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Benjamin W Redan,? Kimberly K Buhman,? Janet A Novotny,® and Mario G Ferruzzi®>**

3Inrerdepartmenral Nutrition Program, Department of Nutrition Science, and 4Department of Food Science, Purdue University, West Lafayette, IN;
and 5USDA—Agricultural Research Service Food Components and Health Laboratory, Beltsville, MD

Interest in the application of phenolic compounds from the diet or supplements for the prevention of chronic diseases has grown substantially, but
the efficacy of such approaches in humans is largely dependent on the bioavailability and metabolism of these compounds. Although food and
dietary factors have been the focus of intense investigation, the impact of disease states such as obesity or diabetes on their absorption, metabolism,
and eventual efficacy is important to consider. These factors must be understood in order to develop effective strategies that leverage bioactive
phenolic compounds for the prevention of chronic disease. The goal of this review is to discuss the inducible metabolic systems that may be
influenced by disease states and how these effects impact the bioavailability and metabolism of dietary phenolic compounds. Because current
studies generally report that obesity and/or diabetes alter the absorption and excretion of these compounds, this review includes a description of
the absorption, conjugation, and excretion pathways for phenolic compounds and how they are potentially altered in disease states. A possible
mechanism that will be discussed related to the modulation of phenolic bicavailability and metabolism may be linked to increased inflammatory
status from increased amounts of adipose tissue or elevated plasma glucose concentrations. Although more studies are needed, the translation of
benefits derived from dietary phenolic compounds to individuals with obesity or diabetes may require the consideration of dosing strategies or be

accompanied by adjunct therapies to improve the bioavailability of these compounds. Adv Nutr 2016;7:1090-104.
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Introduction

Plant-derived phenolic compounds are a subclass of phyto-
chemicals characterized by the presence of =1 phenol moi-
eties, and their consumption is associated with a reduced
risk of certain chronic diseases. Although evidence has pri-
marily been drawn from the epidemiologic associations be-
tween foods rich in phenolic compounds and disease-risk
outcomes (1), in vitro studies (2), animal models (3), and
more crucially, clinical trials have begun to substantiate these
epidemiologic associations (4). Although the results are not
fully conclusive (5), these data generally support the notion
that plant-derived phenolic compounds likely impart health
benefits to humans. As a result, the desire to expand the ap-
plication of these compounds as a disease-preventative agent
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is gaining momentum, in part due to the cost-effective nature
of dietary prevention strategies relative to therapeutic ap-
proaches. This concept has been translated into the formulation
of phenolic compounds in functional foods and dietary supple-
ments for the broader public.

Phenolic compounds can be broadly divided into flavo-
noid and nonflavonoid derivatives (6) (see Figure 1). The
amount of phenolic compounds in common foods and bev-
erages has been systematically reviewed and documented in
several publicly available databases, including the USDA’s
Nutrient Data Laboratory Flavonoid Database and the Institut
National de la Recherche Agronomique’s Phenol-Explorer
(7-11). The predominant dietary sources of phenolic com-
pounds in the Western diet are generally accepted to be fruit,
vegetables, tea, wine, and cocoa products, with mean die-
tary intakes for flavonoids ranging from ~250 mg/d for
US adults (12), 250-300 mg/d for Greek men and women
(13), and 320 mg/d for Korean adults (14) to 1000 mg/d
for British adult populations (13). The flavan-3-ol epicate-
chin, which is found in high amounts in cocoa and grape
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FIGURE 1
nomenclature used for assignment of the phenol rings.

seed and to a lesser extent in apples and tea, has received par-
ticular attention due to its presence in high quantities in cer-
tain chocolates combined with chocolate’s general popularity.
Nonflavonoid phenolic compounds include phenolic acids,
with one of the most common dietary sources being gallic
acid, which is present in grapes and other fruit.

The diverse mechanisms proposed for the biological ac-
tivities of phenolic compounds are dependent on their
structure and cellular target. Regardless of the structure, di-
etary source of the phenolic compound, or specific mecha-
nism by which it may impart its bioactivity, the ultimate
efficacy of dietary phenolic compounds is dependent on
the ability of the compounds to be absorbed intact or as a
biologically relevant metabolite and transported to target
tissues where they can exert biological activity (15). The bio-
availability of phenolic compounds is therefore a critical
factor to consider when evaluating the efficacy of a food
or supplement or designing products for at-risk popula-
tions. In addition to these factors, disease states such as obe-
sity or diabetes that are common in industrialized countries
(16) can affect the bioavailability of nutrients and potentially
phytochemicals (17), which may be related to the ability of
these diseases to modulate gut function (18, 19), alter regu-
lation of xenobiotic metabolizing systems (17), or perturb
the gut microbiota critical to the metabolism of phenolic
compounds (20).

This review will specifically focus on the effect of obesity
and diabetes on the bioavailability and bioactivity of dietary
phenolic compounds. Some outstanding questions on the

Flowchart of the main classes of phenolics with key examples of their chemical structure. A, B, and C designations are

absorption and metabolism of phenolic compounds include
the following:

1. Why are phenolic compounds potentially more effective
in improving physiologic conditions in lean or nondia-
betic individuals?

2. Are the absorption, metabolism, and transport of phenolic
compounds altered in obese or diabetic individuals?

3. If so, what mechanism may be effective to target in order
to increase biological activity of phenolic compounds in
these populations?

Current Status of Knowledge

Overview of the absorption, metabolism, and transport
of phenolic compounds. The preventative or therapeutic
potential of phenolic compounds is highly dependent on
their ability to reach target tissues in a form that can exert
biological function. Multiple steps in this process include
absorption, metabolism, and transport in both the upper
and lower gastrointestinal tract (21) (summarized in Figure
2). Because the broader aspects of absorption, metabolism,
and target tissue profiles have been the subject of several re-
views (6, 22-25), only key aspects of this process will be cov-
ered, focusing on upper intestinal absorption and metabolism
because they rely on both inducible and noninducible sys-
tems (26) that may be affected by both health status and pre-
vious exposure to phenolic compounds.
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FIGURE 2 Schematic of the key molecular processes involved in the transport and metabolism of (poly)phenolic compounds. Solid
arrows indicate the pathway of native phenolic compounds; dashed arrows indicate the pathway of phenolic compound metabolites.
MCTT, monocarboxylate transporter 1; MRP, multidrug resistance—associated protein; P-gp, P-glycoprotein; Phase II, phase Il metabolizing
enzymes; PP, (poly)phenolic compounds; PP-M, (poly)phenolic metabolites; SGLT1, sodium-dependent glucose transporter 1.

The first key step in the absorptive process is the release
of phenolic compounds from the plant and food matrix into
the soluble and bioaccessible fraction in the gut lumen. Sol-
uble forms of phenolic compounds are then actively and
passively transported from the lumen into the enterocyte
but can be effluxed back out into the lumen by the action
of ATP-binding cassette (ABC)® transporters. Because of
the nature of the described absorptive pathways, many phe-
nolic compounds may directly interact and inhibit or de-
crease the activity of these transport proteins (27). These
interactions can be highly specific or broad depending on
the phenolic compound preparation and co-consumed
food. Ongoing research in this area will continue to dissect
the interactions between phenolic compounds and intestinal
transport systems that may both alter the absorption of

© Abbreviations used: ABC, ATP-binding cassette; Crnay, Maximum concentration; COMT,
catechol-O-methyltransferase; GLUT, glucose transporter; MCT, monocarboxylate
transporter; MRP, multidrug resistance—associated protein; MDR2, multidrug resistance
protein 2; P-gp, P-glycoprotein; PXR, pregnane X receptor; SGLT, sodium-dependent glucose
transporter; SULT, sulfotransferase; UGT, UDP-glucuronyl transferase.
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phenolic compounds but also modify the absorption of
other bioactive compounds, including drugs. Within the en-
terocyte, phenolic compounds may also be metabolized be-
fore transport across the serosal side and into the portal vein
for circulation to the liver, where further metabolism may
occur before systemic circulation, excretion into bile or
urine, or distribution to other tissues. Unabsorbed phenolic
compounds are then carried to the lower gut and made avail-
able to the microbiota for catabolism into low-molecular-
weight compounds, including several previously characterized
metabolites of phenolic compounds (28).

Clinical trials comparing efficacy of phenolic compounds
in healthy and obese or diabetic populations. Because
xenobiotic transport and metabolism are dependent on nor-
mal metabolic regulation, it can be expected that diseases
such as obesity or diabetes may alter these systems and,
by extension, affect the bioavailability and effectiveness
of phenolic compounds. Banini et al. (29) found that the
consumption of dietary grape phenolic compounds produced
a differential response between diabetic and nondiabetic



individuals on markers of cardiovascular health and glucose
control. Diabetic and healthy individuals were given ei-
ther 150 mL juice, wine, or a dealcoholized wine beverage
made from muscadine grapes for 28 d. The BMI range (in
kg/m®) for nondiabetic controls was from ~27 to 30 (over-
weight), and the diabetic BMI range was from ~35-40
(obese). All participants were advised to not alter their nor-
mal diet and physical activity. When comparing the changes
in lipid profiles, grape juice consumption decreased plasma
TG concentrations in only the nondiabetic participants, al-
though insulin concentrations decreased in diabetics who
consumed dealcoholized wine compared with baseline.
One strength of this study is that it tested standard wine
along with dealcoholized wine, which is important because
alcohol can be a potential confounding factor by affecting
health outcomes and/or bioavailability (30, 31). Although
the authors did not report the phenolic compounds in the
test beverages, an analysis elsewhere suggests that 150 mL
of the wine could contain ~443 mg total phenolic compounds,
including 6 mg gallic acid (32).

Davison et al. (33) found that supplemental doses of
cocoa phenolic compounds are needed to produce a response
in markers of cardiovascular disease and glucose control in
overweight and obese individuals. The mean BMI of partici-
pants was 33.5, and they consumed a cocoa beverage daily
that provided low (36 mg) or high (902 mg) amounts of
flavan-3-ols. All participants were advised to not modify their
normal diet other than limiting their caffeinated beverages to
2/d and to avoid red wine and dark chocolate. In addition,
participants were randomly assigned to either follow a regi-
men of regular modest exercise or to remain sedentary.
This treatment occurred over 12 wk, with measurement tests
conducted at baseline and at 6 and 12 wk. Measurements at
12 wk for the high-dose groups (data were pooled for
the exercise and nonexercise groups) revealed increased
flow-mediated dilatation, a marker of cardiovascular func-
tion, along with improved markers of insulin resistance. A
strength of this study is the prolonged treatment time pe-
riod (12 wk) in conjunction with the low and high doses
to determine at which dose a physiologic response takes
effect. A limitation of this study is that there was no
normal-weight group to directly compare the results. How-
ever, this shows that higher supplemental doses were required
to elicit a response compared with other studies such as
Banini et al. (29), which used dietary sources of phenolic
compounds.

Combined, these studies suggest that phenolic compounds
may have differential effects on cardiovascular markers in
lean compared with obese or diabetic populations. How-
ever, the underlying reasons for this difference are not clear,
although alterations in the absorption and metabolism
of phenolic compounds between healthy and obese or
diabetic individuals may be responsible, in part, for these
observations. Although the studies described did not directly
measure the absorption of phenolic compounds, evidence
from in vitro, animal, and other clinical studies provide
more insight on this potential effect.

Metabolism of phenolic compounds. Phenolic compounds
are largely transformed and transported via xenobiotic
metabolizing systems expressed extensively in intestinal
and hepatic tissues (34) but also in other tissues and com-
partments, including the blood-brain barrier (35, 36).
These compounds undergo phase II conjugation to produce
metabolites that are more hydrophilic or hydrophobic than
the parent compound, thereby facilitating transport
processes leading to excretion through bile or feces or urine
(see Figure 3). Because the extent to which individual phe-
nolic compounds are biotransformed may result in the
alteration of specific biological activity (37-39), factors
that ultimately affect the metabolism of these compounds
are believed to have a substantial impact on their potential
to exert protective therapeutic effects at target tissues.

The methylation of phenolic compounds is driven pri-
marily by catechol-O-methyltransferase (COMT) and re-
sults in a more hydrophobic and less chemically reactive
species (26). This increased hydrophobicity may alter their
transport across the enterocyte or other cell types (40), lead-
ing to the potential for an accumulation of methylated deriv-
atives in certain tissues such as the brain (41-43). Although
methylation generally decreases phenolic antioxidant capac-
ity in vitro (44, 45), methylated epicatechin glucuronide de-
rivatives were observed to have greater ability to enhance
long-term potentiation in hippocampal slices relative
to simple glucuronides (42). The effect of the methylation
transformation on bioactivity is a subject of much debate
and appears to be specific to the class of phenolic compound
being metabolized.

Sulfotransferases (SULTs) conjugate anionic sulfate groups
to phenolic moieties to produce a more hydrophilic species
(46), resulting in either a more or less bioactive species
depending on the cellular target (47). For example, sul-
fate metabolites of the grape phenolic resveratrol, in con-
trast to the resveratrol aglycone and its glucuronide, are
not effective in decreasing the lipid content of differenti-
ated adipocytes, whereas sulfate metabolites have been re-
ported to be effective in decreasing the lipid content of
maturing adipocytes (48).

Glucuronidation conjugates glucuronic acid to phenolic
compounds through the action of UDP-glucuronyl transfer-
ase (UGT) to yield a more hydrophilic species that can be
efficiently eliminated (49). However, glucuronidation does
not appear to affect resveratrol’s in vitro antioxidant poten-
tial (50) or quercetin’s estrogenic activity (51). Although
this metabolite in certain cases does not seem to have di-
minished bioactivity compared with the parent compound,
it may have increased potential for excretion and thus may
affect bioactivity by limiting the half-life and concentra-
tions in target tissues.

Clinical trials suggest obesity and diabetes affect xenobi-
otic transport and metabolism absorption of phenolic
compounds. Because the bioactivity of phenolic compounds
is largely dependent on their metabolism by key phase II en-
zymes (52), it is necessary to consider the systems that may
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be altered in disease conditions. Early research documen-
ted fundamental differences in the xenobiotic transport
and metabolizing systems in obese or diabetic individuals
(53). Although many studies in this area have focused on
pharmaceuticals, interestingly, the effect of disease states
on these systems has also been investigated by using com-
pounds with phenolic structures. Because both phenolic
compounds and many pharmaceuticals target the phase II
and III metabolizing systems, research with the use of phar-
maceuticals is also included in this discussion.

Although doses for many pharmaceutical treatments re-
flect changes in dose on the basis of weight, increased clear-
ance of compounds metabolized by the phase II systems has
been observed in obese populations, possibly indicating al-
tered activity of this system (54). Considering that these obser-
vations are inferential, additional insights are needed to better
define the extent to which obesity may directly alter the ex-
pression and/or activity of specific transporters. For example,
Abernethy et al. (55) showed the potential influence of obesity
on xenobiotic metabolizing systems. In this study, normal-
weight and obese subjects were given a 30-mg oral dose of
the benzodiazepine oxazepam, excreted after glucuronida-
tion, and it was found that plasma clearance of oxazepam
increased significantly in the obese group (157 mL/min)
compared with the normal-weight group (50 mL/min).

In addition, clinical studies showed that pharmacokinetic
parameters of the stilbenoid trans-resveratrol differ depend-
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ing on the health status of the population (see Table 1).
Boocock et al. (56) administered 1000 mg trans-resveratrol
to healthy, nonobese participants and observed an AUC of
545ng - h - mL™" and a maximum concentration (Cpqy)
of 117 ng/mL, but when 1500 mg of trans-resveratrol was
administered to an overweight and obese (mean BMI =
31.8) population with hepatic steatosis, it resulted in
an AUC of 705 ng - h - mL™" and a Cy,4y of 65.7 ng/mL
(57). These studies can be more easily compared when nor-
malizing these parameters by dose, which shows that healthy
participants in Boocock et al. (56) had an ~15% greater
AUC/dose and a more striking 167% greater trans-resveratrol
Crax/dose than the overweight and obese population in Chachay
et al. (57), which shows a potentially reduced ability to achieve
a threshold for therapeutic concentrations. Because nonal-
coholic hepatic steatosis has been reported to be present in
~66% of obese (58) and even 18% of lean (59) popula-
tions, early stages of this condition may be involved in liver
function. Thus, normal liver function may potentially be affect-
ing phenolic compound metabolism in certain studies, given
the prevalence of hepatic steatosis in the population.

Pharmacokinetic analyses in animal models suggest obesity
and diabetes affect xenobiotic transport and metabolism.
Table 2 summarizes the literature that suggests that obe-
sity or diabetes may lead to a fundamental alteration in
xenobiotic metabolism and transport systems critical for



Comparison of clinical pharmacokinetic studies that used resveratrol in overweight/obese and normal-weight populations’

TABLE 1

Cmax/dose,

AUC/dose,
ng - mL™'

Cmaxr ng - mL_1 Tmaxr h ng - h - ml._1 .

AUC,
ng - h-mL"

Dose,?

Study authors,
year (ref)

Chachay

-1

- mg

mg™’

Compound mg

Time, h

Source

Health status
Overweight or obese [mean

0.0438

047

65.7

705

1500

6 trans-Resveratrol (no

trans-Resveratrol

metabolites measured)

31.8] humans capsule

BMI (kg/m?)

etal, 2014 (57)

with hepatic steatosis

Healthy humans

0.117

0.54

0.76

17

545

1000

24 trans-Resveratrol

trans-Resveratrol

Boocock

capsule

et al, 2007 (56)

0475

3.06
2.59

10.1

2.25
1.75

474
673
2100
3370

3060
2590
10,100
16,300

NA
NA
NA
NA

Glucuronide 1

0673
2.10
337

Glucuronide 2

Sulfate

16.3

Resveratrol + metabolites

! Crnax Maximum concentration; NA, not applicable; ref, reference; Ty, time of maximum concentration.

2 Dose cells under Boocock et al. are NA because the metabolites listed were generated endogenously and not provided in the dose listed.

the delivery of phenolic compounds (60). The flavone glyco-
side baicalin, found in the Chinese herb Scutellaria baicalensis,
was reported to be excreted at faster rates in diabetic rats than
in healthy rats (61). Although the plasma AUC of baicalin
was greater in the diabetic group when provided a 200-mg/kg
intragastric dose (48.5 compared with 101 wg - h - mL™%
normal compared with diabetic), the normal group had sig-
nificantly higher concentrations of the compound when
given a 12-mg/kg dose intravenously (18.0 compared with
112 pg - h - mL ™! normal compared with diabetic). Be-
cause baicalin is transported across the ileum after the glucu-
ronide moiety is cleaved, both groups of rats were tested for
activity of B-glucuronidase, the enzyme that catalyzes the
cleavage. There was a 1.7-fold increase in the activity of this
enzyme in the duodenum of the diabetic rats, which shows
a mechanism for the observed apparent increased bioavail-
ability via the oral dose. Still unanswered in this study is the
underlying explanation for the increased systemic clearance
that drives the decreased baicalin plasma concentrations in
the diabetic rats compared with the normal rats when given
the intravenous dose.

Similar effects have been observed in nonphenolic com-
pounds that rely on similar transport and metabolizing
pathways. Yu et al. (62) noted elevated plasma clearance of
the phenolic-like alkaloid jatrorrhizine in diabetic Sprague-
Dawley rats compared with healthy controls. In this study, a
plant extract rich in jatrorrhizine was administered by intes-
tinal perfusion, and plasma from the portal vein was collected.
The C,,. in diabetic rats was 9.5-fold greater and the AUC
was 7.5-fold greater than in the nondiabetic controls. Probing
P-glycoprotein (P-gp) function with Rho123 found it to be
less active in the diabetic rats, which correlated to decreased
protein concentrations of P-gp in all segments of the small in-
testine. Compared with the normal group, there was a greater
increase in portal vein concentrations of jatrorrhizine in the
diabetic rats, but not a corresponding higher amount of com-
pound in the peripheral plasma. This first appears to be a par-
adox because the compound must be transported to another
compartment after reaching the portal vein. However, Liu
et al. (61) suggested increased clearance from systemic circu-
lation to urine in diabetic rats due to greater transport of
jatrorrhizine across the small intestine but lower concentra-
tions in the periphery.

Preclinical and in vitro data suggest obesity and diabetes
affect the phase II and III metabolizing systems. The ob-
served alterations in xenobiotic metabolism in obese and di-
abetic humans coincide with animal research by Liu et al.
(63) and with additional studies that reported differential
expression of key phase II metabolizing enzymes with health
status (see Table 3 for a summary). When male diabetic
Wistar rats were orally administered 400 mg of the xanthone
mangiferin/kg (a C-glycoside found in plants in the Anacardiaceae
family), the plasma AUC was significantly greater in the
diabetic rat group (3820 compared with 8950 ng - h - mL™";
healthy compared with diabetic). Although pharmacokinetic
parameters of the metabolites were not determined, liver

Phenolic metabolism in obesity and diabetes 1095
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mRNA expression of select Ugtla family enzymes increased
2.28- to 3.93-fold, Ugt2b8 increased 4.39-fold, and Sultlal in-
creased 1.62-fold in diabetic rats. In contrast, liver mRNA ex-
pression of Comt decreased by 72%, Ugt2b family enzymes
decreased by ~100%, and there was an 850% reduction in
Sultlcl. Overall, these data indicate that differences in phar-
macokinetic parameters in the diabetic state may be due to
fundamental alterations in metabolizing systems.

Furthermore, Wang et al. (66) reported that COMT
methylation activity measured over 30 min decreased by
28.1% in the liver of male Wistar rats with uncontrolled di-
abetes, but the enzyme’s function was rescued by restoring
blood glucose concentrations to a normal range. This sug-
gests that the downstream effects from chronic elevated
blood glucose may contribute to alterations in methylation
activity. In contrast, COMT maximal velocity increased by
80.5% in obese Zucker rats in the jejunum compared with
lean rats (78). Thus, changes in COMT activity and expres-
sion appear to be dependent on tissue type and homeostatic
aberrations, such as elevated blood glucose concentrations.

Protein concentrations of SULT enzymes, along with their
activity, have also been reported to be affected by obesity, di-
abetes, and associated comorbidities. For instance, male
C57BL/6] mice with diet-induced obesity have decreased
protein concentrations of SULT2AL1 in the liver (79). In ad-
dition, research on human clinical samples has shown sim-
ilar trends (see summary in Table 4). Both SULT1C4 mRNA
and protein expressions have been reported to increase in
humans with fatty liver, a common comorbidity of obesity
(83); however, liver SULT1A1 protein concentrations are
significantly lower in individuals with either liver steatosis
or diabetes (84). Thus, it appears that specific isoforms are
differentially affected through pathways mediated by inflam-
matory signaling associated with obesity and diabetes. For
example, liver Sult isoforms lal, 1b1, and 1cl mRNA ex-
pression and their respective proteins decreased in male
rats after administration of the inflammatory agent bacterial
LPS (81). However, there was no reduction in Sult mRNA
expression in rats pretreated with the anti-inflammatory
compound dexamethasone, which coincides with results
from another study in female C57BL/6] mice, which showed
a decrease in SULT activity under inflammatory conditions
(80). As such, both obesity and diabetes, as well as related
inflammatory stress from these conditions, appear to have
a role in the ultimate status of SULT enzymes and their
activities.

Data from animal and human studies provide conflicting
information on the impact of obesity and/or diabetes on
glucuronidation processes. Male diabetic Donryu rats had
~2 times the circulating concentrations of morphine-3-
glucuronide from 185 to 365 min after an initial 15-mg/kg intra-
venous morphine dose compared with normal controls (65).
In addition, Xu et al. (77) found that obese Lep®”*’ compared
with normal C57BL/6] mice had significantly increased acet-
aminophen glucuronidation velocity in hepatocytes (0.15
compared with 0.23 nmol - min~" - mg protein~ '), which cor-
related to an ~5-fold increase in hepatocyte mRNA expression

of Ugtlal and Ugt3al isoforms in the obese mice. A comparison
of male diabetic BB/Wor with normal Wistar rats showed that
UGT1AL1 enzyme activity increased from 0.231 to 1.82 nmol -
min~ ' -mg protein” ' in permeabilized liver microsomes (67).
In streptozocin-induced diabetic male Sprague-Dawley rats,
the plasma AUC of the licorice-derived flavanone metabo-
lite liquiritigenin-7-O-glucuronide increased from 738 to
1160 pg - min - mL™" and Cpay from 24.6 to 38.6 pg/mL
compared with normal controls (64). In contrast, there was
a 33-63% decrease in hepatic mRNA expression of the Ugt
isoformslal, 1a6, and 2bl in obese Zucker rats compared
with lean Sprague-Dawley rats (76). In humans, the diabetic
condition has been reported to decrease both glucuronide en-
zyme activity and mRNA expression of the UGT2B7 isoform
of the enzyme by ~50% (86). However, obese individuals are
reported to have increased concentrations of oxazepam
glucuronide metabolites (55), and mRNA expression of
UGT1A9 and 2B10 isoforms has been shown to be signifi-
cantly higher in humans with nonalcoholic fatty liver disease
(83). Although the data overall are somewhat mixed, evidence
does support alteration in glucuronidation processes due to
the obese or diabetic state. Because these changes in glucuro-
nidation can affect overall metabolite profiles, the excretion of
phenolic compounds, and by extension apparent C,.x values,
they may potentially affect reaching the threshold concentra-
tions to elicit a physiologic response.

Disease state may also affect the phase III metabolizing
system by affecting function and expression levels of efflux
proteins. A comparison of 8-wk-old male Sprague-Dawley
rats with diabetic rats treated with insulin showed signifi-
cantly greater Rho123 concentrations in the liver (69.4 com-
pared with 121 ng/g; normal compared with diabetic),
intestinal mucosa (101,000 compared with 210,000 ng/g;
normal compared with diabetic), and kidney (422 compared
with 578 ng/g; normal compared with diabetic) of diabetic
rats that showed impaired P-gp function (70). In ileal tissue
of diabetic male ddY mice, P-gp protein concentrations were
60% those of controls (73). Decreased P-gp function has
also been shown in the brain of diabetic male Sprague-
Dawley rats by showing that the ratio of brain tissue to
plasma concentrations of the classical P-gp substrate vincris-
tine is significantly greater in the diabetic group than in
the control group (0.023 compared with 0.072 mL/brain;
normal compared with diabetic) (71). This has been con-
firmed in male diabetic ICR mice, with brain concentra-
tions of Rho that were significantly greater in diabetic rats
(13.7 ng/g) than in normal controls (10.2 ng/g) (72). In
contrast, van Waarde et al. (74) found that the livers of di-
abetic Wistar rats had a 530% increase in protein concen-
tration of multidrug resistance protein 2 (MDR2) and a
corresponding elevation in bile salt secretion compared
with control rats.

Efflux transporters have an important role in the excre-
tion of phenolic compounds, and the expression of trans-
porters that drive transport of these compounds into the
enterocyte and other cells may also be altered with obesity
and diabetes. In diabetic male Wistar rats, monocarboxylate
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TABLE 3 Summary of preclinical molecular-based studies that used normal, diabetic, and obese rodent models'

Study authors,

Xenobiotic, transport, and

year (ref) Model and health status Tissue type metabolizing system Direction of change
Wang et al, 2002 (66) Male Wistar STZ-induced diabetic rats  Liver COMT activity l
Braun et al, 1998 (67) Male B/Wor diabetic rats Liver Ugtlal mRNA, protein, activity 1
Burant et al, 1994 (68) Male Sprague-Dawley STZ-induced Enterocytes Glut2, Glut5, SgltT mRNA and 1
diabetic rats protein
Maeng et al.,, 2007 (69) Male Sprague-Dawley STZ-induced Brain P-gp protein T
diabetic rats
Zhang et al, 2011 (70) Male Sprague-Dawley STZ-induced Liver Abcbla, Abcb1b mRNA and pro- No change
diabetic rats tein (P-gp)
P-gp protein No change
Intestinal mucosa Abcbla, Abcb1b mRNA and pro- !
tein (P-gp)
Kidney Abcbla mRNA il
Abcb1b mRNA No change
P-gp protein 1
Liu et al. 2006 and Male Sprague-Dawley and ICR STZ- Brain cortex P-gp protein l
2007 (71,72) induced diabetic rats
Nawa et al, 2010 (73) Male ddY STZ-induced diabetic mice  lleum P-gp protein l
van Waarde et al, Male Wistar STZ-induced diabetic rats  Liver Mdr2 mRNA and protein 1
2002 (74)
Liver Mrp2 mRNA No change
Mrp2 protein l
Nikooie et al., Male Wistar STZ-induced diabetic rats ~ Soleus muscle MctT mRNA and protein |
2013 (75)
Yu et al, 2010 (62) Male Sprague-Dawley STZ-induced Small intestine P-gp protein 1
diabetic rats
Liu et al, 2012 (63) Male Wistar STZ-induced diabetic rats ~ Duodenum and Mdria and Mdr1b (P-gp) mRNA |
jejunum
lleum Mdr1a and Mdr1b (P-gp) mRNA 1
Liver Comt mRNA |
Liver Ugtia3, UgtlaZ, Ugt2b3, Ugt2be, 1
Ugt2b12 mRNA
Liver Ugt2b3 and Ugt2b8 mRNA l
Liver Sult’6T mRNA l
Kang et al, 2010 (64) Male Sprague-Dawley STZ-induced Liver UDP-glucuronic acid il
diabetic rats concentrations
Intestine UDP-glucuronic acid No change
concentrations
Hasegawa et al, Male Donryu STZ-induced diabetic Glucuronidation UGT il
2010 (65) rats probed by using
morphine
Liver Ugt2b1 mRNA 1
Liver Mrp2 mRNA |
Mrp3 mRNA T
Kim et al, 2004 (76) Male Sprague-Dawley vs. obese Liver Ugtial, Ugtla6, Ugt2bl, Mrp2 l
Zucker rats MRNA
Xu et al, 2012 (77) Male obese C57BL/6) Lep®”®® mice Liver Ugtlal, Ugtila6, Ugtia9, Ugt2a3, 1
Ugt3al, Ugt3a2 mRNA
Liver Ugt2b1 mRNA |
Lucas-Teixeira et al, Obese Zucker rats Jejunal mucosa COMT activity il
2002 (78)
Koide et al, 2011 (79) Male C57BL/6J diet-induced obese Liver Total UGT activity 1
rats
Liver Sult2al protein and activity l
Kim et al,, 2004 (80) Female C57BL/6 mice treated with Liver Sult2al mRNA and total SULT |
LPS activity
Shimada et al, 1999 (81)  Male Sprague-Dawley rats treated Liver Total SULT activity l
with LPS
Ho and Piquette-Miller, Male Sprague-Dawley rats treated Liver Mdr1b mRNA il

2007 (82)

with LPS

' Abc, ATP-binding cassette transporter; COMT, catechol-O-methyltrasferase; Glut, glucose transporter; Mct1, monocarboxylate transporter 1; Mdr, multidrug resistance protein;
Mrp, multidrug resistance-associated protein; P-gp, P-glycoprotein; ref, reference; Sglt1, sodium-dependent glucose transporter 1; STZ, streptozocin; SULT, sulfotransferase;

UGT, UDP-glucuronyltransferase; |, decrease; 1, increase.
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TABLE 4 Summary of human molecular-based studies that used liver, kidney, and skeletal tissue and the Hep3B hepatocyte cell line

1

Study authors, Xenobiotic, transport, and Direction
year (ref) Population and health status Tissue type metabolizing system of change
Hardwick et al., 2013 (83) Nonalcoholic fatty liver disease Liver UGTI1A9 and 2B70 mRNA 1
UGT1A9 and 2B10 protein No change
Total UGT activity No change
SULTATC4 mRNA il
SULTA1C4 protein T
Total SULT activity l
Yalcin et al,, 2013 (84) Liver steatosis Liver SULTTAT mRNA No change
SULT1AT1 protein l
SULTTAT activity l
Liver SULTTA3 mRNA No change
SULT1TA3 protein T
SULTTA3 activity l
Metz et al., 2008 (85) Male and female, lean [mean Leg skeletal muscle MCT1 protein No change
BMI (kg/m?) = 22.6] vs.
obese (mean BMI = 35.3)
Dostalek et al,, 2011 (86) Male and female diabetics Liver UGTIA9, UGTIAT, and UGT2B7 mRNA l
Kidney UGTITA9, UGTIAT, and UGT2B7 mRNA l
Yalcin et al,, 2013 (84) Diabetics Liver SULTTAT mRNA No change
SULTTAT protein l
SULTTAT activity l
Liver SULTTA3 mRNA No change
SULT1A3 protein No change
SULTTA3 activity l
Juel et al, 2004 (87) Male type 2 diabetics Leg skeletal muscle MCT1 protein l
Kim et al., 2004 (80) Hep3B cells treated with Hepatocytes SULT2AT mRNA l

TNF-a and IL-1

" MCT1, monocarboxylate transporter1; ref, reference; SULT, sulfotransferase; UGT, UDP-glucuronyltransferase; ; |, decrease; 1, increase.

transporter 1 (Mctl) mRNA expression in soleus muscle was
significantly lower than in control rats (75), in addition to
decreased expression of Mctl protein in the plantaris mus-
cle (88). Although this pattern has also been reported in
male diabetic patients with decreased skeletal muscle ex-
pression of MCT1 (87), obese individuals did not show
differences in muscle MCT1 protein concentrations com-
pared with controls (85). Although MCT1 in human hepa-
tic or intestinal tissues was not directly measured in these
studies, these may similarly be affected in diseased
conditions.

Additional potential factors from the obese and diabetic
condition may affect pharmacokinetics of phenolic
compounds. Although this review focused on critical xeno-
biotic metabolizing and transport systems altered by
obesity and diabetes, there are additional factors to con-
sider that may influence pharmacokinetic parameters of
phenolic compounds under these conditions. One such
example is that there is an increase in glomerular filtra-
tion rate from diabetes (89), which may decrease plasma
concentrations of phenolic compounds by increasing
their elimination through urine. In addition, kidney dis-
ease that results from late-stage diabetes can alter fac-
tors that influence xenobiotic metabolism (90). It is
also important to consider that genetics (91) in addition
to aging (92) modulate expression and therefore alter the
observed function of the xenobiotic metabolizing sys-
tems, potentially affecting the bioavailability of phenolic
compounds.

Alterations in gut function from the diabetic condition
may also partially explain differential absorption of phenolic
compounds. The oral bioavailability of the peptide cyclo-
sporin has been observed to be lower in diabetic populations
as measured by plasma AUC (93). Ogata et al. (94) therefore
tested differences in the absorption of cyclosporin between
Goto-Kakizaki diabetic rats, a model for a nonobese diabetic
phenotype, compared with normal Wistar rats by adminis-
tering the compound orally or intravenously. When 10 mg
cyclosporin A/kg was administered intravenously, the dia-
betic and normal groups displayed similar plasma AUCs of
the compound (21.9 compared with 20.6 pg - h - mL™";
normal compared with diabetic), but when orally adminis-
tered the diabetic rats showed lower plasma AUCs (11.3
compared with 1.8 wg - h - mL™"; normal compared with
diabetic). Because this compound is absorbed in the
small intestine, gastric emptying was determined by us-
ing radiolabeled sodium chromate. Although 90% of
the marker could be recovered in the distal section of
the ileum of the normal group after 2 h, only 60% could
be recovered in the diabetic rats, with 25% of the marker
still remaining in the stomach. It is important to point
out that although this study compared only 2 different
breeds of rats, these results may be applicable in a
broader sense to the absorption of phenolic compounds
because gut transit time can affect pharmacokinetic
parameters.

Another possible factor to consider is that of the intesti-
nal microbiota, because microbiota profiles can change un-
der diabetic or obese conditions (95, 96). Because phenolic
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compounds have low first-pass bioavailability, they reach
the lower gut where they may be catabolized into low-
molecular-weight compounds that are potentially absorbed
and then enter the systemic circulation where they can exert
biological activity (6). Due to the beneficial effects of pheno-
lic compounds potentially being mediated by gut micro-
biota, disease states that perturb microbiota composition
may alter their efficacy (97). For example, Selma et al. (98)
found that the production of bioactive catabolites of ellagic
acid (urolithins) differed between overweight or obese
and normal-weight individuals, decreasing the potential ef-
ficacy derived from these compounds.

In the diabetic condition, there are alterations to intesti-
nal tissues that occur due to elevated blood glucose concen-
trations, which may also affect the transport of phenolic
compounds. These changes may emerge because expressions
of the small intestinal carbohydrate transporters SGLT1 and
glucose transporter 2 (GLUT2) increase in diabetic rats, al-
though controlling blood glucose with proper insulin treat-
ment restores these to normal concentrations (68). This
alteration can then potentially increase the uptake of certain
phenolic compounds whose transport is associated with
glucose transporters.

Potential underlying mechanism for altered xenobiotic
metabolizing and transporting systems in obese and dia-
betic populations. A potential underlying mechanism
for the differences in xenobiotic transport and metabolism
observed in obese and diabetic populations involves a
chronic, low-grade inflammatory response prevalent in
these conditions (99, 100). In a study mentioned previ-
ously, the administration of LPS to Sprague-Dawley rats re-
sulted in a 36.8% reduction in hepatic sulfonation activity
(81), which aligns with another report that LPS-induced
secretion of inflammatory cytokines and stimulation of
the inflammatory processes alter drug metabolism (101).
Similarly, elevated insulin concentrations from diabetes
may also induce alterations that affect phase II enzymes
(102). In addition, Thibault et al. (103) reported that in-
dividuals with inflammatory bowel disease have decreased
expression of the MCT1 transporter, which was replicated
in a mechanistic in vitro study that showed that treating the
intestinal cell line HT-29 with the inflammatory cytokines
IFN-vy and TNF-a dose-dependently decreases mRNA ex-
pression and protein concentrations of this transporter.
The authors of the study hypothesized that the mechanism
underlying this phenomenon may be due to an inflamma-
tory response element in the promoter region of the MCT1
gene. Hence, inflammatory processes mediated through
NF-kB signaling or another inflammatory signaling path-
way likely play a role in the expression of MCT1I and, by ex-
tension, may affect the absorption of certain phenolic
compounds.

Furthermore, the inflammatory response mediated
through NF-kB induction is known to modulate the ex-
pression of P-gp (69). A review on P-gp expression in the
intestine suggests that it is increased in diabetic humans
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due to elevated inflammatory cytokines and blood glucose
concentrations (104). In addition, the transporter multidrug
resistance—associated protein (MRP) 3 responds to inflam-
matory stimuli and has been reported to be either up- or
downregulated depending on the animal model used in
the study (82). More research is needed in humans to pro-
vide a definitive answer on how disease states affect these
transporters; however, existing data do suggest that the dia-
betic condition likely increases efflux transporter activity,
which could then potentially increase the excretion of phe-
nolic compounds.

Additional evidence supports the relation between in-
creased inflammatory status and altered xenobiotic metabo-
lizing and transporting systems. Individuals with Crohn
disease, a condition of elevated inflammation in the gut,
show increased expression of P-gp in intestinal and hepatic
tissue (105) and increased permeability of tight junctions,
resulting in decreased ability of the gut to maintain barrier
function (106). Although the exact mechanisms behind
this relation have not been fully elucidated, decreased
mRNA expression of pregnane X receptor (PXR), which con-
trols select metabolizing and efflux proteins, has been ob-
served in the ilium of individuals with active Crohn disease
(107). MRP2/3 and additional drug metabolizing systems
also have both been found to be altered by increased in-
flammatory status (82, 108, 109). In addition, elevation
of protein kinase C in the diabetic state leads to an increase
in the p65 subunit of the NF-«kB transcription factor,
which then may increase P-gp concentrations in the liver
(69, 110). Figure 4 synthesizes this information in a poten-
tial model for mechanistic control of altered absorption
of phenolic compounds under increased inflammatory
status.

Conclusions and Implications

Absorption, metabolism, and transport of phenolic com-
pounds to target tissues are all essential for effective delivery
of their bioactivity from food and dietary supplements; and
these processes appear to be affected by health status. The
overall effect from these diseases is that they may create a sit-
uation in which the application of foods or supplements rich
in phenolic compounds may not be as effective as expected
due to alteration of their absorption, metabolism, and excre-
tion. Subsequently, formulations and therapies may have to
be adjusted to accommodate for altered bioavailability of
these phenolic compounds. This may include modifying
formulations to include specific macronutrients such as pro-
tein and carbohydrate (e.g., starch and sucrose) and micro-
nutrients such as ascorbic acid, which have been previously
described to influence the bioavailability of phenolic com-
pounds (21, 111).

Although some evidence does exist for the possible sources
of the differences, it is critical to fully understand the
underlying mechanism for the observed differences in phe-
nolic compound effectiveness and/or bioavailability and
metabolism between healthy and obese or diabetic indi-
viduals. Only then will strategies to enhance the effectiveness
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FIGURE 4 Potential mechanism for altered xenobiotic transport and metabolizing systems in human intestinal (A) and hepatic (B)
tissues. Increased NF-kB-mediated inflammation resulting from the diabetic and obese condition is believed to be involved in the
alterations. Dashed lines indicate systems potentially affected by increased inflammatory signaling, and solid lines indicate those
negatively affected. COMT, catechol-O-methyltransferase; GLUT2, glucose transporter 2; MCT1, monocarboxylate transporter 1; MRP2,
multidrug resistance—associated protein 2; P-gp, P-glycoprotein; Phase Il, phase Il metabolizing enzymes; PKC, protein kinase C; SGLTT,
sodium-dependent glucose transporter 1; SULT, sulfotransferase; UGT, UDP-glucuronyltransferase.

of preventative ameliorative therapies that use these phe-
nolic compounds be improved. Continued research on
the fundamentals of the absorption and metabolism of di-
etary phenolic compounds can help inform future studies
that use these compounds in individuals with obesity or
diabetes. One goal of future research should be to specif-
ically compare the differential absorption of phenolic
compounds in individuals with disease compared with
healthy individuals. The study design will have to be carefully
addressed to elucidate the mechanism for the decreased
absorption of phenolic compounds in those with obesity

or diabetes. Experiments of this nature are needed to con-
firm differences in absorption parameters of phenolic
compounds between normal individuals and those with
disease. With evolving research that targets the funda-
mentals of phenolic compound absorption, researchers
and product developers will be able to leverage these find-
ings to develop products and strategies that better target
obese or diabetic populations.
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