Mol. Nutr. Food Res. 2008, 52, S139-S151

Review

DOI 10.1002/mnfr.200700234

Bioavailability issues in studying the health effects

of plant polyphenolic compounds
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Polyphenolic compounds are common in the diet and have been suggested to have a number of bene-
ficial health effects including prevention of cancer, cardiovascular disease, diabetes, and others. For
some dietary polyphenols, certain benficial effects are suggested by epidemiological studies, some
are supported by studies in animal models, and still others are extrapolated from studies in vitro.
Because of the relatively poor bioavailability of many of these compounds, the molecular basis of
these beneficial effects is not clear. In the present review, we discuss the potential health benefits of
dietary polyphenols from the point of view of bioavailability. Tea catechins, curcumin, and proantho-
cyanidins are used as examples to illustrate some of the problems that need to be resolved. Further
research on both the biological activity and bioavailability of dietary polyphenols is needed to prop-
erly assess their usefulness for the prevention and treatment of disease.
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1 Introduction

Polyphenolic compounds occur widely in the plant king-
dom and are present at high levels in many edible plants.
Some well-studied dietary polyphenols include catechins
from tea, curcumin from turmeric, and procyanidins (PCs)
and anthocyanidines in grapes, berries, and dark chocolate.
The structures of examples of these compounds are shown
in Fig. 1.

These compounds have strong antioxidative activities in
vitro and have been suggested to have various beneficial
health effects (reviewed in [1-4]). These include: lowering
the risk of cardiovascular diseases; preventing cancer and
inhibiting tumor growth; decreasing fat absorption and
increasing energy expenditure; suppressing inflammation
and decreasing the severity of arthritis; reducing the devel-
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opment of cataracts; and even inhibiting the infectivity of
influenza. What are the scientific bases for these claims? If
these claims are based on extrapolations from in vitro stud-
ies, was the bioavailability of the compound considered?
Even though a compound has strong antioxidative or other
biological activities in vitro, it would have little biological
activity in vivo if little or none of the compound gets to the
organ site of interest.

This article discusses the bioavailability issues related to
dietary polyphenols and their impact on extrapolating
results from experiments i vitro to the situation in vivo. Tea
polyphenols, which are being studied extensively in our lab-
oratory, are used to illustrate some of the key issues. The
biotransformation and bioavailability of curcumin and PCs
are also discussed.

2 Physiochemical properties of dietary
polyphenols

In considering the bioavailability of polyphenols, the Lipin-
ski's Rule of 5 is a very useful guide. This Rule was origi-
nally derived empirically for pharmaceutical agents, but is
applicable to dietary components. According to Lipinski's
Rule of 5, compounds that have five or more hydrogen
bond donors (OH and NH groups), ten or more hydrogen
bond acceptors (notably N and O), a molecular weight
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greater than 500, and Log P greater than 5 are usually
poorly absorbed following oral administration. This is due
to their large actual size (high molecular weight), high
polarity or large apparent size (due to the formation of a
large hydration shell) [5, 6].

Dietary polyphenols in general have Log P values of less
than 5; however, many violate other rules. For example, (—)-
epigallocatechin-3-gallate (EGCG), the most abundant
polyphenol in green tea, with a molecular weight of 458 g/
mol and 8 phenolic groups, is predicted to be poorly
absorbed. (-)-Epicatechin (EC) and catechin, which are
also found in tea as well as other foods, have a smaller
molecular weight (290 g/mol) and fewer hydrogen bond
donors (5 phenolic groups). These compounds are expected
to be better absorbed than EGCG. Indeed, both human and
animal studies have shown that the bioavailability of EC
and catechin are better than EGCG [7-10]. Conversely, the-
aflavin and theaflavin-3,3'-digallate, which are catechin
oligomers found in black tea, have molecular weights of
564 g/mol and 868 g/mol, respectively, and contain and 9
and 14 phenolic groups, respectively. Both of these com-
pounds are predicted to be very poorly absorbed; experi-
mentally, their bioavailability has been shown to be
extremely low [11]. Many of the flavonoids in grapes and
cranberries are dimers and trimers of catechins. These com-
pounds, as well as PCs from dark chocolate, should be sim-
ilar to the theaflavins and have very low bioavailability.

Some of the predictions for polyphenol absorbability
have been tested experimentally using Caco-2 human colon
cancer cells. These cells are a widely accepted in vitro sys-
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Figure 1. Structures of some major dietary polyphenols.

tem for studying the intestinal permeability of drugs and
other compounds [12, 13]. Zhang et al. [14] have reported
that the apical to basolateral permeability constant (P,,,) for
EGCG and EC in Caco-2 cells was 0.83x 107 and
1.39 x 1077 cm/s, respectively. These values are low and in
good agreement with the predicted relative absorption of
these compounds based on Lipinski's Rule of 5. By contrast,
the soy isoflavones, genistein and biochanin A, which are
predicted by Lipiski's Rule of 5 to have good absorptive
characteristics (m.w. less than 300, and number of hydrogen
bond donors less than 5), have much higher P,,, (3.3 x 10~
and 1.1 x 107 cm/s, respectively) in Caco-2 cells [15]. Sev-
eral studies have examined the permeability of PC oligom-
ers. In experiments with an intestinal epithelium cell mono-
layer, PC dimers and trimers, but not higher molecular
weight polymers, were absorbed [16].

3 Biotransformation and active efflux of
dietary polyphenols

The bioavailability of dietary polyphenols is limited not
only by the physiochemical properties of the molecule, but
also because of enzyme and microbial-mediated biotrans-
formation and active efflux [17-20]. Biotransformation and
the efflux of the absorbed material are major factors affect-
ing the biological fate of dietary polyphenols. Most poly-
phenols are not subjected to phase I metabolisms because
the polyphenolic structures make them unfavorable sub-
strates for the cytochrome P450s [17, 21]. The polyphenolic
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Figure 2. Biotransformation of the green tea catechins. 4'-MeEGC, 4'-O-methyl-(—)-epigallocatechin; 4',4”-di-O-methylEGCG, 4',4"-
di-O-methyl-(—)-epigallocatechin-3-gallate; COMT, catechol-O-methyltransferase; EGC, (—)-epigallocatechin; EGCG, (-)-epigalloca-
techin-3-gallate; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SULT, sulfotransferase; UGT, UDP-glucuronosyl-

transferase.

compounds can directly undergo phase II metabolism, pre-
dominately methylation, glucuronidation, and sulfation
[17, 22-25]. Here, we discuss the biotransformation of tea
polyphenols, curcumin, and PCs as examples.

3.1 Biotransformation and pharmacokinetics of
tea polyphenols

EGCG and the other tea catechins undergo extensive bio-
transformation as summarized in Fig. 2. Because of the cat-
echol structure, EGCG and other catechins are readily
methylated by catechol-O-methyltransferase using S-
adenosylmethionine as the methyl donor. The favorable
methylation sites are the 4’ and 4” phenolic groups. In the
presence of high concentrations of EGCG, 4"-O-methyl-
EGCQG is formed, whereas at low concentrations of EGCG,
4 4"-di-O-methylEGCG is formed. EGCG is also known to
be methylated at the 3’ and 3" positions. (—)-Epigallocate-
chin (EGC) is also readily methylated to form 4'-O-methyl-
EGC. This metabolite as well as 4”-O-methylEGCG and
4’ 4"-dimethylEGCG, have been detected in human and ani-
mal plasma and urine after ingestion of tea [10, 24, 26, 27].
In addition to methylation, EGCG and EGC are also
known to be glucuronidated by UDP-glucuronosyltransfer-
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ase (UGT). EGCG-4"-O-glucuronide and EGC-3'-O-glu-
curonide are the major metabolites [23]. Human UGT1A1,
1A8, and 1A9 have activity toward EGCG — the intestinal-
specific UGT1AS8 having the highest catalytic efficiency.
EGC-3'-O-glucuronide is the major EGC metabolite and
the liver microsomes have the highest efficiency. The sulfa-
tion of EC has been studied [28]. Studies have revealed that
sulfotransferase (SULT)1A1 is largely responsible for this
activity in the liver, whereas both SULT1A1 and SULT1A3
are active in the human intestine. The catalytic efficiency
for SULT1A1 and SULT1A3-mediated sulfation of EC are
5834 and 55 pL/min/mg [28]. We have observed sulfated
metabolites of EGCG in mouse and human urine (Lu,
unpublished). Our previous results, and those of others,
have shown that more than one phase II reaction can occur
on the same polyphenolic molecule [29]. This was con-
firmed in our recent studies with data-dependent tandem
mass spectrometry. We have observed, for example,
methyl-EGCG-glucuronide, EGCG-glucuronide-sulfate,
dimethyl-EGCG-diglucuronide, and methyl-EGCG-glucur-
onide-sulfate as urinary metabolites in mice (Sang et al.,
unpublished).

Active efflux has been shown to limit the bioavailability
of many polyphenolic compounds. The multidrug resist-
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ance-associated protein 2 (MRP2), which is located on the
apical surface of the intestine, kidney, and liver, may facili-
tate the transport of some polyphenolic compounds in the
lumen, kidney, and bile, respectively [30]. Studies with
human colon cancer cells have suggested that EGCG and its
metabolites are substrates of MRP2 [31-33]. These studies
have shown that co-incubation with selective inhibitors of
MRP increases the intracellular accumulation of EGCG by
greater than tenfold. If so, they are effluxed from the enter-
ocytes into the intestinal lumen, or to be effluxed from the
liver to the bile. EGCG and its metabolites are predomi-
nantly excreted in the feces with little or none of these com-
pounds in the urine. Indeed, this is observed in both humans
and rats [7, 24, 27]. As discussed above, after tea or EGCG
treatment of mice, urinary metabolites (in the conjugated
forms) can be detected, although at lower levels than are
found in the feces [34].

In addition to phase II metabolism, tea catechins can be
degraded in the intestinal tract by microorganisms [35]. For
example, we have observed the formation of ring fission
metabolites  5-(3',4',5"-trihydroxyphenyl)-y-valerolactone
(M4), 5-(3',4’-dihydroxyphenyl)-y-valerolactone (M6), and
5-(3',5'-dihydroxyphenyl)-y-valerolactone (M6') in human
urine and plasma samples several hours after ingestion of
tea [36]. Meselhy et al. [37] have shown that these com-
pounds are formed under anaerobic conditions by human
fecal microflora, and can undergo further degradation to
phenylacetic and phenylpropionoic acids. These com-
pounds have certain biological activities [38].

Because of the many factors discussed above, the peak
plasma levels of tea catechins are usually in the sub-micro-
molar range in human subjects or animals following oral
administration of the equivalent of two or three cups of
green tea. Several investigators have reported the pharma-
cokinetics of tea polyphenols in human volunteers [9, 10,
39, 40]. For example, we have found that the oral adminis-
tration of 20 mg green tea solids/kg body weight result in
maximal concentration (C,,,) in the plasma for EGC, EC,
and EGCG of 223, 124, and 77.9 ng/mL, respectively [10].
EGCG, EGC, and EC were found to have terminal half-life
(ti2p) 0f 3.4, 1.7, and 2 h, respectively. Plasma EC and EGC
were present mainly in the conjugated form, whereas 77%
of the EGCG was in the free form. Plasma EGC and EC
were present as glucuronide and sulfate conjugates with
only a small free fraction [9, 41]. EGC was also methylated
(4'-O-methyl-EGC) in humans [10]. EGCG has also been
shown to undergo methylation. The plasma C,,,, of 4’,4"-di-
O-methylEGCG was 20% of that of EGCG, but the 24-h
cumulative excretion of 4',4”-di-O-methylEGCG was ten-
fold higher than that of EGCG after tea treatment [26]. The
ring-fission metabolites, M4, M6, and M6’, have been
detected in urine following ingestion of 200 mg EGCG [26,
36].

Chow et al. [40] have demonstrated that following
4 weeks of green tea polyphenol treatment (800 mg, once

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2008, 52, S139—-S151

daily), there was an increase in the area under the plasma
EGCG concentration-time curve from 95.6 to 145.6 min/
(ug min). No such change was observed in the pharmacoki-
netics of EGCG after repeated treatment at 400 mg, twice
daily. Similarly, there was no significant change in the area
under the curve of EGC or EC.

Pharmacokinetic studies of the tea catechins have also
been conducted in rats and mice [17]. Following intragastric
(i.g.) administration of decaffeinated green tea (200 mg/kg)
to rats, plasma levels of EGCG, EGC, and EC had elimina-
tion half-lives of 165, 66, and 67 min, respectively. The
absolute plasma bioavailability of EGCG, EGC, and EC
was 0.1, 14, and 31%, respectively. By comparison, the
absolute plasma bioavailability of EGCG in mice following
i.g. administration of 75 mg/kg, EGCG was 26.5% with
greater than 50% present as glucuronide conjugates. Con-
centrations of EGCG in the small intestine and colon are
20.6 and 3.6 pg/g following i.g. administration. The levels
in other tissues are less than 45.8 ng/g [34].

Treatment of rats with a green tea polyphenol preparation
(0.6%) in the drinking fluid has been shown to result in
increasing plasma levels over a 14-day period with levels of
EGC and EC being higher than those of EGCG [8]. Plasma
levels then decreased over the subsequent 14 days. When
the same polyphenol preparation was given to mice, these
levels peaked on day 4 and then decreased to less than 20%
of the peak values on days 810 [8].

When high pharmacological doses of EGCG are given by
oral administration, peak plasma concentrations of 2-9 uM
and 7.5 pM have been reported in mice and humans, respec-
tively [42, 43].

3.2 Biotransformation and pharmacokinetics of
curcumin

Curcumin, which contains two ferulic acid molecules
linked by a methylene bridge and a B-diketone structure in a
highly conjugated system, is the major yellow pigment in
turmeric (Curcuma longa), curry, and mustard. Curcumin
has low solubility, and curcumin crystals are not well dis-
persed in the intestine following oral administration. Most
of the ingested curcumin is excreted in the feces and only
trace amounts of curcumin (or its metabolites) appear in the
blood. The steady-state levels of intact curcumin in the
feces (3590 nmol/g) have been reported to be much higher
than those of the small intestinal (111 nmol/g) or colonic
mucosa (508 nmol/g) when curcumin is administered in the
diet (0.2%) [44]. The absorbed curcumin is rapidly metabo-
lized in the intestine and liver to several reduction products
(di-, tetra-, and hexahydrocurcumin and hexahydrocurcu-
minol) [45, 46] and their glucuronide or sulfate conjugates
[46-49].

Human studies have shown that doses of up to 180 mg
curcumin fail to produce detectable plasma levels [50], and
very high doses (up to 8 g) yield curcumin peak levels of
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only 0.5-2 uM [51]. Oral consumption of up to 3.6 g curcu-
min led to curcumin concentrations of 10 nmol/g tissue in
human colorectal mucosa [52].

3.3 Biotransformation and pharmacokinetics of
PCs

PCs are the major type of proanthocyanidins (known as
condensed tannins) in our diet. PCs are mixtures of oligom-
ers and polymers composed of flavan-3-ol units (catechins,
epicatechins, and their gallic acid esters) linked mainly
through C4—C8 bond and C4—C6 linkage (both are called
B-type). The flavan-3-ol units can also be doubly linked by
an additional ether bond to C2—07 (A-type) [53]. Some of
the PCs are shown in Fig. 1. PCs are widespread in fruits
(grape, cranberry, apple, plum, peach, pear), legume seeds
(more particularly broad beans), cereal grains, and different
beverages (wine, cocoa, cider) [54, 55]. The estimated
intake of PCs varies from tens to hundreds milligrams per
day [18].

Radiolabeled PC mixtures fed to animals have been
shown to result in urinary and fecal levels of radioactivity
(54% of the total radioactivity in urine). Low-molecular-
weight products such as hippuric acid, ethylcatechol and
various phenolic acids have been identified [56]. Orally
administered PC polymers have shown poor absorption in
both the chicken and the sheep [57, 58]. Other studies in
rats and humans have suggested that cocoa flavanols and
PCs are partially absorbed as monomers and dimers [59—
63]. After consumption of cocoa (375 mg/kg) as a bever-
age, PC dimer, EC, and (+)-catechin were detected in the
plasma of human subjects with C,x of 41 nM, 5.92 uM,
and 0.16 uM, respectively [63].

It has been suggested that PCs are cleaved at low pH in
the gastric environment, into EC dimers and monomers,
which are then absorbed in the small intestine [64, 65]. It
has been reported that incubation of PCB2 and PCBS5 in
simulated gastric juice (pH 1.8) resulted in their degrada-
tion to EC as well as isomerization of the dimers. A later
study in human volunteers, however, did not support this
finding [66]. After consuming 733 mg PCs, samples of the
stomach contents were collected from volunteers every
10 min. The composition of PCs and EC monomers and
dimers in the stomach did not change during the gastric
transit time, indicating that PCs are stable in the gastric
milieu and reach the small intestine primarily as polymers.

Once PCs or their fermentation products cross the intesti-
nal barrier, they may be further metabolized by the liver.
Three monomethylated and two dimethylated derivatives of
PCB3 have been reported following incubation with human
liver homogenate and S-adenosylmethionine in vitro [56,
67]. If absorbed, PCs are extensively metabolized, then
methylated, glucuronidated, and sulfated metabolites are
expected [56, 68]. Such data, however, are not currently
available.
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PC dimers and polymers have been shown to be degraded
into low-molecular-weight phenolic acids by rat or human
colonic microflora grown anaerobically in vitro. These
compounds are then available for absorption by the colon
[67, 69]. The importance of this microbial degradation
pathway needs to be studied further.

4 Implications of polyphenol bioavailability
for studying bioactivity

A major difficulty in studying the biological activities of
dietary polyphenols is correlating biological effects
observed in vivo with proposed mechanisms based on stud-
ies in vitro. In the former case, peak plasma and tissue levels
of the test compound may reach only sub- to low-micromo-
lar concentrations, whereas the effective concentrations
reported in studies in vitro are often tens or hundreds of
micromolar. Below, we review the literature on the cancer
preventive effects of tea polyphenols and discuss the dis-
crepancies between in vivo carcinogenesis studies and in
vitro mechanistic studies. Some hypotheses related to bioa-
vailability issues are presented to explain these discrepan-
cies. These issues are not unique to the tea polyphenols and
we briefly discuss the biological activities of curcumin and
PCs, which have even lower bioavailability.

4.1 Inhibition of carcinogenesis by tea
polyphenols

The inhibition of tumor formation by tea extracts and tea
constituents has been demonstrated in different animal
models (reviewed in [2, 70—73]). Inhibition of skin, lung,
oral cavity, esophagus, stomach, liver, pancreas, small
intestine, colon, mammary gland, prostate, and urinary
bladder carcinogenesis have been reported. The inhibitory
activities have been observed when tea or tea constituents
are administered to animals at the initiation, promotion, and
progression stages of carcinogenesis. The active constitu-
ents for the cancer prevention have been shown to be tea
polyphenols and caffeine. Route of administration and
organ site affect the activity of these two groups of com-
pounds. For example, oral caffeine was shown to be much
more active in the inhibition of skin carcinogenesis than
oral tea polyphenols [74]. When applied topically, however,
both caffeine and polyphenols demonstrate activity. These
results suggest that oral caffeine is more bioavailable to the
skin than polyphenols, and that the lack of effect following
oral administration is not due to lack of inherent activity on
the part of the polyphenols [75]. Both caffeine and tea poly-
phenols have demonstrated activity against lung tumorigen-
esis in A/J mice, [76]. Tea polyphenols, but not caffeine,
have been shown to inhibit of intestinal carcinogenesis
[77]. Some studies have even suggested that caffeine enhan-
ces tumorigenesis in the colon [78].
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Based on the bioavailability considerations, tea polyphe-
nols are expected to have the greatest activity in the oral
cavity and intestinal tract, which have direct contact with
orally administered tea polyphenols. For example, holding
a tea solution or tea leaves in the mouth has been shown to
deliver greater than 100 uM EGCG to the oral epithelial
cells [79]. Even after rinsing the mouth vigorously micro-
molar concentrations of EGCG and other catechins can be
measured. These concentrations could inhibit cell growth
and induce apoptosis of cancerous and precancerous cells
[80, 81]. The colon is also expected to be an optimal site for
cancer inhibition by tea polyphenols. As discussed above,
EGCG has limited systemic bioavailability, and the unab-
sorbed EGCG will go through the colon. Even the absorbed
EGCG is mostly excreted into the intestine via the bile duct.
The conjugated EGCG may be hydrolyzed by glucuroni-
dase and sulfatase, and the free form taken up by the colon
epithelial cells.

Tea polyphenols have, however, been shown to inhibit
tumorigenesis at internal sites including the lung and pros-
tate [82, 83]. The highest concentration of EGCG that we
have measured in the mouse lung is approximately 3 pM:
the bioavailability of EGCG and other catechins in the pros-
tate and mammary tissues are not known [8]. Inhibition of
prostate tumorigenesis in the TRAMP mouse model by tea
polyphenols has been reported, whereas the protective
effects on mammary tumorigenesis have not been consis-
tent [84]. Inhibition of tumorigenesis at internal sites by tea
catechins may be due to indirect effects, or through the
activity of catechin metabolites. For example, the effect of
EGCG on mammary and prostate carcinogenesis may be
the result of effects on hormone metabolism. Such hypothe-
ses need further investigation.

Many mechanisms for the cancer-preventive activity of
tea polyphenols have been proposed based on studies with
EGCG in human cancer cell lines (reviewed in [2, 70-73]).
These include: inhibition of mitogen-activated protein
(MAP) kinases and the phosphotidylinositol-3 kinase
(PI3K)/Akt pathways; inhibition of activator protein-1 and
nuclear factor (NF)-kB-mediated transcription; inhibition
of growth factor-mediated signaling; inhibition of cyclin-
dependent kinases, matrix metalloproteases, DNA methyl-
transferase, and dihydrofolate reducatase; binding to and
inhibiting activities of insulin-like growth factor-1 receptor
and glucose-related protein 78; inhibition of aberrant arach-
idonic acid metabolism; and other activities. The end
results of these effects could be the induction of apoptosis,
inhibition of tumor cell growth, or the inhibition of angio-
genesis [70, 84]. Most of these effects are observed at con-
centrations of EGCG greater than 10 uM: concentrations
not typically observed in vivo following tea consumption.

Several reports have described direct high-affinity tar-
gets of EGCG such as 20S proteasome chymotryptic activ-
ity, the 67-kDa laminin receptor, vimentin, and Bcl-2 with
1Cs, Ky, or K;0£0.003-0.33 uM [85-88]. Such potency has
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been observed only in cell-free systems and much higher
concentrations were required to inhibit cell growth or
induce apoptosis in cultured cells [85—88]. This is likely
due to the nonspecific binding of EGCG to cellular macro-
molecules. Although the biological relevance of the effects
has been demonstrated in specific cell line systems, the
general applicability of these mechanisms for cancer pre-
vention remains unknown.

The lack of agreement between effective concentrations
in vitro and those in vivo raises an important question. Does
the use of these high concentrations of EGCG in cell line
studies make the results irrelevant for mechanisms of can-
cer prevention? No clear cut answer is currently available.
One may argue that in animals and humans ingesting tea
catechins, the cells are consistently exposed to EGCG and
other catechins. Even though the concentrations are low,
that prolonged exposure can produce significant effects.
This seems consistent with the observation that treatment of
cancer cells with EGCG for longer periods of time (such as
3 or 4 days) increases the extent of inhibition compared to
treatment for 1 or 2 days [89]. There is, however, no quanti-
tative model to provide a clear understanding in correlating
the effective concentration in vitro to the plasma and tissue
concentrations observed in animals or humans. We thus
believe that the mechanisms of cancer prevention need to
be demonstrated in vivo.

One of the approaches that is being used by our labora-
tory and others is to study cellular and molecular changes in
tissues using immunohistochemistry. For example, we
observed that the inhibition of 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK)-induced lung tumorigenesis by
green tea extracts is associated with enhanced apoptosis
and inhibition of angiogenesis [90]. Inhibition of lung
tumor progression from adenoma to adenocarcinoma by
green tea polyphenols and caffeine was associated with
inhibition of cell proliferation and enhancement of apopto-
sis in tumor tissues [76]. Increased levels of phosphoryla-
tion of extracellular responsive kinase (Erk) 1/2 and c-Jun
were observed during the development of adenocarcinoma,
and the increased phosphorylation of c-Jun and Erk 1/2
were inhibited by treatment with tea polyphenols and caf-
feine.

4.2 Inhibition of carcinogenesis by curcumin

The inhibitory effect of curcumin against skin, esophageal,
forestomach, duodenal, intestinal, and colon carcinogenesis
has been demonstrated in rodent models by many investiga-
tors [2, 91-94].

For example, topical application of 10 mmol curcumin to
the cheek pouch of Syrian Golden hamsters has been shown
to reduce the number of visible DMBA-induced oral tumors
by 39.6% and the tumor volume by 61.3% [95]. Adminis-
tration of 4% curcumin in the diet of azoxymethane
(AOM)-treated mice during the initiation period was shown
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to reduce the number of colon tumors by 66%. If treatment
was started post initiation, tumor number was reduced by
25% [96]. In APC™" mice given 0.2 or 0.5% curcumin in
the diet, intestinal adenoma multiplicity was shown to be
reduced by 39-40% and hematocrit, which is reduced in
untreated mice, was partially restored [44]. Topical applica-
tion of curcumin has also been shown to reduce tumor inci-
dence and multiplicity in both the benzo[a]pyrene/12-O-tet-
radecanoyl-phorbol-13-acetate (TPA) and the DMBA/TPA
models of skin carcinogenesis in mice [74, 97].

Effects of curcumin on lung and mammary gland tumori-
genesis have not been as dramatic or consistent [1]. As with
the tea polyphenols, the poor bioavailability of oral curcu-
min limits its cancer preventive activity. Curcumin was
found to be ineffective at preventing NNK-induced lung
tumorigenesis in A/J mice, and liver and kidney tumorigen-
esis in Long-Evans Cinnamon rats [98, 99]. However, diet-
ary curcumin has been shown to inhibit diethynitrosamine-
induced liver cancer and altered hepatic foci in mice and
rats, respectively [100, 101]. Effects on mammary tumori-
genesis have been mixed. Inano et al. [102, 103] have
reported that 1% dietary curcumin inhibited the incidence
of radiation-induced tumors by 74% and 67% when given
during the initiation and post-initiation stages, respectively.
By contrast, oral curcumin had no preventive effects against
DMBA-induced mammary tumorigenesis [104]. These
inconsistent effects may be due to inherent differences in
the models used. Overall, it appears that inhibition of carci-
nogenesis at internal sites depends on the systemic bioavail-
ability curcumin; however, the inhibitory effects observed
at some internal sites may be due to curcumin metabolites
or indirect effects. Such hypotheses remain to be tested.

Studies with cell lines have shown that curcumin pos-
sesses both antioxidant and pro-oxidant activity. Curcumin-
induced apoptosis of Caki renal cells was partially inhibited
by co-treatment with N-acetylcysteine, suggesting the
involvement of oxidative stress [105]. Cyclooxygenase 2
and inducible nitric oxide synthase (iNOS) have also been
reported as a potential targets for curcumin [93, 106, 107].
Treatment of lipopolysaccharide-injected mice with curcu-
min (92 ng/kg, i.g.) reduced hepatic iNOS mRNA expres-
sion by 50-70% [108].

Curcumin has also been shown to inhibit the activation of
the transcription factors, AP-1 and NFxB human leukemia
cell lines [109, 110]. Ablation of AP-1 and NFkB activation
by curcumin has been demonstrated in TPA-treated mouse
skin. Chun et al. [111] have further reported that topical
curcumin to mouse skin inhibited TPA-mediated activation
of Erk and p38 MAP kinases and subsequent activation of
NFkB.

Although some of the proposed mechanisms of action for
curcumin have been shown in vivo, the primary target (or
targets) remains unclear from the presently available data.
Many, but not all, of the animal models studied involve
inflammatory mediators, indicating that curcumin may act
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primarily as an anti-inflammatory agent, and may thus have
cancer preventive effects by an indirect pathway. Further
studies of with in vivo biomarkers are needed.

4.3 Biological effects of PCs

Many in vitro experiments with pure PCs have shown anti-
tumor-related activities but few have been confirmed in
vivo [112—117]. PCs have been shown to inhibit TPA-medi-
ated tumor promotion in the mouse epidermis [118, 119].
Cocoa liquor PCs have also been shown to inhibit rat pan-
creatic carcinogenesis at the initiation stage as well as lung
carcinogenesis in a rat multi-organ carcinogenesis model
[117, 120]. A protective role of PCs against cardiovascular
diseases has been suggested by many experimental studies,
which have shown induction of endothelium-dependent
relaxation via activation of nitric oxide synthase [121],
enhancement of prostacyclin release [122—124], inhibition
of oxidative modification of low-density lipoprotein [125—
127], and inhibition of platelet aggregation [61, 128].

PC oligomers from grape seeds and skin extracts have
been claimed to have diabetes prevention and therapeutic
effects. The effects of these PC oligomers on diabetic cata-
racts, blood sugar, and blood lipid peroxides have been
demonstrated in mice [129, 130]. PCs derived from cocoa
have also been shown to inhibit diabetes-induced eye lens
cataract formation possibly via antioxidant effects [130]. A
recent study has shown that type-A PC trimers isolated
from the aqueous extract of cinnamon have insulin-enhanc-
ing activity in in vitro assays measuring insulin-dependent
glucose metabolism [131].

The aforementioned studies suggest the health beneficial
effects of PCs. The poor bioavailability of these compounds
raises questions on the active compounds (PCs or their deg-
radation products) and the mechanisms of action. The pos-
sibility that large doses of PCs affect the absorption of mac-
ronutrients should also be considered. If microbial degrada-
tion of PCs to monomeric catechins underlies the biological
activities of PCs in vivo, then it is unclear why PCs should
have superior biological activity to direct treatment with the
pure monomers. Further studies are needed to determine
the biologica activity of PCs and what the role of PC bioa-
vailability is in influencing these activities.

5 Methods to improve the bioavailability of
dietary polyphenols

As discussed, the bioavailability of dietary polyphenols is
limited by a number of factors including unfavorable phys-
ico-chemical properties, extensive first-pass metabolism,
and active efflux. Strategies targeting these issues may be
useful in improving the bioavailability of dietary polyphe-
nols and their biological activity. We and other research
groups have used several approaches to improve the bioa-
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vailability of EGCG including alternative chemical modifi-
cation to pro-drugs, dosing formulations, and combination
with other dietary components.

Acetylation of EGCG to the peracetylated derivative
increased the area under curve (AUC) and t;, of EGCG in the
plasma, small intestine and colon [132]. The AUC EGCG in
the plasma, small intestine, and colon was increased by 2.4-,
2.8- and 2.4-fold, respectively. Peracetylation similarly
increased the intracellular levels of EGCG in vitro with an
accompanying increase in growth inhibitory activity [132].
Similar increases in in vitro biological activities have also
been reported by others [133—135]. In vivo, Landis-Piwowar
et al. [136] have demonstrated that peracetylated EGCG had
superior growth inhibitory activity to EGCG against MDA-
MB-231 human breast cancer xenografts in nude mice. This
was associated with a 67% increase in tumor cell apoptosis
measured as caspase-3 activity.

We and others have described transdermal formulations
of green tea and EGCG [137-139]. These formulations
have the advantage of by-passing first pass metabolism and
resulting in improved bioavailability. We found that appli-
cation of EGCG transdermal gel (50 mg/kg) resulted in
lower plasma C,,x than comparable oral doses of EGCG,
but dramatically increased plasma AUC (9.1-fold) and t,,
(67.4-fold).

Combination of EGCG and curcumin or genistein, natu-
rally occurring inhibitors of MRP, resulted in a dose-
dependent increased cytosolic levels of EGCG in human
colon cancer cell lines compared to treatment with EGCG
only [33]. These results have been extended to the in vivo
situation. We have observed that treatment of C57BL/6J
mice with dietary curcumin (10 g/kg diet) and EGCG in the
drinking fluid (3.2 mg/mL) resulted in increased plasma
levels of EGCG compared to mice treated only with EGCG
(Lambert et al., unpublished).

Shoba et al. [140] have shown that co-treatment of rats
with oral curcumin and piperine increased the bioavailabil-
ity of curcumin by 154% compared to rats treated with cur-
cumin only. We observed similar effects of piperine on the
bioavailability of EGCG in mice [141]. Two possible mech-
anisms have been proposed for the effects of piperine. First,
piperine has been shown to increased gastrointestinal transit
time [142]. The effect of this would be to increase the resi-
dence time of the test compound in the small intestine and
increase the likelihood of absorption. Alternatively, piper-
ine has been shown to inhibit glucuronidation activity [ 140,
141, 143, 144]. This is expected to increase the AUC of the
parent compound and decrease elimination.

Further studies are needed to fully develop strategies for
improving the bioavailability of dietary polyphenols and to
determine whether these methods translate into increased
biological activity. A caveat to the effort to increase the bio-
availability of dietary polyphenols is the possibility that
increased bioavailability could lead to undesirable side
effects. Recent studies in humans and animals have shown
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that high doses of green tea preparations are potentially
toxic [145-147]. These data suggest that high doses of
EGCG can induce toxicity in the liver, kidneys, and intes-
tine. Toxicity, especially in the liver and kidney, appears to
be correlated with the bioavailability of EGCG. In the rat,
where bioavailability is low (F = 1.6%), toxicity is confined
to the gastrointestinal tract following oral administration [7,
148]. In the dog, where bioavailability is much higher, hep-
atotoxicity and nephrotoxicity, as well as intestinal toxicity,
were observed. Toxicity was greater in fasted, than in pre-
fed, dogs [148]. The AUCplasma in the pre-fed dogs was
19.8 ug * h/mL compared to 205 pg.h/mL in fasted dogs
following administration of 300 mg/kg, p.o.

6 Conclusions

Many beneficial health effects have been attributed to diet-
ary polyphenols including, prevention and treatment of can-
cer, heart disease, diabetes, and other conditions. In some
of these cases, the claims are supported by studies in animal
models of disease using orally administered test com-
pounds. In other cases, however, only in vitro experimental
systems have been used to demonstrate efficacy. As we
have discussed, many dietary polyphenols (especially thea-
flavins, PCs, and curcumin) have poor bioavailability. It is
therefore unclear, in the absence of strong animal model
data, whether the results of these in vitro studies are mean-
ingful in terms of disease prevention. Four critical lines of
research should be explored to gain a clear understanding
of the health beneficial effects of dietary polyphenols:

(i) The biotransformation and bioavailability of many
dietary polyphenols are not clearly understood. Data on
key issues including the tissue distribution and bio-
transformative pathways for many dietary polyphenols
need to be determined.

ii) The potential biological activity of the metabolites of
many dietary polyphenols need to be investigated.
Such compounds, even if less potent than the parent
compound, may still contribute to the overall biological
activity of the test compound in vivo.

(iii) The claimed health benefits of dietary polyphenols
must be demonstrated in appropriate animal models of
disease using appropriate routes of administration and
in humans at appropriate doses. Whereas in vitro stud-
ies shed light on the mechanisms of action of individ-
ual dietary polyphenols, the importance of these data
need to be evaluated in experiments in vivo.

(iv) More effort must be made to integrate the available in
vitro and in vivo activity data with the bioavailability
data to assess the potential usefulness of various dietary
polyphenols. Based on the findings of comprehensive
bioavailability studies, it may be necessary to modify in
vitro model systems to better reflect the situation in
vivo.
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