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Bioavailability Challenges Associated with Development of Anti-Cancer

Phenolics
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Abstract: Phenolics including many polyphenols and flavonoids have the potentials to become chemoprevention and
chemotherapy agents. However, poor bioavailability limits their biological effects in vivo. This paper reviews the factors
that affect phenolics absorption and their bioavailabilities from the points of view of their physicochemical properties and
disposition in the gastrointestinal tract. The up-to-date research data suggested that solubility and metabolism are the pri-
mary reasons that limit phenolic aglycones’ bioavailability although stability and poor permeation may also contribute to
the poor bioavailabilities of the glycosides. Future investigations should further optimize phenolics’ bioavailabilities and
realize their chemopreventive and chemotherapeutic effects in vivo.
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1. INTRODUCTIONS

Both epidemiologic and experimental evidences revealed
that modifications in lifestyle including diet, can have a ma-
jor impact on the risk for various types of cancers [1]. Based
on this evidence, there has been an increasing interest in can-
cer chemoprevention via the use of dietary phytochemicals
over the past 20 years. Among these compounds, phenolic
compounds such as flavonoids (1), stilbenes (2), coumarins
(3), quinones (4), and phenolic acids (5) [2, 3], have perhaps
attracted the most attention. Phenolics are characterized by
having at least one aromatic ring with hydroxyl group(s),
which are widely distributed in fruits, vegetables, cereals,
dry legumes, chocolate, wine, and beverages (e.g. tea, cof-
fee) [4]. Phenolic compounds are ubiquitous in the plant
kingdom. More than 8,000 phenolic compounds have been
isolated in a wide variety of chemical forms [5], including
compounds such as EGCG (6) isolated from green tea, res-
veratrol (7) derived from grape seed, and genistein (8) from
soybean. The chemistry, bioavailability, and benefit or toxic-
ity on health of phenolics have been reviewed in several pub-
lications [4, 6].

Numerous experiments have successfully linked natural
occurring dietary phenolics to anti-proliferative properties
and thereby these compounds are regularly referred to as
anticancer. For example, juices of prickly pears prevented
growth of prostate and colon cells [7], phenolic-rich berry
juice possessed antiproliferative activity against Caco-2 cells
[8], and ginger-derived phenolics were shown to have che-
mopreventive and chemotherapeutic effects [9]. Modern
pharmacological research indicated that the mechanisms of
action of phenolics include induction of apoptosis [10],

*Address correspondence to this author at the Department of Pharmacologi-
cal and Pharmaceutical Sciences, College of Pharmacy, University of
Houston, 1441 Moursund Street, Houston, TX, 77030, USA,

Tel: (713) 795-8320; Fax: (713) 795-8305; E-mail: mhu@uh.edu

1389-5575/10 $55.00+.00

inhibition of tumor angiogenesis [11], reduction of the
expression of the proinflammatory gene cyclooxygenase-2
[12], down-regulation of the expression of pRb, cyclins, and
CDKs [13], inhibition of AKR1C3, an target of hormone-
dependent cancer treatment [14], and up regulation of MIC-1
gene expression [15]. Perhaps due to these exciting findings,
more health conscious people are advocating the consump-
tion of phenolic-rich food or dietary supplements.

In contrast, some scientists questioned the ability of phe-
nolics to exert clinical anticancer activities. Despite the fact
that experimental studies on cultured cell lines or animal
models have established positive relationship between die-
tary phenolics and cancer, it is very difficult to extrapolate
the results of these studies (often conduced in vitro or in ro-
dents) to cancer prevention or therapy in human. One of the
reasons is that these studies have often been conducted at
doses or concentrations far beyond those can be achieved in
human for disease-prevention or therapy. For example,
EGCG was shown to prevent melanoma tumor cell lines
from growth with 1Csy value from 11 to 89 uM [16]. But in
human, the Cp.x of EGCG were 0.237-0.328 ug/mL (51.7 -
71.6 nM) after taking 1000 mg green tea extract or 250 g
fresh grape plus EGCG enriched-nutrient mixture [17]. Simi-
larly for trans-resveratrol (7), a compound active against all
3 major stages of carcinogenesis (initiation, promotion, and
progression) [18], the activities were shown at a concentra-
tion greater than 1000 ng/mL [19]. In contrast, the Cpax Of
trans-resveratrol in 12 volunteers (6 male, 6 female) ranged
from 21.6 + 9.7 to 28.0 + 22.0 ng/mL in a single dose study
(200 mg trans-resveratrol) or from 27.1 + 14.4 to 34.5 + 32.1
ng/mL in a multiple dose study (200 mg trans-resveratrol
thrice daily). This result suggested that the in vivo plasma
concentration of trans-resveratrol was far below the in vitro
biological effect concentration.

In addition, high doses of phenolics consumption may
even be harmful for our health. Anti-oxidation is one of the
reasons that phenolics can prevent growth of cancer cells.

© 2010 Bentham Science Publishers Ltd.
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However, Decker argued that phenolics had both anti-
oxidation and pro-oxidation effects [20]. Karakaya pointed
out “at high concentrations, phenolics or their oxidation
products may interact with proteins, carbohydrates, and min-
erals”, which will harmful to our body[21]. Regulation of
cell signaling pathway is one of the predominant mecha-
nisms of action. However, “regulation of cell signaling
pathways by dietary polyphenols can also lead to cell prolif-
eration/survival or inflammatory responses due to increased
expression of several genes” [22]. Therefore, one could ar-
gue that amounts of dietary phenolics consumed should be
well titrated in order to achieve the optimal effects.

The consumption and bioavailability of dietary phenolics
have become a major concern in phenolic chemopreventive
and cancer therapy research. Several reviews concluded that
the oral bioavailability of dietary phenolics was poor but the
reason is multifaceted [21, 23, 24]. This review focuses on
the mechanisms responsible for oral bioavailability chal-
lenges associated with development of anti-cancer phenolics.

2.SOLUBILITY AND ABSORPTION
2.1. Solubility

Solubility is the maximum amount of a solid, liquid, or
gaseous chemical substance dissolved in a certain volume of
liquid solvent to form a homogeneous mass. It is a property
of substance (i.e., phenolic), which is affected by physico-
chemical characteristics of the substance (e.g. chemical
structure, crystalline state), compositions of the solvent (e.g.
solvent type, pH), temperature, and even the dissolution pro-
cedure [25]. Solubility is important for oral bioavailability
because only dissolved substance can be absorbed across the
gastrointestinal epithelium. Another equally important and
related parameter is the dissolution rate, or the speed at

which a substance is dissolved in the liquid. The latter is
because gastrointestinal tract has established rhythm and
motility, and an orally administered dose of phenolics nor-
mally has 4-6 hr to get absorbed or the remaining dose will
be considered lost or non-absorbable. Therefore, it is often
desirable to get orally administered phenolics to dissolve
rapidly.

2.2. Relationship Between Solubility and Absorption

Muller has reviewed the molecular properties favoring
oral absorption of drugs [26]. Ideally, well-absorbed com-
pounds should have molecular weight less than 550, suitable
lipophilicity and hydrophilicity, uncharged or partially un-
charged at pH = 7.4, and certain numbers of rotatable bonds
and of hydrogen bond donors or receivers. It is actually dif-
ficult to study the relationship between water solubility and
absorption, because the absorption processes are very com-
plex. Although most of the in vitro and in vivo studies were
conducted using aqueous media, there is no evidence to
show that the common approach of including up to 5% of
organic phase in the in vitro cell culture studies will bias the
results to such an extent that they will not be reproducible in
vivo since most organic solvents used are not allowed in hu-
man. For example, a common practice employed in vitro
studies is to use 1% DMSO in the cultured media. In another
words, a standard control experiment is a media with 1%
DMSO, even though there is no evidence to show that
DMSO will not enhance the uptake of agents by the cells
because of DMSO treatment. In any rate, improving the
solubility of many of the phenolics is an important task for
both in vitro and in vivo studies.

Several studies had focused on improving water solubil-
ity of anticancer agents. For example, the addition of a salt
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moiety onto the structure of resveratrol was shown to im-
prove its water solubility [27]. But there was no direct evi-
dence to show when water solubility was improved, the ab-
sorption and the bioavailability was improved as a result of
the improvement. Further efforts in this area are needed.

2.3. Solubility of Selected Phenolics
Solubility of Phenolic Acids

Ellagic acid (EA, 9) is a representative phenolic acid
considered to be an anticancer and antiproliferation agent
[28]. It was reported to prevent growth of multiple cancer
cell lines (e.g. Caco-2, MCF-7, Hs 578T, and DU 145) in
vitro. The absorption of EA was proved to be poor in rat
after oral administration of pomegranate leaf extract [29].
The poor absorption could at least partially due to its sparing
solubility in water (9.7 pg/ml) [30, 31] at pH=7.4 phosphate
buffer [31].

OH

OH
Ellagic acid (9)

Solubility of Stilbenes

Natural stilbenes (e.g. resveratrol) and semi-synthetic
simple and derivates have potential anticancer and chemo-
preventive activities [32]. Resveratrol was treated as a lipo-
philic phenolic and was easy to dissolve in ethanol, DMSO,
and other organic solvents. No research has focused on the
behavior of resveratrol in aqueous solutions at concentra-
tions >1 mg/mL [33]. There is no direct evidence to show
that the poor bioavailability of resveratrol was because of its
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low water solubility. But researchers are trying to synthesize
resveratrol analogues to maintain its biological activities but
with improved water solubility, because the latter could im-
pact absorption [34].

Solubility of Lignans and Flavonoids

Lignans is one of the major sources of phenolics. Natural
occurring and semi-synthetic lignans have the potential to be
used for treatment or prevention of tumors [35]. Most of the
compounds in this class are lipophilic, meaning water solu-
bility could be poor. No solubility-absorption relationship for
lignans has been reported. Flavonoids possess usually one or
more hydroxyl groups, their molecular weights are usually
less than 500, and water solubility is usually not a major im-
pediment for absorption.

3. STABILITY AND BIOAVAILABILITY

Phenolic compounds are known for their anti-oxidation
activity. Since they are good antioxidation agents, they
themselves may be easily oxidized, especially when multiple
hydroxyl groups are adjacent on the same aromatic ring (i.e.,
ortho isomer or catechol). Light exposure often exasperates
the stability problem of phenolics. In addition, harsh envi-
ronment of the Gl tract could accelerate some phenolics de-
composition. Moreover, some of phenolics are easily de-
composed by intestinal flora. Therefore, chemically degrada-
tion or bacteria decomposition will occur for these phenolic
compounds before being absorbed into circulation system,
which could affect their bioavailabilities.

3.1. Chemical Stability

Anthocyanins are Very Unstable Under Alkaline Condi-
tions

Dietary components containing anthocyanins (10) were
reported to be cytotoxic. Dai reported that anthocyanins ex-
tracted (ACE) from blackberry were chemically unstable in
biologically relevant buffers such as pH= 7.4 PBS, pH =7.4
PBS with 10% FBS, RPMI 1640 medium supplemented with
10% FBS at 25°C or 37 "C [36]. The half-life of total antho-
cyanins was only 5.0 and 6.2 hours at 37°C in these buffers.
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Another study also showed that anthocyanins degradation in
vitro [37]. In 37°C water or 37°C pH=7.4 phosphate buffer,
the half-lives of delphinidin (11), pelargonidin (12), and
cyanidin (13) were less than 2 hours (first observation time
point). When 3-OH group was conjugated with sugar, the
compounds were relatively stable in water at 37°C, but re-
mained unstable in pH=7.4 phosphate buffers.

Acid Environment Accelerates Anthocyanins Degradation

Procyanidin oligomers were readily cleaved in mild acid
solutions to form flavan-3-ol and quinone methide. Studies
showed that 60-80% of procyanidin oligomers (trimer to
hexamer) were decomposed into dimer or monomer procya-
nidins within 90 min under conditions of acidic environment
of the gastric juice [38].

Chemical Stability is also an Issue for Flavan-3-Ols

Many studies have investigated stabilities of tea cate-
chins. Zhu reported that (+)-catechin (14), (-)-
epicatechin(15), and epicatechin-(45- 6)-epicatechin (16)
degraded nearly completely within 8 hours in both simulated
intestinal juice or at alkaline pH (pH 7.4, 9.0) [39]. When pH
is less than 4, catechins aqueous solution was very stable,
whereas they were unstable at pH value higher than 6. Fur-
thermore, the decomposition of catechins was temperature-
dependent: at temperature below 44°C, degradation was
more profound than epimerization whereas at temperature
above 44°C, epimerization was faster than degradation [40].

Some of Flavonoids are Unstable in Physiological Envi-
ronment

Boulton reported that quercetin (17) degraded in HBSS
buffer (pH, 7.4). When radio-labeled quercetin was incu-

OH O

Quercetin (17)

bated in HBSS buffer at 37°C for 6 hours, C-ring was bro-
ken, and protocatechuic acid together with two unidentified
degradation products was detected as the degradation prod-
ucts. However, the degradation pathway could be inhibited
by including nontoxic concentrations of EDTA in the media
[41].

3.2. Plasma Stability

Plasma stability is a very important issue in oral drug
development. It has a direct impact on drug performance in
vivo and serves as a criterion for drug candidate screening in
the early stage of preclinical study. Unstable compounds in
plasma tend to have rapid clearance and short half-life, re-
sulting in poor bioavailability and poor biological perform-
ances [42]. Moreover, plasma instability leads to biased
pharmacokinetic results because degradation may still occur
even if blood samples were taken. Caffeic acid phenethyl
ester (CAPE, 18), a polyphenolic plant product, has been
found to exhibit medically useful properties including can-
cerpreventive and anti-tumor properties [43]. The CAPE is
an aryl ester, which can be hydrolyzed in plasma enzymes.
Wang reported that CAPE was degraded in rat plasma fol-
lowing first-order kinetics. The half-life of CAPE (5 ug/ml)
at 4, 25, and 37°C were 10.21, 0.73, 0.35 hour(s) respec-
tively. It was further reported that addition of 0.4% sodium
fluoride together with pH adjustment to pH 6, which is a
common way to prevent compounds from enzymatic hy-
drolysis in plasma [44], could maintain the integrity of

CAPE in rat plasma.
O /\Q
o}

HO
OH Caffeic acid phenethyl ester (18)

3.3. Gut Microflora Transformation

Microflora transformation of phenolics is also an impor-
tant factor for the stability of phenolics in the gut, even
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though glucuronidation and sulfation are the major metabolic
pathways of phenolics. For instance, Gonthier reported that
when rats was given red wine, polyphenol microflora trans-
formation metabolites (3-hydroxphenolpropionic acid, 3-
hydroxybenzoic acid, 3-hydroxyhippuric acid, hippuric acid,
p-coumaric acid) were detected in urine and the total amount
of these metabolites was about 10% of total administered
polyphenols [45]. Assuming this is the result of microflora
biotransformation, it was proposed that phenolic metabolites
(formed as the result of conjugation in the small intestine and
liver) and lower molecular weight products (formed by the
metabolism of the colonic microflora) are responsible for the
observed bioactive effect in vivo [46]. However, vast major-
ity of the in vitro and in vivo experiments have demonstrated
that phenolics themselves possess cancer chemoprevention
and chemotherapy effects [3]. Therefore, determination of
microflora metabolism of phenolics should be significantly
strengthened if our goal is to get a better understanding of
the metabolism of phenolics in vivo.

Humans and other mammals are colonized by vast and
complex microorganisms. The main bacteria in human Gl
track are anaerobic bacteria. Bacteria found in the upper in-
testinal tract (stomach and small intestine) are different from
those in the lower intestinal tract (colon). Colonic microflora
transformation is often thought to be the major flora metabo-
lism for phenolics. About 500 different bacterial species are
recovered in the lower intestine, where the most common
anaerobic microorganisms are bifidobacteria, lactobacilli and
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bacteroides [47]. The microflora that could participate in
phenolic metabolism are Bacteroides, Clostridium, Eubacte-
rium, Ruminococcus, Eggertheilla [48]. But individuals may
have different and/or altered flora profiles, which may affect
their metabolism [49]. The following reactions are often re-
ported for phenolics microflora metabolism.

Ring Fission

Flavonoid ring fission in mammals was first studied more
than 50 years ago [50]. The products of ring fission degrada-
tion are usually hydroxyphenylacetic/phenylpropionic acid
and phloroglucinol. The pathway of flavonoids degradation
may include three main steps (Fig. 1): 1. the double bonds
between position 2 and 3 was hydrogenized to form dihy-
droflavonoids; 2. C-ring was broken to form chalcone; 3.
chalcone was hydrolyzed together with or without lose car-
bonyl from C-ring to afford hydroxyphenylacetic/phenyl-
propionic acid from B ring or phloroglucinol from A ring
[51]. For examples, quercetin (17) was degraded by human
gut anaerobe into 3,4-dihydroxyphenylacetic acid derived
from B ring and phloroglucinol derived from A ring [51, 52]
whereas kaempferol (19) was metabolized into 4-hydroxyl-
phenlacetic acid from B ring and phloroglucinol from A ring
[53]. Luteolin (20) was transformed into 3,4-dihydroxyph-
enylpropionic acid and phloroglucinol [51]. For naringenin,
(21) a dihydroflavonoid, is C-ring fissioned directly into
chalcone to afford phenylacetic acid and phloroglucinol [53].
Anthocyanins was firstly hydrolyzed into chalcones, which
were further being degraded into hydroxyphenylacetic/

OH OH

HO OH 2

OH 3" 0OH

CO, 2H

Fig. (1). Proposed pathway of degradation of kaempferol by human intestinal microflora.
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phenylpropionic acids and phloroglucinols [54] or a-
aldehyde and monomeric phenolics [55].

Reduction

Yuan reviewed the metabolic pathway of soy bean
isoflavone daidzin (22) by microflora in Gl tract. When un-
fermented soybean was ingested, the daidzin was hydrolyzed
into daidzein (23) which was further hydrogenised into 2,3-
dihydrodaidzein by microflora. The carbonyl of dihydro
product was further reduced to afford equol or C-ring was
fissioned to afford O- desmethylangolensin (24) [56].
Moreover, in a double-blind study of 14 American women
volunteers, it was found that equol (25) appeared after 4 h
and remained elevated after 48 h. The AUC for equol was
significantly higher after ingestion of the daidzin tablets,
although glucuronidation and sulfation are always the major
metabolites of soy isoflavonoids. Simple phenolic acid can
also further be reduced by reduction reactions. For instance,
caffeic acid (26) was degraded into m-coumaric acid, m-
hydroxyphenylpropionic acid, and 3,4-dihydroxyphenyl-
propionic acid by human gut flora [57].

Hydrolysis

Gut microflora hydrolysis is often thought to benefit fla-
vonoid glycoside bioavailability. When sugar unit is re-
moved, the resulting aglycone can be absorbed more readily.
For example, rutin (27), hesperidin (28), naringin (29), bai-
calin (30), puerarin (31), daidzin (22) and poncirin (32) were
hydrolyzed to their respective aglycones by human intestinal
microflora, and the resulting aglycones were absorbed better

[58]. But in some cases parent compounds (e.g., glycosides)
are the biological active sources. Then, when hydrolysis oc-
curs, the bioavailability will be decreased. For example,
rosmarinic acid (33) is a natural occurring phenolic acid ester
of caffeic acid and 3,4-dihydroxyphenylacetic acid with effi-
cient of antioxidation activity. The ester bond of rosmarinic
acid was hydrolyzed by human microflora to form two sim-
ple less active phenolic acids, [59]. Proanthocyanidins are
the most abundant polyphenols in many kinds of food (vari-
ous fruits, legume seeds, chocolate) and beverages (fruit
juices, wine, beer, cider, tea). Pure proanthocyanidins have
been suggested to prevent cancers. When proanthocyanidin
polymer was incubated with human colonic microflora in
vitro, it was rapidly hydrolyzed into catechin (14) which was
further degraded into less active phenylacetic, phenylpropi-
onic, and phenylvaleric acids [60]. This type of hydrolysis
therefore may decrease the parent compounds’ in vivo bioac-
tivities.

4. PERMEATION AND TRANSPORT MECHANISMS
4.1. Barriers to Oral Bioavailability

The intestinal epithelium is the first biological barrier to
be crossed by phenolics, therefore a better understanding of
the specific intestinal cell mechanisms involved in the per-
meation processes is of interest when assessing their absorp-
tion. The primary function of small intestine is to digest and
absorb nutrients from gut lumen. Structure and function of
intestinal epithelium membrane has been well described
[61]. The intestinal epithelium consists of a single layer of
epithelial cells that undergo rapid and continuous renewal,
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an essential process for digestion and absorption of nutrients.
In small intestine, the epithelium displays finger-shaped pro-
jection or villi, which is 0.5-1.5 mm in length. The absorp-
tion occurs on 90-95% of villus surface. Uptake (e.g. PEPTS,
OATPs, OATs, GLUTs) and efflux transporters (e.g.
BCRPs, MRPs, Pgps) are distributed in the surface of intes-
tinal epithelial cell. These cells are tightly linked together by
tight-junctional proteins.

Permeability is the ability of a molecule to go across a
membrane barrier, which also determines the phenolic ab-
sorption across intestinal epithelium. Absorption of a mole-
cule across the intestinal epithelium is a complex process
involving multiple pathways (Fig. 2). The absorption of the
drug is determined by two major factors, uptake and efflux.
The intestinal uptake/efflux takes place via transcellu-
lar/paracellular passive diffusion and facilitated/active trans-
port mechanisms separately or in some types of combina-
tions.

4.2. Passive Diffusion

For the passive diffusion mechanism, permeability is
much higher for lipophilic compounds than for hydrophilic
ones, because compounds must pass through lipid bilayer of
the membrane. Moreover, neutral molecular are more per-
meable comparing with charged molecular. The molecular
size is also critical. The parallel artificial membrane perme-
ability assay (PAMPA) is an alternative to biological models
to predict drug passive diffusion permeability [62]. This
model can outperform cell culture model in speed, versatil-
ity, and cost, representing a compelling biologically relevant
model used to predict passive diffusion.

Lipophilicity, degree of ionization, and molecular size
were used to predict permeability of flavonoid aglycones and
glycosides via passive diffusion. The rutinoside glycosides
of diosmetin (34), hesperitin (35), and naringenin (21) along
with their aglycones were subjected to Caco-2 and soy leci-
thin lipid membrane PAMPA models. It was showed that
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permeabilities of three glycoside compounds were extremely
low because of their higher molecular weight and less lipo-
philicity when comparing with their aglycones. Permeabil-
ities of aglycones from apical to basolateral side were much
better and in the range of an in 1.0-8.0x 10° cm/sec [63].

Flavonoid glycosides were mainly absorbed by passive
diffusion [64]. They are too polar to be absorbed rapidly

from the small intestine. Many if not most of the dietary
phenolics are presence in food as glycoside. For instance,
almost all soy isoflavones exist as glycosides, in soy and
unfermented soy foods. Isoflavone glycosides are not ab-
sorbed intact across the enterocytes of healthy adults because
of their higher hydrophilicity and bigger molecular weights
[65]. The glycoside absorption is improved upon the cleav-
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age of the glycoside linkage by glycosidase in the gut wall or
present in the microflora.

4.3. Efflux

Human intestinal epithelial wall expresses several fami-
lies of efflux transporters including ATP-binding cassette
transporters such as p-glycoprotein (Pgp), multidrug resis-
tance-associated proteins (MRPs), and breast cancer resis-
tance protein (BCRP). These efflux transporters will affect
drug bioavailabilities of orally administrated substrates. The
most pharmacologically relevant ABC transporters are ex-
pressed in the apical membrane of cells and include Pgp
(ABCB1), MRP2 (ABCC2) and BCRP (ABCG2). The
transporters may impact bioavailability of their substrates by
mediating hepatobiliary and direct intestinal excretion of
these compounds [66]. Human intestinal efflux transporters
distribution and their functions have been recently reviewed
[67]. Phenolics that cross the apical membrane may be sub-
strates for different transporters, which extrude compounds
back into the intestinal lumen and limit their bioavailabil-
ities.

MRPs are Involved in Phenolics Glycosides Efflux

Flavonoid glycosides are reported to be substrates of
MRP transporters in Caco-2 cell culture model by using in-
hibitors. For example, Quercetin 4'--glucoside (36), a major
dietary component capable of reducing certain cancer risks
including stomach carcinoma and lung cancer [68], is not
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well absorbed [69]. The apical to basolateral permeability
was less than 0.02x10® cm/sec, while the basolateral to api-
cal side permeability was 1.6 +0.2 x10°® cm/sec (more than
80 fold higher) indicating the involvement of efflux trans-
porter(s) [70]. Further study showed the efflux ratio reduced
in the presence of MK-571 suggesting MRP2 was the efflux
transporter [69]. By using the similar method, quercetin 3, 4'-
pS-diglucoside (37) [69], isorhamnetin-3-O-rutinoside (38),
diosmetin-7-O-p-D-xylopyrano-syl-(1-6)- S-D-glucopyrano-
side (39), isovitexin (40), baicalin (30), luteolin-7-O-
glucoside (41), diosmetin-7-O- 8 -glucopyranoside (42), iso-
quercitrin (43), quercitrin (44), and daidzin (22) were also
proved to be substrates of MRP2 [64].

Flavan-3-Ols are also Substrates of MRPs

Tea catechins, such as (EC (15), EGC (45), ECG (46),
EGCG (6), have been suggested to have anticancer effects
both in animals and in human [71, 72]. But the oral bioavail-
ability of tea catechins has been suggested to be low in rats
[73] and humans [74]. For example, oral bioavailability of
ECG in Sprague Dawley rats was only 6.0% [75]. Low ab-
sorption was one of the major problems for these catechins
[76]. Bharathi reported that the ECG (50uM) uptake by
Caco-2 cell at 60 min was 810+141 pmol/mg protein while
in the presence of 50uM MK-571, uptake was significantly
increased more than 2 folds to 1698+308 pmol/mg protein
[77]. The ECG uptake by MRP2-overexpressing MRP2-
MDCKII cell was only half of that by normal MDCKII cell.

Diosmetin-7-O-B-D-xylopyranosyl-
(1-6)-B-D-glucopyranoside (39)

OH
Diosmetin-7-O-B-glucopyranoside (42)

Isoquercitrin (43)

HO ‘OH
Quercitrin (44)
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Transepithelial transport of ECG across Caco-2 cells showed
that its apical to basolateral permeability was concentration-
dependent. When MK-571 was used, permeability of EGCG
was doubled at a higher concentration (200 uM) but did not
change at a lower concentration (50 uM). These evidences
revealed that MRPs may impacts the absorption of catechins.

Stilbenes are also MRPs Substrates

Trans-resveratrol (7) and its glycoside trans-piceid (47)
are the major stilbenes in wine. Trans-resveratrol seems to
have a greater biological benefit than that of trans-piceid
[78]. Hydrolysis often occurs in human small intestine,
which will increase the quantity of aglycone so that stilbene
in wine is available for rapid absorption [79]. Although
trans-resveratrol was highly absorbed in rats [80], its efflux
still should not be neglected. Henry et al. reported that both
trans-resveratrol and trans-piceid were efflux by MRP2 [81].
In the Caco-2 cell efflux experiment, after 90 s, there was
only 31% of trans-resveratrol and 19% of trans-piceid re-
mained in the cells, suggesting that these two molecules
were rapidly excreted by Caco-2 cells. When MK-571 was
used, the cellular accumulation of these two compounds in-
creased 45 % for trans-resveratrol and 32 % for trans-piceid.
Although there were very few data in humans, the bioavail-
abilities of resveratrol and its aglycone are likely to be lim-
ited by efflux.

HOUOH
., OH

trans-Piceid (47)

Lignans are Substrates of MRP2

Efflux of gomisin N (48) was inhibited by MK-571 and
verapamil, indicating both MRP2 and Pgp were involved in
its efflux [82].

Some of Phenolics are also Substrates of Pgp/MDR1
Transporters

Glabridin is a major flavonoids aglycone in root of Gly-
cyrrhiza glabra. Cao et al. reported that the systemic

bioavailability of glabridin (49) was approximately 7.5% in
Sprague-Dawley rats at 5 and 20 mg/kg [83]. Caco-2 trans-
port experiments showed that efflux ratio of glabridin was
3.3 to 8.4 in the experimental concentration range (0.1 - 100
uM). In the presence of Pgp/MDR1 inhibitor, 100 pM vera-
pamil, efflux was significantly inhibited. Furthermore, the
efflux rate of glabridin (0.1 - 50 puM) in MDR1 over-
expressed MDCKII cells was significantly (approximately 5
to 7 fold) higher than that in control MDCKII cells. In vivo
study showed that AUC,_,,, and C,,, of glabridin were 3.77
and 2.83 fold higher in MDR1a(-/-) mice than those in wild-
type mice given the same dose. These findings indicated that
glabridin was effluxed by Pgp/MDR1 transporter, which will
limit its absorptions.

-

0.0 :

HCO  ocpg 0 -~

Gomisin N (48)

Glabridin (49)

5. METABOLISM

The intestinal epithelial membrane is a defensive barrier
against absorption of xenobiotics including many of the phe-
nolics. Xenobiotics that possess suitable permeability can be
absorbed through the intestinal wall. Once these compounds
pass through this biological barrier, metabolism in intestinal
epithelial cells and/or in hepatocytes will become the major
barriers to their bioavailability. These barriers are classically
termed “first-pass” metabolism, or metabolism that occurs
before xenobiotics reaching the circulation system for the
first time.

Many phenolics are good substrates for certain intestinal
and hepatic uridine-5'-diphosphate (UDP)-glucuronosyl-
transferases (UGTSs) and sulfotransferases (SULTS), as well
as for certain cytochrome P450 enzymes. Metabolism occurs
in intestinal epithelial cells before phenolics presenting to
hepatocytes via the portal vein (Fig. 2). Moreover, phenolic
conjugated metabolites are often good substrates of apically
located efflux transporters such as MRPs, Pgp, and BCRP.
Hence, significant amounts of conjugates will be excreted
back into intestinal lumen after absorbed phenolics are me-
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tabolized in the intestine. For those phenolics that escaped
intestinal metabolism, liver will be the next organ that me-
tabolize a large (if not all of) portion of the escaped phe-
nolics via a variety of mechanisms (hydrolysis, methylation,
oxidation, sulfation and glucuronidation), and phenolics
themselves and/or their metabolites may also be excreted via
bile [24]. The excreted phenolics can be reabsorbed by the
intestine epithelial wall. Their metabolites can be hydrolyzed
by microflora enzymes into aglycones, which can then come
back into the plasma, completing the recycling loop. A por-
tion of the unabsorbed phenolics and their metabolites could
also be further metabolized by the microflora into smaller
phenolic acids as we describe in stability section. It is be-
lieved that extensive conjugation of the free hydroxyl groups
is the main reason for the low oral bioavailability of the die-
tary flavonoids and other polyphenols [84]. An unanticipated
benefit of this extensive metabolism via conjugation and
extensive excretion of the metabolites into the intestinal lu-
men by enterocytes and via bile and subsequent return to the
aglycone is that this class of compounds typically has rea-
sonable apparent half-lives, even though they have very poor
bioavailabilities [85, 86].

5.1. Phase Il Metabolism of Phenolics

Phase Il metabolism, such as glucuronidation and sul-
fation, is the main route of metabolism for phenolics. Conju-
gation of free phenolic group(s) via glucuronidation and /or
sulfation will increase their polarity and water solubility,
enabling their ultimate elimination from the body [87]. Al-
though conjugation is often thought as a detoxification proc-
ess, it is in fact also a process that limits the benefit of phe-
nolics to humans. We are currently performing research to
determine if this process can be manipulated to allow entry
of biologically beneficial compounds without increasing
exposures to carcinogens. In any rate, these conjugates are
too hydrophilic to diffuse across cell membrane by the pas-
sive diffusion and they are known to be substrates of efflux
transporters such as MRPs and BCRPs [86].

Glucuronidation

UGTs are membrane-bound enzymes that situate in the
endoplasmic reticulum. Their distribution has been well de-
scribed in different organs of humans [88]. Although UGTs
are found in multiple organs, such as lung, kidney, breast,
bladder, ovary, uterus, testis, and stomach, they are primarily
in the liver, small intestine, and colon. In the recent decades,
extensive glucuronidation of phenolics in the intestine and
the liver have been demonstrated in various studies. Al-
though phenolic aglycones are rapidly absorbed by Gl tract,
their plasma concentrations were low. Glucuronidation me-
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diated by various UGTs is recognized as one of the most
important metabolic pathways of phenolics in both liver and
intestine.

It is generally accepted that UGTs expression in intestine
is much lower than that in liver, but due to the location,
small intestine is the first organ encountering the absorbed
phenolics that are present at relatively high concentration,
often in 10s of uM. Therefore, the contribution of intestine in
limiting the oral phenolic bioavailability should not be un-
derestimated. For example, Cermak et al. found that the
swine portal blood contained only quercetin metabolites and
no parent compound, suggesting quercetin (17) was totally
biotransformed in the Gl tract before reaching the liver [89].
Both in vitro and in vivo study showed that glucuronide is
often the main intestinal metabolite. Since phenolics usually
possess multiple hydroxyl groups, different glucuronide with
respect to the position of glucuronidation was possible. For
example, when quercetin (17) was incubated with rat intes-
tine S9 fraction, quercetin-3-glucuronide, quercetin-7-
glucuronide, quercetin-3'-glucuronide, quercetin-3'-methyl-
7- glucuronide, quercetin-4'-methyl-3'- glucuronide were
identified as the metabolites [90]. Soybean isoflavones (ge-
nistein (8), daidzein (23), glycitein (50), formononetin (51),
and biochanin A (52) were glucuronidated in Caco-2 models
and 7-hydroxyl group was the main site for glucuronidation
[91]. Mono-glucuronidation  occurred for trans/cis-
resveratrol at 3/4' position when being incubated with human
small intestine microsomes [92].

Flavonoids glucuronidation has been reviewed and UGT
isoform-specific patterns were summarized [86]. For in-
stance, xanthohumol (53) was efficiently glucuronidated by
UGT1AS8, 1A 9, and 1A10, followed by UGT1A1, 1A7, and
2B7; whereas UGT1A3, 1A4, and 1A6 had minor contribu-
tion [93]. Our recent experiments also revealed UGT isoform
metabolic patterns of several soy isoflavones: genistein (8),
daidzein (23), glycitein (50), prunetin (54), biochanin A (52),
and formononetin (51). It was shown that these isoflavones
were metabolized most rapidly by one of the following
four UGT isoforms:UGT1Al, UGT1A8, UGT1A9 and
UGT1A10 [94]. Another review revealed that flavonoids
glucuronidation in small intestine is structure dependent
[95]. When flavonoids with a substituted hydroxyl group on
the B-ring (i.e., hesperetin, 35) were less predisposed to glu-
curonidation, whereas the flavonoids containing 3', 4'-ortho-
dihydroxy (or catechol) B-ring were transformed predomi-
nantly as glucuronides. In addition, monophenolic B-ring
flavonoids were also extensively glucuronidated, in particu-
lar naringenin (21), which was only detected in serosal fluid
as naringenin-7-glucuronide.

Glycitein (50)

Formononetin (51)

Biochanin A (52)
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Xanthohumol (53)

Prunetin (54)

Although liver glucuronidation may be limited compar-
ing with that of intestine as shown above, it is of great im-
portance to emphasize that hepatic glucuronidation does oc-
cur due to high contents of UGTs in liver [88]. Hepatic glu-
curonidation occurred for flavonoids/isoflavonoids [96], fla-
vones [97], anthocyanins [98], stilbenes [99], lignans [100]
in both in vitro or in vivo models. Furthermore, It was re-
ported that the capacity for flavonoid glucuronidation by rat
liver microsomes is age-dependent [101]. In male F334 he-
patic microsomes metabolism study, the formation rates of
quercetin-7-glucuronide were 3.4, 3.1 and 3.8 nmol/min/mg
at age of 4, 18, and 28 months respectively. While the peak
formation rates of quercetin-3'- glucuronide and quercetin-4'-
glucuronide was observed at 18 month. Liver glucuronida-
tion reaction is also gender related. For 5,6-dimethyl-
xanthenone-4-acetic acid (55), an synthesized anticancer
agent belonging to xanthenone family, its metabolism rate in
male rats (0.75+0.03 nmol/min per mg) was significantly
higher than that in female rats (0.45+0 .01 nmol/min per mg)

[102].
HsC ! o) !

CHs CH,COOH

5,6-Dimethylxanthenone
-4-acetic acid (55)

Colon also has Various Levels of UGTs Expression

In vitro microsome reaction or perfusion model showed
that phenolics glucuronidation occurring in colon. But, as we
discussed in stability section, deconjugation or ring fission
by microflora is often thought to be the major reaction in
colon because of the abundant amount of microflora.

Stomach Glucuronidation

There is a few data mentioned the stomach glucuronida-
tion. For example, trans and cis-resveratrol were conjugated
with glucuronic acid when being incubated with human
stomach microsome [92]. Another example is quercetin glu-
curonidation in stomach microsomes derived from Wistar
rats [103].

Species-Dependent Glucuronidation

Caco-2 cell culture, microsome reaction, and animal per-
fusion models are often used to study and predict phenolic

glucuronidation, but glucuronidation is species-dependent.
For instance, in quercetin (17) metabolism study, employing
human small intestine S9 fractions, quercetin-4'- glucuronide
was abundant besides quercetin-3-glucuronide, quercetin-7-
glucuronide, and quercetin-3'-glucuronide. But when using
rat intestine S9 fraction, quercetin-4'-glucuronide was not
found in the incubation media [90]. In the same study, on the
other hand, quercetin-3'-methyl-7-glucuronide and quercetin-
4'-methyl-3'-glucuronide were identified from rat S9 fraction
reaction, while in human S9 fraction reaction, none of these
two metabolites were observed [90]. Another experiment
showed that in rat live and intestinal microsome reaction,
two epicatechin-monoglucuronides were obtained as major
metabolites, but it was shown that epicatechin was not glucu-
ronided by human liver, intestine and colon microsomes [72].

Organ-Specific Glucuronidation

Glucuronidation reaction is also organ-specific. For in-
stance, in a glucuronidation study in vitro, incubation of
quercetin (17) with rat liver S9 fraction afforded 14% and
9% of quercetin-7-glucuronide and quercetin-3'-glucuronide,
respectively, whereas small intestine S9 fraction generated
44% and 21% of these two metabolites [90]. The involve-
ment of UGT isoforms in phase Il metabolism is organ-
specific. It was reported that in the human liver, UGT1A9
was the major isoform involved whereas in the intestine
UGT1A1 and UGT1AS8 were the major isoforms involved in
the metabolism of quercetin and luteolin [104]

Mono- and Di-Glucuronides of Phenolics

Although mono-glucuronide is the main phenolic glucu-
ronidation product both in vitro and in vivo, di-glucuronide
have been observed occasionally. For example in liver perfu-
sion of apigenin (56), diglucuronide of apigenin was qualita-
tively identified [105]. In vivo study also revealed the exis-
tence of diglucuronide metabolites of phenolics. Baicalein
(57) diglucuronidates was identified as the major metabolites
from bile when it was administrated orally to male Westar
rats [106]. When diosmetin (34), a flavonoid with anticancer
bioactivity isolated from Caucasian vetch, was orally admin-
istrated to male Westar rats, diosmetin-3',7-diglucuronide
was positively identified [107]. Quercetin diglucuronides
was also observed in male weanling F-344 rat. After quer-
cetin was given orally for 6 weeks, quercetin-diglucuronides
were identified from intestine at 0.05 nmol/g fresh tissue
(8.6% in total identified metabolites) [108]. Quercetin-di-
glucuronide was also detected in urine and from different
part of small intestine of male Sprague-Dawley rats after it
was administrated orally [109].
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Apigenin (56)

Baicalein (57)

Efflux of Glucuronides

Glucuronidated metabolites are usually substrate of ef-
flux transporters (e.g. MRPs, Pgps, BCRPs). When glucu-
ronidation occurs, the conjugates are often excreted out of
epithelial cells, which is also called phase 111 efflux or phase
111 metabolism. For example, previously published studies
from a few laboratories including our own revealed that
MRPs and BCRPs effluxed flavonoid glucuronides, and
these efflux transporters compensated effectively among
themselves to enable rapid intestinal excretion of flavonoid
glucuronides (i.e., naringenin, genistein, daidzein, glycitein,
formononetin, biochanin A, hesperetin) [66, 110].

Sulfation

Sulfation, an important phase Il metabolic pathway for
phenolics, is catalyzed by sulfotransferases (SULTS). First
reported in 1876, sulfation has been shown to be important
metabolism pathway of xenobiotics [111]. In human SULT
superfamily, 3 subfamilies SULT1, SULT2, and SULT4
have been identified, and these subfamilies contain at least
thirteen distinct members. The main SULT isoform in the
human liver is SULT1A1 [72, 112], which is also located in
other organs such as brain, kidney, breast, intestine.
SULT1A3 is highly expressed in small intestine but barely
detectable in adult liver. Human sulfotransferases and their
role in chemical metabolism have been reviewed recently
[111]. Since intestine and liver are both the effective “first-
pass” organs, both SULT1Al and SULT1A3 may play a
significant role in sulfation of phenolics.

Mono Sulfate is the Most Abundant Type of Sulfate of
Phenolics in Intestine and Liver

Like glucuronidation, most of the sulfation products are
mono-sulfates at different position of hydroxyl group(s) [93,
95]. For example, formononetin (51), a soybean isoflavon-
oid, was conjugated to form mono sulfates in Caco-2 cell
model, rat perfusion model, and intestine S9 reaction [113].
Mono sulfates of prunetin (54) and apigenin (56) were the
major metabolites of these two flavonoids in Caco-2 model
as well [91, 114]. Resveratrol mono-sulfate was also re-
ported as the main sulfate metabolite in Caco-2 model [115].
7-hydroxy-coumarin-sulfated was detected in human plasma,

m
HO 0} e}

7-Hydroxy-coumarin (58)

urine, and faces after 7-hydroxy-coumarin (58) was adminis-
trated in 70% aqueous ethanol solution [116]. Lignans (e.g.
sesaminol) [117], simple phenolics, (nitrophenol, cresol, 1-
naphthol), were also reported to be substrates of SULTSs
[111].

Sulfation is also Species-Dependent and Regioselective

Quercetin-3'-sulfate and quercetin-7-sulfate were major
sulfate metabolites (13% and 52% of total metabolites re-
spectively) when using Wistar rat liver S9 fraction, whereas
sulfation studies using human liver and intestine S9 fractions
did not generate detected amounts of either sulfate conju-
gate. In Wistar rat intestine S9 fraction, these two sulfates
were not found, but in human intestinal S9 fraction reaction,
the metabolism was quite rapid and relative percentages of
these two sulfates generation were 9% for quercetin-7-sulfate
and 71% for quercetin-3'-sulfate, respectively [90].

Sulfates are Good Substrates of Efflux Transporters [118]

In our previously Caco-2 model study, apigenin (56) was
mainly conjugated into sulfate and glucuronide and MRP
and OAT were identified as the involved intestinal efflux
transporters [114]. By using the same model, flavonoids,
isoflavonoid, flavones, and stilbenes [119] conjugates were
shown to be effluxed by MRP, Pgp, or BCRP transporters
[66, 110]. Extensive conjugation of phenolics and rapidly
excretion of conjugated metabolites is responsible for poor
bioavailability of phenolic.

5.2. Relationship Between Sulfation and Glucuronidation

When both metabolic pathways are active for a particular
compound, the resulting metabolite is most likely to be either
glucuronides or sulfates. Occasionally, however, a phenolic
may form a mixed conjugate with both sulfate and glucuron-
ide. For example, baicalein (57) was metabolized into bai-
calein-6-glucuronide-7-sulfate, which was then excreted
from the rat bile [106]. On the other hand, epicatechin (15)
was shown to be sulfated but not glucuronidated in the hu-
man liver cytosol, suggesting some element of compensation
between the two pathways[72].

Occasionally, glucuronides could be converted to sul-
fates. For example, quercetin-3'-glucuronides and quercetin-
7-glucuronides can be hydrolyzed by endogenous beta-
glucuronidase to aglycone, followed by sulfation to quer-
cetin-3'-sulfate. Interestingly, quercetin-4'-glucuronides did
not undergo this metabolism, suggesting not all glucuronides
are equally sensitive to the glucuronidase [118].

Lastly, sulfation and glucuronidation activity is gender-
dependent. In mature female Wistar rats, when radio labeled
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apigenin  (56) was administrated orally, the mono-
glucuronide and mono-sulfate conjugates in urine were 10.0—
31.6% and 2.0-3.6 %, respectively, whereas in mature male
rats, the same two metabolites were 4.9% and 13.9%, respec-
tively [120]. Very little studies have probed the reason for
this gender-dependent effects, which may be of concerns,
since most efficacy studies of phenolics are conducted in
male rodents.

5.3. Phase | Metabolism

Phase | reaction, which is mediated by cytochrome P450
(CYP) or flavin mixed function oxidases, includes oxidation,
reduction, hydrolysis, hydration, methylation as well as other
rare and miscellaneous reaction types [121]. The CYPs are a
superfamily of enzymes with over 2000 individual members
[122]. In human and other mammalian species, CYP1, CYP2
and CYP3 families are primarily associated with phase |
metabolism of most of the xenobiotics [123]. Several data-
bases are available to search human CYP substrates, reac-
tions types, inducers, and inhibitors (e.g., www.gentest.com)
[124]. Although most of tissues and organs are well popu-
lated with CYPs, liver is usually thought to be the most im-
portant phase | metabolism organ. Oxidation, methylation,
de-methylation [125], reduction, ring fission reactions [125]
are the popular phase | reactions in phenolic metabolism,
although the latter is thought to be caused by the intestinal
microflora.

Structural Specificities

In phase | metabolism of phenolics, the reaction is quite
isoform-specific, which is different from UGT and SULT
mediate conjugation reaction, where several enzyme iso-
forms tend to produce the same metabolite. The reason for
this discrepancy is not entirely clear, but it is often attributed
to the critical requirement of substrate-enzyme binding site.
In addition, the same substrate may be metabolized by dif-
ferent CYP isoforms to form different metabolites. For ex-
ample, coumarin was oxidized by human CYP2A6 into 7-
hydroxy-coumarin, by human CYP3A4 into 3-hydroxy-
coumarin, and by human CYP1A and CYP2E1 into 3,4-
exposide-coumarin which was unstable and further convert
into O-hydroxyphenylacetaldehyde [126].

Phase I vs. Phase Il Metabolism

For phenolics, phase | metabolic pathway is usually a
minor contributor when comparing to phase Il pathway.
Since phenolics already possess hydroxyl group(s) in their
structures, most of the terminal metabolites are conjugates.
For example, chrysin (59), a flavonoid with chemopreven-
tive properties, was not metabolized via the phase | pathway
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in human intestinal Caco-2 cells and hepatic HepG2 cells,
even though a large amount of chrysin-glucuronide and
chrysin-sulfate were found. It was concluded that both sul-
fation and glucuronidation were critical determinants of the
oral bioavailability of chrysin in human [127]. Another ex-
ample is galangin (60) metabolism in human liver micro-
somes. Although phase | oxidation occurred together with
phase 11 glucuronidation and sulfation, the intrinsic clearance
(Vmax/Km) values of glucuronidation (at 3 and 7 hydroxyl
group) was 11 and 31 times faster than that of oxidation re-
action. Sulfation of galangin was also very efficient [128].

Phase 1 Plus Phase 2 Metabolites of Phenolics

Since CYPs co-exist with UGTs/SULTSs in human tissue
and organs, many of the hydroxylated phase I metabolites
formed by CYP will undergo secondary phase Il reaction.
Indeed, formation of dihydro-resveratrol sulfate in rats after
administering resveratrol is an instance where phase II me-
tabolite formation may follow phase I reaction [115].

6. OVERCOME BIOAVAILABILITY CHALLENGES

Permeation and metabolism are recognized to be the ma-
jor bioavailability challenge for phenolics. Thus, efflux
transporter inhibitors and metabolism enzyme modulators
could possibly impact phenolic absorption and metabolism
resulting in improved oral bioavailabilities. For example, in
the present of MK-571, a well known MRP2 inhibitor, the
ECG uptake by Caco-2 cell increased 2 folds [77]. Another
in vitro example is that the glucuronidation of EGCG in mice
small intestinal microsomes [129] was reduced 40 % and
60% in the presence of 100 and 500 uM piperine, respec-
tively. In vivo studies showed that bioavailabilities of cu-
curmin were increased 154% and 2000% in wistar rat and
human volunteers respectively when cucurimin was adminis-
trated together with piperine [130]. The bioavailability of
EGCG was also increased (1.3 folds) in the present of piper-
ine in male CF-1 mice [129]. The bioavailability increase
was attributed to glucuronidation inhibition by piperine.

Because of the safety concern with traditional inhibitors
such as MK-571 and verapamil, non-toxic natural product
modulators, especially dietary components, should be given
more attention. Recently, dietary UGTs, SULTS, and CYPs
modulators have been reviewed by Cermark[131].

Another factor that may affect phenolic oral bioavailabil-
ity is microflora modulators. Intestinal microflora population
can be affected by antibiotics or other natural products (e.g.
catechins) [132]. Therefore, phenolic microflora degradation
may be impacted in the presence of microflora modulators.
However, only a few microflora has been shown to be re-
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Chrysin (59)

Galangin (60)
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sponsible for phenolic degradation. Moreover, this transfor-
mation occurs in a quite complex environment in colon. Fu-
ture study are needed to further demonstrate that how intes-
tinal microflora population change affects phenolic trans-
formation so that degradation can be modulated to improve
phenolics bioavailability.

7. CONCLUSION

Bioavailability of phenolics is a major concern for the
development of this class of compounds into chemopreven-
tive or anticancer agents. For phenolics that are aglycones,
solubility and stability could limit their bioavailability. The
largest contributor to their bioavailability challenge is phase
Il conjugation into glucuronides and sulfates. For phenolics
that are glycosides, enzyme-catalyzed hydrolysis reaction
that produces aglycones, have a major impact on their
bioavailability. Lastly, recycling of phenolics through phase
Il metabolic pathway could prolong their half-lives and en-
hance their bioactivities. Future studies should focus on how
to increase the bioavailabilities of phenolics so one day they
can become effective chemopreventive and even che-
motherapeutic agents.

ABBREVIATIONS

Gl = Gastrointestinal

HBSS = Hanks Balanced Salt Solution

PEPT = Oligopeptide Transporter

OATP = Organic Anion Transporting Polypeptide
Transporter

OAT = Organic Anion Transporter

GLUT = Glucose Transporter

BCRP = Breast Cancer Resistance Protein transporter

MRP = Multidrug Resistance-associated Protein
Transporter

Pgp = Permeability Glycoprotein Transporter

UGT = UDP-glucuronosyltransferase

SULT = Sulfotransferases

CYP = Cytochrome P450
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