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Abstract

Scope—The effect of diabetes on the pharmacokinetics, bioavailability and brain distribution of
grape polyphenols and select metabolites was studied in the Zucker diabetic fatty (ZDF) rat model.

Methods and Results—(ZDF) rats and their lean controls (LN) were dosed with a
Standardized Grape Polyphenol (SGP) Mixture consisting of grape seed extract, Concord grape
juice and resveratrol (RES) by oral gavage for 10 days. An 8 hour pharmacokinetic study was
performed. After 24 hours a second dose of SGP was administered and one hour later animals
were sacrificed and brain tissue harvested. Plasma, urine and brain tissue were analyzed for grape
polyphenols. ZDF rats exhibited significantly diminished Cp,,x for all catechin, epicatechin,
quercetin and resveratrol conjugated metabolites. Bioavailability was significantly lower in ZDF
rats for methylated flavan-3-ol, RES and quercetin metabolites. Significantly lower levels of
metabolites of RES, quercetin, and flavan-3-ols were found in brains of ZDF rats. There was no
significant difference between ZDF and LN in anthocyanins in plasma and no anthocyanins were
detectable in brain extracts. ZDF rats showed significantly higher urinary excretion for all
polyphenols.
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Conclusions—Diabetes may alter the overall bioavailability of some polyphenols in plasma and
brain in part due to higher urinary clearance.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-related neurodegenerative disease that affected more
than 5.4 million Americans in 2016 with an estimated cost of $236 billion [http://
www.alz.org/documents_custom/2016-facts2016_infographic.pdf]. These costs are
estimated to increase to over $1 trillion by 2050. Despite its severity and economic burden,
there is currently no cure. Diabetes mellitus is a condition defined by hyperglycemia which
leads to high risks of microvascular damage including retinopathy, nephropathy and
neuropathy. Diabetes affects 29.1 million people in the United States in 2012 which
accounted for 9.3% of the U.S. population [http://www.cdc.gov/diabetes/pubs/statsreport14/
national-diabetes-report-web.pdf]. Like AD, diabetes poses a huge economic burden on the
society with $245 billion dollars medical costs estimated in 2012.

Epidemiological studies have suggested a strong link between diabetes and AD [1].
Sedentary life style and high fat consumption are believed to contribute to the development
of metabolic syndrome which may eventually progress to diabetes. In a 27 year longitudinal
population-based study, obesity and body mass index has been strongly associated with
onset of dementia and AD [2]. The same group also highlighted body mass index as a risk
factor for AD [3, 4]. Disturbances in insulin signaling in diabetes have been implicated in
the development and progression of AD [5]. Using data from the Rotterdam study it was
found after a 3 year follow up that insulin resistance increased the risk of developing AD by
40% [6]. In a recently published four year longitudinal study, researchers found that insulin
resistance in a late-middle aged cohort is positively associated with brain atrophy in the
regions that are affected by early AD. Their results suggested that higher insulin resistance
predicted medial temporal lobe atrophy that corresponded to cognitive deficits [7].
Considering the link between diabetes and neurodegenerative processes, diabetic and
metabolic syndrome patients are potential targets for AD preventive treatments. There have
been a number of studies reviewed by Xiao and Hogger [8] which have demonstrated the
benefit of polyphenols for the prevention or management of diabetes. Higher anthocyanin
intake is associated with a lower risk of type-2 diabetes in some studies. One possible
mechanism by which polyphenols may modulate diabetes risk or severeity is by inhibition of
a-glucosidase in the small intestin. This would decrease the amout of glucose absorbed and
help maintain a lower blood glucose.

Grape products including purple grape juice, red wine, grape skin and seed extracts have
been shown in rodent models to ameliorate or prevent diabetes and AD [9-16]. These
polyphenol rich products provide distinct polyphenol profiles which include flavan-3-ols,
flavonols, and stilbenoids such as resveratrol (RES). Conjugated phase 1l metabolites of the
parent polyphenols, present in the extract or food, have been identified in plasma and brain
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tissue [17-20]. These metabolites including both methylated and glucuronidated conjugates
of the polyphenols found in grape juice, grape seed extract (GSE) and red wine have been
demonstrated to target distinct molecular mechanisms related to AD [18-20]. In order to
target multiple mechanisms simultaneously a combination of grape juice, GSE and
resveratrol was developed to deliver all relevant polyphenol metabolites to brain tissues
simultaneously. This combination treatment has been shown in animal models to reduce
total amyloid content in the brain [21].

While promising, the relevance of this procedure to at risk groups including type Il diabetics
or obese individuals is not clear. Impaired insulin signaling, a major defect of type Il
diabetes, is believed to alter expression of key metabolizing enzymes responsible for
generation of bioactive polyphenol metabolites, including UDP-glucuronosyltransferase and
sulfotransferases [22]. Additionally, diabetes may alter gastrointestinal mobility which can,
in turn, impact polyphenol absorption and metabolism [23].

Another complication of diabetes is osmotic dieresis caused by hyperglycemia and
electrolyte imbalance. Osmotic dieresis results in excessive urinary losses of water and
electrolytes and if diabetes is untreated gradually progresses to kidney failure [24].
Polyphenol conjugated metabolites are rapidly excreted in urine. Excessive urinary losses in
diabetics could potentially impact circulating polyphenol metabolite concentrations, and
ultimate delivery to brain tissues may be significantly reduced. Therefore, while the diabetic
condition may be a risk factor for AD onset and progression, it may also alter the
bioavailability of polyphenols which might have therapeutic or preventive benefits.
Preventive strategies may need to be altered to compensate for alterations in bioavailability
associated with diabetes.

In order to better understand the impact of the diabetic condition on polyphenol
bioavailability and metabolism, this study examined the pharmacokinetic behavior and brain
deposition of grape derived polyphenol metabolites from a SGP mixture of Concord grape
juice, GSE and RES in both lean (non-diabetic) and Zucker diabetic fatty (ZDF) rats.

MATERIALS AND METHODS

Chemicals and Materials

(+)-Catechin (C), (-)-epicatechin (EC) and quercetin -3-glucuronide (Q-3-glucr) authentic
standards were purchased from Sigma-Aldrich (St. Louis, MO). All extraction and liquid
chromatography solvents were certified ACS grade (extraction) and LC-MS grade
(Analysis) and were obtained from J.T. Baker (Phillipsburg, NJ). GSE MegaNatural® AZ
powder was provided by Polyphenolics (Madera, CA). Concord grape juice extract was
prepared from 100% Concord grape juice (Welch’s) by loading onto C18 Solid Phase
extraction cartridges (10 c.c.) and washed with 0.01% HCI in double distilled water to
remove sugar. Polyphenols were then eluted with methanol (MeOH), 0.01% HCI. MeOH
was then removed under vacuum and resulting concentrate was kept frozen until use. Res,
resveratrol-3 glucuronide (RES-3-glucr), malvidin (Mv)-3-glucoside chloride and cyanidin
(Cy)-3-glucoside chloride were purchased from ChromaDex (Irvine, CA).
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SGP Material Analysis

Animals

The SGP dose consisted of 150 mg/kg body weight (BW) of GSE, 62 mg/kg BW of
Concord grape juice and 297 mg/kg BW of trans-resveratrol all based on the total phenolic
contents. Grape polyphenols were analyzed by HPLC/UV/MS methods as described
previously [25]. Total polyphenol content in GSE was 94% wt/wt. The purity of resveratrol
was 98% wt/wt and the polyphenol content of Concord grape juice was 8.8% wt/wt as
determined by the Folin-Ciocalteu assay [26]. The detailed polyphenol profile in the overall
SGP is shown in Supplemental Table S1.

All animal studies were approved by the Purdue University Animal Care and Use
Committee (Protocol 1111000160). Twelve 10-week old male ZDF rats and twelve 10-week
old male Zucker lean (LN) rats were obtained from Charles Rivers Labs (Wilmington, MA).

Rats were placed on AIN-93M polyphenol free diet with corn oil replacing soybean oil
(Dyets, Bethlehem, PA) with water ad libitum until 13 weeks of age. Diabetes was at an
advanced stage in the ZDF rats at 13 weeks of age.

Study Design

The study design was modified from Ferruzzi et al. [17] with minor changes. At 11.5 weeks
of age ZDF rats were randomly assigned to ZDF - control (CRTL) (n=4), ZDF - SGP (n=8),
and 11.5 week old LN rats were assigned to LN CRTL (n=4) and LN - SGP (n=8).

The SPG groups were dosed orally with SPG for 10 days. The daily dose was divided in half
and rats were gavaged twice a day at 8 hour intervals. The SGP was mixed with deionized
water to a volume of 1.0 mL and delivered to rats as the first gavage. Residual material in the
syringe was mixed with 0.5 mL deionized water and administered as a second gavage.
CNTL groups received deionized water. Body weight and food intake were monitored every
other day throughout the study. Rats were housed in metabolic cages and 24 hour urine
samples were collected daily. Urinary excretion of polyphenols from SGP was determined
based on the sum of polyphenol excretion on day 2, day 6 and day 10.

After 10 days of SGP treatment, a pharmacokinetic study was performed. Blood glucose
after an 8 hour fast was measured by AlphaTRAK® glucose meter from Abbott
Laboratories (32004-02, Abbott Park, IL) the day before SGP treatment began and on the
pharmacokinetics day.

SGP Pharmacokinetics

Eight days after SGP treatment began, a jugular catheter was implanted. Rats were
anesthetized with 3-5% of isoflurane and a polyethylene catheter was surgically implanted
for blood sampling. Rats were injected with Buprenex (0.05 mg/kg) before regaining
consciousness to alleviate pain. Catheters were kept patent by flushing with ~0.3 mL
heparinized saline (100 units/mL) every 12 h. A pharmacokinetic study was performed on
the tenth day of SGP treatment after an 8 hour fast. For this study a full day’s dose of SGP
was given as a single dose. Food was returned 2 hours after dosing. The control group was
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dosed with deionized (DI) water. Heparinized blood was collected at 0, 0.25, 0.5, 1, 2, 4, 6, 8
hours from the jugular catheter. The blood was centrifuged at 6500 rpm for 10 min at 4 °C
and plasma was collected and acidified with acidified saline (1% ascorbic acid wt/v) in 4:1
ratio, purged with nitrogen and stored at -80 °C until analysis. The day after
pharmacokinetics, another dose was administered and rats were sacrificed 1 hour post dose.
Rats were then perfused with ice-cold saline to remove residual blood from tissues. Brain
tissues were harvested following perfusion and snap frozen in liquid nitrogen.

Polyphenol Metabolites Extraction in Plasma, Urine and Brain Tissues

C/EC, Q, RES metabolites and anthocyanins were extracted from plasma, urine and brain
homogenates by SPE using 1 mL Waters Oasis HLB cartridges (Milford, MA) as described
by Ho et al. [19]. In brief, acidified plasma, urine and methanolic brain extracts were loaded
onto preconditioned SPE cartridges. The cartridges were washed with 1 mL of 1.5 M formic
acid (v/v) followed by 1 mL of 5% aqueous methanol (v/v) for C/EC, Q, Res metabolites,
and 2 mL of 2% formic acid (v/v) for anthocyanins. C/EC, Q, Res metabolites were eluted
with 2 mL of 0.1% formic acid/methanol (v/v) and anthocyanins with 2% formic acid/
methanol (v/v). Eluents were dried under vacuum at 37 C. Dried extracts were reconstituted
with LC mobile phases and analyzed immediately. Plasma from two rats was combined for
anthocyanin analysis due to their low concentrations.

Polyphenol Analysis of Plasma, urine and Brain Tissues by LC-MS or LC-MS/MS

Analyses of C/EC, Q, RES metabolites was performed on an Agilent 6460 triple quadrupole
LC/MS equipped with an ESI source under multiple reaction monitoring modes (MRM).
The method was previously described by Ho et al. [19]. Briefly, a Waters XTerra RP-C18
column (2.1 mm x 100 mm, 3.5 pm particle size) was employed for all analyses. For C/EC,
Q and Res, binary mobile phases were A: 0.1% aqueous formic acid (v/v) and B: 0.1%
formic acid in acetonitrile (v/v). The column was heated to 30°C and the system flow rate
was 0.3 mL/min. The binary gradient to elute all polyphenol metabolites was: 10% B at 0
min, 40% B at 10 min, 95% B at 11 min and back to 10% B at 12 min to 18 min.
Fragmentor voltage was set at 135V and collision energy was 17eV for all compounds. ESI
source conditions were as followed: gas temperature was 350°C, drying gas flow was 11 I/
min, nebulizer was 30 psi, sheath gas temp was 350°C, sheath gas flow was 11 L/min,
capillary voltage was 3500V and nozzle voltage was 1000V. For anthocyanins, the binary
mobile phases were A: 2% aqueous formic acid (v/v) and B: 0.1% formic acid in acetonitrile
(v/v) and the column was heated up to 35°C. The gradient used was: 5% B at 0 min, 10% B
at 10 min, 25% B at 30 min, 5% B at 31 min and continue on 5% B to 35 min. ESI source
condition setting was the same as described above.

Flavan-3-ols and RES metabolites in urine samples were analyzed by Agilent 1100 LC-time
of flight MS equipped with ESI source. LC condition was the same as described above used
in LC-MS/MS. MS condition: gas temperature was 350°C, drying gas flow was 11 L/min,
nebulizer was 30 psi, capillary voltage was 3500V, skimmer was 60V, fragmentor was 135V
and the mass range was 100-1000 /2. Quercetin metabolites and anthocyanins were
analyzed by triple quadrupole as described above.
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Data Analysis

Quantification of C/EC, RES and Q metabolites was by multi-level response curves
generated from authentic standards of C, EC, RES-3-glucr and Q-3-glucr standards,
respectively. Quantification of Cy-3-glucoside was calculated from a calibration curve
constructed with an authentic standard while other anthocyanins were based on Mv-3-
glucoside. All data are presented as mean + SEM. Pharmacokinetic parameters included:
area under the plasma concentration versus time (AUCg_gp) (calculated using the linear
trapezoidal rule), and maximum plasma concentrations (Cynax) @and the time of maximum
concentration (Tmax) (determined directly from the pharmacokinetic curves of plasma
concentration versus time). Statistical analyses were performed using SAS 9.3 statistical
analysis program (Cary, NC). Group differences of average body weight gain, average food
intake and the difference of fasting blood glucose before and after treatment were
determined by one-way ANOVA with Tukey’s post-hoc test. Differences between ZDF and
LN on pharmacokinetic parameters, urine concentration and brain concentrations were
analyzed by Student’s t test. The significance was accepted at the level of a<0.05.

RESULTS
Body Weight, Food Intake and Fasting Blood Glucose

Body weight and food intake of all groups were measured every other day. Body weight gain
was defined by the body weight difference between the first day of treatment and the day of
jugular implant surgery. The average weight of the lean rats at the start of the treatment was
289.2 + 3.6g. The average starting weight of the ZDF rats was 337.6g. There were no
significant differences in weight gain in any of the groups over the course of the SGP
treatment (Supplemental Figure S1). There was no significant difference in food intake
between lean control and lean SPG rats. Food intake for both ZDF groups was significantly
greater than the corresponding lean groups. The food intake of the ZDF-SPG group was
significantly lower than the ZDF-CNTL group (See Supplemental Figure S2). Fasting blood
glucose was measured before and after 10 days of SGP treatment. LN-SGP rats had average
fasting blood glucose of 107 + 2 mg/dL before SGP treatment and 112 + 3 mg/dL after 10
days of SGP treatment. ZDF-SGP rats, had average fasting glucose level of 234 + 16 mg/dL
prior to SGP and 300 = 41 mg/dL after 10 days of SGP treatment. LN-CNTL rats had
fasting blood glucose of 114 + 2 before and 117 + 2 mg/dL after 10 days of water treatment.
ZDF-CNTL rats had fasting blood glucose at 263 + 31 before and 346 + 20 mg/dL after
water treatment. The difference of fasting blood glucose before and after treatment was not
significantly different in the lean groups. Fasting blood glucose was significantly higher
after 10 days of treatment in both the CNTL and SPG treated ZDF rats. However there was
no difference between the post treatment glucose levels in the CNTL and SPG treated
groups indicating that there is no effect of SPG treatment of fasting blood glucose in either
LN or ZDF rats. (See Supplemental Figure S3.)

Characterization of Major Polyphenols in Plasma and Brain Tissues

The structures of the SPG derived polyphenol metabolites detected and tentatively identified
in plasma and brain tissue are illustrated in Figure 1. Four major flavan-3-ol metabolites
found in both plasma and brain tissue of SGP treated rats were C-5-glucr, EC-5-glucr, 3’-
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OMeC-5-glucr, and 3’-OMeEC-5-glucr. Identification of flavan-3-ol metabolites is based on
Blount et al. [27, 28]. The main resveratrol metabolite, tentatively identified as RES-3-
glucur, was also found in both plasma and brain tissue. (For flavan-3-ol chromatograms see
Supplemental Figure S4).

Quercetin metabolites found in both plasma and brain extracts were Q-3-glucr and MeO-Q-
glucr. A major peak shown in the brain extract was tentatively assigned as a Q-glucr based
on MRM response and in-line spectra (data not shown). However, assignment of
glucuronidation site was not possible as isolation and NMR analysis would be required for
exact assignment. The methylation site was also not determined (Supplemental Figure S5).

No flavan-3-ol or quercetin metabolites were detected in plasma or brain extracts from
control rats.

Major anthocyanins detected in plasma of SPG treated rats were Mv, petunidin (Pt),
peonidin (Pn), (Cy) and delphinidin (Dp) glucosides with structures depicted in Figure 1.
MRM chromatograms of anthocyanins from plasma were shown in Supplemental Figure S6.
All anthocyanins were determined by comparison with authentic standards. There were no
detectable levels of anthocyanidin conjugated metabolites in the brain tissues of SGP treated
rats or control animals.

Plasma Pharmacokinetics of SGP polyphenol metabolites in ZDF versus LN Rats

Eight-hour plasma pharmacokinetic curves of flavan-3-ol metabolites in ZDF and LN rats
after 10 days of SGP treatment are shown in Figure 2. Plasma levels of four major flavan-3-
ol metabolites, C-5-glucr, EC-5-glucr and their methylated metabolites peaked between 1.5
to 2.5 hours for ZDF rats and their LN counterparts. This peak was followed by a drop at 4
hours for LN rats returning close to baseline by 8 hours post gavage. ZDF rats exhibited a
slower rate of elimination and return to baseline levels. ZDF rats exhibited a significantly
diminished Cp5x compared to their LN respectively for C-5-glucr (p=0.0104), EC-5-glucr
(p=0.0077), and their methylated metabolites (p<0.0001) (Table 1).

Two major flavonol metabolites derived from Concord grape juice were Q-3-glucr and its
methylated glucuronide. Plasma level peaked ~ 1 hour for Q-3-glucr resulting a Cpa 0f 8.11
+ 1.42 nmol/L for ZDF rats significantly lower than 15.41 + 2.06 nmol/L for their LN
counterparts (Figure 2; Table 1). LN rats had MeO-Q-glucr peak before 1h whereas ZDF
rats peaked between 2 to 4 h. However, both groups had the same residual plasma levels at 8
h post gavage. ZDF rats reached a Cpax at 14.29 + 0.57 nmol/L which was 49% lower than
their LN (Table 1). This reduction was significant for Q-3-glucr (p=0.0112) and for MeO-Q-
glucr (p=0.0062). No flavonol metabolites were detected in either of the control groups.

RES-3-glucr plasma levels (Figure 2) reached a Cp,y 0f 34.36 + 3.48 umol/L for ZDF rats.
As with other phenolics, this level was significantly lower than Cy,ax 0f 60.36 £ 6.32 umol/L
observed in LN counterparts with a p=0.0029 (Table 1). After peaking, plasma levels in both
groups gradully declined but were not completely eliminated by 8 h post gavage.

Bioavalability, defined as AUCq_gy, in this study, of 3’-OMeC-5-glucr (p<0.0001), 3'-
OMeEC-5-glucr (p<0.0001) and were significantly lower in ZDF rats than in LN (Table 1).
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In general, AUCq_gp, of 3’-OMeC-5-glucr, 3'-OMeEC-5-glucr and RES-3-glucr were ~77%,
79% and 45% decreased relative to the LN. Q-3-glucr (p=0.0193), MeO-Q-glucr (p=0.0368)
and RES-3-glucr(p=0.0057) were also significantly lower in ZDF rats than LN (Table 1).
Although C-5-glucr and EC-5-glucr did not show significant differences from their LN
counterparts (p=0.0969 and p=0.0621), the concentrations still showed a diminished trend
of 18% and 26% relative to the LN rats.

Anthocyanin plasma profiles displayed a rapid rise between 0.25 to 1 hours after SGP
administration in both LN and ZDF rats (Figure 3). After reaching peak levels in plasma,
Mv-3-glucoside, Pn-glucoside and Cy-3-glucoside concentrations gradually returned to
baseline within 8 hours. However, Dp-glucoside and Pt-glucosides exhibited an obvious
second peak around 1 hour possibly resulting from enterohepatic circulation [29]. There
were no significant difference found between ZDF and their LN counterparts in AUCq_gp,
Crax Of Trnax for anthocyanins (Table 2).

Brain Distribution of SGP Polyphenols in ZDF versus LN Rats

There were no polyphenolic compounds detected in any control rats. There were no
anthocyanins found in brain tissues of SGP treated ZDF or LN rats. Deposition levels of all
other polyhphenols were in the pmol/g of tissue range after dosing SGP for 10 days. ZDF
rats exibited significantly lower brain concentrations in flavan-3-ol, flavonol and resveratrol
metabolites relative to LN counterparts. ZDF rats showed significantly lower brain
concentrations in C-5-glucr (p=0.0056), EC-5-glucr (p=0.0082), 3"-OMeC-5-glucr
(p=0.0114), 3"-OMeEC-5-glucr (p=0.002) and Res-3-glucr (p=0.0088) relative to LN
animals. Similarly, brain concentrations of MeO-Q-glucr (p=0.0009) and Q-3-glucr
(p=0.0267) were significantly lower for ZDF rats relative to their LN counterparts (Figure
4). The ratio of brain concentrations of flavan-3-ol, flavonol and resveratrol metabolites to
plasma AUC is shown in Figure 5. There were no significant differences in the ratios for
flavan-3-ol or resveratrol glucuronides or Q metabolites for LN and ZDF rats. However,
ratios were significantly greater for the ZDF rats than the LN rats for 3’-OMeC-5-glucr
(p=0.0304) and 3’-OMeEC-5-glucr (p=0.0417).

Urinary Excretion of SGP Polyphenols in ZDF versus LN Rats

Urinary output from ZDF rats was significantly (p < 0.05) higher with average of
67.39+5.43 mL/day compared to 4.43+0.32 mL/day for LN rats. Urinary excretion of
polyphenols from SGP was determined based on the sum of polyphenol excretion on day 2,
day 6 and day 10. There were no polyphenols found in baseline urine samples for any rats
and no polyphenols were found in the urine or either of the control groups on subsequent
days. Total urinary polyphenol losses of days 2, 6 and 10 are shown in Figure 6. ZDF rats
had a significantly higher urinary excretion than LN rats for C-5-glucr (p=0.003), EC-5-
glucr (p<0.0001) and 3’-OMeC-3-glucr (p=0.0002) and 3’ OMe-EC-5-glucr (p=0.0002),
RES-3-glucur (p=0.003), Q-3-glucr (p=0.002) and MeO-Q-glucr (p=0.04). Anthocyanin
excretion was also significantly higher in ZDF rats compared to LN rats for Mv-glucoside
(p=0.01), Pt-glucoside (p=0.02), Dp-glucoside (p=0.001), Pn-glucoside (p=0.002) and Cy-
glucoside (p=0.006).
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Discussion

There are a number of pathological conditions which arise in diabetes which could
potentially affect bioavailability. Delayed gastric emptying is one of the gastrointestinal
complications of diabetes. This condition can progress to a clinical disorder, gastroparesis
[30]. Diabetes can cause altered motor function of the small intestine which may or may not
be accompanied by malabsorption and changes in key transport and metabolizing systems in
the intestine that impact polyphenols [31]. Diabetes has been shown in animal models to
cause endothelial dysfunction in the mesenteric arteries which may affect blood supply to
the intestine [32]. Alterations in the microbiome have been associated with diabetes [33].
Since polyphenolic compounds are subject to metabolism both by mammalian systems [31]
and by the microbiome [34, 35], diabetes may alter the profile of metabolites available for
absorption. Changes in kidney function may also influence bioavailability. Hyperglycemia
results in osmotic diuresis which may result not only in the urinary loss of glucose but in the
loss of other molecules. Diabetes of long duration may lead to decreased kidney function
and decreased clearance of some substances. Since diabetes carries and increased risk of AD
[1, 5] and since in previous studies we have shown the potential benefits of SPG for the
prevention of AD [9-11, 18-20] it may be beneficial for diabetics to increase consumption
of grape polyphenols. In this study we used an animal model to investigate the effect of
diabetes on the bioavailability of grape polyphenols and the accumulation of their primary
phase Il metabolites in the brain. The presence of microbial metabolites was not targeted in
the current study and remains a focus for future investigations.

The 10 day SPG regimen did not significantly alter the food consumption of weight gain of
the rats indicating that the SPG was well tolerated at these doses. The fact that there was no
difference in fasting blood glucose between ZDF-SPG rats and ZDF-CNTL rats indicates
that 10 days of SPG treatment did not affect the severity of the diabetes although other
studies in humans have shown some benefit of grape polyphenols in diabetes [36].

The metabolite profiling of polyphenols from SGP was consistent with our previous findings
[17, 18-20, 28, 37] in Sprague-Dawley rats treated individually with GSE, red wine or
resveratrol suggesting that similar metabolites are found in both Sprague-Dawley and ZDF
rodent models (Tables 1 and 2). Furthermore, the consistency metabolite profiles after SGP
dosing with the metabolite profiles after dosing of the components individually suggests that
combining the components into SGP treatment does not alter the individual polyphenol
bioavailability and metabolism when they were ingested simultaneously as a mixture.
Combining grape polyphenols from different grape products may be more beneficial in
prevention of AD than use of single grape products since the different polyphenols act
through different mechanisms [21].

The plasma AUCs, and Cmax of the flavan-3-ols, quercetin and resveratrol were all lower in
the diabetic groups than in the non-diabetic groups. All of these differences except for C-5-
glucr and EC-5-glucr AUCs were significant (p < 0.05). Since the urinary excretion of all of
these compounds was significantly greater in the diabetic than the normal, this is probably a
major factor in the differences in AUC and Cyax. For the anthocyanins the AUCs and the
Cmax Were all slightly lower but the differences were not significant in spite of the fact that
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the urinary losses of all of the anthocyanins were significantly greater in the diabetic group
than the non-diabetic group. For both diabetic and non-diabetic animals the bioavailability of
flavan-3-ol, quercetin and resveratrol metabolites is higher than anthocyanin metabolites.
The high urinary losses of polyphenols may be attributable to several kidney pathologies
related to diabetes. Some of the loss may be attributable to osmotic diuresis. The diabetic
rats were not treated with insulin or drugs to maintain normoglycemia and the
hyperglycemia resulted in loss of glucose and high urinary volume. The high volume loss
may result in the loss of other small molecules. Diabetes also results in other kidney
pathologies such as thickening of basement membranes, mesangial expansion and loss of
podocytes. These structural changes result in albuminuria and proteinuria. It is highly likely
that these structural changes are also contributing to the loss of other small molecules and
may be a factor in the loss of SPG polyphenols. Alterations in gastrointestinal motility in
diabetes might be expected to alter the kinetic profile of the SPG polyphenols. Decreased
gastrointestinal motility has been demonstrated in type | and Il diabetes models. In a type |
rodent model, gastrointestinal mobility delay was associated with loss of myenteric nitric
oxide synthase expression which negatively influenced the function of myenteric plexus
[38]. The Trax values were in most cases later in the diabetic animals but the differences
only reached significance in MeO-Q-glur, but here was a trend (0.05 <p< 0.1) for C-5gluct,
Mv-3-glucoside, Pt-glucoside, and Cy-3-glucoside. Another contributing factor differences
in urinary and plasma metabolite profiles might be altered microbial metabolism in the ZDF
rat. This is an area that requires further investigation.

For SPG to be effective in prevention of AD the polyphenols must reach the brain. In this
study all of the flavan-3-ol, quercetin and resveratrol metabolites were found in the brains of
both the diabetic and nondiabetic animals. Except for Q-glucr the amounts were
significantly lower in the brains of the diabetic animals. This may be a result of the lower
plasma metabolite levels in the diabetic animals. For all of the compounds except the
methylated flavan-3-ol metabolites, there was no significant difference between the brain/
plasma ratios for LN and ZDF rats indicating that for these compounds the lower levels in
the brain were driven by the lower plasma levels. For the methylated flavan-3-ols the higher
brain/plasma ratio in the ZDF rats was higher than the LN rats indicating that the diabetic
brain may be more permeable to these compounds or have differential turnover of these
metabolites compared to normal brain. Additional experiments to dissect the mechanisms
involved are warranted.

No anthocyanins were found in the brain of either diabetic or non-diabetic rats. This is in
contrast to other studies done by us in Sprague dawley rats in which we did find
anthocyanins in rat brains after 10 days of SPG treatment [16]. We have also found
anthocyanins in the brains of pigs fed bilberry extract for 3 weeks [39]. Others have also
previously reported anthocyanins in brain tissues [37, 40-44]. It may be that there are
differences in permeability of the blood brain barrier to different polyphenols in different
strains of rats. In our previous study in Sprague Dawley rats level of falvan-3-ol metabolites
in the brain were on the order of 10 times higher than in the non-diabetic Zucker rats
whereas quercetin metabolits in the brain are on the same order of magnetude in both
Sprague-Dawley rats and Zucker non-diabetic rats. Anthocyanins in the Sprague-Dawley
rats are near the lower limit of detection. It may be that the anthocyanin levels in the Zucker
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rats were below the limit of detection (estimated at 0.42 pmol/g tissue for Mv-glucoside and
0.82 pmol/qg tissue for Cy-glucoside).

The results of these studies raise a number of questions which need further study. First of all
was the lower bioavailablity in the diabetic animals soley a consequense of the urinary losses
or were other components of diabetic pathology also contributing? It is plausible that
changes in the microbiota as a result of the diabetic state would have impact on the extent to
which lower molcular weight phenolic metabolites are generated. The total flux of
metabolites could change and the levels observed in the urine of Phase Il metabolites only
represents a portion of the full picture. As the profiles of key microbial phenolic metabolites
was not obtained this remains to be explored. Another possible contributing factor is the
severity of the disease. The ZDF rats in this study were 13 weeks old. At that age they are
severly diabetic but not yet suffering from kidney failure and loosing weight. The
bioavailality and brain distribution may vary with the severity of the disease.

Other potential contributing factors to differnces in plasma and brain polyphenol profiles in
LN and ZDF rats are alterations of liver function and mitochondrial activity in ZDF rats.
Polyphenols are transformed by metbolizing enzymes in the liver. In many human studies
and animal models, the metabolism of polyphenol compounds has been shown to be altered
by obesity and diabetes [45]. ZDF rats have been shown to have decreases in some CPY
[46,47] and UGT[48] enzymes. Mitochondrial disfunction has been demonstrated by Raza et
al [49] in both liver and brain. Further bioavailablity studies using well controlled and poorly
controlled subjects and subjects with different degrees of severity of diabetes could
contribute to answering these questions. The differences in bioavailabilty between diabetics
and non-diabetics has implications not only for developing a stadegy for the prevention of
AD but also for all other drugs used by diabetics. For human diabetic patients drugs are
prescribed without consideration of how their diabetes might alter the bioavailabiltiy of the
drug and consequently patients may be getting an inadequate dose.

Conclusion

The goal of this study was to investigate the effect of diabetes on the bioavailability and
metabolism of polyphenols associated with AD modifying potential. Overall, ZDF rats had
diminished plasma bioavailability and brain deposition levels relative to their LN
counterparts. ZDF rats showed total urinary excretion on all polyphenols from SGP which
inversely correlated with plasma concentration and was probably a major contributing factor
to the decreased plasma levels. Data from this study support the hypothesis that diabetic
condition may have a profound impact on the absorption, metabolism and excretion of grape
polyphenols. The mechanism behind these observations merits further investigation
including possible alteration of transport and intestinal function as well as major phase Il
metabolizing enzymes that involve in grape polyphenols transformation. The future direction
will be to analyze the level of the same metabolites from gastrointestinal contents as well as
the intestines. This will further confirm whether the diminished absorption observed here is
due to differences in intestinal transport or processing of polyphenols.
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Figure 1.

Chemical structures of major C/EC, Res, and Q metabolite and anthocyanin derivatives
detected in plasma and brain extracts from rats gavaged 10 days with SGP.
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Figure 2.
Plasma pharmacokinetic curves of major flavan-3-ol, quercetin and resveratrol metabolites

after intragastric gavage of SGP in ZDF rats (4) and LN rats (l). No metabolites were
detected in any control rats. Data was represented as mean + SEM.
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Plasma pharmacokinetic curves of anthocyanins after intragastric gavage of SGP in ZDF rats
(@) and LN rats (H). No metabolites were detected in any control rats. Data was
represented as mean + SEM.
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Brain deposition of major flavan-3-ol, quercetin and resveratrol metabolites after intragastric
gavage of SGP in ZDF rats (H) and LN rats (&).
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Urinary excretion of SGP polyphenols and metabolites in ZDF rats (H) and LN rats (&).
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Pharmacokinetic Parameters of flavan-3-ol, quercetin and resveratrol metabolites of rats treated for 10 days.

Parameters
Treatment AUCq gn (pmoI/L* h) Cax (UMol/L)  Tpax ()
C-5-glucr ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP  76.28 +16.74 1854 +358  231+053
LN-SGP 93.36+11.04 3580+£4.65% 15040197
EC-5-glucr ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP  59.70 + 13.53 1551276  2.13+0.44
LN-SGP 81.20+11.28 3133+428% 156+022
3’-OMeC-5-glucr ~ ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP  25.09 + 13.47 5.37+2.94 1.75+0.16
LN-SGP 108.09 + 6.65 2475+162% 175%016
3’-OMeEC-5-glucr  ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP  22.95+12.40 4,90 £2.62 2.00 £0.00
LN-SGP 110.26 5947 2406+184% 188%013
Q-3-glucr ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP 028+ .002 .008 +.001 0.56 + 0.14
LN-SGP 051 +.007™ 015+.002%  125+£043
MeO-Q-glucr ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP  .071+.003 014 + .006 2.50+0.80
LN-SGP 123+.019% 028+.004%  084+019%
Res-3-glucr ZDF-CNTL N.D. N.D. N.D.
LN-CNTL  N.D. N.D. N.D.
ZDF-SGP  180.78 + 20.54 3436+348  2.63+084
LN-SGP 328.85+40.53" 60.36 £6.32 2.19+0.92

*
Significant difference from ZDF-SGP and LN-SGP groups. p < 0.05

ﬁédif‘ference between ZDF-SGP and LN-SGP groups 0.05< p < 0.1
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Pharmacokinetic Parameters of anthocyanins of rats treated for 10 days.

Table 2

Parameters
Treatment  AUC, g, (MMol/L* h)  Cmax (NMOI/L)  Tryay ()
Mv-3-glucoside ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL N.D. N.D. N.D.
ZDF-SGP 2.31+0.53 0.90 +0.28 0.83+£0.58
LN-SGP 2.66 +0.50 1.04+0.20 0.25+0.00
Pt-glucoside ZDF-CNTL N.D. N.D. N.D.
LN-CNTL N.D. N.D. N.D.
ZDF-SGP 1.59+0.13 0.62 +0.09 0.83+0.58
LN-SGP 1.90+0.33 0.74 +0.08 0.25+0.00
Dp-glucoside ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL N.D. N.D. N.D.
ZDF-SGP 2.13+0.39 1.26 +0.48 0.75+0.25
LN-SGP 2.58+£0.29 172+0.24 0.75+0.25
Pn-glucoside ZDF-CNTL N.D. N.D. N.D.
LN-CNTL N.D. N.D. N.D.
ZDF-SGP 2.38+£0.63 0.81+0.27 0.25 +0.00
LN-SGP 2.75+0.55 0.97£0.19 0.25+0.00
Cy-3-glucoside  ZDF-CNTL  N.D. N.D. N.D.
LN-CNTL N.D. N.D. N.D.
ZDF-SGP 1.91+0.53 1.18+0.45 0.83+0.58
LN-SGP 2.23+0.49 150+0.28 0.25+0.00

*
Significant difference from ZDF-SGP and LN-SGP groups. p < 0.05

ZDF = Zucker diabetic fatty rat

LN =Zucker lean rat

CNTL = control
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