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Abstract
A major challenge associated with the development of chemopreventive polyphenols is the lack of
bioavailability in vivo, which are primarily the result of coupled metabolic activities of conjugating
enzymes and efflux transporters. These coupling processes are present in most of tissues and organs
in mammals and are efficient for the purposes of drug metabolism, elimination and detoxification.
Therefore, it was expected that these coupling processes represent a significant barrier to the oral
bioavailabilities of polyphenols. In various studies of this coupling process, it was identified that
various conjugating enzymes such as UGT and SULT are capable of producing very hydrophilic
metabolites of polyphenols, which cannot diffuse out of the cells and needs the action of efflux
transporters to pump them out of the cells. Additional studies have shown that efflux transporters
such as MRP2, BCRP and OAT appear to serve as the gate keeper when there is an excess capacity
to metabolize the compounds. These efflux transporters may also act as the facilitator of metabolism
when there is a product/metabolite inhibition. For polyphenols, these coupled processes enable a duo
recycling scheme of enteric and enterohepatic recycling, which allows the polyphenols to be
reabsorbed and results in longer than expected apparent plasma half-lives for these compounds and
their conjugates. Since the vast majority of polyphenols in plasma are hydrophilic conjugates, more
research is needed to determine if the metabolites are active or reactive, which will help explain their
mechanism of actions.
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1. Introduction
Drug metabolizing enzymes play key roles in the metabolism, elimination and/or detoxification
of xenobiotics or exogenous compounds introduced into the body [1]. Many vital organs and
tissues in our body are well-equipped with diverse drug metabolizing enzymes including phase
I and phase II metabolizing enzymes as well as efflux transporters, which are present in
abundance either at the basal level, or at induced elevated level after xenobiotics exposure
[1,2]. Phase I enzymes consist primarily of the cytochrome P450 (CYP) superfamily of
microsomal enzymes [1]. Phase II metabolizing or conjugating enzymes consist of many
superfamilies of enzymes mainly including sulfotransferases (SULT) [3], UDP-
glucuronosyltransferases (UGT) [4], and glutathione transferases [5]. Efflux transporters,
including p-glycoprotein (p-gp) [6], multidrug resistance associated proteins (MRPs) [6], and
organic anion transporter (OAT) [7] are expressed in many tissues such as the liver, intestine,
kidney and brain, where they present a formidable barrier to drug penetration, and play crucial
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roles in drug absorption, distribution and excretion [6,8,9]. Drugs that undergo extensive phase
I metabolism, phase II conjugation and/or efflux by various transporters have poor
bioavailability and are more prone to metabolism-based drug interactions.

Polyphenolic compounds constitute a diverse group of phytochemicals that are present in the
human diet such as soy, fruit, vegetables and nuts [10,11]. Plant polyphenols are divided into
several classes, i.e., hydroxybenzoic acids, hydroxycinnamic acids, anthocyanins,
proanthocyanidins, flavonols, flavones, flavanols, flavanones, isoflavones, stilbenes, and
lignans. The chemical structures and the dietary contents of these polyphenols have been
reviewed elsewhere [12]. Natural polyphenols (Fig. 1A and 1B) such as flavonoids [11],
isoflavonoids [13], resveratrol [14], curcumin [15] and tea polyphenols [16] have gathered
significant interests in scientific research and public media. The aura associated with this class
of compounds is that they are supposed to be non-toxic and that they have significant
chemopreventive effects ranging from antiageing to cancer prevention [11,16-21], many if not
all of these problems or diseases lack conventional pharmaceutical products. For example,
isoflavones such as genistein and daidzein found in soy have significant effects on bone health
among postmenopausal women, together with some weak hormonal effects. Monomeric
catechins found at especially high concentrations in tea have effects on plasma antioxidant
biomarkers and energy metabolism [22]. The attractiveness of polyphenols as chemopreventive
agents are further enhanced because humans have had long-term exposure experience with this
class of compounds. Similarly, marketers have used this same scheme to promote a wide range
of natural polyphenol products in pharmacies and on the internet.

There have been major advances in the past few years in our knowledge regarding polyphenol
absorption and metabolism [23,25,26], and it is apparent that most classes of polyphenols are
sufficiently absorbed to have the potential to exert biological effects. For instance,
concentrations of quercetin after a meal containing onions, catechins after red wine
consumption, or isoflavones after soy consumption can reach micromolar concentrations in
the blood [25-29]. However, the circulation polyphenols are mainly in conjugated forms (i.e.,
glucuronides and sulfates), which may limit their target tissue exposure. Lack of bioavailability
and plasma concentration also makes it difficult to correlate in vitro and in vivo mechanisms
of action. Therefore, poor bioavailability, low potency that may be result of their low
bioavailability and lack of exclusive patent protection are major challenges associated with
developing natural polyphenols into “conventional pharmaceuticals” [22,23]. On the other
hand, even though little is known about their bioavailability, proper route and/or means of
delivery, and/or pharmacological efficacy, many people are taking them daily [24]. Therefore,
there are urgent needs from the public to know if and how this class of compounds is effective
or toxic, which of them is better absorbed and which of them may lead to the formation of
active metabolites. In the present review, we will focus on the bioavailability of natural
polyphenols, the factors affecting the bioavailability of natural polyphenols in vivo. We will
present the concept of enzyme-transport coupling and the barrier network responsible for the
poor bioavailability of the polyphenols and then discuss what can be done to improve the
bioavailability of polyphenols.

2. Bioavailability of Natural Polyphenols
It is important to realize that most common polyphenols found in our food and diet are good
for our health. However, harnessing their health benefits is a big challenge because most of
polyphenols have lower intrinsic activities or bioavailabilities as the result of poor absorption
from the intestine, extensive metabolism following absorption, or a combination thereof. In
general, the metabolites that are found in blood and target organs that result from digestive or
hepatic enzymes may differ from the native substances in terms of biological activities.
Therefore, extensive knowledge of the bioavailability of polyphenols is necessary if their health
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effects are to be clearly elucidated and pharmacologically enhanced. Many researchers have
investigated the kinetics and extent of polyphenol absorption by measuring plasma
concentrations and/or urinary excretion among adults after the ingestions of a single dose of
polyphenol, which may be provided as a pure compound, a plant extract, or a part of whole
food/beverage. Manach et al reviewed 97 studies of various classes of polyphenols, namely,
anthocyanins, flavonols, flavanones, flavanol monomers, proanthocyanidins, isoflavones,
hydroxycinnamic acids, and hydroxybenzoic acids (Fig. 1) [23]. In general, the aglycones of
polyphenols can be absorbed from the small intestine. Whereas, most of polyphenols are
present in food in the form of esters, glycosides, or polymers cannot be absorbed in their natural
form. During the course of absorption, polyphenols are conjugated in the small intestine, later
in the liver, and possibly in the kidneys. The conjugation of polyphenols is a metabolic
detoxification process that restricts their potential toxic effects and facilitates their biliary and
urinary elimination by increasing their hydrophilicity. Normally, the conjugation of
polyphenols is highly efficient because their aglycones are generally either absent in blood or
present in low concentrations after consumption of polyphenols. We will briefly discuss the
bioavailability of polyphenols class by class as follows:

1) Anthocyanins
Anthocyanins are present in black grapes or aubergine. After single doses of 150 mg to 2 g
total anthocyanins were administrated to volunteers, the concentrations of anthocyanins
detected in plasma were very low, only at the range of 10-50 nmol/L [23]. Thus anthocyanins
are absorbed with poor efficiency and rapidly metabolized and eliminated [23]. Glucuronides
and sulfates of anthocyanins were recently identified in human urine with LC/MS/MS analyses
[30,31]. Monoglucuronides accounted for >80% of the total metabolites when analyses were
performed immediately after urine collection [31]. Furthermore, all of the metabolites of the
strawberry anthocyanins, except for the native glucoside, were very unstable and were
extensively degraded when acidified urine samples were frozen for storage [31].
Protocatechuic acid was identified as an abundant metabolite of cysnidin-3-O-glucoside in rats,
but it was also formed in vitro with simple incubation of cyanidin with rat plasma in the absence
of colonic bacteria [32].

2) Flavonols
Flavonols, especially quercetin, have been extensively studied because they are widely
distributed in dietary plants. Hollman et al [33,34] showed that quercetin was indeed absorbed
in humans. Moreover, they demonstrated that glucosides of quercetin were more efficiently
absorbed than quercetin itself, whereas the rhamnoglucoside (rutin) was less efficiently and
less rapidly absorbed [35,36]. Quercetin is not present as an aglycone and occurs only in
conjugated forms. Generally, ~20-40% of qucercetin is methylated in the 3′-position, yielding
isorhamnetin [36,37]. Quercetin-3-O-glucuronide, 3′-O-methylquercetin-3-O-glucuronide,
and quercetin-3′-O-sulfate as the major conjugates were found after the ingestion of onions
[37]. One characteristics of quercetin bioavailability is that the elimination of quercetin
metabolites is quite slow, with reported half-lives ranging from 11 to 28 h, indicating the
compound could be favorably accumulated in tissues with repeated intakes [38].

3) Flavanones
Flavanones represent a small group of compounds, including glycosides of hesperetin present
in oranges and glycosides of naringenin present in grapefruit. The Cmax of flavanone
metabolites measured after the ingestion of citrus fruits was shown to correlate with the time
required for hydrolysis of the rhamnoglycosides of hesperidin, naringenin, and naritutin by the
microflora [39]. This hydrolysis occurs before the released aglycones are absorbed in the colon
since aglycone is absorbed more rapidly than their corresponding glycosides [39]. Phase I
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metabolites of flavanones have not yet been identified in vivo. Monoglucuronides of hesperetin
were shown to be the major forms present in plasma after ingestion of orange juice [40]. The
total urinary excretion of conjugated flavanones accounted for 8.6% of the intake for hesperidin
and 8.8% for naringin. Plasma concentrations reach 1.3-2.2 μmol/L hesperetin metabolites
with an intake of 130-220 mg given as orange juice [41] and up to 6 μmol/L naringenin
metabolites with 200 mg ingested as grapefruit juice [41].

4) Isoflavones
Isoflavones are provided only by soybean-derived products. They can be present as aglycones
or glycosides, depending on the soy preparation and processing. Some authors investigated the
differences in bioavailability between aglycone and glycosides by using pure molecules. Izumi
et al [37] found greater bioavailability of aglycone, on the basis of Cmax. Equol production was
significantly higher after ingestion of daidzin than that of daidzein [42-44]. Equol is a bacterial
metabolite that has been shown to be more estrogenic than its precursor daidzein in many in
vitro studies and in animal models [44]. The nature of isoflavone metabolites was the same
after glycoside or aglycone ingestion. Glycosides are hydrolyzed before absorption and are not
recovered as such in plasma [45,46]. Aglycone represents less than 5% of the total soy
isoflavones (parent + metabolites) [47], and main metabolites are 7-O-glucuronides and 4′-O-
glucuronides, with small proportions of sulfate esters [47-49]. Manach et al [22] have made a
comparison on the bioavailabilities of different polyphenols, including mean values of Cmax,
time to reach Cmax, area under the plasma concentration-time curve, elimination half-life, and
relative urinary excretion. It was found that 1) gallic acid is far better absorbed than the other
polyphenols. The Cmax values of its metabolites reached 4 μmol/L with a 50-mg intake, and
the relative urinary excretion was 38%. Next are isoflavones, which are the most well-absorbed
flavonoids, with Cmax values of ~2 μmol/L after a 50-mg intake and mean relative urinary
excretions of 42% for daidzin and 15.6% for genistin.

5) Other polyphenols
Resveratrol, a constituent of red wine, has long been purported to have cardioprotective effects
and chemopreventive effects. Regarding the pharmacokinetics of resveratol, there exist many
contradictory and confusing results in the literatures. The wide range of concentrations and
doses used to achieve the various effects reported for reveratrol (-32 nM-100 μM in vitro and
-100 ng-1500 mg per kg (body weight) in animals) raises many questions about the
concentrations that are achieved or achievable in vivo. In addition, resveratrol has a short initial
half-life and is metabolized extensively in the body [50]. For other stilbenes, investigators also
determined the pharmacokinetics of piceatannol, pinosylvin and rhapontigenin in male rats
[51]. After single intravenous dose of 10 mg/kg of stilbene given alone, the detectable plasma
half-lives of these xenobiotics appear to be relatively short. Oral bioavailability estimates
suggest that these stilbenes are poorly bioavailable. Furthermore, the results showed that each
stilbene was extensively glucuronidated, and predominantly eliminated via non-urinary routes.
All three stilbenes were highly distributed into tissues and were highly extracted by the liver
[50].

In summary, previous studies showed, although aglycone forms of natural polyphenols are
rapidly absorbed since they can permeate cell membrane with ease, most of the polyphenols
present in the blood are phase II conjugates [47-49]. These conjugates are formed via the action
of phase II enzymes such as UDP-glucuronosyltransferases and sulfotransferases [52].
Additional metabolic pathways include methylation via the methyltransferases [53] and
hydroxylation and demethylation via cytochrome P450 [54]. In any rate, it is generally believed
that glucuronidation or sulfation represents the major metabolic pathway in vivo as represented
by the amounts of metabolites present in the systemic circulation or blood [55]. In addition,
major metabolic pathway appeared to be organ specific.
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The blood concentration of intact polyphenols are usually in the 10-100 nM range following
dietary exposure and can reach several hundred nM following exposure to high doses of
concentrated polyphenols. For example, genistein exposure following normal soybean
exposure in Asian has been reported to be 50-100 nM [56]. The AUC (0-24h) values for total
genistein and conjugates were 54, 24, and 13 μM for genistein, genistin, and enriched protein
soy extract, respectively. These results indicate that the bioavailability of genistein is higher
for the aglycone than for its aglycoside. Genistin is partly absorbed in its glycosidic form
[56]. It is concluded that bioavailability studies based on portal vein plasma levels contribute
to insight into the role of the intestine and liver in deglycosylation and uptake characteristics
of glycosylated flavonoids [56]. The Cmax of total genistein could reach 5.49 μmol/L when it
was administrated at a single dose of 56 μmol/kg of body weight. Furthermore, when orally
administrated genistein at the dose level, phase II conjugates is 20-30 times higher than that
of parent compound [56]. In general, isoflavones are certainly the best absorbed flavonoids:
plasma concentration of 1.4-4 μmol/L are obtained between 6 and 8h in adults who consume
relatively low quantities of soy derivatives supplying ≅ 50 mg isoflavones [57-59].

Whether the major conjugates in vivo are glucuronides or sulfates are usually compound and
species dependent. For example, phase II conjugates of soy isoflavones are mainly present in
glucuronides in humans [60,61], whereas phase II conjugates of resveratrol are mainly present
in sulfates in humans [61,62]. In rats, the glucuronides are the major metabolites, which is
similar to humans. Unlike humans, however, sulfates are present in less relative abundance in
rats. In mice, the formation of metabolites appeared to be more balanced in the intestine [63]
and liver (unpublished observation).

3. Bioefficacy and Safety of Polyphenol Consumption
In the past few decades, accumulating scientific evidence has demonstrated potential beneficial
effects of polyphenols such as anthocyanosides, catechins, proanthocyanidins, stilbenes and
other phenolics found in fruits, vegetables or spices [22,23]. Epidemiologic studies have also
clearly shown that polyphenols rich in plant foods protect humans against degenerative diseases
such as cancer and cardiovascular diseases [23]. Cooke et al have claimed that anthocyanins
(glycosides) and their aglycones anthocyanidins, rich in fruits and berries, could inhibit
malignant cell survival and confound many oncogenic signaling events [64]. Other
epidemiological studies have shown that moderate consumption of red wine is putatively
associated with lowering the risk of developing coronary heart diseases. In addition, preclinical
evidence suggests that polyphenolic phytochemicals exemplified by epigallocatechin gallate
from tea, curcumin from curry and isoflavones from soy possess cancer chemopreventive
properties. The abundance of flavonoids and related polyphenols in plants makes it possible
that several hitherto uncharacterized agents with chemopreventive efficacy are still to be
identified, which may constitute attractive alternatives to currently used chemopreventive
drugs [66]. However, there has been a lack of investment to fully explore the potentials of these
chemopreventive agents because of weak proprietary position and definitive clinical trials are
generally missing. Many large trials are run with agents that represent one type of extract from
a manufacturer using one commonly used dose. Such trial, which lacks rigor, often creates
more confusion than conclusion.

Despite the lack of clear clinical evidence in support of consuming concentrated polyphenols,
many companies are selling various nutritional supplements enriched with polyphenols. Many
recommend the daily consumption of polyphenols based on the consumption of soy products
in Japan or of grapes or wine in some European countries [66,80]. Typical doses are 50 mg per
day (mg/d) for isoflavones or 100-300 mg/d grape seed extracts rich in proanthocyanidins.
Others are recommending consumption doses that are without evidence, which include tablets
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or capsules containing 300 mg quercetin, 1 g citrus flavonoids, or 20 mg resveratrol, with
suggested use of 1-6 tablets or capsules per day, are commonly found on the Internet.

Fortunately, these dietary polyphenols have been well tolerated, even when consumed at highly
concentrated doses, perhaps due to their poor bioavailability. Unexpected cases of severe
toxicity associated with consumption of polyphenolic phytochemicals have been rarely
reported. Side-effects encountered with polyphenol consumption included nausea, abdominal
pain, diarrhea, fatigue and insomnia [68]. Furthermore, consumption of polyphenols inhibits
nonheme iron absorption and may lead to iron depletion in populations with marginal iron
stores [69]. Another Important aspect is the fact that major sources of polyphenols, such as
coffee, tea, and wine do not contain vitamin C, which is an enhancer of iron absorption [70].
Finally, polyphenols may affect drug bioavailability and pharmacokinetics. Several drugs such
as benzodiazepines and terfenadine, show a up to 3-fold increases in bioavailability with grape-
fruit juice, because of inhibition of CYP3A4 by polyphenol analogs [71-72]. Another recent
study in animals suggest that flavonoids may inhibit the absorption of gamma-hydroxybutyrate
by inhibiting the activity of monocarboxylate transporter 1 (MCT1) [73].

4. Conjugation Enzymes
Conjugating enzymes are phase II enzymes in drug metabolic pathway classification. Although
drug can undergo phase I and phase II reactions simultaneously, one of the pathways typically
dominates. In general, phase I metabolism acts as the first step in drug metabolic process, in
that its product often but not always becomes a substrate for the phase II metabolism. For
lipophilic endo- and xenobiotics that enter cells by passive diffusion or uptake transporters,
phase I enzymes often represent the first enzymatic reaction that acts to clear them from body.
The phase II reactions are the true ‘detoxification’ pathways and produce metabolites that are
generally much more water-soluble and can be readily excreted in bile or urine, hence readily
eliminated from the body.

For polyphenols, the major metabolic pathway is phase II conjugation. Once absorbed,
polyphenols are subjected to 3 types of conjugation: glucuronidation, sulfation and methylation
[67]. Glucuronidation and sulfation metabolize polyphenols into very hydrophilic conjugates
whereas methylation produces metabolites that have essentially same if not slightly more
lipophilic metabolites. Regardless if methylation occurs, the methylated products are usually
conjugated subsequently into glucuronides and sulfates, as long as there is a functional group
available for conjugation into more hydrophilic metabolites [74,75]. Therefore, conjugation
enzymes that catalyzed the formation of these hydrophilic metabolites significantly impact the
bioavailability of polyphenols.

Two superfamilies of phase II enzymes, UDP-glucuronosyltransferases (UGTs) and
sulfotransferases (SULTs), catalyze the formation of hydrophilic phase II conjugates for
natural polyphenols. UGTs are membrane-bound enzymes that are located in the endoplasmic
reticulum in many tissues. UGTs catalyze the transfer of a glucuronic acid from UDP-
glucuronic acid to their substrates such as steroids, bile acids, polyphenols, dietary constituents
and xenobiotics. Mammalian UGTs almost exclusively belong to the UGT1A and UGT2B
subfamilies, although new subfamilies are being found gradually. Among the human UGT
isoforms, UGT1A9, UGT1A10, UGT1A1, UGT1A6 and UGT1A8 all participate in the
metabolism of natural polyphenols. UGT2Bs appear to be less active (when measured using
in vitro) when comparing to UGT1As [52]. The presence of glucuronidated metabolites in the
portal blood after perfusion of polyphenols in the small intestine of rats shows that
glucuronidation of polyphenols first occurs in the enterocytes before further conjugation in the
liver [76,77]. This is probably the case in humans as well, because in vitro glucuronidation of
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quercetin and luteolin by microsomes prepared from the human intestine is markedly higher
than that by microsomes prepared from the human liver [78].

SULTs are cytosolic enzymes that are soluble and highly active. They catalyze the transfer of
a sulfate moiety from 3′-phosphoadenosine-5′-phosphosulfate to a hydroxyl group on various
substrates. Compared to UGT isoform-catalyzed metabolism, much less is known about how
SULT isoforms metabolize natural polyphenols. This is due to the fact that sulfation is often
the secondary metabolic pathway (to glucuronidation) and only a handful of isoforms are
commercially available [52]. Commercially available SULTs are also much more expensive
than UGTs. Therefore, the isoforms that are specifically involved in the conjugation of
polyphenols have yet been clearly identified. However, sulfation still can account for a large
percentage of the phase II metabolism at lower concentration [75,79], and may serve as the
primary metabolic pathway for selected polyphenols such as resveratrol [80].

Unlike UGTs and SULTs, methyltransferases such as catechol-O-methyltransferase catalyze
the O-methylation of several catechol-containing polyphenols, forming metabolites that are
just as polar as or slightly less polar than the parent compound [81]. This O-methylation
reaction is subjected to strong inhibitory regulation by S-adenosyl-L-homocyteine, which is
formed in large quantities during the O-methylation of tea polyphenols. Although methylation
may not be the major metabolic pathway, its importance in the mechanisms of action of tea
polyphenols cannot be underestimated as methylated metabolites tend to have different
activities and some may resist inactivation via UGTs and SULTs [80-84].

5. Other Metabolic Pathways
Aside from phase II enzymes, phase I enzymes, especially CYP also participate in the
metabolism of natural polyphenols. For example, CYP catalyzed the formation of genistein
from biochanin A [85,86]. In animals and humans, this demethylation reaction has been
detected following red clover and kaempferol administrations [87-89]. However, CYP
catalyzed metabolism of polyphenols represents a minor metabolic pathway when comparing
to phase II metabolism. Moreover, the products of CYP reaction are often rapidly conjugated
to hydrophilic glucuronides and sulfates [90].

Another important enzyme that participates in the metabolism of natural polyphenols is lactose-
phlorizin hydrolase (LPH), a glucosidase located on the brush border membrane of the small
intestine. LPH catalyzes extracellular hydrolysis of polyphenol monoglucosides, which are
especially important for absorption of polyphenol glucosides. This enzyme-catalyzed
hydrolysis is important for bioavailability of natural occurring polyphenols (often present as
glucosies and glycosides) because their absorption is severely limited by their size, polarity,
large numbers of hydrogen bonds, and excretion by MRP2 [76]. Although there are literature
reports of absorption of intact glucosides and glycosides [25], liberated aglycones as the result
of LPH action are usually rapidly absorbed via diffusion across the brush border membrane
[76,91]. For example, quercetin 3-glucoside, which is not a substrate for cytosolic β-
glucosidases, is rapidly absorbed after hydrolysis by lactase phloridzine hydrolase, whereas
hydrolysis of quercetin 4′-glucoside seems to involve both hydrolases [92,57].

Lastly, a significant number of bacteria resides in the colon appear to participate in the
metabolism of polyphenols. Colonic microflora is exposed to two sources of polyphenols:
dietary polyphenols (mostly in glycoside forms) that are not absorbed and hydrophilic
polyphenol conjugates (sulfates and glucuronides) that are excreted by the intestine and liver.
Microflora bacteria employ a large number of extracellular glycosidases (secreted by bacteria)
and can break down all known glycoside bonds formed between polyphenol aglycones and
sugars. These bacteria also express high concentration of glucuronidases and sulfatases, which
will also release aglycones from their respective glucuronides and sulfates. The released
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aglycones can be taken up by the colonic cells in humans or animals, or they can be further
metabolized into other products. Unlike humans and animals, bacterial metabolism can cause
ring-fission and reduction reactions, producing metabolites that are drastically different from
those produced by their hosts, humans or animals. These metabolites are often inactive, but
occasionally, some metabolites (equol derived from daidzein metabolism by bacteria) are much
more potent than their parents [93].

6. Rates of Metabolite Formation and Metabolite Excretion
We have described in great details the importance of polyphenol metabolism and how they
affect the bioavailability of natural polyphenols. In general, for naturally occurring polyphenols
with glycosides, their absorption is usually poor because of their polarity and size unless
glycosides are hydrolyzed via intestinal or microbial hydrolases. Hence, poor uptake
contributes significantly to the poor bioavailability of intact polyphenol. In addition, poor
uptake can result in more extensive metabolism as metabolic enzymes are less saturated. For
example, in a rat jejunum perfusion study, we found that more metabolites were formed when
we perfused genistin than when we perfused genistein, because the former has to be converted
first into genistein (the aglycone) before been absorbed (Fig.2). For polyphenol aglycones,
which usually are taken up rapidly, we have attributed their poor bioavailabilities to extensive
metabolism after polyphenols enter the cells. In this case, solubility of polyphenols may affect
their bioavailabilities. For example, higher concentration of genistein can not only cause a
saturation of metabolic enzymes but also can slightly inhibit the activities of enzymes through
product inhibition [94]. Taken together, these results indicate that prediction of how much
metabolites will be made is highly complex and influenced by multiple factors, each of which
may deserve careful examinations.

Traditionally, rates of metabolite excretion are assumed to be determined by apparent rates of
metabolite formation. The formation rates are conveniently determined from studies conducted
using microsomes. For polyphenols, microsomal studies have shown that they are rapidly
metabolized, although the rates of metabolism varied among the natural polyphenols and
between the species from which microsomes are prepared. For example, in rats the rates of
metabolism varies between 0.33 nmo/min/mg protein (for prunetin) and 2.5 pmol/min/mg
protein (for glycitein) in liver microsomes and 0.72 nmol/min/mg protein and 2.51 pmol/min/
mg protein in jejunal microsomes among the six isoflavones (genistein, daidzein, biochanin
A, daidzein, formononetin and prunetin, all @10 μM) we studied (Fig.3). We also measured
the metabolism of genistein in human intestinal and liver microsomes, and found that their
rates of metabolism to be significantly different. In limited comparison studies using rat and
mouse S9 fractions, we found that they have similar rates of glucuronidation but significant
different rates in sulfation (unpublished data). Taken together, the results of microsomal studies
indicate that polyphenols can be rapidly metabolized by microsomal enzymes.

The important question is then: are microsomal metabolism rates correlated with excretion
rates. There is no simple answer to this question, even although we expect that rapid excretion
of phase II conjugates of polyphenols will be the consequence of rapid metabolism. In rat
intestinal perfusion model, the excretion rates of metabolites were not always correlated with
their metabolism rates (Fig.3). However, for rapidly metabolized isoflavone such as glycitein,
the percent metabolites formed may reach 10-15% following a single pass perfusion of
duodenum or jejunum even though the average mean residence time is about 10 min in a 10
cm segment of the intestine (i.e., duodenum and jejunum) [95]. In mouse small intestine, the
metabolism is perhaps more rapid with equal percent (10-15%) of glucuronides and sulfates.
In mouse colon, only sulfates were excreted and glucuronides were not found [63,95]. The
situation in liver is similar although it is more difficult to determine the exact contribution of
liver metabolism to biliary excretion of these polyphenols since studies with isoflavones given
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directly via portal vein have not been performed. In bile duct cannulation conducted in
conjunction with rat intestinal perfusion, we found large quantities of metabolites in the biliary
excretion, and rates of excretions usually matched that of the intestinal excretion in rats [95],
but are usually much smaller than intestinal excretion in mice due to the much small bile flow
rate in mice [63]. Even less is known about the biliary excretion of phase II conjugates in
humans.

The above discussion has focused on the apical excretion from the enterocytes and hepatocytes.
Metabolites of polyphenols may also be excreted via the basolateral membranes of the
enterocytes or hepatocytes, which drain into blood, and are subsequent eliminated via the
urinary route. Small conjugates such as monosulfates are preferentially excreted in urine
[75]. Urinary excretion has often been determined in human studies. The total amount of
metabolites excreted in urine is roughly correlated with maximum plasma concentrations. It is
quite high for isoflavones: the percentages excreted are 16-66% for daidzein and 10-24% for
genistein [57,59,67,96]. Interested readers to this pathway of elimination should consult recent
studies [112-114].

Lastly, we would like to briefly touch the idea of recycling. Because intestinal bacteria possess
β-glucuronidases and sulfatases that are able to release free aglycones from conjugated
metabolites of polyphenols secreted via bile or enterocytes. Aglycone can be reabsorbed, which
results in enteric and enterohepatic cycling. The recycling is sometime reflected in
pharmacokinetic studies that show a second maximum plasma concentration ≅7h after
genistein administration [97]. Further discussion will ensure later.

7. Lack of Correlation between Rates of Excretion versus Rates of Metabolism
Derived from Microsomes

In a recent study of six isoflavones (genistein, daidzein, formononetin, glycitein, biochanin A
and prunetin), we found that there were no correlations between the intestinal rates of excretion
and rates of metabolism as represented by Km, Vmax, intrinsic clearance and calculated rates
of metabolism at 10 μM [98]. Therefore, it is likely that excretion rates were not consistently
controlled by any one of the kinetic parameters. Similarly, we did not observe correlation
between amounts excreted and rate of formation in Caco-2 cells [95]. Therefore, we concluded
that coupling of intestinal metabolic enzymes and efflux transporters affects the intestinal
disposition of isoflavones, and structural differences of isoflavones, such as having methoxyl
groups, significantly influenced their intestinal disposition.

Whereas we are quite confident about our observed lack of correlation, we do not known if
these metabolism rates are correlated with efficacy of isoflavones. In a study published by Ye
and co-workers, they hypothesized that high urinary isoflavone excreters would show less
plasma non-HDL cholesterol than low isoflavone excreters after soy protein feeding. Their
results showed that high urinary isoflavone excreters had significantly less non-HDL-C than
did the low isoflavone excreters or casein-fed controls. Plasma total and non-HDL-C were
negatively correlated with urinary daidzein, glycitein, and total isoflavone excretion, and
urinary isoflavone excretion phenotypes predicted the cholesterol-lowering efficacy of soy
protein [67]. In any rate, these data suggest higher overall exposure may be of some benefit
but they do not answer the question if the exposure is to free aglycones or to conjugated
polyphenols.

8. Coupling of Efflux Transporters and Conjugation Enzymes [90]
Relative concentrations of free aglycones and conjugates of polyphenols in the plasma are
determined by, in addition to absorption, activities and efficacy of enzymes and efflux
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transporters that are of components of the various coupling processes. These processes control
how much polyphenols enter into our systemic circulation, and likely how much polyphenols
are eliminated into the urine.

Coupling processes are often present in the biological system to gain maximal efficiency and
multi-pointed regulatory control. Coupling of enzymes and transporters are frequently
observed in the biological systems. For example, digestive enzymes are often coupled to the
nutrient transporters to render maximal absorption. We proposed the hypothesis that efflux
transporters are coupled with conjugating enzymes to enable the best possible functions. In
this coupling scheme, efflux transporters facilitate the excretion of phase II conjugates by
extracting the metabolites from the intracellular domain. This is important since certain
metabolites may represent the negative feedback loop which can inhibit the activities of these
phase II enzymes. Phase II enzymes facilitate the excretion of phase II conjugates by providing
sufficient amounts of phase II conjugates in the intracellular domain.

We used the scheme shown in Fig. 4 to represent cells with polarized membrane, which occur
in intestine, kidney and liver, three of the most important organs for xenobiotic disposition. In
the coupling process of polyphenol disposition is defined as a process where excretion or
elimination process operates in concert with the metabolic process. In the process, the
excretion/elimination will affect the metabolism or vice versa because these two processes
interact. Hence, a change in the enzyme activities that can generate a highly hydrophilic
molecule that is incapable of penetrating the cellular membrane via passive diffusion may not
result in an increase in overall metabolite excretion unless efflux transporter cooperates.
Furthermore, if the conjugate can be reconverted back into its corresponding aglycone or can
inhibit the conjugating reaction via negative feedback, then the excretion rates of the conjugated
metabolites will directly affect the amounts of metabolites excreted by the cells. This is because
efflux transporters capable of extracting hydrophilic conjugated metabolites from the cytosolic
domain will determine the intracellular equilibrium between aglycones and conjugated
metabolites. Efficient efflux carriers that can rapidly remove the conjugated metabolites can
enhance the cellular excretion of metabolites, whereas the opposite could impair it. Therefore,
we believe that the coupling of conjugating enzymes and efflux transporters are not only
important in the disposition of polyphenols but also could have a clear and profound impact
on bioavailability, detoxification, and drug interactions.

The coupling process proposed by us [90] is different from the coupling of cytochrome P450
family of enzymes, e.g., CYP3A, and efflux transporters, e.g., p-glycoprotein, depicted by
Benet and his co-workers [99,100], in that the efflux transporter is responsible for the efflux
of substrate and product of the metabolism could diffuse out the cells by passive diffusion,
namely, in the coupling process, p-glycoprotein transporter and CYP3A enzyme can pair to
act as a coordinated absorption barrier against drugs.

In the cellular network of absorption barriers in the intestine, there are more complex coupling
processes than that depicted in Fig. 4. As has been shown by us in the previous review [90]
parent compound itself may also be subjected to efflux at the apical side or basolateral side or
both [101]. Moreover, some of the efflux transporters, e.g., p-glycoprotein, may be capable of
sequestering metabolites in the cytosolic domain and then pump them out once the complex
merged into the cell membrane [102]. Lastly, we and other investigators have found that
multiple transporters, e.g., MRP2, OAT, are involved in the cellular excretion of phase II
conjugates of natural polyphenols [51,99,103,104]. On the other hand, knowledge of sugar
absorption has been based primarily on the mechanism of Na+/glucose co-transport by SGLT1
and its long-term regulation by diet [105]. SGLT1 is also abundantly expressed in the jejunum
and transports glucose into epithelial cells. It has been shown that most polyphenols had no
effect on SGLT1. However, the polyphenols(+)-catechin, (-)-epicatechin gallate and (-)-
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epigallocatechin gallate, which are components of green tea, caused an inhibition of SGLT1,
which was almost independent of glucose concentration [106]. Therefore, the actual barrier to
polyphenol bioavailabilities may be more complex than those depicted in Fig. 4. Despite of
these complexities, we will first examine a relatively simple coupling process called the
“Revolving Door” theorem.

9. The “Revolving Door” Theorem
In order to account for the coupling action between conjugating enzymes and efflux
transporters, we have proposed a “revolving door” theorem [67] (Fig. 5). Briefly, in the
“revolving door” theorem, phase II metabolites of xenobiotics such as polyphenols depend on
the efflux transporters to exit the cells because these metabolites are too hydrophilic. If the
formation rate of hydrophilic metabolites exceeds that of their excretion rate, the metabolites
will accumulate inside cells, which can have several consequences. If the reverse reaction
occurs, e.g., glucuronidases are present in many organs including liver and intestine, the net
formation rates will decrease. If the product is an inhibitor of the enzyme reaction, i.e., the
classical product inhibition, the actual formation rate decreases. In any rate, an inefficient
“revolving door” could result in poor excretion of the phase II metabolites, even though the
potential for metabolite formation could be high. Therefore, this gating mechanism is rather
unique for hydrophilic phase II conjugates. Hydrophobic phase II conjugations such as
methylation do not generate hydrophilic conjugates and therefore their product outflow from
the cells is not subjected to the restriction by a gating mechanism.

This gating mechanism represents an important concept that is based on the results of many
investigations published in the literatures and those that come from our own laboratory.
Traditionally, excretion of phase II metabolites is believed to be dependent only on the activities
of conjugating enzymes. For instance, many studies that investigate the chemopreventive
potentials of dietary chemicals routinely investigate how phase II enzymes are induced and
how induction is associated with reduced carcinogen exposure [107]. However, such an
approach is at best incomplete. For example, when we studied intestinal disposition of
flavonoids, we found that one of isoflavones, biochanin A is metabolized much faster (more
than 3 times) than formononetin in the rat intestine. When we measured the intestinal excretion
of metabolites, however, much more formononetin glucuronides were excreted than biochanin
A glucuronide (Fig. 6) [108]. We have also found that apigenin glucuronide formation rates
were much faster than their excretion rates from the Caco-2 cells [109]. These results indicate
that gating mechanisms in vivo may be quite complex since we expect differences between
organs and cell types.

Regardless of the cell types, there may be more complex coupling processes like the one shown
in Fig. 7. Based on the “revolving door” theorem, which is responsible for the transport and
metabolism of polyphenols and other drugs and xenobiotics, many coupling pairs may function
to elicit best outcomes for the cell type. In the depicted coupling network, the important players
are at least three enzymes such as UGTs, SULTs and CYPs that metabolize the parent
compound, and more than three transporters such as efflux of p-glycoprotein, MRPs (multidrug
resistant proteins) and BCRP (breast cancer resistant protein), and influx of MRP3 and OATPs
that excrete or pump the metabolites. In a complex network of coupled transporters and
enzymes, the parent compound becomes metabolites through the action of various players. If
we were to succeed in increasing bioavailability, we need to take the approach of “collapsing”
the network. We should abandon the classical method of pinpointing a “player” (e.g., an
enzyme) and then inhibit that player to achieve higher bioavailability. We should instead focus
on the most efficient disruption of the network in order to improve bioavailability of natural
polyphenols. Prompting us to be more sophisticated in designing our kinetic studies, the
coupling concept may be invaluable to improve the oral bioavailability of polyphenols,
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desirable drugs, nutrients and phytochemicals, but to limit the oral bioavailability of dietary
carcinogens.

This “Revolving Door” coupling theorem is different from the “Double Jeopardy” coupling
theorem, the latter is similar to the interactive coupling theorem originally proposed by Benet
et al [100]. The “Double Jeopardy” coupling theorem describes a drug efflux-metabolism
alliance between an efflux transporter such as p-glycoprotein and a phase I metabolic enzyme
such as CYP3A4. The process is typified by the disposition of a chemical that is the substrate
of both p-glycoprotein and CYP3A4. When the chemical interacts with the enzyme when it is
taken up by the enterocytes for the first time, it is subjected to metabolism (prosecution) once.
If the chemical is subsequently effluxed back to where it started (e.g., intestinal lumen), then
it did not escape the enzyme “prosecution”. Rather, it could be subjected to repeated exposure
to the same enzyme, when it is taken up again later in lower portion of the intestine. This
coupling process may result in higher extent of metabolism [99,100]. Normally, the “Double
Jeopardy” theorem involves efflux of substrate at only the apical membrane of the intestine,
which is less complex than the “revolving door” theory, which could involve efflux transporter
(s) at one (i.e., apical or basolateral) or both membranes. Generally, both coupling processes
share the same results: higher extent of metabolism and increased potential for metabolism-
based drug-drug interactions. In addition, it is difficult to sort out which player (enzyme or
transporter or both) is involved clinically in the drug interactions.

10. Consequence of Enzyme-Efflux Transporter Coupling
Efficient coupling of the conjugating enzymes and efflux process in organs such as liver and
intestine enables the enterohepatic and enteric recycling of polyphenols, is expected to have
significant impact on the bioavailability and apparent half-life of the polyphenols. Because
intestine, liver, and kidney are the major organs that play key roles in the disposition of
polyphenols through phase II conjugation and subsequent elimination, we will discuss the
consequence of the coupling process in intestine and liver. Interested reader should consult
recent review about kidney coupling process [110].

In the intestine, after oral administration, polyphenol is absorbed into intestinal cells by passive
diffusion or transporter-mediated processes. The absorbed polyphenols undergo phase II
metabolism by the intestinal enzymes. In human intestine, absorbed polyphenols are subjected
to intestinal conjugation to produce hydrophilic metabolites by either soluble cytosolic (e.g.,
SULT) or membrane bound (e.g., UGT) phase II enzymes. Once metabolized to hydrophilic
metabolites, these hydrophilic conjugates have to be transported out of cells by transporter(s)
that are localized either apically or basolaterally since they lose their ability to diffuse across
the cells via passive diffusion. The well-known efflux transporters in the intestine mostly
belong to the ABC transporter family [109]. High levels of MRP2 were expressed in the rat
duodenum and jejunum and low levels in the rat ileum and colon [111]. The coupling of efflux
transporters and metabolites enzyme in the intestine (e.g., coupling of CYP3A4 and p-
glycoprotein and coupling of phase II enzymes and MRP and/or OAT), can affect the
bioavailability of polyphenols and drugs as described by Jeong et al [99].

Polyphenols and their conjugates that are transported to liver may be subjected to additional
metabolism or excretion via the bile. Liver is the main and central organ for xenobiotic
disposition, especially for metabolism, and possess a variety of transporters and metabolic
enzymes that are capable of rapid clearing of xenobiotics from the body [112,113]. These
transporters in the liver usually have very high capacity and can excrete flavonoids metabolites
and biliary concentration can reach several mM in mice in an intestinal perfusion model
[114]. The efficient biliary excretion is enabled by apical efflux transporters located at the bile
cannicular membrane. These transporters in the apical side of the liver include MDR1, MDR3,
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MRP2, organic anion transport peptides (OATP)-A, OATP-B, OATP-C, sodium taurocholate
cotransporting protein (NTCP), and human prostagrandin transporter (h-PGT). On the
contrary, transporters localized to the basolateral side of the hepatocytes (MRP1 and MRP3)
are involved in the efflux from hepatocytes to the blood [115]. Coupling of apical transporters
and metabolic enzymes in the liver enables the enterohepatic recycling of polyphenols and
drugs, because conjugated metabolites that are excreted via the bile may enter the large
intestine, get hydrolyzed (by microflora), and return as absorbed aglycones from the large
intestine. Our investigation has demonstrated that the disposition of flavonoids such as
genistein and apigenin in the intestine may be more important than in the liver. In addition, in
conjunction with enterohepatic recycling, enteric recycling may increase the apparent half-
lives, which explain why flavonoids have poor systemic bioavailabilities but stay in plasma
for an extended period of time (i.e., hours) [104].

Taken together, the coupling of efflux transporters and conjugating enzymes are expected to
have significant impact on the bioavailability and apparent half-life of the polyphenols. This
is because intestinal coupling can result in less systemic exposure to the parent compound and
conjugates excreted by the intestinal cells are gradual and continuous and unlikely to produce
the “double peak” phenomenon associated with the enterohepatic recycling. On the other hand,
hepatic coupling has high capacity, and can render efficient enterohepatic recycling. We have
proposed that repeated shuffling of flavonoids through a duo recycling scheme involving both
enteric and enterohepatic recycling is the reason for extensive metabolism of flavonoids such
as apigenin. They may also be the reason why polyphenols typically have decent half-lives
even though they have very poor bioavailability.

11. Conclusions
Polyphenols refer to one of numerous and widely distributed group of molecules in the plant
kingdom. Polyphenols have gained increasing interest in scientific research and in public
media. Some polyphenols, especially flavonoids that are abundant present in vegetables, fruit,
tea, flowers, wine, and soybean, have been associated with numerous beneficial biological
effects including free-radical scavenging, enhancement of detoxifying enzymatic activities,
and inhibition of cellular proliferation [16-21]. However, the development of polyphenols into
successful chemopreventive agents is highly dependent on both their respective intakes and
their bioavailability, which varied widely among polyphenols and between subjects. Mastering
their disposition behavior so we can increase their bioavailability holds one of the keys to their
further development.

Even though scientific researches have emphasized on studying parent polyphenols, recent
studies indicate that some polyphenol metabolites may accumulate in certain target tissues
rather than just equilibrate between blood and plasma [116-119]. Whether these are active
metabolites, have not been carefully studies and need more of our attention since they are
present at much higher concentration in vivo. In addition, very little is known about the
biological properties of the conjugated derivatives present in plasma or tissues because of the
lack of precise identification and commercial standards [80].

12. Expert Opinion
Over the past 10-year, researchers, and food and dietary supplement marketers have become
increasingly interested in polyphenols. In particular, the flavonoids are becoming popular in
our diet and food. The chief reason for this interest is the recognition of the antioxidant and
chemopreventive properties of polyphenols, their probable role in the prevention of various
diseases associated with oxidative stress such as cancer, cardiovascular and neurodegenerative
diseases. However, a major challenge associated with the further development of
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chemopreventive polyphenols is the lack of bioavailability in vivo. Two factors control the
production of phase II metabolites: activities of conjugating enzymes and activities of efflux
transporters, which are needed to pump out hydrophilic anionic conjugates (sulfates or
glucuronides) because they are too hydrophilic to penetrate the cellular membrane by passive
diffusion. Recent investigations by various investigators including ourselves showed that
MRP2 are important for the biliary excretion of these metabolites, whereas BCRP and MRP2
are more important in their intestinal excretion. These investigations have shown that the
conjugating enzymes and efflux transporters are often coupled to achieve the optimal
efficiency. In this coupling scheme, efflux transporters appear to serve one of two functions:
(1) as the gate keeper when there is an excess capacity to metabolize the compounds, or (2) as
the facilitator of metabolism when there is a product inhibition. Physiological functions of this
coupling scheme remains to be fully elucidated, but it is known that it enables a duo recycling
scheme, which are referred to as enteric recycling and enterohepatic recycling.

In enterohepatic recycling, glucuronidated and sulfated metabolites are excreted via bile, and
then reach colon where they are reconverted to aglycones and reabsorbed into the blood,
completing the recycling scheme. In enteric recycling, the same phase II metabolites are
excreted in the intestine, including colon, with resulting conjugates undergo the same
reconversion process as in the enterohepatic recycling. Because of is duo recycling scheme,
polyphenols undergo repeated recycling through the digestive system, which afford them
apparent plasma half-life much longer than would be predicted from their intrinsic clearance
value. This long apparent half-life may facilitates the pharmacological functions of
polyphenols; since conjugated polyphenols are still good antioxidants and target tissues often
possess hydrolases (e.g., sulfatase) that can reconvert conjugates back to active aglycones.

Assuming aglycones are active, as shown by the vast majority of in vitro data, increasing
bioavailability so that the bioavailability of polyphenols are more consistent (not necessarily
higher but often time is higher) will be critical to their development into drugs. This is because
large differences in bioavailability translate into large differences in drug exposure, thereby
needing an even larger sample size to show statistical effects.

Lastly, our increasing understanding of polyphenol bioavailability could finally allow us to
correlate total polyphenol intakes with one or several accurate measures of bioavailability (such
as concentrations of key bioactive metabolites in plasma and tissues) and with their potential
health-benefit effects. Knowledge of these correlations could further entice more scientists to
this field, despite the difficulties with their moderate to low bioactivities, variable
bioavailabilities due to high interpersonal variability in key metabolic processes, and lack of
strong intellectual property protection. This is because conventional Western medicine, with
its emphasis on cause and molecular mechanisms of diseases, is not very apt to prevent
degenerative diseases from occurring.

In summary, coupling of efflux transporter and metabolic enzymes controls the disposition of
natural polyphenols in vivo and enables duo recycling scheme that prolongs the half-life of
polyphenols in vivo. In the coupling processes, the complex network of players is composed
of conjugating enzymes and transporters. How a polyphenolic compound interacts with the
network, not just one of its players, will determine how it is deposited in vivo. We should
emphasis more on study of the metabolites of polyphenols and on studying how the coupled
metabolic pathways can be manipulated to enhance their bioavailabilities.
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Fig. 1. A. Chemical structures of polyphenols. B. Chemical structures of flavonoids
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Fig.2.
Absorption and metabolism of genistein and genistin (@100 μM) in rat jejunum using single-
pass perfusion (flow rate=0.191 ml/min). % Metabolized is calculated as the ratio of metabolite
in outlet perfusate to parent drug concentration in inlet perfusate.
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Fig.3.
Intestinal glucuronidation rates measured using rat microsomes and intestinal excretion rates
measured using perfused rat intestine. Each bar is the average of four determination for
perfusion experiments. The metabolism rates were calculated using kinetic parameters
obtained as described in Wang et al.
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Fig. 4.
A schematic representation of coupled efflux and metabolism.
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Fig. 5.
Schematic representation of the coupling theorem. Substrates are represented by triangles
whereas products of enzymes or metabolites are represented by pentagons.
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Fig. 6. Intestinal microsomes-catalyzed glucuronidation of formononetin and biochanin A (Panel
A) glucuronides by intestine (Panel B). Concentration of isoflavone used in perfusion studies was
10 μM. Adapted from Jia et al.[86]

Liu and Hu Page 27

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2009 November 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Schematic representation of the more complex coupling theories. Substrates are represented
by triangles whereas products of enzymes or metabolites are represented by other shapes. In
this scheme, substances such drugs and nutrients will get in by passive diffusion or carried by
transporter. The intake process at the apical side is often called uptake, whereas intake at the
basolateral side is often a part of secretion. In contrast to intake, substances excreted by
transporters out of the cells is called efflux. These efflux transporters can locate at either sides
(apical or basolateral side). Some efflux transporters such as p-gp, MRP2, MRP4, and BCRP
are generally present on the apical surface of the cells, whereas others such as MRP3, MRP5,
MRP6 are localized on the basolateral of the cell. Some efflux transporters such as MRP1 and
OATs are present on both apical and basolateral surfaces. Efflux transporters located at the
apical side diminish absorption into the blood and facilitate excretion, whereas efflux
transporters at the basolateral sides have the opposite functions.
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