise inflammatory process frequently observed in elderly subjects.6 The rationale 
behind the assumption is that intestinal microbes may contribute to the inflamma-
tory status in elderly people and that prebiotics could affect at the level of the compo-
sition of the gut microbiota including the mucosa-associated microbiota. Previously 
it was shown that prebiotic carbohydrates can change the composition of the mucosa-
associated microbiota by increasing the bifidobacteria, lactobacilli, and eubacteria 
populations.54 In a prebiotic trial with FOS, a decreased level of proinflammatory 
gene activation—tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) 
mRNA—and decreased serum levels of sCD14, a product shed by activated mac-
rophages, were measured.6 Guigoz et al.44 reported similar decrease in IL-6 mRNA 
in blood leucocytes and decreased phagocytic activity of granulocytes and mono-
cytes in response to FOS. Thus, specific prebiotics may influence the inflammatory 
condition of elderly individuals. It should be emphasized that the obtained results are 
preliminary, but this interesting area of research certainly warrants further research. 
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It can be concluded that, analogous to the strain specificity of the probiotic proper-
ties, the prebiotic effects are specific to the components used.

16.2.4 synbiotics

Products containing both probiotics and prebiotics have been termed synbiot-
ics. A synbiotic is a mixture of probiotics and prebiotics that beneficially affects 
the host by improving the survival and implantation of live microbial dietary 
supplements in the GI tract, by selectively stimulating the growth and/or activat-
ing the metabolism of one or limited number of health-promoting bacteria, and 
thus improving host welfare.55 Trials demonstrating the application of synbiotics 
in elderly people are limited. Bartosch et al.30 performed a study with a synbiotic 
product containing two Bifidobacterium strains (B. lactis BL-01 and B. bifidum 
BB-02) and inulin-based prebiotic. The consumption of the symbiotic product 
increased the size and diversity of fecal bifidobacteria and increased lactobacilli 
numbers. The characterization of bifidobacterial species revealed that the rise of 
total bifidobacterial numbers was most likely due to the consorted effect of both 
ingested probiotic strains and the stimulation of indigenous bifidobacteria by pre-
biotic compounds.

16.3 suMMAry AND CoNCluDINg rEMArks

Our understanding of microbiota has improved stage by stage along with the 
methodological improvements. In the future, large-scale studies with detailed 
microbiota descriptions will become possible and this will tremendously increase 
our knowledge on the human intestinal microbiota including the microbiota in 
elderly individuals and the possibilities to modulate it. Probiotic and prebiotics are 
aimed at modulating the intestinal microbiota, promoting intestinal health, enhanc-
ing immunity and thereby improving general well-being and quality of life. The 
results obtained so far, particularly with probiotics, are encouraging and further 
clinical trials seem justified to establish the place of probiotic and prebiotic supple-
ments in elderly subjects. Research on the elucidation of mechanisms of probiotic 
and prebiotic actions proceeds rapidly. In the future, a better understanding of the 
mechanisms of host–microbiota cross-talk and of the role of the human and pro-
biotic genomes as well as the whole microbiota genome (microbiome) will help 
to select optimal product components for elderly people.56 The future probiotic, 
prebiotic, and synbiotic products thus will be more tailored to meet the require-
ments of this specific target group. Carefully selected combinations of probiotics 
and prebiotics—synbiotic products—may offer optimal means for creating and 
maintaining a healthy microbiota, functioning intestinal tract, and good nutrition 
in all age groups.
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17ChAPTEr 

Prebiotics and Probiotics in 
Companion Animal Nutrition

Brittany M. Vester and G. C. Fahey, Jr.

17.1 INTroDuCTIoN

The companion animal industry continues its robust growth with a global market 
value of approximately US$60 billion for pet food and pet care products. The United 
States is the single largest market with approximately 36 percent of world sales (esti-
mated to be US$26.1 billion by 2011). Dog and cat food make up over 70 percent 
of the market. Market drivers include an increase in pet ownership, humanization 
of pets by owners, an increased popularity of dry foods, and an increased desire by 
owners for very high-quality pet diets containing functional ingredients.1

Prebiotics and probiotics could play a major role in the development of new pet 
foods now and in the future. As regards the future market outlook, two factors in 
particular relate to the potential increased usage of prebiotics and probiotics. First, 
owners are particularly concerned about the health of their pets, and this will drive 
demand for high-quality foods. Both prebiotics and probiotics and their combina-
tion (synbiotics) relate well to health concerns as they have been shown to affect a 
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number of biomarkers of health status in humans and animal models. Second, and 
partly as a result of the health message expressed above, niche diets will be formu-
lated to appeal to consumers with demands for high quality. New types of foods and 
treats will emerge for dogs and cats, and they will be of near human grade quality. 
Again, the pre-, pro-, and synbiotics will be viewed as important components of 
these health-enhancing diets.

It is the intent of this chapter to provide a comprehensive review of the research 
that has been conducted in the dog and cat related to use of pre-, pro-, and synbiotics. 
Several outcome variables have been measured to test efficacy of these compounds 
in pet animals, but relative to the research reported on rodents, humans, livestock, 
and poultry, it becomes clear that much less research is available on this topic for 
pets than for any of the other animal species just mentioned.

17.2 PrEvIous rEvIEW oF PrEbIoTIC olIgosACChArIDE 
usAgE IN CoMPANIoN ANIMAl NuTrITIoN

The use of prebiotics in companion animal nutrition was reviewed comprehen-
sively by Swanson and Fahey.2 As regards research conducted from 1992 through 
2004, 23 canine and 4 feline prebiotic publications were reported in the literature. Of 
those, most reported the effectiveness of fructans of varying degrees of polymeriza-
tion (dp), including chicory (a natural source of long-chain fructans), inulin (up to 
60 dp), oligofructose (OF; 8 to 9 dp), and scFOS (3 to 5 dp). Other oligosaccharides 
evaluated in canine diets included yeast cell wall (YCW), a source of mannanoligo-
saccharides, α-galacto-oligosaccharides (GOS), isomalto-oligosaccharides (IMO), 
lactosucrose, lactulose, maltodextrin-like oligosaccharides (MD), transgalacto-oli-
gosaccharides (TGOS), and xylo-oligosaccharides (XOS). Inulin, lactosucrose, OF, 
and scFOS have been tested in the limited number of published reports involving 
felines.

Studies evaluating prebiotics have utilized several outcome variables to assess 
efficacy in canine and feline diets, including (1) food intake, (2) fecal output, (3) stool 
consistency, (4) macronutrient digestibility (ileal and total tract apparent digestibil-
ity), (5) fermentative end-products, (6) immune indices, and (7) intestinal microbial 
populations. Stool consistency and quantity of fecal output are important in com-
panion animal nutrition and are, therefore, important criteria to measure in prebiotic 
studies. Furthermore, for a nondigestible carbohydrate to be considered a “prebiotic,” 
it must modulate the activity of one or a select number of microorganisms, another 
important experimental outcome to measure when conducting prebiotic studies. 
Swanson and Fahey2 discussed each of these outcome variables in their review. A 
brief summary of that review follows.

In canine studies, inclusion of prebiotics at 1 to 2 percent of the diet resulted in 
few effects on food intake. Prebiotic supplementation can lead to greater wet fecal 
weight and decreased fecal dry matter (DM) percentage. This may prove beneficial 
in preventing and treating constipation. Total tract macronutrient digestibility—
organic matter (OM) and crude protein (CP)—sometimes decreased with prebiotic 
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supplementation, but was dependent on dose. It also was noted in many studies that 
there was an increase in fecal nitrogen (N) due to increased bacterial protein synthe-
sis in the large bowel.

Decreases in CP digestibility are indicative of more protein reaching the large 
bowel to be either excreted or fermented. Bacteria act as N sinks in the colon, thereby 
utilizing the undigested protein for protein synthesis. Therefore, if the excess N is 
used for bacterial protein synthesis, N will not be utilized for energy, which is related 
to putrefactive compound formation.

Fermentative end-products of both carbohydrate and protein fermentation were 
evaluated in nine and seven canine experiments, respectively. Short-chain fatty acids 
(SCFA; acetate, propionate, and buyrate) and lactate were those most commonly 
measured. In 50 percent of experiments conducted, increases in fecal acetate, propi-
onate, total SCFA, and lactate concentrations were reported, while data on butyrate 
showed no clear trend. It also was noted that prebiotic supplementation increased 
intestinal length, weight, and surface area, colonic blood flow, and small intestinal 
carrier-mediated glucose uptake; however, the data set was limited (two studies). 
These increases may be due to the increased production of SCFA, which can lead to 
intestinal hypertrophy.

Amino acid fermentation, often considered detrimental, is responsible for fecal odor 
as well as being potentially harmful to intestinal epithelia. Fecal ammonia and branched-
chain fatty acids (BCFA) were not affected by prebiotic supplementation. Phenol and 
indole concentrations, however, decreased in four of the seven experiments.

Mixed results were noted in the three studies evaluating immune indices in the 
canine. Although all studies reported significant effects of prebiotic supplementation 
on immune cell populations, results were conflicting and no clear trends were found. 
Given the influence of bacterial protein on gut-associated lymphoid tissue (GALT) 
and disease states in dogs and cats, it was suggested that more thorough experimen-
tation on the effects of prebiotics on immune function were warranted.

Modulation of intestinal bacteria is necessary for a compound to be termed a 
prebiotic. This outcome was evaluated in 14 canine experiments, including evalu-
ation of changes in Lactobacillus and Bifidobacterium spp., which are considered 
beneficial, as well as changes in potentially pathogenic bacteria, such as Escherichia 
coli and Clostridium spp. Approximately 50 percent of the canine studies reported 
increased bifidobacteria and lactobacilli and decreased Clostridium spp. with prebi-
otic supplementation.

Due to the limited data set (four studies) on prebiotic supplementation of felines, 
few trends were noted. Similar to dogs, wet fecal weight, decreased fecal DM per-
centage, and softer feces were noted in cats. Decreased CP digestibility and increased 
fecal N concentrations also were noted. Furthermore, greater fecal SCFA concentra-
tions and decreased fecal protein catabolite concentrations were noted, and ben-
eficial modulation of the microbiota (increased bifidobacteria and lactobacilli and 
decreased clostridia), as was noted in dogs, have been reported in feline studies.
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17.3 uPDATED rEvIEW oF PrEbIoTIC olIgosACChArIDE 
usAgE IN CoMPANIoN ANIMAl NuTrITIoN

The literature published since the Swanson and Fahey2 review contains 11 stud-
ies on prebiotic supplementation, with only 1 study using the cat. These experiments 
are outlined in detail in Table 17.1 and are summarized briefly in the following 
paragraphs.

The recent study evaluating prebiotic supplementation of cats tested the effect of 
OF on urea metabolism (using 15N-labeled urea) and fecal odor components.3 After 
a 3-week adaptation period to canned test diets (control vs. OF), samples were col-
lected for 5 consecutive days from four adult cats in a cross-over design. The treat-
ment diet was supplemented with 3.11 percent OF. Trends similar to those reported 
by Swanson and Fahey2 were noted in this study. Fecal output and moisture tended 
to increase with FOS supplementation. Fecal N excretion also tended to increase. 
Fecal bacterial N, expressed as a percent of N intake, increased during OF supple-
mentation. There also was a trend for urinary 15N excretion to decrease and fecal 15N 
excretion to increase when cats were supplemented with OF. No differences were 
noted in fecal odor components.

More feline research clearly is warranted in the prebiotic area. There are several 
anatomical and nutritional differences between cats and dogs, and although studies 
have noted similar trends between the species when prebiotics were supplemented, 
little is known of the full extent to which prebiotics may be utilized by the cat. Given 
that the cat is an obligate carnivore, dosage and type of prebiotic that are most effica-
cious remain unknown.

Studies recently published using dogs have reported utilization of molecular 
techniques to better assess microbial populations, have evaluated new outcome vari-
ables, such as blood metabolite concentrations and insulin sensitivity, and have eval-
uated novel prebiotics. Furthermore, dogs in a diseased, or immunocompromised, 
state also have been evaluated.4,5 Of the 10 published studies in dogs, fructans were 
still the major prebiotics evaluated (7 studies); 3 studies evaluated inulin, 5, scFOS, 
and 1, OF (some studies evaluated more than one prebiotic source). Three additional 
YCW studies were published. Novel prebiotics that had not previously been evalu-
ated in dogs included high-molecular-weight pullulan (1 study) and γ-cyclodextrin 
(1 study).

Prebiotic usage in hypoallergenic, hydrolyzed protein diets was evaluated.6 
Hydrolyzed protein diets are fed to dogs with food allergies. The proteins were enzy-
matically degraded prior to inclusion in the diet and, therefore, were less likely to 
result in an immunological reaction upon consumption by the animal. Fecal DM 
decreased with the addition of inulin. Apparent total tract CP digestibility decreased 
while bacterial protein percentage increased in dogs fed the intact protein + inulin 
diet. Immunoglobulins in the blood and feces were not affected by treatment. While 
this study evaluated a diet meant for dogs with food allergies, the dogs tested were 
healthy. Evaluation of dogs suffering from actual food allergies might yield differing 
results with addition of inulin to a hypoallergenic diet.
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Two studies evaluated the use of prebiotics in diseased or immunocompromised 
animals.4,5 Gouveia et al.4 evaluated 16 dogs experiencing gastroenteritis and supple-
mented with MOS (Bio-Mos, Alltech, Nicholasville, KY) for 10 days. The dogs were 
divided into two groups: T1, dogs receiving treatment + MOS; and T2, dogs receiv-
ing treatment for the disease only. By day 10 of the study, E. coli was eliminated 
from 85.7 percent of the dogs on T1 and only 25.0 percent on T2. The authors sug-
gested that the presence of E. coli would lead to an intensification of the symptoms 
of gastroenteritis.

A second study evaluated weanling puppies, which are considered to be in an 
immunocompromised state due to the stress of separation from the mother and to 
a change of diet, some of which were challenged with Salmonella typhimurium.5 
Puppies were fed a control diet, control + 1 percent scFOS, or control + 1 percent 
inulin. All dogs decreased their food intake at day 15 following oral gavage of either 
S. typhimurium or saline. Dogs fed the diets containing a prebiotic had less of a 
decrease in food intake. Enterocyte sloughing was higher in control puppies that 
were infected; however, there were no differences in sloughing when puppies were 
fed either prebiotic. Furthermore, puppies fed the prebiotics were able to maintain 
ileal glucose transport, while puppies fed the control diet and that were infected with 
Salmonella experienced low glucose transport.

These two studies indicate a protective effect of prebiotic supplementation for 
dogs that are immunocompromised. This has often been speculated, yet these are 
the first studies to report such findings. Further work in this area would be beneficial 
for several other disease states (e.g., inflammatory bowel disease, small intestinal 
bacterial overgrowth).

Jeusette et al.7 evaluated obese dogs during weight loss fed a control diet (1 
percent scFOS) or supplemented diet (control + 2 percent additional scFOS). Food-
restricted blood samples were analyzed for total ghrelin, insulin, leptin, and glucose 
at the beginning and end of this period of weight loss. Ghrelin is a peptide that 
influences satiety. It is considered an orexigenic hormone, leading to increased food 
intake. Leptin is produced by the adipose tissue and increases in the circulation as 
body adiposity increases. It is an anorexigenic hormone leading to decreased food 
intake and increased energy expenditure. The authors noted no differences in any 
blood metabolites due to prebiotic supplementation. While these authors noted no 
changes, these criteria will be of interest in future studies. Dogs utilized in this study 
were obese and fed to lose weight. The changes due to weight loss may have over-
shadowed any changes due to diet. Further investigation of the effects of prebiotics 
on these blood metabolites is warranted.

Blood immunoglobulin concentrations often are used as an indicator of benefi-
cial effects of prebiotic supplementation. Adogony et al.8 measured immunoglobu-
lins in colostrum and milk of bitches fed either a control diet or one supplemented 
with 1 percent scFOS. Higher concentrations of immunoglobulin-A (IgA), IgG, and 
IgM in the colostrum would be considered a beneficial response, as these would be 
transferred to the offspring. Colostrum and milk IgM were higher in dogs supple-
mented with scFOS. This increase in IgM was noted to have a beneficial effect on 
puppies as well, as they tended to have a higher Bordetella bronchiseptica-specific 
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IgM immune response. No effects were noted with IgG and IgA, similar to previous 
findings that these immunoglobulins were not affected by prebiotic supplementation 
of dogs.

Recently, Respondek et al.9 evaluated the effects of scFOS on insulin sensitivity 
and adipose gene expression in obese and lean adult beagles. Dogs were fed a control 
diet or the control + 1 percent scFOS (DM basis). In obese dogs, the rate of glucose 
infusion was increased in dogs supplemented with scFOS during the euglycemic 
hyperinsulinemic clamp, suggesting a greater insulin sensitivity compared to the 
obese dogs fed the control diet. Supplementation with scFOS also led to increases in 
adipose tissue gene expression, including uncoupling protein 2 and carnitine palmi-
toyl transferase 1. Both genes play an active role in fatty acid metabolism, and the 
authors suggested that these increases may have contributed to the increased insulin 
sensitivity noted. Outcome variables measured in this study are unique in prebiotic 
supplementation research and demonstrate the need for further testing. Obesity is a 
growing problem in both dog and cat populations throughout the developed world. 
Finding dietary mechanisms that may ameliorate diseases associated with obesity 
would be beneficial to those populations.

Modern technology now allows for a more thorough analysis of microbial 
changes in the gut due to prebiotic supplementation. One of the first of these 
studies conducted was by Vanhoutte et al.10 and evaluated fecal samples from 
healthy, adult dogs fed a control diet, control + 4.5 g/day OF, or control + 5.6 g/
day inulin. Utilizing denaturing gradient gel electrophoresis (DGGE), research-
ers evaluated population diversity of microbial species. The DGGE analysis 
revealed a band that appeared or became more prominent after fructan supple-
mentation. This band then was excised and sequenced. The sequencing deter-
mined the band was Streptococcus lutetiensis. To date, the role of S. lutetiensis 
in the dog remains unclear.

Use of DGGE during prebiotic supplementation was evaluated further by 
Middelbos et al.11,12 These researchers evaluated six diets: (1) control—no supple-
mental fermentable carbohydrate; (2) control + 2.5 percent cellulose (poorly ferment-
able fiber source); (3) control + 2.5 percent beet pulp (moderately fermentable fiber 
source); (4) control + 1.0 percent cellulose + 1.5 percent scFOS; (5) control + 1.0 
percent cellulose + 1.2 percent scFOS + 0.3 percent YCW; and (6) control + 1.0 per-
cent cellulose + 0.9 percent scFOS + 0.6 percent YCW. Decreased total tract apparent 
CP digestibility and increased fecal butyrate concentrations with prebiotic supple-
mentation were noted. By using DGGE and quantitative real-time PCR, changes in 
fecal bacterial species were noted. An increase in fecal bifidobacteria and a trend for 
increased lactobacilli were noted in dogs fed the prebiotic-supplemented diets.

Middelbos et al.12 compared qPCR analysis to the more conventional method of 
plating for microbiota enumeration. In this study, comparisons of differing doses 
of YCW supplementation were evaluated in healthy, adult dogs. Using the plating 
techniques, fecal E. coli decreased linearly and Clostridium perfringens responded 
cubically to increasing YCW supplementation. Using q-RT-PCR, E. coli and lacto-
bacilli tended to respond cubically to increasing YCW supplementation. The authors 
indicated that the differences in results obtained from the techniques to measure 
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bacterial populations may be due to the fundamentals of the two procedures. Plating 
measures those bacterial species that are alive at the time of plating, whereas qPCR 
measures bacterial DNA, thereby measuring those bacteria from dead as well as liv-
ing organisms. scFOS is rapidly fermented in the proximal colon, and that is the area 
where bacterial cells utilizing these substrates will proliferate. It is possible that these 
cells die prior to reaching the distal colon and, therefore, qPCR likely results in a 
more accurate representation of the number of bacteria in the proximal large bowel.

Finally, two novel carbohydrates were evaluated in dogs by Spears et al.13 High-
molecular-weight pullulan is a slowly hydrolyzed carbohydrate, while γ-cyclodextrin 
is a cyclic oligosaccharide in which a portion is able to escape enzymatic diges-
tion and thereby become available for fermentation. Increasing concentrations of 
pullulan and γ-cyclodextrin tended to increase ileal bifidobacteria and lactobacilli. 
Increasing concentrations of γ-cyclodextrin resulted in a quadratic decrease in fecal 
C. perfringens concentrations. These novel carbohydrates responded similarly to 
other prebiotic oligosaccharides fed to dogs.

Although several novel outcomes were reported in the studies discussed previ-
ously, it is clear that the trends noted by Swanson and Fahey2 were consistent with 
those reported here. These new experiments add ever-growing evidence of the ben-
eficial effects of feeding prebiotics to pets. They also begin to fill in the gaps in the 
research, most notably, measuring the effects of prebiotics in immunocompromised 
animals. These studies, however, by no means complete the research needed on 
prebiotic supplementation. As mentioned previously, work in cats is lacking com-
pared to other species and more research is warranted. Despite the more extensive 
research in dogs, little is known regarding optimal dosage, and/or the effects on 
immune characteristics. Although some research has evaluated blends of prebiot-
ics,11 more research in this area is warranted, especially in cats that have unique 
nutritional needs.

17.4 EvAluATIoN oF ProbIoTICs IN Dogs AND CATs

The most common microbial species evaluated and utilized as probiotics in 
the pet include L. acidophilus and Enterococcus faecium. Three studies evalu-
ated the effects of probiotics in vitro.14–16 In vivo work includes 5 studies evaluating 
Enteroccoccus spp.,17–21 10 studies evaluating Lactobacillus spp.,22–31 and 1 study 
evaluating Bacillus spp.32 Of these, only 2 studies evaluated the use of probiotics 
in cats.21,27 These studies are described in detail in Table 17.2 and are summarized 
briefly in the following paragraphs.

Because probiotic usage in pet nutrition is still a relatively new concept (litera-
ture dates to 1998), many studies reported only the ability of the probiotic to sur-
vive in the gastrointestinal tract of dogs and cats. Furthermore, many of them were 
prospective studies to determine if a bacterial strain had probiotic effects. Because 
of this, very little information is available regarding the dosage that is most appro-
priate. A difficulty with pet foods containing probiotic strains is the fact that most 
ingredients are extruded, using high heat and pressure for short periods of time.  
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All canned diets must undergo retort. Both processes kill the majority of bacteria in 
the food, including probiotic strains. Additionally, most pet foods are guaranteed to 
have a shelf life of up to 1 year. Probiotics may not survive for this length of time, 
thus no label guarantee can be made.

Weese and Arroyo33 evaluated 19 commercial pet foods claiming to contain pro-
biotics. Of those 19 pet foods, 13 were for dogs and 6 were for cats. All diets were 
evaluated prior to their indicated expiration date. None of the tested diets contained 
all organisms listed on the ingredient label. Of the 19, 10 (53 percent) diets had at 
least one microorganism listed on the ingredient label; 5 (26 percent) products had 
no probiotic bacteria present. Some diets allegedly contained bacterial fermentation 
products without the bacteria itself listed as an ingredient, but still claimed to con-
tain a probiotic.33 The need for proper ingredient labeling, oversight of claims, and 
guidelines for probiotics in pet foods is obvious.

Although there are some difficulties still to overcome, probiotics have been 
noted to have positive effects both in vitro and in vivo. In vitro research has, to date, 
evaluated only various strains of lactobacilli. The first study measured the effects 
of a probiotic cocktail (three Lactobacillus spp.) on mRNA inflammatory cytokine 
expression in intestinal samples from dogs suffering from chronic enteropathies 
compared with healthy dogs.14 The ratio of regulatory to inflammatory cytokines 
was improved following the addition of probiotics, suggesting that this may be of 
use in vivo to decrease inflammation in the intestinal tissue.14 A second study iso-
lated and evaluated L. murinus as a potential probiotic in dogs.16 After isolation, the 
probiotic was tested to determine its ability to survive in different pH and bile salt 
conditions, to inhibit growth in vitro of E. coli and C. perfringens, and to adhere to 
glass and intestinal mucus. All criteria were met with L. murinus and, therefore, it 
may be capable of surviving the gastrointestinal tract of the dog and lead to benefi-
cial effects in the host.16

Results in vivo appear to be positive, but some conflicting results occur. Due to 
the varying doses and mode of administration, it is difficult to quantify trends occur-
ring due to probiotic supplementation. Overall trends suggest that probiotic bacteria, 
administered at a sufficiently high dose, will lead to increases in gut probiotic bacte-
rial species, as well as a decrease in potentially pathogenic bacteria. During feeding 
of a probiotic, most studies (79 percent) indicated the presence of, or a significant 
increase in, the probiotic species in fecal matter. Four studies indicated a decrease 
in fecal C. perfringens or Escherichia coli, which often are considered potentially 
pathogenic bacteria when allowed to grow above normal levels. One problem with 
probiotic supplementation is that bacteria disappear shortly after cessation of supple-
mentation. Therefore, these changes are not lasting, indicating that probiotic bacteria 
are likely not attaching and colonizing within the gastrointestinal tract. Biourge et 
al.32 indicated no detection of probiotic species (Bacillus CIP 5832) after 3 days of 
probiotic cessation, and Weese and Anderson23 noted L. rhamnosus probiotic pres-
ent in only one dog after 72 hours of removal. This was contrary to Marciňáková et 
al.20 who found survival of Enterococcus faecium EE3 after a 3-month cessation of 
probiotic treatment. The authors indicated that E. faecium EE3 is a strain that has 
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adhesive capability in human and canine mucus (human: 7.3 percent, canine: 7.4 
percent adhesion).20

Total tract apparent macronutrient digestibility does not appear to be influenced 
by probiotic supplementation. One study found a decrease in crude fiber digestion,22 
while another found a tendency for increased DM and CP digestibilities.24 The 
authors of the first study, who utilized young puppies 10 weeks of age, indicated that 
the decrease in crude fiber digestibility was negligible.22 The subsequent study found 
only a tendency to increase DM and CP digestibility in one of two identical experi-
ments in adult dogs.24 Other studies evaluating digestibility found no differences due 
to probiotic supplementation.

Studies reporting the effects of probiotic supplementation on immunological 
changes are limited. Benyacoub et al.17 noted an increase in fecal and plasma IgA in 
puppies fed an E. faecium strain. Furthermore, the authors indicated an increased 
response to canine distemper virus, an increased proportion of mature B cells, and 
increased MHCII molecule surface expression in monocytes. Given the stressful time 
period of weaning, this increased immune response would be beneficial. In healthy 
adult dogs, increased serum IgG, decreased erythrocyte fragility, and increased 
white blood cell (WBC) and monocyte number were noted.25 Only one study to 
date has evaluated immune characteristics in weanling kittens supplemented with 
a probiotic. An increased CD4+ lymphocyte concentration, but no changes in IgG, 
IgA, WBC counts, or response to vaccination were noted.21 Based on these findings, 
further investigation into the effects on pets suffering from gastrointestinal diseases 
is warranted.

Although this area of research is rapidly expanding, more clear trends are nec-
essary to make specific recommendations. It is clear, however, that probiotic sup-
plementation appears to positively influence gut health of dogs and cats. Finding 
optimal doses as well as combinations of probiotics that may work synergistically 
will be of great importance in advancing the field.

17.5 EvAluATIoN oF syNbIoTICs IN Dogs AND CATs

The idea of combining probiotics and prebiotics to create a synergistic effect 
is not a novel concept, but a paucity of information currently exists on this topic 
in canine and feline nutrition. In an in vitro study, Tzortizis et al.34 synthesized 
α-galacto-oligosaccharides from L. reuteri (canine origin). These researchers then 
evaluated the fermentative properties of galacto-oligosaccharides compared to 
other fermentable carbohydrate sources in combination with L. acidophilus and L. 
reuteri. Utilizing an oligosaccharide in conjunction with the bacterial strain it was 
created from L. reuteri led to the most beneficial changes in microbial ecology.35 
The galacto-oligosaccharide + L. reuteri increased bifidobacteria and lactobacilli 
concentrations more than any oligosaccharide mixture alone, or the oligosaccharide 
+ L. acidophilus combination. Additionally, clostridia decreased after 24 hours in 
the galactose + L. reuteri and galactosyl melibiose mixture. Escherichia coli also 
decreased throughout 24 hours of fermentation in melibiose, fructo-oligosaccharide, 
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galactosyl melibiose mixture, and galactose + L. reuteri groups. This concept of 
creating synbiotics formulated to work with each other is likely to lead to many 
important future studies in the canine and feline nutrition field.

The ability of three lactobacilli strains, L. mucosae, L. acidophilus, and L. 
reuteri, to work synergistically with carbohydrate sources to produce antagonis-
tic compounds against E. coli and Salmonella enterica (serotype Typhimurium) 
was studied.36 The authors noted that each of the lactobacilli strains were able to 
produce antimicrobial compounds when grown in sugar mixtures (consisting of 
α-glucosidases, dp 1–4), indicating a synergistic effect.36 Results of this study can be 
used to design in vivo experiments to test these synergistic effects, for the purposes 
of warding off gastrointestinal pathogens.

Only one study has evaluated synbiotic usage in dogs, while no studies have been 
reported in cats. In this study, dogs were randomly assigned to one of four treat-
ments: control, scFOS alone, L. acidophilus (1 × 109 cfu/day) alone, or 2 g scFOS 
+ 1 × 109 cfu/day L. acidophilus.24 A synergistic effect was noted in decreasing 
putrefactive compounds (biogenic amines, BCFA, phenols, and indoles) in the feces. 
These decreases were greater than for either scFOS or L. acidophilus alone. This 
result, however, was noted in only one of two replicated experiments. Evaluation of 
synbiotics in vivo is needed to determine the ability of these mixtures to modify gut 
microbial populations and influence gut health in companion animals.

17.6 CoNClusIoN

The use of prebiotics and probiotics in companion animal nutrition is continuing 
to increase in popularity. Although much knowledge has been gained in recent years 
on this topic, more research is needed in several areas. Appropriate dosages to maxi-
mize response while maintaining reasonable diet costs may be the most immediate 
need for prebiotic and probiotic studies in the future. Also, testing both prebiotics 
and probiotics in more disease states is warranted. Further research specific to cats 
is needed. Finally, increasing the database on synbiotics may aid in creating eco-
nomical, yet effective, dietary supplementation programs for dogs and cats at several 
physiological states in addition to those that are health compromised.
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18.1 INTroDuCTIoN

Historically, Charaka Samhita supposedly wrote a treatise on ayurvedic medi-
cine around 1000 bce in which he referred to the beneficial microbial flora of the 
gastrointestinal tract (GIT) as “jataragni” (fire in the stomach), the sustaining force 
of all living beings, and referred to “takra,” that is, fermented milk, as “amrita” or 
elixir. It has now been established that the Lactobacillus strain stabilizes the healthy 
intestinal flora and destroys the pathogenic strains present therein. More than 100 
years ago, Elie Metchnikoff (1907) was the first to propose a scientific rationale 
for the role of lactobacilli in maintaining health and longevity.1 The term probi-
otic dates to 1965 when Lilly and Stilwell first used it to describe any substance or 
organism that contributes to the intestinal microbial balance, and Fuller in 1989 
further emphasized its role in health.2,3

 A probiotic is defined as a viable microbial 
dietary supplement that beneficially affects the host through its effects in the intesti-
nal tract (Figure 18.1).4–8 The most commonly used probiotics mainly come from two 
genera: Lactobacillus and Bifidobacterium (Table 18.1). At present, probiotics are 
almost exclusively consumed as fermented dairy products, such as yogurt or freeze-
dried cultures, but in the future they may also be found in fermented vegetables and 
meats.9 Novel modes of therapeutic and prophylactic interventions may include the 
consumption of probiotics either alone or in combination with prebiotics.

A prebiotic is defined as a nondigestible food that beneficially affects the host 
by selectively stimulating the growth and/or activity of one or a limited number of 
bacteria in the colon.5 Modification of the intestinal microflora by prebiotics leads 
to the predominance of health-promoting bacteria, especially, but not exclusively, 
lactobacilli and bifidobacteria. Nondigestible oligosaccharides in general and fructo-
oligosaccharides in particular are prebiotics. These are found naturally in onions, 
garlic, leeks, chicory, artichokes, beans, and peas, as well as in some cereals.10 A 
synbiotic or eubiotic is a mixture of probiotics and prebiotics, which beneficially 
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affects the host by improving the survival and implantation of live microbial dietary 
supplements in the GIT and, thus, improving host health and well-being.5

18.2 MEChANIsM oF ProbIoTIC ACTIoN

The usefulness of probiotics has been implied in a host of human diseases rang-
ing from a wide variety of GIT-related problems, to allergies, cancer, AIDS, respira-
tory and urinary tract infections, aging, fatigue, and autism. Newer claims indicate 
their role in reducing the risks of osteoporosis, obesity, and possibly type 2 diabe-
tes.11

 Probiotics have been proposed to exert therapeutic effects via several mecha-
nisms (Figure 18.2).4,12,13 Various theories of their action have been put forth for 
consideration:

 1. Receptor competition, whereby probiotics compete with microbial pathogens for 
limited number of receptors present on the surface of the intestinal epithelium.12,14

 2. Probiotics release antimicrobial compounds, such as organic acids, free fatty 
acids, hydrogen peroxide, and bacteriocins, which may induce an antagonistic 
action against pathogenic organisms.14,15 Furthermore, the accumulation of such 
metabolites can reduce the pH of the surrounding environment, which may directly 
inhibit the growth of harmful organisms. The best characterized probiotic with 
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these properties is L. casei strain GG, reclassified as LGG.12,16 Lactic acid bacteria 
also release antimicrobial substances reuterin and bacteriocins.12 This is the most 
widely accepted theory.

 3. Increased induction of mucin secretion, which results in enhanced binding of pro-
biotics to the intestinal mucosa. This action blocks enteropathogen binding to epi-
thelial receptors.14,17

 Studies demonstrate that L. acidophilus and L. casei adhere to 
Caco-2 cells at the expense of enteropathogens, such as Salmonella typhimurium, 
Yersinia enterolytica, at a relatively high number.18

 4. Competition for nutrients in the GIT.4

Table 18.1  A Comprehensive list of Probiotic strains and Their sources 
reported in the literature

Commercial strains sources

1. Lactobacillus

L. acidophilus nCfM rhodia, inc. Madison, Wi

L. acidophilus Lb Lacteol Laboratory, Houdon, france

L. acidophilus dds-1 nebraska Cultures, inc. Lincoln, ne

L. rhamnosus Lb21 essum ab, umea, sweden

L. plantarum 299v Probi ab, Lund, sweden

L. crispatus gynelogix, Colorado, usa

L. rhamnosus 271 Probi ab, Lund, sweden

L. fermentum rC14 urex biotech, Canada

Lgg Valio dairy, Helsinki, finland

L. acidophilus r0011 institut rosell, Monterol, Canada

L. paracasei f19 arla dairy, sweden

L. rhamnosus r0052 institut rosell, Monterol, Canada

L. plantarum arla dairy, stockholm, sweden

2. Bifidobacterium

B. lactis fk120 fukuchan milk, Japan

B. lactis Hn019 dr10 new Zealand dairy board

B. longum snow brand Milk Products Co. Ltd., 
Japan

B. infantis Hn019 dr10 new Zealand dairy board

B. lactis bb-12 Chr. Hansen, Horsholm, denmark

B. breve yakult yakult, tokyo, Japan

B. longum bb536 Morinaga Milk industry Co. Ltd., Japan

B. lactis LkM512 fukucha milk, Japan

3. Miscellaneous

Enterococcus faecalis sf68 Cerbios Pharma, switzerland

Streptoccocus thermophilus 1131 kenko-dontokoi, Japan

S. thermophilus f2 danlac, Canada
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 5. Possible modification of toxin receptors and blockage of toxin-mediated pathology 
by probiotics.12,19

 Saccharomyces boulardii degrades Clostridium difficile toxin 
receptors in the rabbit ileum20 and blocks cholera-induced secretion in rat jejunum 
by the production of polyamines.21

 6. Possible promotion by probiotics of nonspecific stimulation of the host immune 
system, including immune cell proliferation, enhanced phagocytic activity of mac-
rophages, and increased production of secretory immunoglobulin A (IgA) and 
IgM.12,22 Probiotics have also been reported to stimulate the production of inter-
feron gamma (IFN-γ), interleukin 2 (IL-2), IL-12, and IL-18.23,24 IL-12 may in 
turn downregulate the Th2 response, thereby decreasing IL-4 and IgE production, 
which would explain the role of probiotics in allergy prevention.24

 7. Stabilization of intestinal permeability barrier, which restricts colonization by 
pathogens, eliminates foreign antigens, which have penetrated the mucosa, and 
regulates the antigen-specific immune responses.23

 8. Probiotic bacterial “priming” of gut-associated lymphoid tissue (GALT) and immu-
nomodulation of gut-associated lymphoid and epithelial tissue response.4,24

18.3 sAlvAgE oF vArIous DIsorDErs 
Through ProbIoTIC ThErAPy

18.3.1 Intestinal Disorders

Intestinal homeostasis relies on the equilibrium between absorption (nutrients, 
ions), secretion (ions, IgA) and barrier capacity (to pathogens and macromolecules) 
of the digestive epithelium. Disturbance of this homeostatic control results in inflam-
mation, diarrhea, and various intestinal diseases. To better understand the benefi-
cial effects of probiotics in digestive diseases, it is important to take into account 
the mechanisms involved in the derangement of epithelial functions (Figure 18.3), 
such as (1) dysregulation of ion-coupled nutrient absorption and (2) an abnormal 
stimulation of ion secretion, in turn driving water losses.25,26 Water movements are 

Produce
antimicrobial

substances

Compete for
nutrients

Competition for
receptors Mucin secretion

Stimulation of
immunity

Degradation of
toxin pathogen

receptorsBlock receptors

Receptors on intestinal walls
where pathogens attach

Pathogens PROBIOTICS

Figure 18.2  Mechanism of action of probiotics.



386 Handbook of PrebiotiCs and ProbiotiCs ingredients

mainly generated by the sodium-solute cotransport systems (Na+-glucose) or chlo-
ride (Cl–) secretion across the apical membranes of intestinal epithelial cells. Any 
luminal serosal factor affecting the sodium absorption (driven by sodium-glucose 
cotransport leads to net water absorption) and chloride secretion (drives water 
secretion in the intestinal lumen) transport systems will also affect electrolyte and 
water movements. Pathogenic bacteria can adhere to brush border membranes of 
the enterocyte, inducing epithelial dysfunction, such as lesions of the brush border 
membrane, and release of enterotoxins, which stimulate Cl– secretion (diarrhea), or 
cytotoxins disrupting epithelial integrity.25,27 Osmotic diarrhea can also be induced 
when a nonabsorbable compound (e.g., lactose in case of lactase deficiency) reaches 
the intestinal lumen. Abnormal stimulation of the underlying immune system (mast 
cells, phagocytes, lymphocytes) may as well lead to the release of inflammatory 
mediators capable of altering epithelial function.27 The use of probiotics and prebiot-
ics as therapeutic agents for gastrointestinal disorders is rapidly moving into “main-
stream” therapy.26,28

18.3.1.1 Antibiotic-Associated Diarrhea (AAD)

The incidence of AAD differs with the type of antibiotic and may occur in almost 
15 to 25 percent of patients receiving antibiotics. Most cases of AAD are directly or 
indirectly caused by alterations of gut microflora by the antibiotics resulting in func-
tional disturbances of intestinal carbohydrate or bile acid metabolism.29 Lactobacilli, 
especially LGG, have been reported to be beneficial in AAD.26 The incidence of 
diarrhea was reduced from 25 percent in the placebo-treated group to 8 percent in 
LGG-treated group.30 A fermented multistrain probiotic milk drink prevented four 
of five cases of AAD in adult hospitalized patients.31 Madden et al.32 reported that 
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probiotic supplementation modulates the response of the intestinal microflora to the 
effects of antibiotic therapy. LGG has been shown to reduce the risk of AAD by 
approximately 75 percent in children in studies carried out in the United States and 
Finland.33 A meta-analysis summing the results of nine controlled trials indicates 
that both Lactobacilli and S. boulardii are effective in preventing AAD.34

Very recently, a double-blind, placebo-controlled study with 87 patients treated 
with antibiotics was carried out. Patients were administered fermented milk drink 
containing LGG, La-5, and Bb-12 (n = 46) or placebo with heat-killed bacteria (n = 
41) randomly for a period of 14 days. Of the 63 patients who completed the study, 2 
patients (5.9 percent) in the treatment group and 8 (27.6 percent) in the placebo group 
developed AAD (P = 0.035). The relatively low risk of developing AAD (0.21; 95 per-
cent confidence interval: 0.05 to 0.93) indicates that a fermented multistrain probiotic 
milk drink may prevent four of five cases of AAD in adult hospitalized patients.35

18.3.1.2 Radiotherapy-Induced Diarrhea

Radiotherapy is an important aspect of multimodal cancer therapy, but radia-
tion-induced acute intestinal injury is a common and serious problem. Disruption 
of morphologic mucosal integrity and normal bacterial microflora after abdominal 
radiation leads to malabsorption and bacterial translocation. Probiotic lactic acid-
producing bacteria are an easy, safe, and feasible approach to protect patients with 
cancer against the risk of radiation-induced diarrhea.36 Probiotics added as substrates 
can be given by an oral or enteral route to patients, who undergo radiotherapy to 
prevent radiation-induced enteritis, diarrhea, and related malnutrition.37 In patients 
undergoing abdominal irradiation, the prevention of intestinal diarrhea (side effect) 
was obtained by the administration of live L. acidophilus cultures55 or L. rhamnosus 
in a double-blind trial design.38

In a double-blind, placebo-controlled trial, 490 patients who underwent adjuvant 
postoperative radiation therapy after surgery for sigmoid, rectal, or cervical cancer 
were assigned to either the high-potency probiotic preparation VSL#3 (one sachet 
three times a day) or placebo starting from the first day of radiation therapy. Placebo 
patients had higher incidence of radiation-induced diarrhea than VSL#3 patients 
(124 of 239 patients, 51.8 percent, and 77 of 243 patients, 31.6 percent; P < 0.001), 
and patients given placebo suffered grade 3 or 4 diarrhea compared with VSL#3 
recipients (55.4 percent and 1.4 percent, P < 0.001).36

18.3.1.3 Clostridium difficile-Associated Diarrhea

Clostridium difficile is a classical example of the opportunistic proliferation of 
an intestinal pathogen after breakdown of colonization resistance due to antibiotic 
administration and is the cause of ∼20 to 40 percent of AAD cases.39,40 In fact, this 
microorganism is the major identifiable cause of nosocomial diarrhea in the United 
States, infecting 15 to 20 percent of adult hospitalized patients.3

In the case of recurrent C. difficile colitis in humans, a successful treatment 
was obtained using LGG, both in adults and children in prospective, randomized, 
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placebo-controlled trials with standard antibiotics.41 Probiotics, such as S. boular-
dii, in combination with standard antibiotics were demonstrated more effective than 
antibiotics alone in the treatment of recurrent Clostridium infection.42 In a placebo-
controlled study, McFarland et al.42 examined standard antibiotic therapy (metron-
idazole or vancomycin) with concurrent S. boulardii or placebo in 124 adult patients, 
64 patients with an initial episode of C. difficile disease, and 60 patients with a his-
tory of at least one prior episode of C. difficile disease. It was found that S. boulardii 
significantly inhibited further recurrence of disease.

18.3.1.4 Traveler’s Diarrhea

Traveler’s diarrhea is a common health complaint among travelers. The inci-
dence of diarrhea in travelers to foreign countries varies from 20 to 50 percent 
depending on the origin and the destination of the traveler, as well as the mode 
of travel.43,44 Although various infectious agents cause traveler’s diarrhea, entero-
toxigenic Escherichia coli is the most common. Several probiotics have been 
examined for their ability to prevent traveler’s diarrhea, including Lactobacillus, 
Bifidobacterium, Streptococcus, and Saccharomyces.43,45 Several probiotics 
(Saccharomyces boulardii and a mixture of L. acidophilus and B. bifidum) had 
significant efficacy.43 Three double-blind, randomized, controlled trials have sug-
gested some preventive efficacy of LGG and S. boulardii. In a recent study, LGG 
was found to provide 49 percent protection against traveler’s diarrhea.46 However, 
an effective medically recommended probiotic therapy for traveler’s diarrhea is not 
fully established.

18.3.1.5 Infantile Diarrhea

Rotavirus is a very common cause of infantile diarrhea, and is characterized 
by increased intestinal permeability and a higher serum level of β-lactoglobulin-
containing immune complexes. Rotaviruses are a significant cause of infant mor-
bidity and mortality, particularly in developing countries.47 Investigators have 
demonstrated that the duration of infantile diarrhea may be significantly shortened 
(from 2.4 to 1.4 day) in infants receiving LGG.48 Treatment with LGG was associ-
ated with an enhancement of IgA-specific antibody-secreting cells to rotavirus 
and of serum IgA antibody level during convalescence.49 Saavedra et al.50 have 
shown that supplementing an infant formula with B. bifidum and Streptococcus 
thermophilus can reduce the incidence of acute diarrhea and rotavirus shedding 
in infants admitted to the hospital. Another randomized trial in young children 
showed that yogurt feeding was associated with a clinically relevant decrease in 
stool frequency and duration of diarrhea, especially in children with carbohydrate 
malabsorption.51 Very recently, in a randomized, double-blind, placebo-controlled 
trial, administration of Lakcid L® (LGG) to 87 children (age range: 2 months to 6 
years) having infectious diarrhea, the duration of rotaviral diarrhea was markedly 
reduced.52
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18.3.1.6 HIV / AIDS-Associated Diarrhea

Diarrhea is a very serious consequence of human immunodeficiency virus (HIV) 
infection.8 The etiology is unknown and effective therapy is not available. However, 
Saccharomyces boulardii has been reported to treat 33 HIV patients with chronic 
diarrhea.53 A randomized, double-blind, controlled trial with 77 HIV-infected children 
(2 to 12 years), divided into two groups: one receiving probiotics (formula containing 
B. bifidum with Streptococcus thermophilus -2.5 × 1010 colony forming units) and the 
other, a standard formula (control group), for 2 months. The CD4 counts (cells mm–3) 
were collected at the beginning and end of the study. The quality and number of stools 
were assessed by a questionnaire (watery to normal stool consistency). There was an 
increase in the mean CD4 count in the probiotics group (791 cells mm–3) and a small 
decrease in the control group (538 cells mm–3). The change from baseline in mean 
CD4 cell count was +118 cells mm–3 versus –42 cells mm–3 for children receiving the 
probiotic formula and control formula, respectively (p = 0.049). A similar reduction 
in liquid stool consistency in both the groups (p < 0.06), with a slight enhancement in 
the probiotics group, was observed, but without significant difference (p < 0.522). The 
incidence of loose-soft stools showed a small decrease in both groups (p < 0.955) and 
there was an increase in the incidence of normal stool consistency in both the groups 
(p < 0.01). This study showed that probiotics have immunostimulatory properties and 
might be helpful in the treatment of children infected with HIV.54

18.3.1.7 Enteral Feeding-Associated Diarrhea

Patients receiving nasogastric tube feeding frequently develop diarrhea.8 The inves-
tigators postulate that the enteral feeding causes changes in normal flora that result in 
altered carbohydrate metabolism and subsequent diarrhea. Two separate studies (both 
placebo controlled and double blind) demonstrated a significant reduction in diarrhea 
in these patients when they were administered Saccharomyces boulardii.55,56

18.3.1.8 Persistent or Chronic Diarrhea

Persistent diarrhea is diarrhea that starts acutely but lasts for at least 2 weeks. 
A beneficial effect of feeding yogurt versus milk was shown in children with per-
sistent diarrhea.27 In a controlled, randomized, single-blind clinical trial, treatment 
of children with chronic diarrhea with a probiotic (Lactipan®) promoted complete 
remission of intestinal disorders.57 Feeding fermented milk in children with postgas-
troenteritis syndrome eliminates the disease in 4 days, and was even more beneficial 
in patients with malnutrition.57

18.3.1.9 Sucrase Isomaltase Deficiency

Sucrase isomaltase deficiency is an inherited condition that leads to malabsorption 
of sucrose. The resulting bacterial fermentation of sucrose leads to an accumulation 
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of hydrogen in the colon, producing diarrhea, abdominal cramps, and bloating. A 
sucrose-free diet causes disappearance of symptoms.8 Harms et al.58 administered 
Saccharomyces cerevisiae along with sucrose to treat eight children with sucrase 
isomaltase deficiency. An improvement in their hydrogen breath test as well as gas-
trointestinal symptoms was observed. The investigators postulated that S. cerevisiae 
was supplying the missing isomaltase enzymes.

18.3.1.10 Lactase Deficiency

Lactose maldigestion occurs frequently and is due to insufficient activity of 
lactase in the human gut and causes various degrees of abdominal discomfort, such 
as cramps, bloating, diarrhea, and nausea.59 Probiotic bacteria such as L. acidophilus 
and bifidobacteria produce β-d-galactosidase (bacterial lactase), which autodigests 
lactose and improves tolerance to lactose. It was observed that in the lactase-defi-
cient people, lactose is absorbed much better from yogurt than from milk probably 
due to intraluminal digestion of lactose by the lactase released from yogurt micro-
organisms.60 Bile salts in the GIT cause the lysis of yogurt bacteria resulting in a 
rapid release of lactase. Other probiotics like L. acidophilus may also be rich in 
lactase, but are less efficient, because of their resistance to bile.61,62 Another explana-
tion for this improved tolerance could be the slowing of the gastrointestinal transit of 
yogurt compared with milk, which may facilitate prolonged contact between residual 
lactase on enterocyte and lactose in the lumen.63 Savaiano et al.60 have demonstrated 
that yogurt is superior to cultured buttermilk or pasteurized yogurt in enhancing the 
digestion of lactose as pasteurization may destroy the β-galactosidase activity.64

18.3.1.11 Inflammatory Bowel Disease (IBD)

IBD is a collective term used to describe Crohn’s disease (CD), ulcerative colitis 
(UC), and nonspecific colitis.66 These diseases, although each with distinct features, 
are characterized by inflammation of the GIT that can lead to pain, diarrhea, and 
bleeding.66 The exact etiology responsible for initiation and perpetuation of these 
processes is unknown but it is proposed to be related to disturbance in the endog-
enous intestinal microbial flora and/or a defective mucosal barrier.67,68 The distal 
ileum and the colon are the areas with the highest luminal bacterial concentration 
and represent the major sites of inflammation in IBD.69,70

Probiotics seem to represent an effective and safe approach for the maintenance 
treatment of patients with chronic CD, suggesting their potential role in IBD ther-
apy.69 The different therapeutic modifications of gut flora, which can be useful in 
IBD, are discussed in Table 18.2. A double-blind comparison of an oral probiotic 
(Saccharomyces boulardii) preparation and mesalazine in maintaining remission of 
UC showed that the probiotic treatment was as effective as mesalazine in the mainte-
nance therapy.27,71 A combination of Balsalazide and VSL#3 (a combination of three 
species of bifidobacteria, four strains of Lactobacillus, and one strain of Streptococcus 
salivarius spp. thermophilus) was found to be a very good choice in the treatment of 
active mild-to-moderate active UC versus balsalazide or mesalazine alone.72
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Table 18.2  reported studies on the use of Probiotics in the remission of 
Inflammatory bowel Diseases

Disease 
state Probiotic Product used Details of study Clinical Effect ref.

ibd Bifidobacterium bifidum 
bgn4

Conventional diet 
containing only 
skim milk or a 
diet containing 
skim milk with 
0.3 percent 
(w/w) bgn4 for 
4 weeks

bgn4 
supplemented 
diet could be 
helpful for the 
control of 
aberrant immune 
responses in the 
intestinal tissue

172

Lactobacillus rhamnosus 
gg (Lgg), Streptococcus 
thermophilus tH-4 (tH-4), 
Bifidobacterium lactis 
bb12 (bb12), and 
Lactobacillus fermentum 
br11

1 × 1010 Cfu/mL 
orally twice 
daily for 14 days

Lactobacillus 
fermentum br11 
was most 
effective at 
reducing colitic 
symptoms

173

Bifidobacterium, 
Lactobacillus, and 
Enterococcus

1,260 mg/d three 
times daily for 4 
weeks

administration of 
live combined 
Bifidobacterium, 
Lactobacillus, 
and 
Enterococcus 
improved the 
symptom of 
irritable bowel 
syndrome

174

a dietary integrator (ibs 
active), composed of 
l-tryptophan, inulin, 
angelica, vegetal charcoal, 
vitamin PP, group b 
vitamins (b1, b2, b6) and 
probiotics (Lactobacillus 
sporogenes, Lactobacillus 
acidophilus, Streptococcus 
thermophilus)

ibs active (440 
mg twice daily) 
over a mean 
period of 6 
months

ibs active led to a 
significant 
improvement in 
pain symptoms, 
abdominal 
distension, and 
regulation of 
bowel movement

175

a symbiotic consisting of a 
probiotic, Bifidobacterium 
longum W11, and the 
short-chain 
oligosaccharide prebiotic 
fos actilight

3 g/day for at 
least 36 days

Product can 
increase stool 
frequency in 
patients with 
constipation-
variant ibs and 
reduce 
abdominal pain 
and bloating

176

Crohn’s 
disease

Saccharomyces boulardii in combination 
with 
mesalamine

the combination 
was found to be 
more effective in 
the maintenance 
treatment of 
inactive Crohn’s 
disease

177
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Mucosal alkaline sphingomyelinase activity is reduced in the intestine of IL-10 
knockout mice with colitis and in humans with UC. VSL#3 probiotic therapy upreg-
ulates mucosal alkaline sphingomyelinase activity.73 It was found in a clinical trial 
that oral administration of VSL#3 showed a relapse of chronic pouchitis in only 
15 percent as compared to 100 percent relapse in placebo group.6 Although more 
convincing results are needed to confirm the advantages of using probiotics in IBD, 
a trend toward the beneficial effects of bacterial supplementation as an adjuvant to 
treatment is fast emerging.65 However, two studies indicate the absence of effect of 
L. johnsonii LA1 and LGG in controlling CD.74,75

18.3.1.12 helicobacter pylori Infection

Helicobacter pylori infection is a major cause of chronic gastritis and peptic 
ulcer and a risk factor for gastric malignancies.76 Although antibiotic therapy for 
gastritis is quite often effective, eradication is not always achieved and reinfection 
may occur. Several reports suggested that supplementation of anti-H. pylori therapy 
with probiotics could be effective in increasing the eradication rates of H. pylori.77 

In vivo models demonstrate the pretreatment with a probiotic can markedly reduce 
an existing H. pylori infection and thus can be used as a prophylactic therapy for H. 
pylori infections. Lactobacillus reuteri effectively suppressed H. pylori infection 
in humans and decreased the occurrence of dyspeptic symptoms.78 Ingestion of L. 
acidophilus, L. salivarius, or L. johnsonii reduced the activity of H. pylori in the 
stomach and attenuated H. pylori indicating an effect in the stomach as well. Two 
randomized, controlled trails have reported that a fermented dairy product contain-
ing the strain L. johnsonii LA1 or a heat-killed L. acidophilus could help to decrease 
the gastric colonization by H. pylori. The activity of 63 dairy starter cultures (single/
mixed), grown in skim milk, against five strains of H. pylori showed that skim milk 
culture strongly inhibited this pathogen; although acids produced by the dairy lactics 
were only partly responsible for the inhibitory action.79

18.3.2 Nonintestinal Disorders

18.3.2.1 Allergy

Allergy, manifested in atopic diseases like atopic eczema, allergic rhinitis, and 
asthma, currently represents a chronic disorder affecting 20 percent of the world 
population especially in developed countries. It is the most common chronic disease 
of childhood.80 The hygiene hypothesis of allergy, the most appropriate explanation 
for the rising frequency of atopic diseases, supposes that rapid increase in atopy is 
related to reduced exposure to infections early in life, when the immune responder 
phenotype is consolidated.81 At the time of birth, the GIT of the newborn is sterile 
and the gut-associated lymphatic tissue (GALT), the most important organ of the 
adaptive immune system, is in the development stage (Figure 18.4). Concomitant to 
the development of GALT, during the first months and years of life, an adult-type 
pattern of stable indigenous gut microflora is established.82,83 All infants are initially 
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colonized by E. coli and streptococci followed by the establishment of the anaerobic 
genera Bacteroides, Bifidobacterium, and Clostridium by the end of the first week 
of life.27,83 Even though the intestinal mucosa is efficient in assimilation of antigens 
encountered by the enteric route, it has been reported that in the absence of a healthy 
gut flora antigen transport is increased.82,83 Successful maturation of the gut mucosal 
immune system requires constant microbial stimulus from the developing gastroin-
testinal microflora. The lack or inadequacy of such a stimulus results in a decreased 
intestinal surface area, altered mucosal enzyme patterns, defects in the intestinal 
barriers, reduced capacity for antiinflammatory responses, defective mucosal IgA 
system,83 and deficient oral tolerance induction.84 The exposure to infectious agents 
generally leads to stimulation of TH-1 lymphocytes and to the release of cytokines 
such as IFN-γ. In the absence of such stimulation of the immune system by infec-
tious agents triggering TH-1 responses, the main defense mechanism for parasitic 
infection, that is, TH-2-type cytokine secretion and IgE antibodies, is still present, 
but it may be redirected against environmental substances, such as food or respira-
tory antigens. A TH-2 skewed immune system has been shown to be characteristic 
of allergic inflammation.80

Certain probiotics and microbial products have been indicated to be poten-
tially useful in allergy prevention and therapy, by targeting the Toll-like receptor 
network.84,85 Also, probiotics have been found to trigger the innate immune system 
and thus help protect against and treat allergies.85,86 The reduced exposure of neo-
nates to microbial stimuli leads to skewed immune response favoring TH-2 versus a 
TH-1 cytokine profile.86 The precise mechanism by which probiotics induce immune 
modulation is still largely unknown, although adhesion to the intestinal mucosa is 
thought to be important.87 Close contact of probiotics with intestinal mucosa and 
possibly some benign translocation may lead to an enhanced interaction of probiot-
ics and the intestinal immune system. This interaction stimulates naive T cells to 
differentiate to TH-1 cells under the influence of IFN-γ, IL-2, and IL-12, while the 
development of TH-2 cells is downregulated under the influence of IL-4. The result 
of the generation of counterregulatory TH-1- and TH-3-type immune responses is 
a reduced production of IgE and an increased secretion of IgA,88 which leads to a 
reduced allergic response. Administration of probiotic strains early in life may pro-
vide an opportunity for an early interaction with host cell (Toll) receptors resulting in 
their apical attachment on epithelial and mucosal surfaces, thus, in turn establishing 
an autochthonous (permanent) condition. Probiotics, in general, are said to constitute 
the allochthonous (transient) microflora considering their ability to persist only dur-
ing periods of dosing and for a short time after feeding is halted.89

A recent clinical study demonstrates a highly significant reduction in the fre-
quency of atopic eczema in 2-year-old children who as newborns were nursed by 
their mothers and received a Lactobacillus supplement.90 The first sensitizing anti-
gens are frequently derived from food. There are data to suggest that infants mani-
festing cow’s milk allergy in early infancy have an increased risk of multiple food 
allergy and asthma.91 Gut microflora of allergic infants has an atypical composition 
with reduced levels of bifidobacteria, mainly B. adolescentis; and increased levels 
of clostridia.92 Pro/prebiotics have been shown to increase levels of bifidobacteria.93 
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A study indicates usefulness of probiotic therapy in prevention or long-term reduc-
tion in allergy and also management of atopic eczema and cow’s milk allergy in 
infants.82 Major factors that can sensitize atopic individuals include genetic suscepti-
bility, aberrant barrier functions of the skin epithelium and gut mucosa, and dysregu-
lation of antigen-specific IgE pattern.80 Programming of initial microbe exposure is 
suggested by Reid et al.94 as an effective means of repressing atopic dermatitis and 
reducing the risk of other diseases.

18.3.2.2 Immunity

The immune response to a particular pathogen must induce an appropriate set 
of effector functions that can eliminate the disease agent or its toxic products from 
the host. Two CD4+ TH cell subpopulations, designated TH-1 and TH-2, can be dis-
tinguished in vitro by the cytokines they secrete. The TH-1 subset is responsible for 
many cell-mediated functions and production of IgG antibodies. The TH-2 subset 
stimulates eosinophil activation and differentiation, provides help to B cells, and 
promotes production of IgM, IgE, and IgG isotypes. IL-4 is essential for the devel-
opment of a TH-2 response, and IFN-γ, IL-12, and IL-18 are important in the physi-
ological development of TH-1 cells. At the beginning of an immune response, IFN-γ 
is generated by stimulation of T cells from activation of natural killer (NK) cells. 
IFN-γ induces the upregulation of IL-12 receptors on activated T cells. The genera-
tion of TH-2 cells depends critically on IL-4. Exposing naive helper cells to IL-4 at 
the beginning of an immune response causes them to differentiate into TH-2 cells. 
TH-2 cells secrete a profile of cytokines like IL-10 and IL-13 that promotes eosino-
phil activation and the synthesis of IgE. Probiotics (stabilizers of digestive mucosal 
barrier) exert immune-enhancing effects by augmenting both nonspecific and spe-
cific host immune responses.22 Probiotics stimulate lymphocytes to produce cytokine 
INF-γ and prompt nonspecific phagocytic and lymphocytic activity. Introduction of 
antigen via oral route induces production of IgA and IgM.22,95 Probiotics have also 
been found to improve the defective immune function via stimulating the cytok-
ines IFN-γ, IL-12, and IL-10, all of which play a putative suppressive effect on anti-
gen-specific immune responses.96 Lactobacillus johnsonii and L. casei have been 
reported to stimulate the production IFN-γ and IL-10 secretion.97 It thus may be 
concluded that probiotics have the capacity to stimulate a cytokine response, by local 
mononuclear cells or lymphocytes, and that it depends in part on their capacity to 
cross the gut epithelium before interacting with the cells of local immune system.98 
Oral administration of L. casei is reported to improve the innate immune response in 
BALB/C mice 99 and reduce skin inflammation due to contact sensitivity in animals 
sensitized to dinitrofluorobenzene.99,100

It has been reported very recently that dietary synbiotic supplementation (L. 
casei + dextran) elicited an enhanced murine and human NK cell activity.101

Shida et al.102 showed that intraperitoneal injection of L. casei strain Shirota 
induced an IL-12 response in the serum of ovalbumin-specific T-cell receptor trans-
genic mice. On the other hand, anti-IL-12 antibody treatment blocked the ability 
of Lactobacillus Shirota to modulate cytokine production. Dieleman et al.103 have 
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recently investigated the ability of LGG in the prevention of colitis by decreasing 
IL-1β and tumor necrosis factor-alpha (TNF-α), and increasing the cecal IL-10. 
These probiotics downregulate Th1 cytokine while maintaining transforming growth 
factor-beta (TGF-β). Both oral and subcutaneous administration of probiotics pro-
motes this effect. This activity of lactobacilli via the subcutaneous route protects 
not only against colitis but also against collagen arthritis, a Th1 mediated model of 
autoimmunity.99

Lactobacillus acidophilus and L. paracasei are potential enhancers of systemic 
immunity and are nonpathogenic, as suggested by their bacterial translocation pro-
files in healthy mice.104 Ulisse et al.105 reported that VSL#3 is able to induce a sig-
nificant increase in the expression of the antiinflammatory cytokine IL-10 in the 
mucosal pouch compared to inflamed and antibiotic-treated patients. Suzuki et al.106 
investigated the ability of 46 different L. lactis strains to induce production of the 
cytokines IL-6, IL-12, and TNF- α. The ability of these strains to induce TNF-α, 
but not IL-6 and IL-12, was lost after heat treatment, suggesting that the stimulus 
required for TNF-α induction is heat sensitive and is different from those required 
for IL-6 and IL-12 induction.

18.3.2.3 urinary Tract Infections (uTI)

Infections of the urethra, bladder, ureter, and kidney affect nearly 3,000 million 
women per year worldwide. They are due to microbial invasion or an imbalance of 
the urinary tract microflora. Nearly 50 bacterial strains are found to cause UTIs. 
Bacterial and fungal infections of the urinary tract are the most promising field of 
application for probiotics other than the intestine. Lactobacillus organisms that pre-
dominate in the vagina of healthy women spread from their rectum and perineum 
and form a barrier to the entry of uropathogens from vagina into the bladder. They 
are believed to protect the host against infections by means of several mechanisms 
including (1) occupation of specific adhesion sites at the epithelial surface of the uri-
nary tract; (2) maintenance of a low pH and production of antimicrobial substances 
like acids, hydrogen peroxide, and bacteriocins; (3) degradation of polyamines; and 
(4) the production of surfactants with antiadhesive properties.107

The concept of artificially boosting the lactobacilli numbers through probiotic 
instillation has long been conceived, but only in recent years has it been shown to 
be possible. It is to be noted that not all lactobacilli are effective, and to date only 
L. rhamnosus GR-1 and L. reuteri B-54 and RC-14 have been found to be clinical 
effective.108 Lactobacillus rhamnosus GR-1, L. fermentum RC-14, and L. crispatus 
CTV-05 have been proved successful against urogenital infections, such as UTIs and 
bacterial vaginosis. Clinical trials increasingly provide a profound scientific basis for 
the use of probiotics in UTIs.109

Tomoda et al.110 reported that oral administration of B. longum, in an open study, 
reduced Candida infections in urethra by up to 70 percent. In vitro adhesion of C. 
albicans and Staphylococcus aureus have been reported to be reduced on epithelial 
cell lines of the urinary tract by L. acidophilus, L. rhamnosus.108 An open, ran-
domized, clinical study showed that local application of L. rhamnosus was effective 
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in controlling UTIs in up to 73 percent of the cases.111 Asahara et al.112 reported 
that mice previously infected with E. coli showed a decrease in E. coli growth and 
inflammation after local application of heat-killed L. casei Shirota.

18.3.2.4 Bacterial Vaginosis (BV)

The vagina and its microflora form a finely balanced ecosystem. Disruption of 
this ecosystem can lead to a microbiological imbalance and symptoms of vagino-
sis.113,114 Earlier considered to be a mere annoyance, vaginosis is now being examined 
for a role in serious conditions including pelvic inflammatory disease, pregnancy-
related complications (low-birth-weight babies), and increased susceptibility to 
AIDS infection. The organisms associated with BV include a variety of anaerobic 
Gram-negative rod-shaped bacteria, namely, Gardnerella, Mobiluncus, Bacteroides, 
and possibly Fusobacterium, Prevotella, PepoStreptococcus, Porphyromonas, and 
Mycoplasma species.115 Elucidation of pathogenic mechanisms of BV indicates a role 
of inflammatory cytokines and antibodies to cytolysins. These factors are not easily 
resolved by antibiotic treatment, thus traditional approaches to patient management 
like probiotic therapy are being reevaluated.116–118 The failure of antibiotic therapy to 
control bacterial vaginosis reflects organisms already having ascended the uterus or 
the antibodies being unable to eradicate pathogen biofilms and negate their sialidase 
activity. Reid and Bocking,119 along with others,120 have drawn attention to reduced 
presence of Lactobacilli (especially those producing hydrogen peroxide) in patients 
with BA. Standard antibiotic therapy for BV with metronidazole is quite ineffective 
in that more than 30 percent of women have yeast vaginitis after therapy and more 
than 50 percent get a recurrent BV infection within 3 to 6 months.121

A study constituting 13 women showed that consumption of yogurt containing L. 
acidophilus decreased the incidence of C. albicans yeast infections. Hydrogen per-
oxide (H2O2) production is a key factor in resisting BV disease.122 H2O2-producing 
strains of lactobacilli have been found in 61 percent of pregnant women with nor-
mal flora, and in only 5 percent of women with BV. The H2O2 has been shown to 
be toxic to BV-causing organisms, namely, Gardnerella vaginalis and Prevotella 
bivia.115 Comparable results were obtained in open and placebo-controlled studies, 
in which lyophilized L. acidophilus was applied locally or L. acidophilus yogurt was 
given orally.123,124 In these studies, success rates for control of bacterial vaginosis or 
Candida vaginitis ranged from 57 to 87 percent in the probiotic group and from 0 to 
22 percent in the control group.124

Various molecular methods have shown L. crispatus and L. johnsonii to be the 
most common vaginal isolates from “normal” women of childbearing age.125 The 
administration of L. rhamnosus GR-1 in combination with L. fermentum B-54 and 
RC-14 by mouth and intravaginally have been shown to be safe and to reduce the 
risk of UTIs, BV, and yeast vaginitis.126 As with urogential pathogens, Lactobacilli 
ascend from the rectum into the vagina and, subsequently, alter the microenviron-
ment and potentially modulate the immunologic status of the host such that a normal 
vaginal flora is more often restored and retained.126,128
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18.3.2.5 Carcinogenesis

Colorectal cancer is the fourth most common cause of cancer morbidity and 
mortality worldwide (8.9 percent of all new cancers, with about 400,000 deaths/
year). High incidence rates are found in Western Europe, North America, and 
Australia.128 Colon cancer occurs due to somatic mutations in colon cells occurring 
during the lifetime of an individual. Genotoxic carcinogens including heterocyclic 
aromatic amines, which are formed during cooking of meat, are a potential risk 
factor of colon cancer in high meat consumers. These enzymes include glycosidase, 
β-glucuronidase, azoreductase, and nitroreductase. The protective role of probiot-
ics and prebiotics in colon cancer has been reviewed in the past decade. At pres-
ent, direct experimental evidence is lacking for suppression of cancer in humans by 
probiotic bacteria, but a good deal of indirect evidence has been described. Some 
suggested mechanisms (Figure 18.5) are (1) inhibition of carcinogens and/or procar-
cinogens, (2) inhibition of bacteria that convert procarcinogens to carcinogens, (3) 
activation of host’s immune system, (4) reduction of intestinal pH to reduce micro-
bial activity, and (5) alteration of colonic motility and transit time. In vitro studies 
have demonstrated that the cell wall of lactic acid bacteria can bind with heterocy-
clic amines.27 There has been evidence that some probiotics produce butyric acid 
and this molecule can influence the rate of apoptosis in enterocytes. Probiotics also 
neutralize the activity of mutagens, such as 4-nitroquinoline-N-oxide, 2-nitrofluo-
rene, and benzopyrene.128 Some probiotics may decrease the fecal concentration of 
enzymes, mutagens, and secondary bile salts that may be involved in colon carcino-
genesis. Kim et al.129 assessed the anticancer activity and bacterial enzyme inhibition 
of B. adolescentis SPM0212. Bifidobacterium adolescentis SPM0212 inhibited the 
proliferation of three human colon cancer cell lines: HT-29, SW 480, and Caco-2. 
SPM0212 also dose-dependently inhibited TNF-α production and changes in cellular 
morphology. B. adolescentis SPM0212 inhibited harmful fecal enzymes, including 
α-glucuronidase, α-glucosidase, tryptophanase, and urease. Thus, B. adolescentis 
SPM0212 exerts an anticancer effect and inhibits harmful fecal enzymes.
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Figure 18.5  Modulatory effect of probiotics on colon cancer.
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Intravesical instillation of epirubicin plus oral administration of L. casei prepa-
ration is a novel, promising treatment for preventing recurrence after transurethral 
resection for superficial bladder cancer.130 Consumption of L. acidophilus 74-2 could 
be beneficial for the expression of cytoprotective COX-1.131

18.3.2.6 Hypercholesterolemia

Hypercholesterolemia has been linked with increased risk for coronary heart 
disease, one of the leading causes of death today. Cholesterol is a precursor to cer-
tain hormones and vitamins and is a component of cell membranes and nerve cells. 
However, elevated levels of total blood cholesterol or other blood lipids are con-
sidered to be a high risk factor for coronary heart disease. Cholesterol-lowering 
effect of lactic acid bacteria (Streptococcus, Lactobacillus, and Bifidobacterium) is 
well established.132 To date, 11 strains of Lactobacillus have been found to remove 
cholesterol via various mechanisms and can be used as a dietary adjunct to lower 
serum cholesterol in vivo.133 Lactobacillus acidophilus deconjugates bile acids into 
free acids that are rapidly excreted from the intestinal tract. Because free bile salts 
are excreted from the body, the synthesis of new bile acids from cholesterol lowers 
its concentration in the body. Further, it has been suggested by Andersson et al.134 
that the bile flow is stimulated by regular milk consumption (1 L/day). Isolates of 
L. acidophilus from human intestine are better able to assimilate cholesterol and 
actively deconjugate bile salts than commercially used cultures of L. acidophilus. 
Lactobacillus plantarum PH04 and L. reuteri. showed cholesterol-lowering activi-
ties.132 A few human studies have suggested a decrease in serum cholesterol concen-
trations during consumption of very large amounts (8 L/day) of yogurt or fermented 
milk per day.135 Very recently, Greany et al.136 reported that L. acidophilus strain 
DDS-1 and B. longum strain UABL-14 did not produce beneficial effect on plasma 
lipids in 55 normocholesterolemic subjects aged 18 to 36 (33 premenopausal women 
and 22 men).

18.3.2.7 Dental Caries

The microflora of the oral cavity comprises more than 100 bacterial species. 
There are anecdotal reports of attempts to make the plaque flora on the teeth surface 
less cariogenic by adding harmless bacteria; however, no positive results of con-
trolled studies have been published.137,138 Lactobacillus from bio-yogurt was reported 
to colonize on the surface of the teeth, increasing the cariogenicity of plaque flora. 
Ingestion of heat-killed lactobacilli for 6 months has, however, been reported to 
reduce the incidence of caries by 42 percent during a 2-year follow-up.138

18.3.2.8 Respiratory Tract Infection

The mucosa of the respiratory tract is an appropriate area for probiotics to induce 
immune stimulation. In clinical studies, ingestion of B. longum or yogurt bacteria 
increased the number of macrophages in the lungs, and intranasal administration 
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of a Bifidobacterium/Lactobacillus preparation to mice stimulated immunological 
parameters.139 In a double-blind, placebo-controlled, randomized trial including 371 
healthy children receiving L. rhamnosus for 7 months, relative reduction in the num-
ber of children suffering from respiratory infections with complications and a lower-
ing of respiratory tract infections were observed.140

 18.3.2.9 Hypertension

In the United States, nearly 50 to 60 percent of the population is hypertensive. 
There is evidence to support that consumption of certain lactobacilli or milks fer-
mented with lactobacilli may result in decreased blood pressure.141 Studies done with 
hypertensive rats have shown a positive effect; studies with human subjects are lim-
ited. It is reported that fermented milk may decrease systolic pressure by 10 to 22 
mm Hg. Antihypertensive effect has been demonstrated by two tripeptides formed 
during the growth of L. helveticus upon fermentation of milk. These tripeptides 
were shown to inhibit angiotensin-converting enzyme, a key enzyme catalyzing the 
conversion of angiotensin I to angiotensin II, which elevates blood pressure due to its 
potent vasoconstrictor effects.142

18.3.2.10 Kidney Stones

A high level of oxalate in the urine is a risk factor for development of kid-
ney stones. A probiotic preparation able to degrade oxalate in vitro was shown to 
reduce oxalate fecal excretion in six patients. This result, although intriguing, is still 
preliminary.143,144

18.3.2.11 Surgical Wound Infections

Certain strains of probiotic lactobacilli and their by-products have been reported 
to treat or prevent (prophylactically) surgical infections.145 Howard et al.145 indicate 
that some strains of probiotics also ameliorate Staphylococcus-related infections of 
surgical implants. The wound-bed tissue of gunshot-wounded animals indicated bet-
ter results with the probiotic treatment group over the antibiotic-treated group. The 
protective effect was indicated to be based on the natural defense mechanism acti-
vated after injury—the bacterial translocation of saprophytic bacteria from the gut 
to the wound.146 Lactobacillus plantarum and/or its by-products showed therapeutic 
effects against Pseudomonas aeruginosa burn infections both in vitro and in vivo. 
There was also an improvement in tissue repair, enhanced phagocytosis of P. aerugi-
nosa, and a decrease in apoptosis.146

18.3.2.12 Chronic Fatigue Syndrome (CFS)

CFS is a medically unexplained illness, characterized by persistent and relaps-
ing fatigue, in addition to cognitive dysfunction, headaches, joint pains, and cen-
tral nervous system disturbances.147 Recent research indicates that there are marked 
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alterations in the intestinal microflora of patients with CFS, including a lowered 
level of bifidobacteria and small intestinal bacterial overgrowth (SIBO).148 States of 
stress associated with anger and fear have been shown to be related to an increase in 
bacteroides, normally comprising only 2 to 4 percent of the gut flora. These bacteroi-
des increase to 20 to 30 percent under conditions of anger and fear.149 Although it is 
uncertain whether oxidative stress is a cause or effect of illness, it is becoming clear 
that patients with CFS have increased markers of oxidative stress and an impaired 
antioxidant capacity.150,151 Some studies show that antioxidant support can allay the 
symptoms of CFS along with improvements in erythrocyte fragility, a marker of 
oxidative stress.152 Essential fatty acid (EFA) deficiency, both viral and immune 
induced and/or through abnormalities of metabolism, is also reported to play a role 
in pathogenesis of CFS.147 Administration of specific strains of lactic acid bacteria 
has been shown to help regulate the composition of the intestinal flora. Furthermore, 
lactic acid bacteria are reported to have the potential to act as strong antioxidants in 
a patient population that has been shown to be under increased oxidative stress or 
have compromised endogenous antioxidant capacity. They also have the potential to 
improve the EFA status in serum phospholipids and have been used therapeutically 
in the treatment of SIBO,153 a condition common in CFS and the other so-called 
functional somatic disorders.

18.4 PrEbIoTICs

Prebiotics are food ingredients that are largely undegraded in the small bowel and 
can beneficially affect the host by selectively stimulating the growth and/or activ-
ity of one or a limited number of bacteria.9 Prebiotics positively modulate mineral 
absorption, energy expenditure, lipid metabolism, and glucose level.154 Prebiotics are 
believed to be beneficial in alleviation of osteoporosis, obesity, and diabetes.

18.4.1 osteoporosis

Osteoporosis is a growing global problem especially so with postmenopausal 
women. Lifestyle changes to build peak bone mass during growth, to prevent 
osteoporosis as well as to treat the disease in later life, is the key area of focus.154 

Functional foods have enjoyed a niche in enhancing bone health. Enhancers of cal-
cium absorption, such as inulin or whey proteins, that is, prebiotics, are the likely 
agents to be developed in the future. These agents are reported to play an important 
role in calcium bioavailability both in absorption and retention.155 Consumption of 15 
g oligofructose per day increased stable isotopic tracer calcium absorption from 47.8 
percent in a placebo group to 60 percent. Feeding of 40 g inulin per day increased 
apparent calcium absorption in adults in treated group from 21.3 to 33.7 percent.156 
In a study, a total of 59 subjects were studied using a balanced, randomized, cross-
over design. They received oligofructose or the mixture of inulin + oligofructose for 
3 weeks, and a total of approximately 1,500 mg/day dietary calcium throughout the 
study. Calcium absorption was significantly higher in the group receiving the inulin 
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+ oligofructose mixture than in the placebo group, but no significant difference was 
seen between the oligofructose group and the placebo group. The authors concluded 
that modest intakes of an inulin + oligofructose mixture increases calcium absorp-
tion in girls at or near menarche.154

Scholz-Ahrens et al.5 reported that prebiotics are the most promising, but also 
best investigated substances with respect to a bone health-promoting potential, com-
pared with probiotics and synbiotics.

18.4.2 obesity and Diabetes

Although the etiology of obesity and diabetes is complex, diet clearly plays an 
important role both in development and management of these diseases.11 This mainly 
involves food products that help in management of hunger, increase satiety, and 
stimulate energy expenditure. Recently, Yadav et al.157 reported that the probiotic 
dahi (yogurt)-supplemented diet significantly delayed the onset of glucose intoler-
ance, hyperglycemia, hyperinsulinemia, dyslipidemia, and oxidative stress in high 
fructose-induced diabetic rats, indicating a lower risk of diabetes and its complica-
tions. Ludwig et al.158 found that high dietary fiber (prebiotics) has a protective effect 
against weight gain. Functional foods have also been reported to ameliorate diabetes 
by improving insulin sensitivity and blood glucose levels.

18.5 ProbIoTICs As vACCINE CArrIErs

Delivery of vaccine antigens by live bacterial carriers has resulted in the elimi-
nation of humoral and cellular responses at the level of both systemic and mucosal 
compartments. Commensal lactic acid bacteria is being exploited to deliver vaccines 
and other biologically active material to the GIT.159 Their use for vaccine delivery 
is of special value because they provide protection at the site of pathogen entry, 
and their immunomodulative effect makes them an attractive model antigen delivery 
vehicle or de novo vaccines. The advantages of lactic acid bacteria delivery includes 
ease of administration, survival in the gastric acid, inherent safety, particulate nature, 
economic technology in that the bacteria manufacture the vaccine or therapeutic 
agents. Lactococcus lactis and L. plantarum are being used as a means of antigen 
delivery for mucosal immunization. Novel high-efficacy Lactobacillus expression 
vectors have been designed to allow antigen expression intracellularly, extracellu-
larly, or secreted and anchored to the surface.160 These expression vectors have been 
used successfully to construct different Lactobacillus-expressing antigens, such as 
tetanus toxin fragment C (TTFC), several rotavirus proteins, or urease A and B sub-
units from H. pylori.161

Several recent publications report potential of probiotic vaccine vectors, for 
example, Lactococcus lactis prototype vaccine against H. pylori,161 Brucella abor-
tis,162 Streptococcus gordonii prototype vaccines against HIV163 and measles.164 
Lactobacillus prototype vaccines against anthrax165 and rotavirus166 are under devel-
opment. Intrinsic immunogenicity as well as resistance to bile acid and persistence 
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in the GIT are several features that make Lactobacillus a potentially better vehicle 
for oral vaccination than S. gordonii.

Westendorf et al.167 demonstrated the potential of E. coli Nissle 1917 to serve as 
a safe carrier for targeted delivery of recombinant proteins to the intestinal mucosa. 
The excellent colonization properties of the strain rendered it an ideal carrier for gut-
focused in situ synthesis of therapeutic molecules.

Moreover, the successful phase I clinical trial with IL-10-producing Lactococcus 
lactis for Crohn’s disease has opened new avenues for the use of transgenic bacteria 
as delivery vehicles. The major advantage of this novel strategy is the avoidance 
of systemic side effects associated with conventional therapies. This methodology 
opens up an alternative method for local delivery of therapeutic proteins to various 
mucosal tissues.168

18.6 ForMulATIoN oF ProbIoTICs

Probiotics are living organisms in food and dietary supplements that have ben-
eficial health effects beyond their inherent nutritive value. A prerequisite for any 
effect of ingested bacteria is successful implantation in the GIT. So, bacteria must 
remain viable during gastric transit. Based on the acid stability, it is essential to 
consume these microbes with food or to protect them by encapsulation.169 For par-
ticularly critical applications, microencapsulation technologies have been developed 
and successfully applied using various matrices to protect the bacterial cells from 
damage caused by the external environment, to improve their survival during gas-
troduodenal transit, and to enhance their stability profile. Microencapsulation is the 
process by which small particles or droplets are surrounded by a coating to produce 
capsules in micrometer to millimeter range known as microcapsules. The concept of 
microencapsulation allows the functional core ingredient (in this case the probiotic 
bacterium) to be separated from its environment by a protective coating. Separation 
of the functional core ingredient from the environment continues until the release of 
the functional ingredient is desired.170

In a broad sense, encapsulation can be used for many applications, such as sta-
bilizing the core material, controlling the oxidative reaction, providing sustained 
or controlled release (both temporal and time-controlled release), masking flavors, 
colors, or odors, extending the shelf life, and protecting components against nutri-
tional loss. Polymers, such as alginate, chitosan, carboxymethyl cellulose (CMC), 
carrageenan, gelatin, pectin, and so forth, are mainly applied, using various encap-
sulation technologies. Some of techniques and processes used for encapsulating pro-
biotic microrganisms include spray drying, spray-congealing, fluidized bed coating/
air suspension, extrusion-spheronization, coacervation/phase separation technique, 
and electrostatic method.171 However, microencapsulation by spray drying is a well-
established process that can produce large amounts of material. Nevertheless, this 
economical and effective technology for protecting materials is rarely considered for 
cell immobilization because of the high mortality resulting from simultaneous dehy-
dration and thermal inactivation of microorganisms. Even though the viability of the 
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bacteria after spray drying remained low, these microparticles showed good cell pro-
tection in gastric juice and controlled release of probiotic bacteria under simulated 
intestinal conditions. To improve the survival of probiotics, a few approaches used 
are the incorporation of thermoprotectants, such as trehlose, nonfat milk solids, 
adnitol, granular starch, and so forth. Spherical polymer beads with diameters 
ranging from 0.3 to 3.0 mm and immobilizing active biomass are produced using 
extrusion or emulsification technique, by thermal (κ-carrageenan, gellan, agrose, 
gelatin) or ionotropic (alginate, chitosan) gelation of the droplets. The conventional 
encapsulation method, with sodium alginate in calcium chloride (CaCl2), has been 
used to encapsulate Lactobacillus acidophilus to protect this organism from the 
harsh acidic conditions in gastric fluid. Studies have shown that calcium-alginate-
immobilized cell cultures are better protected, shown by an increase in the survival 
of bacteria under different conditions; than they are in the nonencapsulated state. 
The results from these studies indicate that the viability of encapsulated bacteria 
in simulated gastric fluid increases with an increase in capsular size.171,172 However, 
although promising on a laboratory scale, the developed technologies for producing 
gel beads still present serious difficulties for large-scale production of microencap-
sulated organisms. The use of microencapsulated probiotics for controlled-release 
applications is a promising alternative to solving the major problems of these organ-
isms that are faced by industry. Even so, the challenges are to select the appropriate 
microencapsulation technique and encapsulating materials. To date, the research on 
the encapsulation of probiotics has been focused mainly on maintaining the viability 
of probiotic bacterial cell at low pH and high bile concentration.171 Very recently we 

have developed floating beads of proboitics (L. acidophilus) using alginate-HPMC 
and studied their survival and effectiveness against ethanol-induced ulcers in rats.173 

The formulated beads showed good viability and significantly better gastro protec-
tion compared to the unformulated probiotic.

The survival of probiotics in oral solid dosage forms, such as tablets, pellets, 
and capsules, have also been investigated in an attempt to formulate a stable oral 
dosage forms. A range of compaction forces (1 to 300 MPa) were employed to inves-
tigate the susceptibility of L. acidophilus incorporated into lactose and a micro-
crystalline formulation mixture, to forces produced during tablet compression. A 
strong negative correlation between bacterial survival and compaction pressure was 
observed, suggesting that survival decreased with the increase in tablet compaction 
forces. However, stability testing of L. acidophilus formulation showed that bacteria 
do not remain viable after 8 to 9 days in a mixture with lactose and microcrystal-
line cellulose, respectively. While for extrusion, survival of Gram-positive probiotic 
organisms after extrusion, spheronization, and drying were significantly higher than 
Gram-negative organisms. The level of mortality was not affected by extrusion speed 
or the ratio of die length to radius. However, survival was found to be inversely pro-
portional to extrusion pressure over the range of 1 to 8,000 kPa. Capsule filling with 
the L. acidophilus/lactose mixture was proved to be the most successful approach, as 
the lethal effects of drying and pressure were kept to a minimum. Furthermore, these 
capsules were successfully coated with an ethylcelluose/amylase colon-specific coat, 
without loss of bacteria viability.169 To stabilize the lyophilized cell and to target the 
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release of the probiotics to the terminal ileum and the beginning of the colon in the 
human GIT, Chan and Zang174 carried out compression coating of the lyophillzed 
cell powder, using metha-acrylic acid copolymers and pectin. In vitro tests further 
revealed that the release could occur near the end of the ileum and the beginning of 
the colon. The cells showed a 104- to 105-fold increase in the cell survival compared 
with free cells under acidic conditions.

18.7 hurDlEs AND roAD AhEAD: ThE FuTurE oF ProbIoTICs

Traditional probiotic strains have a long history of safe and effective use in a 
range of diseases, and with each passing day they are finding new therapeutic appli-
cations, but the fact that a complete absence of risk does not exist with the use of 
microbial systems cannot be overlooked.175 The reported benefits can be better real-
ized but for the following limitations with probiotic therapy:

 1. Temporary adherence: For a reasonable impact of probiotics on the intestinal micro-
flora, relatively longer duration of adherence/contact is required. Clinical trials with 
probiotic strains have shown that these probiotic strains usually disappear from the 
GIT within a couple of weeks after the ingestion is discontinued. To achieve desired 
long-term effects, repeated administration is required.175

 2. Altered metabolic activity: Probiotics especially lactobacilli are involved in decon-
jugation of bile salts. Fortunately, the decrease in concentration of conjugated bile 
acids in the small bowel due to the production of bile salt hydrolase by lactobacilli 
does not have clinically relevant effects on metabolism.175

 3. Gene transfer: The risk of gene transfer is a serious concern with the use of geneti-
cally modified probiotics, especially w.r.t. the transfer of antibiotic resistance.176

 4. Altered immunomodulation and adjuvant effects: The immunomodulating/enhanc-
ing effects of probiotics may have negative implications in patients suffering from 
autoimmune disorders; however, only limited instances of any disease relapse (e.g., 
in autoimmune hepatitis) have been reported.176

Industry-centered research focused on prolonging the shelf life and likeli-
hood of survival through the intestinal tract, optimizing adhesion capacity, and 
developing proper production, handling,171 and packaging procedures to ensure 
that desired benefits are delivered to the consumer needs to be undertaken. Gene 
technology will play a major role in this field for obtaining new strains with 
desired properties.98

Apart from the above aspects, the following considerations are also important for 
the development of efficient probiotic therapy:175

 1. Addressing important issues like the consumer aspects, regulatory control,27 and 
trade offers.

 2. Interlinking the expertise and scientific knowledge on food, GIT functionality, and 
human health.

 3. Studying the mechanism of action of probiotics in the GIT and to developing diag-
nostic tools and biomarkers for their assessment.
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 4. Developing newer production technologies to ensure the stability and viability of 
probiotics.177

 5. Conducting larger controlled clinical studies to clarify optimal agents; doses; com-
binations of various probiotics, prebiotics, and antibiotics; and usefulness in other 
therapeutic conditions.176

Despite the problems associated with dosage, viability, lack of industrial standard-
ization, and potential safety issues, there is a considerable potential for the develop-
ment of probiotics for a wide range of clinical conditions. Some of the commercially 
available probiotic preparations include Allergy Research 73390 (containing 20 bil-
lion CFU of LGG), Allergy Research 72780 (a combination of L. plantarum, L. 
salivarius, L. rhamnosus), Pro-culture GoldTM (containing L. rhamnosus), and Pro-
immune supportTM (β 1,3/1, 6 glucan, L. plantarum).

18.8 CoNClusIoNs

With the increasing consumer awareness regarding linkage of diet and health, 
research in probiotics seems a highly fascinating challenge. Even though the idea 
that probiotics are a panacea for a multitude of diseases as yet seems farfetched, 
use of these agents as an adjunct to other established therapies has definitely shown 
potential benefits. It is a well-documented fact that probiotics can provide a stabiliz-
ing influence on the human ecosystem. Although the precise mechanism of action 
needs to be illustrated to provide a scientific rationale for their use, the information 
regarding therapeutic effectiveness can help in designing large, double-blind, con-
trolled clinical trials. The importance of specifying the probiotic strain used during 
each clinical study must be emphasized within the scientific community as it may 
have important implications for assessing the studies and for planning future stud-
ies. Looking at the immense clinical/research data indicating the wide therapeutic 
applications of probiotics, it seems important to develop these agents as pharma-
ceuticals. A pharmaceutical scientist can help in proposing the systems, which can 
result in improved adhesion of probiotics in the GIT. The future of probiotics will 
rely on better elucidation of their mechanism of action and on maximization of their 
therapeutic potential, a burning challenge for zealous scientists.
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urea metabolism, 358
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CD. See Crohn’s disease (CD)
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metabolism, 210–211
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aging, 344
colonic carcinogenesis and, 58
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Clostridium clostridiforme, 21
Clostridium difficile, 21, 24, 25, 184

diarrhea, 53, 265–266
elimination of, 152
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and, 265
Clostridium paraputrificum, 21
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L. murinus and, 376
lactitol and, 106
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Clostridium ramosum, 21
Cloves, 151, 176
Coffee, 150, 176
Coffee beans, 151
Cola drinks, 148
Colitis

collagenous, 234
scFOS and, 30
ulcerative (UC), 175 (See also 

Inflammatory bowel disease (IBD))
CD vs., 234
host-microbial interaction model and, 

102
mortality rates, 234
S. boulardii for, 390
SCFA enemas for, 226
scFOS and, 29, 30
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acetate and, 223–224
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cell proliferation in, 225
propionate absorption in, 225

Colon cancer, 58
butyrate and, 225–226
GOS and, 83
modulatory effect of probiotics on, 396

Colonic fermentation, indirect marker of, 222
Colonic microorganisms

mineral absorption and, 50
vitamin synthesis, 50

Colonic tumors, fructan and, 56, 58–59
Colonization, 260–262

role of dietary factors in, 261–262
Colorectal cancer, 99, 111, 274

carcinogenesis process in, 274–276, 
398–399

carcinoma, 276
chemoprevention, 277
early adenoma, 276
environmental factors associated with, 

277
intermediate adenoma, 276
lactose and incidence of, 112
late adenoma, 276
metastasis, 276

backbone, 279, 280
prebiotics in prevention, 276–287

mechanisms for, 281–287
antioxidant, 285–286
changes in colon pH as, 281
desmutagenicity as, 287
immune response modulations as, 

283–285
xenobiotic alterations as, 281–283

prevention of, 200–201, 276–287, 
398–399

probiotics in prevention, 276–287, 
398–399

mechanisms for, 281–287
antioxidant, 285–286
changes in colon pH as, 281
desmutagenicity as, 287
immune response as, 283–285
xenobiotic alterations as, 281–283

RS and, 130
stages, 276

Companion animal nutrition, 355–378. See 
also Animal nutrition

Constipation
in elderly individuals, 342

GOS for, 84–85
Lactobacillus casei strain Shirota and, 

198, 199
plant fiber in, 171
scFOS and, 29, 30

Copper absorption, 62
RS and, 132

Coronary heart disease, 209
dairy products and, 148
fiber consumption and lipid control in 

prevention of, 168
lactose and, 112

Corynebacterium spp., 296
Cow’s milk allergy, 266, 310, 311, 312
Creutzfeldt-Jakob’s disease, 149
Crohn’s disease (CD), 102–103, 175. See 

also Inflammatory bowel disease 
(IBD)

host-microbial interaction model and, 102
mortality rates, 234
resistant to synbiotics, 183–184
S. boulardii and, 391
UC vs., 234

Cruciferous vegetables, 151, 176
Culturelle®, 322
Curcumenoids, 151, 176
Cystic fibrosis, 149, 266
Cytokine(s), 236, 237, 240

Lactobacillus and, 376
lactulose and, 100

D

Daidzein, 151
Dairy products, 148, 150

diseases associated with, 148
fermented, cholesterol lowering effect, 

216
Defense by diversity, 177
Denaturing gradient gel electrophoresis 

(DGGE), 49
Dental caries, 106–107, 399
Desmutagenicity, 287
DGGE. See Denaturing gradient gel 

electrophoresis (DGGE)
Diabetes mellitus, 149, 176

dairy products and, 148
lactulose and, 101, 103
obesity and, 402
treatment, 170

Diarrhea
acute, 133
antibiotic-associated, 82, 264, 386–387
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Clostridium difficile-associated, 387–388
enteral feeding-associated, 389
factors affecting intestinal homeostasis 

and, 386
HIV/AIDS-associated, 389
infantile, 388

acute infectious, 317–318
infectious, 53

clinical studies of, 54
infantile, 317–318

persistent, 389
plant fiber for, 171–172
prevention, 54, 171–172
radiotherapy-induced, 387
scFOS and, 28, 29
traveler’s, 53, 388

Dietary fiber(s). See also Total dietary fiber 
(TDF)

analytical methods for measuring, 2, 3–4
constituents, 3
defined, 2, 18
function and definition, 167–168
recommended daily intake, 165
TDF vs., 3

Dietary Risk Evaluation System, 17
DLG5, 234
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disease in, 358, 365
GALT and, 357

food allergies, 358
gastroenteritis in, 361
gut health, 377
immunocompromised, 358, 365
inulin in, 361, 362
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oligofructose in, 361
prebiotics in, 360, 361, 362, 363, 364
probiotics in, 367, 368, 369, 370, 371, 

372, 373, 375
pullulan in, 360
scFOS in, 359, 362
synbiotics in, 378

Down’s syndrome, 149
Dyslipidemia, 103

lactulose and, 100

E

Eczema, atopic, 235, 266, 392, 394
EGCG. See Epigallocatechin-3-gallate 

(EGCG)
Egg yolk powder, 150

Elderly individuals, 341–350
assessment of microbiota in, 342–343
gastrointestinal tract function, 341–342
gut function and microbiota, 341–345
gut microbiota, changes in, 343–345
prebiotics for, 348–350
probiotics for, 345–348
synbiotics for, 350

Endocrine disorders, chronic, 149
Enteral feeding-associated diarrhea, 389
Enterobacter cloacae, 179, 180
Enterobacteriaceae, 316
Enterobacterium spp., 246, 344
Enterococcus spp.

aging and, 344
in breast milk, 296
IBD and, 391

Enterococcus faecalis, 21, 179, 180
RS hydrolysis and, 127

Enterococcus faecalis SF68, 384
Enterococcus faecium, 21, 179

cholesterol lowering effect, 212
Enterococcus faecium EE3, 372, 376–377
Enterococcus faecium SF68, 374
Enterococcus hirae, 127
Enterocolitis, IL-10 knockout model of, 102
Enterocolitis, necrotizing, 235, 261, 265, 

314, 317, 318, 415
Environmental Protection Agency (EPA), 17
Epigallocatechin-3-gallate (EGCG), 151
Epirubicin, L. casei Shirota and, 202
Escherichia spp., 296
Escherichia coli, 21, 24, 82, 177, 179, 180

growth, RS and, 132
L. murinus and, 376
probiotic supernatants and, 249
reuterin inhibition of, 236
RS hydrolysis and, 27
synbiotic inhibition of, 377

Escherichia coli 1917, 237
Escherichia coli K88, 249
Escherichia coli Nissle 1917, 238, 241

in preterm infants, 315
ESPGHAN Committee on Nutrition, 307, 321
Eubacterium spp., 124, 344
Eubacterium aerofaciens, 21
Eubacterium lentum, 21
Eubacterium limosum, 21

RS hydrolysis, 127
total carbohydrate residue after growth, 

128
Euginol, 151, 176
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Familiar amyloidotic polyneuropathy, 149
Fatty acids

branched-chain, 357
inflammation and, 145
short-chain, 50, 80

aging and, 343, 349
for bowel inflammation, 226
enemas, 226
epithelial cell growth and, 51
fructans and, 50
health and production of, 223–227
mechanism of action, 227
in probiotic supernatants, 249

FDA. See U. S. Food and Drug 
Administration

Fennel, fiber content, 166
Ferulic acid, 170
Fiber(s). See also Dietary fiber(s)

documented health benefits of increased 
consumption of, 168

fermentation, 171
lactic acid bacteria and fermentation of, 

171
used in clinical nutrition, 168–171

Fibromyalgia, 148, 149
Fish, 150
Flax seeds, fiber content, 166
Folate

biosynthesis, 175
deficiency, disease and, 175

Folic Acid, 151
Food and Nutrition Board (FNB), 18
Food Chemical Codex, 18
Food habits, alteration in, 146–147
Foods for Specified Health Uses (FOSHU), 

32
FOS. See Fructo-oligosaccharides (FOS)
FOSHU. See Foods for Specified Health 

Uses (FOSHU)
Fourier transform ion cyclotron resonance 

mass spectrometry
for analysis of

FOS, 6–7
nondigestible carbohydrates, 6–7

Fructan(s), 169–170
absorptive-productive functions, 63

analytical methods for measuring
ion chromatographic, 5
spectrophotometric, 6

barrier effect, 52
bifidogenic effect, 45–48

clinical studies of, 46–47
carcinogenesis and, colonic, 58
characteristics and physiological effects, 

44–52
cholesterol levels and, 169
classes of linear plant, 14
for colonic tumors, 56, 58–59

clinical studies of, 60–61
daily intake, 16

in Europe vs. U. S., 17
defined, 14
for diarrhea, 53

clinical studies indicating 
effectiveness of, 54, 55

digestive tolerance, 64
epithelial cell growth and, 51
food sources, 16
gastrointestinal disease and, 53–59
for IBS, 56

clinical studies indicating 
effectiveness of, 57

immunity and, 51–52
for inflammatory bowel disease, 53, 56

clinical studies indicating the 
effectiveness of, 55

ingredients, sources of, 15
insulin levels and, 169
intestinal functions and, 49–52
intestinal microflora composition and, 

45–49
isoflavone metabolism and, 62
mineral absorption and, 59, 62, 169
as prebiotics, 45
satiety and, 63
short-chain fatty acids and, 50
stool weight and, 49–50
tolerance to, 36
total, 6
triacylglycerol levels and, 169
vitamin production and, 63, 169

Fructo-oligosaccharides (FOS), 243, 260
analytical methods for measuring

Fourier transform ion cyclotron 
resonance mass spectrometry, 
6–7

ion chromatographic, 5
degree of polymerization, 45
digestibility, in infant nutrition, 303
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for elderly individuals, 347, 349
in infant nutrition, 298, 303
L. paracasei and, 246
L. plantarum and, 310
long chain, scGOS and, 300, 301, 302
method of manufacture, 45
Salmonella colonization and, 48
short-chain, 13–42 (See also Short-chain 

fructo-oligosaccharide (scFOS))
Fructoselysine, 152
Functional fiber, 3
Furosine, 147
Fusobacterium spp., 124, 179

aging and, 344
Fusobacterium gonidiaformans, 127
Fusobacterium mortiferum, 127
Fusobacterium necrogenes, 127
Fusobacterium necrophorum, 127
Fusobacterium varium, 21

G

Galacto-oligosaccharides (GOS), 75–93, 
260

allergy prevention and, 86–87
for antibiotic-associated diarrhea, 82
applications, 77–79
beneficial effects, 81
bifidogenic activity, 81–82
colon cancer and, 83
composition, 76–77
for constipation, 84–85
digestibility, 79, 81

in infant nutrition, 303
gastrointestinal diseases and, 83
gut health and, 79
immune modulation, 85–87
in infant formula, 79, 298
Lactobacillus spp. and, 377
manufacturing, 76, 77
mineral absorption and, 84
pathogen inhibition, 82
physiological effects, 79–87
prophylactic effect, 87
short chain, 299, 300, 301

lcFOS and, 300, 301
in synbiotic formulations, 79, 246, 300, 

301
Gallic acid, 151, 176
GALT. See Gut-associated lymphoid tissue 

(GALT)
γ-Cyclodextrin, in in vivo experiments, 360
Garlic, fructan in, 16

Gastroenteritis, canine, 361
Gastrointestinal disease, 361

fructans and, 53–59
GOS and, 83

Gastrointestinal reflux, lactulose and, 103
Genistein, 151
Genotoxins, 183
Glaucoma, 149
Globe artichoke, fructans in, 16
Glutamine, 164
Glutathione, 151, 164
Gluten, 152
Glutenoids, inflammation and, 145, 165
Glycomannans, 170
Gooseberries, fiber content, 166
Grains, 150
Grapefruit, fiber content, 166
Green peas, fiber content, 166
Green tea, 151
Gut-associated lymphoid tissue (GALT), 85

H

HACS. See High-amylose cornstarches 
(HACS)

Harvey Bradshaw index, 56, 174
Hazelnuts, fiber content, 166
hBD. See Human beta-defensin (hBD)
hBD-2. See Human beta defensin-2 (hBD-2) 

gene
HDL. See High low density lipoproteins 

(HDL)
Helicobacter pylori infections, 182, 392
Hepatic encephalopathy

lactitol and, 106
lactulose and, 98, 99, 100

Heterocyclic amines, 152
Hi Maize®, 124
High-amylose cornstarches (HACS), 124. 

See also Resistant starch (RS)
for acute diarrhea, 133
bifidogenic effect, 125, 126
Lactobacillus and, 125–126
in synbiotic yogurt, 130

High low density lipoproteins (HLDL), 210
High performance liquid chromatography

for analysis of
lactulose, 6
nondigestible carbohydrates, 6
RM, 6

Hisperitin, 151, 176
HIV, vaccines against, 402
HIV/AIDS-associated diarrhea, 389
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HMG-CoA reductase, 212
HMOs. See Human milk oligosaccharides 

(HMOs)
Homocysteine, 175
Hormonal homeostasis, inflammation and, 

144, 165
Hot chili peppers, 151
Human beta defensin 2 (hBD-2) gene, 237
Human beta defensin (hBD), 181
Human milk oligosaccharides (HMOs), 80, 

82, 295–296
animal milk oligosaccharides vs., 298
concentration of, 295
effect on immune system, 296
immune activity, 85, 86

Human T-cell lymphotropic virus type-1-
associated myelopathy, 202

Huntington’s disease, 149
Hydroxycinnamic acid, 151, 170
Hypercholesterolemia, 170, 399
Hyperlipidemia, 29, 223
Hypernatremia, lactulose and, 103
Hypertension, 170, 176, 400

I

IBD. See Inflammatory bowel disease (IBD)
IBS. See Irritable bowel syndrome (IBS)
Immune response, 395–396

GOS and, 85
scFOS and, 31

Immune system development
postnatal development

prebiotics and, 304–306
animal studies, 305
human studies, 305–306

probiotics and, 318–320
IMMUNOFORTIS™, 298
Immunogenicity, butyrate and, 225
Inactivated bacteria, 247–248

in vitro studies, 247–248
in vivo studies, 248

Indocyanine green, 180
Infant(s)

allergy, 299
on antibiotic therapy, 299
atopic dermatitis, 311, 312, 313
breastfed vs. formulafed, 295
with constipation, 300
fecal colonization, 295
with gastrointestinal problems, 300
NEC, 314, 315, 317
S. boulardii in, 314, 317, 318

Infant formulae
GOS in, 79, 298
prebiotics in, 297–308

clinical trials, 299–302
digestibility of, 303
function of, 303–304
physiological effects of, 298–307

gut health, 306–307
immune system development, 

304–306
on intestinal microbiota, 298, 299, 

300, 301, 302
preterm infants, 302
recommendation for starter and 

follow-on, 307–308
safety of, 307
term infants, 299–301

probiotics in, 308–324
acute infectious diarrhea and, 

317–318
allergy and, 319–320
antibiotic resistance and gene transfer 

associated with, 323
clinical trials, 310–315
deleterious metabolic activities and, 

323–324
necrotizing enterocolitis and, 314, 

315, 317, 318
physiological effects of, 309–320

gut health, 317–318
immune system development, 

318–320
on intestinal microbiota, 309, 310, 

311, 312, 313, 314, 315
preterm infants, 314–315
recommendation for starter and 

follow-on, 324
safety of, 321–324
systemic infection and, 322–323
term infants, 310–313

Infection(s)
Clostridium difficile, recurrent, 265
Helicobacter pylori, 182
plant fiber and control of, 175
prevention, 87, 320
probiotics for, in vitro studies of, 320
respiratory tract, 87, 101, 264, 266, 320, 

399–400
surgical wound, 400
systemic, infant, 322–323
urinary tract, 99, 175, 320, 383, 396–397

Inflammation
angiotensin and, 145, 165
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antioxidants and, 143, 144, 145, 165
carbohydrate intake and, 145
estrogen and, 165
fatty acids and, 145
glutenoids and, 145
hormonal homeostasis and, 144, 165
plant fibers and reduction of, 165–167
probiotics for, 165
RAGE and, 142–143
scFOS and, 30
vitamin D and, 143, 165

Inflammatory bowel disease (IBD), 83
anemia and, 175
animal models, probiotics in, 238–240
clinical studies, 55, 240–242
etiology, 234
folate deficiency and, 175
genetics and, 234
homocysteine levels and, 175
host-microbial interaction model and, 102
iron deficiency and, 175
lactulose and, 99
pathogenesis, 234–235
plant fiber in, 173
prebiotics in, 242–245
probiotics in, 235–242

human studies, 240–242, 390–392
in vitro studies, 236–238
in vivo studies, 238–340

symptoms, 234
synbiotics in, 180–181, 246–247
therapies for, 234
in vitro models, probiotics in, 236–238

Inflammatory Bowel Disease Questionnaire, 
241

Infloran, 314
Insulin, 169, 366
Interferon-γ, 240, 395
Interleukin-1α, 246
Interleukin-1β, 237
Interleukin-4, 240
Interleukin-6, 102, 239, 349
Interleukin-8, 247, 249
Interleukin-10, 237, 240

knockout model, 102
L. casei and, 395
L. johnsonii and, 395
L. lactis and, 284

Interleukin-12, 234
Intestinal disorders, 385–392
Intestinal functions, fructans and, 49–52
Intestinal mucositis, 235
Inulin, 15, 169, 185, 246

B. lactis and, 284
for children, 51
degree of polymerization, 45
in dogs, 361, 362
for elderly individuals, 349
in infant formulae, 299
L. rhamnosus and, 284
long-chain, 45
method of manufacture, 45
scFOS vs., 34–37

Ion chromatography, 5–6
Iron absorption, RS and, 132
Iron deficiency, disease and, 175
Irritable bowel syndrome (IBS), 56

clinical studies, 57
L. casei Shirota in, 201
plant fiber in, 173–175
probiotics and, 201
synbiotics in, 181–182

Isoflavone metabolism, 62
Isothiocyanates, 151, 176

J

Jerusalem artichoke, fructan in, 16
Joint Commission of Biochemical 

Nomenclature, 297

K

Kaempferol, 151, 176
Keratoconjunctivitis, vernal, 235
Kidney stones, 400
Kiwi, fiber content, 166
Klebsiella pneumoniae, 21, 179

L

Lactase deficiency, 389–390
Lactase phlorizin hydrolase (LPH), 108
Lactipan®, 389
Lactitol, 104–107

antiparasitic effect, 105, 106
dental caries and, 106–107
hepatic encephalopathy and, 106
lactulose vs., 105
laxation and, 105
medical and theoretical uses, 105–107
metabolic effects, 106
physiological and bacteriological effects, 

104–105
polydextrose and, 106
safety issues, 107
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structure, 96
Lactobacillus spp., 194, 260, 345

aging and, 344
atopic eczema and, 394
colonic carcinogenesis and, 58
commercial use, 194
cytokine expression and, 376
folate biosynthesis, 175
IBD and, 391
increase, 246
sources for, 384
as vaccine carriers, 402
vitamin production, 169

Lactobacillus acidophilus, 21, 22, 23, 182, 
378

C. albicans and, 397
cholesterol lowering effect, 212, 216
in combination product, 264
in dogs, 368, 369, 370
fiber fermentation and, 171
formulation, 404
GOS and, 377
IBD and, 391
immunity and, 396
intestinal inflammation and, 239
pediatric use, 265
in preterm infants, 314, 315
radiotherapy-induced diarrhea and, 387
RS hydrolysis and, 127
S. aureus and, 396
in vivo studies, 239

Lactobacillus acidophilus 5, 246
Lactobacillus acidophilus 606, 286
Lactobacillus acidophilus 74-2, 399
Lactobacillus acidophilus Bar13, 237
Lactobacillus acidophilus DdS-1, 371
Lactobacillus acidophilus DSM, 371
Lactobacillus acidophilus DSM13241, 372, 

375
Lactobacillus acidophilus LAFTI L10, 246
Lactobacillus acidophilus LAVRI-A1, 310
Lactobacillus acidophilus LB, 384
Lactobacillus acidophilus Lb, 264
Lactobacillus acidophilus NCC2628, 373
Lactobacillus acidophilus NCC2766, 373
Lactobacillus acidophilus NCFM, 373
Lactobacillus acidophilus PZ1138, 237
Lactobacillus acidophilus R0011, 384
Lactobacillus acidophilus SNUL, 284
Lactobacillus brevis, 127, 185

fiber fermentation and, 171
Lactobacillus bulgaricus, 22, 259

in combination product, 264

fiber fermentation and, 171
pediatric use, 265

Lactobacillus casei, 21, 22, 194
cholesterol and, 216
epirubicin and, 399
fiber fermentation and, 171
immune response and, 395
inactivated, 248
intestinal inflammation and, 239
RS hydrolysis and, 127
in vivo studies, 239

Lactobacillus casei CRL431, 310
Lactobacillus casei DN-114001, 346
Lactobacillus casei L26 LAFTI, 246
Lactobacillus casei Shirota, 194, 195

allergic rhinitis and, 200
constipation and, 198, 199
epirubicin and, 202
GOS and, 246
immunity and, 199, 395
intestinal putrefaction and, 197
modification of intestinal function, 

195–198
natural killer cell activity and, 199
survivability of, 196

Lactobacillus casei YIT9029, 284
Lactobacillus crispatus, 384, 397
Lactobacillus crispatus CTV-05, 384
Lactobacillus delbrueckii, 286
Lactobacillus farciminis, 237
Lactobacillus fermentum, 21, 237

preventive effects, 239
RS hydrolysis and, 127
supernatant, 249
in vivo studies, 239

Lactobacillus fermentum ACA-DC 179, 237
Lactobacillus fermentum B-54, 397
Lactobacillus fermentum BR11, 246, 391
Lactobacillus fermentum PZ-1138, 237
Lactobacillus fermentum RC14, 384, 397
Lactobacillus fermentum VRI-033, 312
Lactobacillus gasseri, 239
Lactobacillus GG, 264–265

for AAD prevention, 386–387
for Clostridium difficile infection, 387

recurrent, 265
in dogs, 369
in infant formula, 265, 266
infantile diarrhea and, 388
pediatric use, 264–265
sources for, 384
traveler’s diarrhea and, 388

Lactobacillus helveticus, 182, 313, 400
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Lactobacillus johnsonii, 184, 397
immune response and, 395

Lactobacillus johnsonii LA1, 183, 311, 346, 
348, 392

Lactobacillus johnsonii NCC2767, 373
Lactobacillus johnsonii NCC 533, 184

supernatant, 250
Lactobacillus lactis, 22

bioengineered, 240
immunity and, 396

Lactobacillus mucosae, 378
Lactobacillus murinus, 376
Lactobacillus paracasei, 23, 184

fiber fermentation and, 171
FOS and, 246
immunity and, 396
Maillard products and, 152
maltodextrin and, 246
NCC2461, 23, 184
in vivo studies, 238

Lactobacillus paracasei F19, 384
Lactobacillus paracasei IBB2588, 237
Lactobacillus paracasei ST11, 310
Lactobacillus plantarum, 21, 22, 181, 184, 

185
fiber fermentation and, 171
FOS and, 310
inactivated, 248
Maillard products and, 152
P. aeruginosa and, 400
RS hydrolysis and, 127
sources for, 384
as vaccine carrier, 402

Lactobacillus plantarum HY115, 238
Lactobacillus plantarum PH04, 399
Lactobacillus reuteri, 236, 237, 378

cholesterol lowering, 399
GOS and, 377
pediatric use, 264, 265
preventive effects, 239

Lactobacillus reuteri ATCC 55730, 311, 323
Lactobacillus reuteri B-54, 396
Lactobacillus reuteri RC-14, 236, 237, 242, 

396
Lactobacillus rhamnosus, 127

in dogs, 376
inulin and, 284
radiotherapy-induced diarrhea and, 387
S. aureus and, 396
UTIs and, 396–397

Lactobacillus rhamnosus 271, 384
Lactobacillus rhamnosus GG, 82, 171, 235, 

261

AFB1 binding, 282
in allergic infants, 310, 311, 312, 316
clinical trials, 310, 311, 312, 313, 314, 315
for elderly individuals, 346
IBD and, 391
in infant formulae, 309, 311, 312, 313, 

314, 315
Lactobacillus rhamnosus GG ATCC 53103, 

311
Lactobacillus rhamnosus GR-1, 82, 396, 397
Lactobacillus rhamnosus HN001, 348
Lactobacillus rhamnosus LB21, 384
Lactobacillus rhamnosus Lc705, 235, 282, 

346, 348
Lactobacillus rhamnosus LPR, 310
Lactobacillus rhamnosus R0052, 384
Lactobacillus salivarius, 21

RS hydrolysis and, 127
Lactobacillus salivarius UCC118, 239
Lactobacillus sporogenes, 391
Lactobacillus viridescens, 127
Lactococcus spp., 283
Lactococcus lactis, 109, 184

IL-10 production and, 284
RS hydrolysis and, 127
SOD activity and, 286
as vaccine carrier, 402

Lactose, 107–113
coronary heart disease and, 112
as diagnostic aid for breast cancer, 110, 

111
digestion, 107–108
hepatic encephalopathy and, 110
mineral absorption and, 110, 111
osteoporosis and, 112
physiological and bacteriological effects, 

108–110
potential medical uses, 110–112
safety issues, 112
structure, 96, 107

Lactulose, 97–104
adaptation to, 101
analytical methods for measuring, 6
bifidogenic effect, 98, 100
colorectal cancer and, 99
cytokine production and, 100
diabetes mellitus and, 101
diagnostic uses, 99
dyslipidemia and, 100, 103
enzyme production and, 98
gastrointestinal reflux and, 103
hepatic encephalopathy and, 98, 99, 100
hypernatremia and, 103
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hypoglycemic effects, 101
indications for, 99
in infant formulae, 299
lactitol vs., 105
manufacture, 97
medical uses, 99–103
metabolic effects, 99, 100
mineral absorption, 101
overdose, 103
perioperative use, 100
physiologic and prebiotic effects, 97–98
pneumatosis intestinalis and, 103
rifaximin vs., 106
safety issues with, 103–104
structure, 96

Lakcid L®, 388. See also Lactobacillus GG
Large-scale rDNA sequencing, 49
Laxation, lactitol and, 105
LDL. See Low density lipoproteins (LDL)
Lecithin powder, 150
Leeks, 382
Lignin, 167
Lipid metabolism, 212–213
Liver cirrhosis, 149
Liver disease, 179–180
Liver transplantation, synbiotics in, 179–180
Low density lipoproteins (LDL), 210
LPH. See Lactase phlorizin hydrolase (LPH)
Lung cancer, 274
Lung disease, chronic, 149
Lymphocytic colitis, 234

M

Macular degeneration, 149
Magnesium absorption

fructans and, 62
lactose and, 111
lactulose and, 101
RS and, 132

Maillard reaction, 140
products of, 37, 140

analytic methods for measuring, 142
cola drinks and, 148
disease and, 140, 148–149
effect of heat on, 140–141
foods rich in, 149, 150, 164
prevention and treatment for 

accumulation of, 150–151
plant antioxidants and, 151–152
probiotic and intestinal flora and, 

151–152
screening for, 142

Maltodextrin, 246
resistant, 6

MapA. See Mucus adhesion-promoting 
protein (MapA)

MAPK. See Mitogen-activated protein 
kinase (MAPK)

Meat, 150
Megamonas hypermegas, 21
Megasphaera elsdenii, 21
Meioligo, 16, 32
Mesenteric ischemia, nonocclusive, 320
Metchnikoff, Eli, 259
MHCII molecular surface expression, 377
Milk

cow’s, allergy to, 266, 310, 311, 312
fermented, 201
heated, 152
oligosaccharides in human, 80, 82, 

295–296
powdered, 150

Mineral absorption, 50, 62
GOS and, 84
lactose and, 110, 111
lactulose and, 101
plant fiber and, 172
RS and, 132
scFOS and, 31–32, 84

Mitogen-activated protein kinase (MAPK), 
237

Mitsuokella multiacidus, 21
MPO. See Myeloperoxidase (MPO)
MUC-2, 317
Mucositis, intestinal, 235
Mucus adhesion-promoting protein (MapA), 

236
Myeloperoxidase (MPO), 238, 239, 244, 248
Myricetin, 151, 176

N

Naringenin, 151, 176
National Academy of Sciences, 18
National Cancer Institute, 274
National Organic Standards Board, 32
Natural killer cell activity, 199, 348, 395
NEC. See Necrotizing enterocolitis (NEC)
Necrotizing enterocolitis (NEC), 235

in infants, 261, 265, 314, 315, 317, 318
Neosugar. See Meioligo
Nonocclusive mesenteric ischemia, 320
Novelose®, 125
NutraFlora®, 16, 32
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Nutrition Labeling and Education Act (1990), 
2

O

Oat gum, 170
Obesity

diabetes mellitus and, 402
in dogs, 365

OCTN1 and 2, 234
Oligofructose, 15, 222

in cats, 358, 359
in dogs, 361

Oligosaccharides, 167, 222, 260
bacterial growth and, 169
defined, 297
in infant nutrition, 298
as main prebiotic factor in human milk, 

295–296 (See also Human milk 
oligosaccharides (HMOs))

Olives, fiber content, 166
Onions, 151, 176, 382

fiber content, 166
fructan in, 16, 169

Oranges, fiber content, 166
Osteoporosis, 149, 401–402

lactose and, 112
Maillard products and, 148

Ovarian cancer, 111
dairy products and, 148

Oxidative stress, 145, 285, 286

P

Pain, chronic, 176
Pancreatitis, 320

scFOS and, 29, 30
synbiotics in acute, 178

Paradontosis, 149
Maillard products and, 148

Parkinson’s disease, dairy products and, 148
Passion fruit, fiber content, 166
PDAI. See Pouchitis disease activity index 

(PDAI)
Peanuts, 151, 166
Pears, fiber content, 166
Peas, 382
Pectin, 170–171
Pediatric(s). See also Children

Lactobacillus GG in, 264–265
probiotics for, 264–266

efficacy of, 265–266
safety of, 266–267

Pediococcus pentosaceus, 171, 184, 185
Peppers, 151
Peptostreptococcus spp., 296
Peptostreptococcus anaerobius, 127
Peptostreptococcus parvulus, 21
Peptostreptococcus prevotii, 21
Perennial rhinoconjunctivitis, 266
Phleins, 169, 185
Phosphatidylcholine, 170
Phospholipids, 249
PI. See Prebiotic Index (PI)
Plant antioxidants, 145, 151
Plant fiber(s), 165–167. See also Dietary 

fiber(s)
antioxidants, 175–176
clinical experience with supplemented, 

171–175
constipation and, 171
to control infections, 175
for diarrhea, 171–172
in IBD, 173
in irritable bowel syndrome, 173–175
mineral absorption and, 172
for weight control, 172

Pneumatosis intestinalis, lactulose and, 103
Polycystic ovary syndrome, 148, 149
Polydextrose, 5, 106
Polysaccharides, 167
Polytrauma, synbiotics in, 178
Postgastroenteritis syndrome, 389
Potatoes, fiber content, 166
Pouchitis disease activity index (PDAI), 56, 

241
Poultry, 150
Powdered milk, 150
Prebiotic(s), 243–245

analyses, 298
animal models, 243–244
in animal nutrition, 356–367
anticarcinogenic potential, 276–287 (See 

also Colorectal cancer, prebiotics 
in prevention)

beneficial effects, mechanisms of, 243
characterization, 297–298
cholesterol excretion and, 216
cscFOS as, 25, 27–28
defined, 260, 297
efficacy, 250–251

in cats, 358, 359
in dogs, 360, 361, 362, 363, 364
in elderly individuals, 348–350
in infants, 299–302, 305–306
in pediatrics, 262–264



indeX 431

fermentation and, 222–223
fructans as (See Fructan(s))
glucose transport and, 365
human trials, 244–245

infants in, 299–302
pediatrics in, 262–264

in infant formulae, 297–308
digestibility of, 303
function of, 303–304
physiological effects of, 298–307

clinical trials demonstrating, 
299–302, 305–306

gut health, 306–307
immune system development, 

304–306
on intestinal microbiota, 298, 299, 

300, 301, 302
for preterm infants, 302
recommendation for starter and 

follow-on, 307–308
safety of, 307
for term infants, 299–301

lipid metabolism and, 213–216
experimental studies of, 213
fermentation products as mediators of 

effect, 215–216
hepatic cholesterol synthesis and, 215
human studies of, 214–215
mechanism of action for effect, 

215–216
mechanisms of action, 215–216, 262, 

277
for osteoporosis, 401–402
probiotics vs., 262
RS as, 125–126

Prebiotic Index (PI), 97
Pro-culture Gold™, 406
Probiotic(s), 193–205

acute infectious diarrhea and, 317–318
allergy and, 319–320
in animal nutrition, 367–377
anticarcinogenic potential, 276–287 (See 

also Colorectal cancer, probiotics 
in prevention)

antitumor effects, 200–201
bioengineered, 240
characterization, 308–309
in children, 51–52, 264–266
clinical applications, 201–202, 240–242
colon cancer and, 396
cytokine expression, 376
defined, 194, 235, 260, 308
desirable and ideal characteristics, 383

duration of action, 376
efficacy, 235

in cats, 367, 372, 374, 376
in dogs, 367, 368, 369, 370, 371, 372, 

373, 375
in elderly individuals, 345–348
mechanisms of, 235

as food additive, 321
formulation, 403–405
function, in infant formulae, 303–304
future, 405–406
HMG-CoA reductase, 212
in IBD, 235–242, 390–392

animal models, 238–240
clinical trials, 240–242
efficacy of, 250–251
in vitro models, 236–238

immunomodulatory effects, 199–200
in infant formulae, 308–324

clinical trials, 310–315
in preterm infants, 314–315
in term infants, 310–313

digestibility of, 303
physiological effects of, 309–320

clinical trials demonstrating, 
310–315

gut health, 317–318
immune system development, 

318–320
on intestinal microbiota, 309–316

recommendation for starter and 
follow-on, 324

safety of, 321–324
for inflammation, 165
for intestinal disorders, 385–392
lactic acid bacteria as, 184–185
lipid metabolism and, 212–213
list of strains and their sources, 384
mechanisms of action, 235, 262, 277, 

383–385
necrotizing enterocolitis in infants and, 

314, 315, 317, 318
for nonintestinal disorders, 392–401
pediatric use, 264–266

efficacy of, 265–266
prebiotics vs., 262
supernatants, 249–250
as vaccine carriers, 402–403

Procyandin dimers, 151, 176
Propionate, 224–225

cholesterol synthesis and, 225
colonic absorption of, 225
glucose metabolism and, 224
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hypolipidemic effect, 225
production of, 225

Propionibacterium spp., 344
Propionibacterium acnes, 21

RS hydrolysis, 127
Propionibacterium freudenreichii, 127
Propionibacterium freudenreichii JS, 346, 

348
Propionibacterium freudenreichii ssp. 

shermanii, 235
Prostatic cancer, 111, 274

dairy products and, 148
Proteins, 249
Proteus mirabilis, 179
Prunes, fiber content, 166
Pseudomonas aeruginosa, 180, 400
Pyrococcus furiosus, 97
Pyrodextrin, 170

Q

QPS. See Qualified presumption of safety 
(QPS)

Qualified presumption of safety (QPS), 321
Quercetin, 151, 176

R

Raffinose, 170
RAGE, 142–143
Raspberries, fiber content, 166
rDNA sequencing, large-scale, 49
Reactive oxygen species, 285
Red wine, 151, 176
Renal disease, chronic, 149
Renal failure, scFOS and, 29
Resistant maltodextrins (RM), 6
Resistant starch (RS), 7, 123–138

bacterial hydrolysis, 127
Bifidobacterium and, 126, 128
classification, 124
defined, 123
in ice cream, 130
intake in the U. S., 134
interaction with other nutrients, 134
mineral absorption and, 132
as prebiotic and synbiotic, 128–130
as prebiotics, 125–126
stool weight and, 124

Respiratory tract infections, 87, 101, 264, 
266, 320, 399–400

Restriction fragment length polymorphism 
(RFLP), 49

Resveratrol, 151, 176
Reuterin, 236
RFLP. See Restriction fragment length 

polymorphism (RFLP)
Rheumatoid arthritis, 149, 150
Rhinitis, allergic, 200
Rhinoconjunctivitis, perennial, 266
Rhubarb, 151, 176
Rifaximin, lactulose vs., 106
RM. See Resistant maltodextrins (RM)
Rosebaria inulinivorans, 48
RS. See Resistant starch (RS)
Rutin, 151

S

Saccharomyces boulardii, 264, 265
for AAD prevention, 387
for C. difficile infection, 388
for Crohn’s disease, 391
enteral feeding-associated diarrhea and, 

389
in infants and children, 314, 317, 318
mesalazine vs., 390
safety, 323
traveler’s diarrhea and, 388
for UC, 390

Saccharomyces cervisiae
cholesterol lowering effect, 212
sucrase isomaltase deficiency and, 390

Salmonella spp.
colonization and translocation, 48

lactulose and, 100, 101
Salmonella enterica, 237, 378

reuterin inhibition, 236
Salmonella typhimurium, 82, 177
Satiety, 63
Savoy cabbage, fiber content, 166
SBD. See Short bowel disease (SBD)
SCFAs. See Short-chain fatty acids (SCFAs)
scFOS. See Short-chain fructo-

oligosaccharide (scFOS)
Scientific Committee on Food of the 

European Union, 307
SCORAD. See SCORing Atopic Dermatitis 

(SCORAD)
SCORing Atopic Dermatitis (SCORAD), 319
Selenium absorption, 62
Shigella sonnei, 236
Short bowel disease (SBD)

L. casei Shirota in, 202
synbiotics in, 181

Short-chain fatty acids (SCFAs), 50, 80
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aging and, 343, 349
for bowel inflammation, 226
enemas, 226
epithelial growth and, 51
fructans and, 50
health and production and, 223–227
mechanism of action, 227
in probiotic supernatants, 249

Short-chain fructo-oligosaccharide (scFOS), 
13–42

adipose gene expression and, 366
application benefits, 33
bacterial utilization, 20–25

Bifidobacteria species, 23
lactic acid, 22

bowel disorder and, 29, 30
calcium absorption and, 31–32
cholesterol excretion and, 216
clinical prebiotic evidence, 25, 27–28
clinical studies, 28, 29, 30, 31–32
colitis and, 30
commercial food applications, 32–34
for compromised groups, 28, 29
constipation and, 29, 30
defined, 14–16
diarrhea and, 28, 29
digestibility, 19–20
in dogs, 359, 362
for elderly individuals, 347
experimental studies, 28, 31, 32, 33
in foods, 34
functional benefits, 33
health consequences, 28–32
hyperlipidemia and, 29
immune response and, 31
immunoglobulin levels and, 365
in infant formulae, 299
inflammation and, 30
insulin sensitivity and, 366
inulin vs., 34–37
manufacturing process, 18–19
mineral absorption and, 31–32
nutrition and, 32, 33
other fructans vs., 34–37
pancreatitis and, 29, 30
physical properties, 33
physiological effects, 19–32
prebiotic effect of, 26
recognition as fiber, 17–18
renal failure and, 29
sources, 16–17

commercial, 16
in food, 16–17

structure, 15
structure-function claims, 32–33
ulcerative colitis and, 29, 30

SOD. See Superoxide dismutase (SOD)
Soy beans, 151
Soy flour, fiber content of, 166
Spectrophotometry

for analysis
of nondigestible carbohydrates, 6
of total fructans, 6

Stachyose, 170
Staphylococcus spp.

aging and, 344
in breast milk, 296

Staphylococcus aureus, 127, 179, 180, 396
Starch, resistant. See Resistant starch (RS)
Stool weight

fructans and, 49–50
RS and, 124

Strawberries, fiber content, 166
Streptococcus spp.

aging and, 344
in breast milk, 296

Streptococcus faecalis, 248
cholesterol lowering effect, 212

Streptococcus faecalis T-110, 241
Streptococcus gordonii, 402
Streptococcus intermedius, 21
Streptococcus salivarius, 127
Streptococcus salivarius spp. thermophilus, 

390
Streptococcus thermophilus, 22

antioxidative activity, 286
B. bifidum Bb-12 and, 313
in combination product, 264
fiber fermentation and, 171
HIV/AIDS-associated diarrhea and, 389
IBD and, 391
infantile diarrhea and, 388
L. helveticus and, 313
in preterm infants, 314
RS hydrolysis and, 127

Streptococcus thermophilus 1131, 384
Streptococcus thermophilus F2, 384
Streptococcus thermophilus TH-4, 285

GRAS status, 321
IBD and, 391

Stroke, 149
Sucrase isomaltase deficiency, 389–390
Sunflower seeds, fiber content, 166
Supernatants, probiotic, 249–250
Superoxide dismutase (SOD), 286
Surgical wound infections, 400
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Synbiotic(s), 176–183, 246–247
in abdominal surgery, 179
in acute pancreatitis, 178
in allergy, 182
in animal nutrition, 377–378
cancer prevention and, 182–183, 277
in chronic liver disease, 179–180
defined, 246
efficacy, 185, 246, 250–251
for elderly individuals, 350
GOS in formulations of, 79
in Helicobacter pylori infections, 182
in IBD, 180–181, 246–247

efficacy of, 250–251
in IBS, 181–182
in liver transplantation, 179–180
in polytrauma, 178
RS as, 128–130
in SBS, 181
Synbiotic 2000 vs., 178
yogurt in, 130

Synbiotic 2000™, 177, 179, 246. See also 
Synbiotics

Synbiotic 2000 Forte, 178, 183
Synergy 1®, 246

T

TBARS. See Thiobarbituric acid reactive 
oxygen substances (TBARS)

TDF. See Total dietary fiber (TDF)
Testicular cancer, dairy products and, 148
Tetanus toxin fragment (TTFC), 402
TGOS. See trans-Galacto-oligosaccharides 

(TGOS)
Thiobarbituric acid reactive oxygen 

substances (TBARS), 286
TNF-α. See Tumor necrosis factor-α
Tobacco leaves, 151
Tocopherols, 170
Tomatoes, fiber content, 166
Total dietary fiber (TDF), 2

analytical methods for measuring, 2, 3–4
enzymatic -gravimetric, 4
enzymatic-chemical, 4

defined, 3
dietary fiber vs., 3

trans-Galacto-oligosaccharides (TGOS)
analytical method for measuring, 5–6

Traveler’s diarrhea, 53
prevention, 388

Triacylglycerol levels, 169
Triglycerides, 210

Tropical spastic paraparesis, 202
TTFC. See Tetanus toxin fragment (TTFC)
Tumor necrosis factor-α, 100, 180, 234, 239, 

246, 349
Turmeric, 151, 176

fiber content, 166

U

U. S. Food and Drug Administration, 2
U. S. Institute of Medicine, 18
UC. See Ulcerative colitis (UC)
UCDAI. See Ulcerative disease activity 

index (UCDAI)
Ulcerative colitis (UC), 175. See also 

Inflammatory bowel disease (IBD)
CD vs., 234
host-microbial interaction model and, 102
mortality rates, 234
S. boulardii for, 390
SCFA enemas for, 226
scFOS and, 29, 30

Ulcerative disease activity index (UCDAI), 
241

Uremia, 149
Maillard products and, 148

Urinary tract infections (UTI), 99, 175, 320, 
383, 396–397

UTI. See Urinary tract infections (UTI)

V

Vaccine carriers, probiotics as, 402–403
Vaginosis, bacterial, 397
Vegetables, cruciferous, 151, 176
Veillonella dispar, 21
Very low density lipoproteins (VLDL), 210
Vibrio cholera, 236
Vitamin(s)

probiotics and, 391
production, 50, 63, 169

Vitamin A, 151
Vitamin B, 151
Vitamin B6, 151
Vitamin B12, 151, 343
Vitamin C, 151
Vitamin D, 151

inflammation and, 143, 165
Vitamin E, 151
Vitamin K, 151, 343
Vivinal®, 77, 84
VLDL. See Very low density proteins (VLDL)
VSL#3, 237, 241
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balsalazide and, 390
IBD and, 392
radiotherapy-induced diarrhea and, 387

W

Walnuts, fiber content, 166
Waters carbohydrate analysis column, 6
Wheat, fructan in, 16
World Cancer Research Fund, 274

Y

YCW. See Yeast cell wall (YCW)
Yeast cell wall (YCW), 364, 366

Yersinia enterocolitica, 249
Yogurt

L. acidophilus, 212
L. reuteri RC-14, 242
L. rhamnosus GR-1, 242
synbiotic, 130

Yogurt drink, 84, 346, 348

Z

Zinc absorption, 62, 132
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