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Abstract

Although the liver has long been considered as a main
organ responsible for drug metabolism, the role of the
gut metabolizing enzymes and the gut microflora is
becoming more profoundly evident in drug metabolism,
absorption and overall efficacy. This review will explore
various mechanisms by which the gut-microflora influences
drug pharmacokinetics including biotransformation,
bioactivation, and biodegradation as well as up- or down-
regulation of the epithelial transporters. The gut-luminal
fluids, intestinal mucosa and gut microflora contain high
concentrations of various enzymes which are responsible
for the oxidation, hydrolysis and conjugation of drugs. Such
metabolic reactions may lead to either drug over- or under-
dosing, which impacts the drugs efficacy and safety. The
processes, by which the intestinal enzymes and gut-protein
transporters influence drug pharmacokinetic parameters,
will be detailed. Since the intestinal microflora plays an
important role in physiological, nutritional, metabolic, and
immunological processes in human body, there is currently
some interest in the manipulation of its composition and
activity by administering probiotics. This review will also
examine the capacity of probiotics to interact with resident
microbial community, affecting the respective enzymes
or by providing their own specific enzymatic activities
that may consequently change the bioavailability and
pharmacological activity of concomitantly taken drugs.

Introduction

In general, the most common and desirable way of drug
administration is the oral route, since it is the easiest
and most convenient way of drug application, and many
drugs are well absorbed by the gastrointestinal tract
(Sastry et al., 2000). Factors that may influence intestinal
absorption include the intestinal mucosa (Bourlioux et al.,
2003), drug properties such as solubility and permeability,
formulation, and physiological variables such as regional
pH and intestinal motility. Clearly, good bioavailability and
low intra- and inter-patient variability are desirable for oral
drug delivery. Preclinical investigations of potentially new

Horizon Scientific Press. http://www.horizonpress.com/cimb

drugs should be designed to describe intestinal absorption
mechanisms and to predict oral pharmacokinetics. The
gastrointestinal tract functions as a bioactive membrane
which prevents toxic and harmful xenobiotics from reaching
the systemic circulation, while at the same time digesting
and selectively absorbing essential nutrients, fluids, and
electrolytes (Li and Hidalgo, 1996). Hence, physical barriers
in the GIT as well as pharmacokinetic properties of the drug
are the main factors that influence oral drug absorption.

Moreover, oral bioavailability of drugs is significantly
influenced by the rate of in vitro dissolution, as well as
body physiology such as the integrity of the gastrointestinal
tract, physiological status, gastrointestinal motility, site of
drug absorption, membrane transporters, presystemic drug
metabolism, the effect of food or concomitant medication
(Lee et al., 2001; Martinez and Amidon, 2002). For an orally
administered drug to be absorbed it must be released from
the dosage form, dissolved in the gastrointestinal fluids,
remain intact in the gastrointestinal lumen and cross the
epithelial membrane (Sousa et al., 2008). Anatomical,
physiological, and biochemical factors that affect the
dissolution, stability, absorption and presystematic
elimination of drugs vary through the gastrointestinal tract
(Lennernas, 2010). Besides the role in drug absorption,
intestine has a huge influence on drug biotransformation
due to presence of numerous enzymes; in particular, those
produced by the gut microflora (Rowland, 1988; Goldin,
1990; Laube et al., 2000).

One of the first recognized and mostly studied
interactions of intestinal bacteria with drugs is in the case
of anticoagulant therapy. Namely, intestinal bacteria has
the role in the synthesis of vitamin K. Broad spectrum of
antibiotics, by decreasing the population of bacterial flora
in the gut, can remove an important source of this vitamin.
Vitamin K deficiency may consequently enhance the
anticoagulant therapy action causing clinically significant
adverse events (Conly and Stein, 1992).

The aim of this review is to summarize the current
knowledge regarding drug-presystemic metabolism in
the gut, and elucidate the role of intestinal microbiota,
enterocytes, transporters and various gut-enzymes on the
fate of orally administered drugs. The review will also focus
on probiotics as gut-conditioning agents, to modify the gut
microfloral composition and activity and which brings about
a change of the pharmacokinetics of administered drugs.

Drug metabolism at intestinal level

The liver is known to be the major organ responsible for
drug metabolism and biotransformation. However, drug
metabolism may start at the intestinal level, which can
bring about a significant effect on the drugs efficacy and
safety. The combined activity of drug transporters and
metabolic enzymes present in luminal fluids and in the
intestinal mucosa (Figure 1) have shown to significantly
influence pharmacokinetic profile of a range of drugs and
result in increased toxicity due to reduced metabolism,



56 Stojancevi¢ et al.

basolateral apical

side {m.ﬁ_ side
W 8
\

y

ad

v

0 -

\\_,
A Y

bacterial enzymes

. Z bacterial transporters

intestinal microbiota

-

luminal enzymes

Figure 1. Fate of drugs at intestinal level. During the transit of drugs down the intestinal tract, they are exposed to enzymes
present in intestinal lumen, enterocytes, and intestinal microflora. The combined activity of intestinal and bacterial transporters
and these enzymes has a huge influence on a pharmacokinetic profile of drugs.

altered efficacy, increased production of toxic metabolites,
and consequent adverse drug interactions (Gavhanea and
Yadav, 2012).

The role of intestinal microflora

Intestinal microflora represents a complex ecosystem which
consists of wide range of various microorganisms residing
in or passing through the gastrointestinal tract (Gerritsen et
al., 2011). The human microflora is composed of 103 to 10"
microorganisms whose collective genome, the microbiome,
contains at least 100-fold more genes than the complete
human genome (Marik, 2012). The microflora colonizes
our skin, genitourinary, gastrointestinal, and respiratory
tracts. By far the most heavily colonized organ is the
gastrointestinal tract; the colon alone is estimated to contain
over 70% of all the microbes in the human body (Sekirov
et al.,, 2010). The human intestinal microflora comprises
a diverse collection of species that are mostly bacterial
(Wallace et al., 2011), some of which are nonculturable and
therefore not well studied or fully characterized (Behnsen
et al., 2013). The bacterial concentration in the ileum is
between 10%~102 bacteria per gram of intestinal contents
gradually increasing to 10'2 bacteria per gram of intestinal
contents in the colon in human (Mikov et al., 2006). The
majority of the human intestinal bacteria are composed
of obligate anaerobes including species of the genera
Bacteriodes, Clostridium, Lactobacillus, Bifidobacterium,
Escherichia, and many others, together with a variety

of yeasts and other microorganisms, forming a complex
ecosystem that comprises at least 1000 species (Wilson
and Nicholson, 2009). Each individual organism presents a
specific “bacterial fingerprint,” which is affected by a number
of factors including host genotype, antibiotic treatment, diet
and the maternal environment (Behnsen et al., 2013).

The microbiota plays a major role in health and
disease (Clemente et al., 2012). The most important
functions of intestinal bacteria include metabolism of many
endogenous substances such as bilirubin, cholesterol, bile
acids, steroid hormones, fatty acids, synthesis of vitamins
B and K, immune functions and fermentation of intestinal
mucus produced by epithelial cells (Ferreira et al., 2011).
Intestinal microflora provides additional enzymes and
regulates the expression of genes involved in the utilization
of carbohydrates and lipids, and in drugs bioconversion
(Laparra and Sanz, 2010). Fermentation of carbohydrates
by anaerobic bacteria produces short chain fatty acids
(SCFA), mainly acetic, propionic, and butyric acids, which
affect colonic epithelial transport, colonic metabolism,
provide energy for heart, muscle, brain and kidney. In
addition, intestinal bacteria contribute to lipid hydrolysis,
protein breakdown with production of peptides and amino
acids (Lenoir-Winjnkoop and Hopkins, 2003). Gut bacterial
enzymes are also involved in the metabolism of cholesterol
and bile acids. Intestinal microflora is able to reduce
cholesterol to coprostanol and thus increasing its excretion
in feces (Laparra and Sanz, 2010). Bacterial enzymes



modify primary bile acids, cholic acid and chenodeoxycholic
acid through dehydrogenation and dehydroxylation,
resulting in formation of secondary bile acids, deoxycholic
and lithocholic acids, respectively, which are reabsorbed
and returned to the liver for further processing (Swann et
al., 2010). The presence of intestinal bacteria is protective
against exogenous, potentially pathogenic, microorganisms
reducing the amount of available nutrients for invading
pathogens. Additionally, commensal bacteria may produce
antibacterial substances-bacteriocins that have an inhibitory
effect of pathogenic bacterial growth (Al Salami et al.,,
2012b).

Metabolic reactions by intestinal microflora

Intestinal microflora can be considered as a system with
huge metabolic capacity, qualitatively and quantitatively
different from the body cells and organs. It is capable of
carrying out a number of metabolic reactions resulting in
production of metabolites required for the physiological
activity or conversely in the inactivation, or even in the
production of toxic products (Goldin, 1990). The presence
of bacterial community and its metabolic activity play an
important role in maintaining the host overall health and
homeostasis (Wallace et al., 2011). However, despite broad
investigation this complex system has not yet been fully
clarified.

A number of factors such as availability and type of
nutrients, some endogenous substances such as bile
salts and glucuronides, colonic transit time, luminal pH,
sex, age of the host, disease, local immunity, production
of bacterial metabolites, can modify the composition and
the metabolic activity of the intestinal microflora (Rowland,
1988; De Preter et al., 2011). In many cases inter individual
and intra individual differences in drug metabolism could be
linked to variations in the metabolism of intestinal bacteria
(Mikov, 1994). Interestingly, the microbial composition
within one individual in healthy adults is shown to be highly
stable throughout life once established, even though there
is constant interaction between the bacteria within the
gastrointestinal tract (Sekirov et al., 2010).

Drugs which may be exposed to intestinal microflora
are those that are orally administered but suffer from low
solubility, low permeability or both and reach the lower
confines of the gastrointestinal tract, where the host
microflora is the densest. Additionally, drugs which are
rectally administered in the form of suppositories or enemas,
as well as those that undergo enterohepatic cycling, or
secretion and diffusion from the systemic circulation into
the intestinal lumen may also come in contact with intestinal
bacteria (Sousa et al., 2008). Several reviews have been
published on intestinal microflora metabolism of drugs and
other xenobiotics (llett et al., 1990; Mikov, 1994; Sousa et
al. 2008; Wilson and Nicholson, 2009; Grundmann, 2010;
Gavhanea and Yadav, 2012).While the liver is primarily
responsible for metabolism via oxidation and conjugation
producing polar and high molecular weight metabolites,
the intestinal microflora is mainly involved in reductive and
hydrolytic reactions generating non-polar low molecular
weight byproducts (Sousa et al., 2008).

Hydrolysis is a very common metabolic reaction
catalyzed by intestinal microflora. Hydrolysis of
glycosidic linkage is one of the best-known examples of
bacterial enzyme activity. The principal glycosidases are
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B-glucosidase and B-glucuronidase which hydrolyze the
glycosidic bond of glycoside and glucuronide conjugates,
respectively, to release parent compound (De Preter et al.,
2011). It has been demonstrated that pH has a pronounced
effect on the activities of bacterial B-glucuronidase and
B-glucosidase. In human faecal bacteria, B-glucuronidase
showed maximal activity at pH 6.0, while the rat caecal
bacteria expressed greatest activity at pH 8.0. On the other
side, B-glucosidase activity decreased as pH increased
from 6 to 8 (Mallett et al., 1989).

Anaerobic bacterial species have shown to be
responsible for most of the B-glucuronidase activity in
both the small and large intestine. Intestinal bacteria are
responsible for deconjugation of morphine-6-glucuronide
affecting its half-life (Stain-Texier et al., 1998). The removal
of the polar conjugating group by intestinal bacteria may
restore the active drug but also allows it to be reabsorbed and
returned to its site of action. Thus, the intestinal microflora
may delay drugs excretion of foreign compounds, enhance
drugs bioavailability and prolong the action of drugs by
promoting their enterohepatic recirculation (Martinez and
Amidon, 2002; Sousa et al., 2008).

Hydrolysis of lactulose to lactic and acetic acid by

intestinal bacteria contributes to its activation, stimulating
water secretion into the intestinal lumen by lowering the pH
of the intestinal content (Grundman, 2010).
One of the common reaction that occurs by enzymatic
activity of intestinal microflora is azo reduction is of azo-
containing compounds. The conversion of prontosil, the first
commercially available antibacterial, to sulfonamide is one
of the earliest examples on prodrug activation with the aid
of azo-reductase enzymes by the large intestinal microflora.
The reaction takes place in two steps, the formation of the
hydrazo compound, followed by the reductive cleavage of
the nitrogen bond (Unsalan et al., 2011).

In addition, intestinal microflora plays a crucial role in the
metabolism and pharmacokinetics of sulfasalazine affecting
efficacy of the drug in rheumatoid arthritis and inflammatory
bowel disease (IBD). The molecule of sulfasalazine
contains 5-aminosalicylic acid (5-ASA) and sulfapyridine
(SP) linked together by an azo bond (Mikov et al., 2006).
Only a small fraction of orally administered sulphasalazine
is absorbed. The majority of the ingested dose travels
down the small intestine to the colon where it undergoes
bacterial azo reduction yielding two major metabolites SP
and 5-ASA (Houston et al., 1982). SP appears to be the
active moiety in rheumatoid arthritis due to its antibacterial
and immunomodulating effects, whereas 5-ASA s the active
agent in IBD (Mikov et al., 2006).

Furthermore, the common targets for bacterial
reduction reactions are nitro groups which results in primary
amine metabolites as has been observed for nitrazepam,
clonazepam, and misonidazole (Grundmann, 2010).
Takeno and Sakai (Takeno and Sakai, 1991) proved that the
intestinal microflora plays an important role in the reductive
metabolism of nitrobenzodiazepine drug, nitrazepam,
suggesting that the teratogenicity of nitrazepam may
be related to this kind of nitro reduction. Incubation of
clonazepam with rat-intestinal lumen contents gave almost
complete reduction of clonazepam to 7-aminoclonazepam
(Elmer and Remmel, 1984).

Chloramphenicol, a potent inhibitor of protein synthesis,
has bacteriostatic activity against most pathogens but is
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bactericidal for Haemophilus influenzae, Streptococcus
pneumoniae, and Neisseria meningitides (Nitzan et al.,
2010). It contains a nitrobenzene group and an amide of
dichloroacetic acid. After incubation with intestinal bacteria,
a number of reactions can be detected such as a conversion
of a nitro group to a primary aromatic amine and hydrolysis
of the amide linkage (Holt, 1967).

Metronidazole is an antimicrobial agent that has been
used in clinical medicine for more than 45 years and is
still successfully used for the treatment of trichomoniasis,
amoebiasis, and giardiasis (Léfmark et al., 2010). It is a
5-nitroimidazole derivative which is almost completely
metabolized in liver by side-chain oxidation and glucuronide
formation, but a small amount of reduced metabolites,
including ring cleavage products such as N-(2-hydroxyethyl)-
oxamic acid and acetamide, are formed by anaerobic
bacteria in gut (Koch and Goldman, 1979).

Zonisamide is an anticonvulsive drug clinically used for
the treatment of epilepsy. Besides the biotransformation
in the liver to 2-sulfamoyacetylphenol by reduction of
benzisoxazole ring Kitamura et al. showed that intestinal
bacteria has a significant role in the reductive metabolism of
zonisamide, to 2-sulphamoylacetylphenol in-vivo (Kitamura
etal., 1997).

An example for reductive metabolism by intestinal
bacteria is observed in the case of cardiac glycoside drug
digoxin, which undergoes significant metabolic conversion
in many patients to cardioinactive metabolites in which the
lactone ring is reduced (Saha et al., 1983).

The intestinal microflora plays a role in the reduction
of some sulfur compounds to sulfite metabolites. Study
conducted by Strong et al. (Strong et al., 1984) indicated
that sulphoxide-containing drugs such as non-steroidal
anti-inflammatory analgesic, sulindac, and uricosuric agent,
sulfinpyrazone are reduced by intestinal bacteria to sulfide
metabolite in humans.

In addition, the intestinal bacteria expresses various
enzymes involved in processing of glutathione conjugates of
xenobiotics excreted in the bile, reactions of decarboxylation,
dehydroxylation, dealkylation, dehalogenation, deamination
etc. These microbial enzymes may act in concert with those
of the liver (Wilson and Nicholson, 2009).

Approaches for examining microflora diversity and drug
metabolism by intestinal microflora

There are several approaches which are commonly used
to examine the intestinal microflora diversity, activity and
their role in metabolism of drugs and other xenobiotics.
One possible way is to determine the effect of direct action
of gut contents incubations. Some studies examined
the action of pure cultures, mixed cultures, continuous
cultures and cell-free bacterial products (Mikov, 1994).
Since a large fraction of the intestinal microflora remains
uncultivated on that way, for a more accurate analysis
of the its compositional diversity, different molecular
techniques are used, including quantitative polymerase
chain reaction (QPCR), temperature or denaturing gradient
gel electrophoresis (TGGE or DGGE), terminal-restriction
fragment length polymorphism (T-RFLP) and fluorescent in
situ hybridisation (FISH) (Gerritsen et al., 2011). In addition,
it is possible to get insight into the role of intestinal bacteria
in drug metabolism via studying drug metabolism after oral
and parenteral administration, difference between control

animals and animals treated with antibiotics or difference
between control and gnotobiotic animals. By determining
the expression of enzyme activity by intestinal bacteria, the
role of specific enzymes may be revealed (Mikov, 1994).

Gut wall/mucosal and luminal enzymes in drug metabolism
The discovery of wide spectrum of metabolic activities that
occurs in the intestine, due to presence of various phase |
and Il enzymes for oxidation, hydrolysis, and conjugation
have led to renewed interest in the process of gut wall
metabolism and its implications for drug therapy (llett et al.,
1990; Krishna and Klotz, 1994; Pang, 2003; Thelen and
Dressman, 2009)

A part of its metabolic capacity seems to be in close
relation with the presence of the cytochromes. The most
common P450 cytochrome subfamily expressed in the
mucosa of the small intestine is CYP3A, which represents
the major intestinal CYPs, accounting for approximately
80% of the CYP content in human enterocytes, followed by
CYP2C9 (15%) (Bezirtzoglou, 2012). CYP1A cytochrome,
which metabolizes acetaminophen, caffeine and theophylline
(Wacher et al.,, 2001), is expressed in the duodenum,
together with less abundant levels of CYP2C8-10 and
CYP2D6 (Bezirtzoglou, 2012). The distribution of most CYP
enzymes is not uniform along the human gastrointestinal
tract, being generally higher in the proximal regions of the
small intestine (Thelen and Dressman, 2009).

Although the concentrations of CYP, normalized for
the entire intestine, are estimated to be 20-to 200-fold
lower than those found in the liver (Deferme et al., 2008),
immunohistochemical studies have shown that small
intestinal concentrations of CYP3A4 are approximately
80-100% of the CYP3A4 concentration in the liver (Wacher
et al., 2001). Oral pharmacokinetic studies have suggested
that the gut wall metabolism of drugs by CYP3A4 has
a significant role in total first-pass effect of many drugs
(Dresser et al., 2000) such as verapamil (Fromm et al.,
1996), midazolam (Thummel et al., 1996), felodipine (Bailey
et al., 1991) and cyclosporine (Wu et al., 1995).

Of particular importance is the synergistic function of
P-glycoprotein (P-gp) and CYP3A4 in the small intestine,
which may limit oral drug bioavailability of a wide variety
of compounds (Martinez and Amidon, 2002). That they
may act synergistically is suggested not only by their joint
presence in small intestine enterocytes but also by the
significant overlap in their substrate specificities and the
poor oral bioavailability of joint substrates (Kivisto et al.,
2004). Thus, the gut may play a significant role in drug—drug
interactions as a result of the inhibition or induction of P450s
and/or efflux transporters (Lee et al., 2001).

Esterases represent another important group of
metabolizing enzymes present in the gut. In order to
overcome the poor membrane permeability, poor solubility
or insufficient chemical stability, many pharmacologically
active compounds are applicated in form of esters which
have to be converted to active drug after absorption by
the intestine (Deferme et al., 2008). However, the luminal
and mucosal esterase activity may cause a presystemic
activation and thus a decreased absorption of the lipophilic
prodrug. Carboxylesterases catalyze the hydrolysis
of a variety of ester-containing and amide-containing
endogenous compounds to their respective free acids,
having important roles in the inactivation of a variety of



structurally diverse drugs and the activation of prodrugs
(Imai etal., 2005). Carboxylesterases are mainly responsible
for the hydrolysis of xenobiotics such as propranolol ester
derivatives, acetylsalicylic acid, and p-nitrophenyl acetate
in mammalian intestinal microsomes (Masaki et al., 2007).
Fosamprenavir is the phosphate ester prodrug of the
HIV-1 protease inhibitor amprenavir, and is rapidly and
extensively converted to amprenavir in the intestinal lumen
and in the enterocytes after oral administration mainly by
alkaline phosphatases, resulting in an increased intestinal
absorption (Furfine et al., 2004; Wire et al., 2006).

Besides esterases, luminal enzymes include also
peptidases which contribute to poor oral bioavailability of
many peptidyl drugs such as insulin, calcitonin, thyrotropin
releasing hormone (Gavhanea and Yadav, 2012).

At the other side, a wide range of phase Il enzymes
(UDP-glucuronosyltransferases, sulfotransferases,
acetyl transferases, glutathione S-transferases,
methyltransferases) are found in the human intestinal
mucosa, contributing to the presystemic metabolism of
many drugs (Wacher et al., 2001). Interestingly, some
phase Il conjugation enzymes, especially sulfotransferase
activities are approximately 250-300% higher in the jejunum
compared to the liver (Grundman, 2010).

Influence of intestinal and bacterial transporters on
drug pharmacokinetics

Intestinal transporters

Since all orally administered drugs must pass through the
gut wall mucosa during absorption, before reaching the
capillaries that lead to the portal vein, the intestine plays
an important role in regulating the extent of drug absorption
(Pang, 2003). The mucosal barrier consists of polarized
enterocytes joined by tight junctions. In these cells many
drug transporters have been described (Estudante et al.,
2012). Membrane transport proteins play important roles in
the influx and efflux of various nutrients, xenobiotics and
cell signalling molecules in the cell (Kim, 2006). Transporter
expression in the intestine affects how much of a drug will
reach the systemic circulation after an oral administration,
thus suggesting that factors which affect their expression and
function, may change pharmacokinetics, efficacy and safety
profiles of drugs. Furthermore, clinical pharmacokinetic
drug—drug interaction studies have shown that transporters
often work together with drug-metabolizing enzymes in
drug absorption and elimination (Giacomini et al., 2010).
Numerous drug transporting membrane proteins have been
described in intestinal tissues, and most of them belong to
two major classes of transporters, the ATP-binding cassette
(ABC) and solute carrier (SLC) family (Estudante et al.,
2012).

ABC transporters determine oral bioavailability of
many drugs, tissue penetration, cellular accumulation and
excretion, influencing basic pharmacokinetic parameters
reflected in the plasma concentration time profile (Szakacs
et al.,, 2008). ABC proteins are primarily located in the
cytoplasmic membrane of bacteria and in membranes in
eukaryotes. While prokaryotic ABC transporters can be
either exporters or importers, eukaryotic family members
are exclusively exporters (Sharom, 2008) which extrude a
variety of structurally diverse drugs, drug conjugates and
metabolites, and other compounds from the cell (Schinkel
and Jonker, 2003).
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The most investigated ABC transporters at the intestine
are multidrug resistance protein (MDR1, P-gp; gene
ABCB1), multidrug resistance-associated proteins (MRP;
gene ABCCs) and breast cancer resistance protein (BCRP;
gene ABCG2) (Englund et al., 2006) which have a major
impact on the pharmacological behavior of most of the drugs
in use today. These efflux mechanisms across the intestinal
barrier may decrease the intracellular concentration of
the drugs and their metabolites which were shown to be
substrates of such efflux carriers such as antibiotics, statins,
anticancer and cardiac drugs, HIV protease inhibitors,
immunosuppressants and others, by actively pumping them
out of the cells (Englund et al., 2006, Lennernas, 2010).

While P-gp and BCRP can export both unmodified
drugs and drug conjugates, MRP1 has the role in export of
glutathione and other conjugates and unconjugated drugs
together with free glutathione. All three exhibit overlapping
substrate specificity (Sharom, 2008).

The best characterized of these proteins, P-gp, has a
very broad specificity for substrates, as the protein is able to
transport the number of chemically and pharmacologically
unrelated drugs such as calcium channel blockers
(verapamil, nifedipine), the immunosupressive agents
(cyclosporine, tacrolimus, sirolimus), HIV protease
inhibitors  (indinavir, ritonavir), analgesics (morphine),
cardiac glycosides (digoxin), antihelminthics (ivermectin),
glucocorticoids (dexamethasone) antibiotics (erythromycin)
and H2-receptor antagonists (Sharom, 2008). Many
cytotoxic anticancer drugs (vincristine, etoposide,
doxorubicin, daunorubicin, paclitaxel) are transported by
P-gp, which was shown to be overexpressed in human
cancer cells leading to the failure of chemotherapy (Schinkel
and Jonker, 2003).

Although the chemical structures recognized by P-gp
are not fully determined, favoured P-gp substrates appear to
be cationic, hydrophobic molecules, with at least two planar
rings and a molecular weight of 400-1500 (Lennernas,
2010). Therefore, the bioavailability of many orally
administered drugs is limited by P-gp activity (Schinkel and
Jonker, 2003). The level of expression and functionality of
P-gp can be modulated by inhibition and induction, which
can influence the pharmacokinetics, efficacy, safety or
tissue levels of P-gp substrates (Giacomini et al., 2010).

The family of SLC transporters is involved in the
efficient absorption of a wide range of structurally different
drugs, carcinogens and other toxins. These transporters
include, solute carrier organic anion transporter families
(OATP subfamilies; gene SLCO), solute carrier peptide
transporter family (PEPT1; gene SLC15A1) and organic
cation/zwitterion transporters (OCTNs; gene SLC22)
(Sugiura et al., 2006; Oostendrop et al., 2009). Some of the
drug molecules transported by SLC transporters include
B-lactam antibiotics such as penicillins and cephalosporins,
the anticancer agent bestatin, angiotensin-converting
enzyme inhibitors such as captopril, and the ester prodrugs
enalapril and fosinopril (Oostendorp et al., 2009).

Bacterial transporters

Beside enzymatic degradation or modification of drugs,
one of possible mechanisms that intestinal bacteria may
influence drug pharmacokinetics is drug transport by
bacterial membrane proteins. Bacterial transporters have
been mostly investigated in terms of the resistance to the
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toxic effects of antibiotics and other drugs (Mathur and
Singh, 2005; Margolles et al.; 2006, Li and Nikaido, 2009).
Namely, bacteria have developed various mechanisms
that protect them from environmental toxins, antibiotics
and other drugs (Ahmed et al., 1995). One of the most
widespread mechanisms that ensures a significant level of
drug resistance or tolerance being specialized membrane-
bound efflux pumps that have been found to be involved
in the export of a wide range of antimicrobial compounds
(Grkovic et al., 2002).

There has been a growing list of multidrug and drug-
specific efflux pumps characterized from bacteria of human
gastrointestinal tract (Li and Nikaido, 2009). In contrast to
specific drug efflux transporters, which show high selectivity
for a given drug or class of drugs, the so-called multidrug
transporters may transport a wide range of structurally
unrelated compounds (Ahmed et al., 1995). Based on their
sequence similarity, bacterial drug efflux systems have been
broadly classified into two groups: ABC transporters and the
secondary transporters. The class of secondary transporters
can be subdivided into distinct families of transport proteins:
the major facilitator superfamily (MFS), the multidrug and
toxic compound efflux (MATE), resistance-nodulation-
division (RND) and the small multidrug resistance (SMR)
superfamily (Putman et al., 2001; Kourtesi et al., 2013).
Transporters belonging to ABC superfamily couple the
energy released from ATP hydrolysis to drive drug efflux
(Davidson and Chen, 2004), whereas secondary multidrug
transporters utilize the transmembrane electrochemical
gradient, typically the proton motive force (Putman et al.,
2001). Representatives of all groups are expressed in
mammalian cells (Kourtesi et al., 2013).

Contrary to eukaryotes where MDR transporters mostly
belong to the ABC family, the vast majority of bacterial
multidrug efflux systems characterized up to now belongs
to secondary transporters (Putman et al., 2001) and just a
few of them, such as LmrA and LmrCD from Lactococcus
lactis (van Veen et al., 2000), HorA from Lactobacillus
brevis (Sakamoto et al., 2001) and BmrA from Bacillus
subtilis (Orelle et al., 2003) belong to the ABC type family.
The family of MFS transporters represents the largest group
of secondary active transporters with well characterized
multidrug pumps, including Bmr and Blt of Bacillus subtilis
and LmrP of Lactobacillus lactis (Li and Nikaido, 2009).

Bacillus subtilis is one of the microorganisms that
contains the highest amount of putative MDR transporters
in its genome (Paulsen et al., 2001). The genome of Bacillus
subtilis encodes for at least 78 ABC transporters that have
been split in 38 importers and 40 exporters (Torres et al.,
2009). Several multidrug pumps including Bmr, Blt, Bmr3
and LmrB have been described in Bacillus subtilis (Li and
Nikaido, 2009). Bmr and Blt are two highly similar MFS
MDR ftransporters that share 51% sequence identity and
confer very similar levels of resistance to an identical range
of toxic substances when overexpressed (Grkovic et al.,
2002). Bmr is structurally similar to tetracycline transporters
(25% sequence identity) but does not cause tetracycline
efflux. Instead, overexpression of either transporter in
Bacillus subtilis leads to a similar increase in resistance
to a variety of toxic substances, including such structurally
diverse compounds as ethidium bromide, rhodamine
and acridine dyes, tetraphenylphosphonium, puromycin,
chloramphenicol,  doxorubicin, and fluoroquinolone

antibiotics (Ahmed et al., 1995). BmrA, a functional ABC
transporter in Bacillus subtilis, is homologous to mammalian
P-gp and to LmrA of Lactococcus lactis (Li and Nikaido,
2009).

In silico analysis of the genome of non-pathogenic,
Gram-positive Lactococcus lactis suggests the presence
of 40 putative drug transporters including LmrA, LmrCD
(ABC transporters) and LmrP (MFS) (Li and Nikaido, 2009).
A protein in Lactococcus lactis, LmrA, mediates drug and
antibiotic resistance by extruding amphiphilic compounds
from the inner leaflet of the cytoplasmic membrane.
Interestingly, LmrA is a structural and functional homolog of
the mammalian multidrug resistance P-gp and both proteins
have a very similar drug and modulator specificity. It was
demonstrated that this type of multidrug-resistance efflux
pump is conserved from bacteria to man (van Veen et al.,
2000). An ABC multidrug exporter HorA, which amino acid
sequence is 53% identical to that of LmrA in Lactococcus
lactis, is involved in resistance of Lactobacillus brevis
to hop compounds (Sakamoto et al., 2001). Expression
of the mdt(A) gene in Lactococcus lactis decreased
susceptibility to macrolides, lincosamides, streptogramins,
and tetracyclines (Perreten et al., 2001)

Like other constituents of intestinal
microflora, Bifidobacterium has developed mechanisms
to tolerate different factors in the intestinal niche, such as
bile salts and antibacterial peptides. Drug efflux is probably
a major mechanism for such tolerance or resistance (Li
and Nikaido, 2009). BbmR is a membrane protein from
Bifidobacterium breve which is able to confer resistance
to macrolides and exhibited characteristics reminiscent of
MDR proteins. Its homologue in Bifidobacterium longum,
named Ctr, was also found to confer resistance to several
antibiotics and to transport radioactive cholate (Margolles et
al., 2006).

The role of probiotics in drugs pharmacokinetics
Because the intestinal microflora plays an important role
in physiological, nutritional, metabolic, and immunological
processes in the human body, there is currently some
interest in the manipulation of its composition and activity
by antibiotics, probiotics, prebiotics and synbiotics (Gareau
et al., 2010). In this chapter, we focus at probiotic approach
which aim is to repair the deficiencies in intestinal microflora
due to improper diet, radiotherapy, antibiotic treatment or
other stressful conditions, and to restore the ‘balance’ of the
intestinal microflora and its protective effect (Ferreira et al.,
2011).

According to the definition formulated by the World Health
Organization (WHQ) probiotics are ‘live microorganisms
which, when administered in adequate amounts, confer a
health benefit on the host’ (Joint FAO/WHO Working Group,
2002). Combinations of different bacterial strains can be
used as probiotics, but certain bacterial genera, namely
Lactobacillus (Lactobacillus acidophilus, Lactobacillus
casei, Lactobacillus plantarum, Lactobacillus reuteri,
Lactobacillus rhamnosus, and Lactobacillus salivarius) and
Bifidobacterium (Bifidobacterium bifidum, Bifidobacterium
breve, Bifidobacterium longum, and Bifidobacterium lactis),
which have a long and safe history in the manufacture of
dairy products, are common choices included in probiotic
products (Fooks and Gibson, 2002; Kleerebezem et al.,
2009). Bifidobacteria and lactobacilli are Gram-positive



lactic acid-producing bacteria constituting a major part
of the microflora in the human gastrointestinal tract, in
which they developed soon after birth (Orrhage and Nord,
2000). Less commonly used are the bacterial strains of
Enterococcus (Enterococcus faecium and Enterococcus
faecalis), Bacillus (Bacillus subtilis and Bacillus cereus var.
toyoi), Streptococcus (Streptococcus thermophilus and
Streptococcus salivarius), Lactococcus, and Escherichia
among others. The yeast Saccharomyces boulardi is also
used as a human probiotic, in the forms of capsules or
powders rather than in food form (Pavlovic et al., 2012).
Probiotic species differ in terms of their metabolic activity,
bioavailability and mode of action (Gillor et al., 2008).

Probiotics have been demonstrated to have health-
beneficial effects in a wide range of conditions including
infections, allergies, gastrointestinal and metabolic disorders
(lannitti and Palmieri, 2010; Al Salami et al., 2012b).
Although the exact manner in which probiotics may achieve
their effects is still unknown, some mechanisms can be
suggested, such as the release of antibacterial substances
(bacteriocins and bacteriocin-like inhibitory substances),
secreting non-specific antimicrobial substances, induction
of the production of antimicrobial compounds (defensins)
by the host, direct enzymatic activities of probiotics
within the gut lumen, reduction of luminal pH, inhibition of
bacterial adherence, competition for nutrients and immune
clearance (Fooks and Gibson, 2002; Gillor et al., 2008).
There is growing evidence that the same effects might be
even achieved with dead probiotic bacteria or just integral
components of the bacterial cell such as peptidoglycan
fragments or DNA (Oelschlaeger, 2010).

Modification of the composition and metabolic activity of
intestinal microflora by probiotics

By interacting with the resident microbial community,
modulating its composition and activity affecting the
respective enzymes or by providing their own specific
enzymatic activities, probiotics may affect drugs
pharmacokinetics (Gibson and Roberfroid, 1995). However,
up to this date, there is a little data about the influence of
probiotics on concomitantly taken drugs. Probiotic bacteria
may influence the expression and functionality of various
proteins and membrane transporters of other bacteria
in gut, via changing the gut concentrations of certain
polypeptides. This can be caused by the induction or
suppression of membrane-transporters or by the process of
direct-signalling (Al Salami et al., 2012b).

There is good evidence in humans that consumption
of Lactobacillus probiotic strains increases the gut
populations of lactobacilli (Rabot et al., 2010). In general,
species of Bifidobacterium and Lactobacillus, which
are commonly used as probiotics, have low activities
of metabolizing enzymes such as azoreductase,
nitroreductase and R-glucuronidase, by comparison to
other major anaerobes in the gut such as Eubacteria,
Bacteroides, and Clostridia (Burns and Rowland, 2000). In
a study with rats, supplementation with live Lactobacillus
acidophilus for 3 days significantly suppresses the activities
of B-glucuronidase and R-glucosidase in the colon (Cole et
al., 1989). Examining effects of the probiotic Lactobacillus
plantarum and the combination of probiotic and prebiotic, on
counts of lactobacilli and coliforms and bacterial enzymatic
activities in faeces of rats, Strojny et al. showed a statistically
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significant decrease in the activities of B-galactosidase,
B-glucuronidase and a-glucosidase, confirming the positive
impact of lactobacilli on the presence of microorganisms
in the intestinal ecosystem (decreasing the count of
total coliforms and increasing lactobacilli) (Strojny et al.,
2011). Goldin and Gorbach (Goldin and Gorbach, 1984)
showed a significant decrease in fecal [3-glucuronidase,
nitroreductase, and azoreductase activity after intake of
lactobacillus in human volunteers. Reductions of 2- to 4-fold
in the activities of the three fecal enzymes were observed only
during the period of lactobacilli feeding. Furthermore, it was
found that Bifidobacterium adolescentis SPM0212 inhibited
fecal enzymes, including a-glucuronidase, a-glucosidase,
tryptophanase, and urease (Kim et al.,, 2008). Similar
results were obtained by Spanhaak et al. (Spanhaak et al.,
1998) who reported a significant decrease in the activity of
fecal R-glucuronidase and R-glucosidase activity in a group
of twenty healthy male subjects given Lactobacillus casei.
Besides, the consumption of Lactobacillus casei resulted in
an increase of the Lactobacillus and Bifidobacterium counts
in the faeces.

Mikov et al. (Mikov et al., 2006) proved that
administration of probiotics significantly enhance bacterial
mediated reduction of sufasalazine to SP and 5-ASAin colon
content. Therefore, probiotics (Lactobacillus acidophilus,
Bifidobacterium lactis, and Lactobacillus rhamnosus) can be
used to modify the enzymatic activity of intestinal bacteria
by increasing azoreductase activity, thereby producing
more extensive metabolism of sulfasalazine. This could be
particularly important in patients with dysbiosis consequent
on antibiotic therapy or severe diarrhea. Recently Lee et
al. (Lee et al., 2012) confirmed a significant increase in
azoreductase activity in ex vivo colon contents with a
corresponding increase in sulfasalazine metabolism, after
treatment of rats with oral doses of a mixture of the three
probiotics.

Human studies have shown that the impact of
probiotics on the activity of bacterial enzymes is strain
specific (Goossens et al., 2003). This may partly explain
the fact that probiotic interventions showed different effects
on R-glucosidase activity, probably due to application of
different lactobacilli or bifidobacteria strains as probiotic, as
well as differences in amount or the duration of the probiotic
intake (De Preter et al., 2011).

Other probiotic impacts in intestinal tract

Probiotics may functionally modulate the intestinal epithelial
barrier of the host by different mechanisms, including
prevention of pathogenic bacterial growth, blocking of
pathogen binding to or penetration of mucosal surfaces,
stimulation of mucosal barrier function, and altering
immunoregulation (Stojancevic et al., 2012).

The antimicrobial activity of probiotic bacteria has
been associated with the production of metabolites such
as organic acids (lactic and acetic acid) with a resulting
decrease in pH of the surrounding environment, which
may directly inhibit the growth of harmful organisms,
hydrogen peroxide, carbon dioxide, ethanol, diacetyl,
acetaldehyde, as well as bacteriocins or bacteriocin-like
substances (Suskovic et al., 2010). The bacteriocin family
includes a heterogeneous group of proteins in terms of
size, biochemical properties, microbial target and mode
of action. Generally, they are most active against closely
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related bacterial species occupying the same ecological
niche and thus have a relatively narrow killing spectrum
(Gillor et al., 2008). The bacteriocin gains entry into the
target cell by recognizing specific cell surface receptors
and then Kills the cell by several mechanisms: forming
ion-permeable channels in the cytoplasmic membrane,
inhibition of protein synthesis through the specific cleavage
of 16s rRNA, nonspecific degradation of cellular DNA, or
cell lysis. There are two main groups of bacteriocins: those
produced by Gram-positive and Gram-negative bacteria
(Riley and Wertz, 2002).

During intestinal transit, probiotics produce effective
enzymes (sucrase, protein phosphatase, leucine
aminopeptidase, proteases, etc.), proteins, polyamines,
mainly spermine and spermidine, and SCFA such as butyrate
that regulate gene expression and protein synthesis. These
metabolites secreted by probiotic bacteria exert various
effects via a cell signaling pathway (Buts and De Keyser,
2006; Raheja et al., 2010).

Studies demonstrated that probiotics B. infantis, E. coli
1917, and L. plantarum increase the expression of tight
junction proteins such as zonula occludens (ZO)-1, ZO-
2, and occludin, thus improving epithelial barrier function
both in vivo and in vitro (Raheja et al., 2010). Besides, two
soluble proteins from Lactobacillus rhamnosus GG, p75
and p40, are demonstrated to promote cell survival and
growth in human and mouse colon intestinal epithelial cells.
These proteins inhibit TNF-a-induced cell apoptosis by
activation of the anti-apoptotic factor Akt and protein kinase
B. Consequently, TNF-induced colon epithelial damage was
significantly reduced by both, p75 and p40. Additionally,
they inactivate the pro-apoptotic p38 mitogen-activating
protein kinase signalling pathway in epithelial cells (Yan
et al., 2007). All these effects of probiotics are suitable
for strengthening the gut epithelial barrier (Oelschlaeger,
2010).

Some probiotics may modulate the in vitro expression of
pro and anti-inflammatory molecules in a strain-dependent
manner. For instance, Lactobacillus sakei induces the
expression of interleukin (IL)-1B, IL-8 and tumor necrosis
factor (TNF)-a, whereas Lactobacillus johnsonii stimulates
the production of transforming growth factor (TGF)-B in
Caco-2 cells (Delcenserie et al., 2008).

Furthermore, a probiotic supplementation seems to
influence transport properties of small intestine epithelium.
Buts et al. showed that the expression of the sodium/glucose
cotransporter-1 (SGLT-1) in brush border membranes of
resected rats treated with Saccharomyces boulardii was
significantly increased compared with resected controls
(Buts et al., 1999). Na coupled L-glutamine transport tends
to be higher in the jejunum of piglets supplemented with
Enterococcus faecium NCIMB 10415 (Lodemann et al.,
2006) and Bacillus cereus var. toyoi (Lodemann et al.,
2008).

Lactobacillus acidophilus increases the expression
of the apical anion exchanger SLC26A3 and thereby
stimulates CI/OH exchange activity affecting the electrolyte
absorption (Raheja et al., 2010).

Vinderola et al. showed that the expression of the main
calcium transporter in the intestinal epithelial cells, TRPV6,
was enhanced in the duodenum of mice treated with
supernatant of milk fermented by Lactobacillus helveticus
R389 (Vinderola et al., 2007). Additionally, components

of the intestinal microflora have the ability to enhance
expression of the vitamin D receptor in intestinal epithelial
cells in SCFA-dependent and -independent manner, thus
indirectly affecting the metabolism of calcium (Resta, 2009).

Huang et al. showed that Lactobacillus acidophilus
ATCC 4356 decreased gene expression of Niemann—
Pick C1-like 1 (NPC1L1), a recently identified protein that
is involved in cholesterol absorption, and consequently
inhibited the cellular uptake of micellar cholesterol in Caco-
2 cells. They suggested that soluble effector molecules
secreted by ATCC 4356 were responsible for that effect
(Huang and Zheng, 2010). Similar results were observed in
vivo where the expression of NPC1L1 protein in duodenum
and jejunum of probiotic-treated rats was significantly
reduced (Huang et al., 2010). These findings suggest that
NPC1L1 might be responsible for hypocholesterolemic
activity of probiotics besides other well-known mechanisms
involved in this process such as enzymatic deconjugation of
bile acids by bile salt hydrolase (BSH), cholesterol binding
to cell walls of probiotics, assimilation, and incorporation
of cholesterol into the cellular membranes of bacteria,
conversion of cholesterol into coprostanol, co-precipitation
of cholesterol with deconjugated bile acids, and production
of SCFA (Pavlovic et al., 2012).

Furthermore, it is interesting to mention the potential of
using probiotics to controlled delivery of desired molecules
directly to target sites within a host (Behnsen et al., 2013).
Some probiotic strains, such as Lactococcus lactis, which
is a good candidate for the production of biologically useful
proteins (Nouaille et al., 2003), has emerged as a potential
delivery vehicles for various antigens as well as therapeutic
and immunomodulatory proteins (Bahey-EI-Din and Gahan,
2010). These strains are used as delivery vehicles for
protein vaccines and even, DNA vaccines directly to the
mucosa. The use of probiotics to deliver cytokines directly
to target sites can be applied to treat some diseases
such as IBD (Behnsen et al., 2013), which is associated
with a shift of balance from secretion of anti-inflammatory
mediators towards pro-inflammatory molecules and a
weakened integrity of the epithelial barrier (Stojancevic et
al., 2012). Accordingly, it has been demonstrated that IL-10-
producing Lactococcus lactis strain and Lactococcus lactis
engineered to produce anti-TNF-a nanobodies markedly
reduced colonic inflammation and improved colitis in mice
(Steidler et al., 2000; Vandenbroucke et al., 2010). This
offers novel approach in the treatment of IBD avoiding the
disadvantages associated with systemic administration
(Bahey-EI-Din and Gahan, 2010).

Beside affecting microbial enzymes in intestinal tract,
it is highly likely that the exposure to probiotics could well
influence the drug metabolism via induction of various
cytochrome P450s or phase Il conjugating enzymes in gut,
which are responsible for their metabolism (Wilson and
Nicholson, 2009). In a recently conducted study, the oral
application of Lactobacillus casei caused the decreased
expression of CYP1A1 protein in the jejunum and colon of
the experimental animal. Additionally, level of CYP3A9 in
duodenum was found to be decreased as well (Matuskova
etal., 2011).

The one more possible way how probiotics may alter
drug bioavailability, is to affect the expression of intestinal
transporters that are involved in drug transport across
the intestinal wall. Findings by Saksena et al. suggested



that Lactobacilli or their soluble factors significantly
enhanced P-gp expression and function under normal
and inflammatory conditions (Saksena et al., 2011). This
could be of considerable importance in the disposition of
drugs which are substrates of this transporter. Al Salami
et al. observed that probiotic treatment reduced gliclazide
absorption and bioavailability in healthy rats whereas it
exerted the opposite effect in diabetic rats. They explain it
by the fact that in healthy rats, bacterial metabolites may
activate the intestinal efflux drug transporter MRP2, which
control gliclazide transport, but cannot overcome the
impairment of MRP2 that is present in diabetic rats. Another
possible explanation is the suppressing the expression of
MRP3 by probiotics, causing less gliclazide being removed
from the ileal enterocytes into the blood leading to decrease
in the net gliclazide absorption. The suggested mechanism
may also be formation of a 'thicker' layer of the adherent
mucous, which supports the physical barrier protecting the
enterocytes. Another possible reason includes bacterial
enzymatic degradation of gliclazide, although the bacterial
metabolism of gliclazide has not been proved yet (Al Salami
et al., 2008). Furthermore, they investigated if probiotics
influence on monoketocholate (MKC) pharmacokinetics
when MKC is administered orally with gliclazide to diabetic
rats. As with gliclazide, the reduction in the bioavailability
of MKC by probiotic pretreatment of healthy rats may be
explained by probiotics inducing increased presystemic
metabolism and stimulating bacterial degradation of MKC.
The decrease in MKC bioavailability, when administered
with gliclazide, caused by probiotic treatment in healthy but
not diabetic rats suggests that probiotic treatment induced
MKC metabolism or impaired its absorption, only in healthy
animals) (Al Salami et al., 2012a).

What kind of effects a certain probiotic strain exhibits
depends on its metabolic properties, the kind of surface
molecules expressed or on the components secreted.
Considering that proposed mechanisms of probiotic actions
are the mostly results of in vitro experiments, they must be
confirmed by in vivo studies (Oelschlaeger, 2010).

Conclusions

This review highlights the vital role of the intestinal
microflora, intestinal and bacterial transporters and enzymes
in determining the fate of drugs in the host, showing
that they may alter the pharmacokinetic profile of drugs
leading to increased toxicity, altered efficacy of the drug,
increased production of toxic metabolites, and adverse drug
interactions. Although the intestinal microflora has been
mostly studied in the context of host health benefit, it has
recently become clear that this microbial community has an
important role in drug metabolism by providing additional
enzymatic activities involved in the transformation of
drugs. Consumption of probiotics is able to modulate
the composition and metabolic activity of the intestinal
microflora, as well as expression of intestinal enzymes and
transporters at various levels, consequently affecting the
pharmacological behavior of a vast number of drugs in use
today. It is important to note that each probiotic strain has
its own specific properties. Although the field of probiotic
research has grown significantly, this still remains a great
challenge for researchers. Beside large variety of probiotic
species and strains, also different dosages are used, as well
as combinations of probiotics and prebiotics, thus hinder the
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comparison of results from different groups. Deepening our
knowledge in that domain, we will be in a better position to
predict the behavior of drug and to optimize the therapy for
patient, since the presence of bacterial community in the
intestine and its metabolic activity and transporters may
be linked with inter- and intra-individual differences in drug
metabolism. This is a reason why appropriate consideration
of individual human gut microbial composition and activity
will be a necessary part of future personalized healthcare.
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