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ABSTRACT
Objective: This investigation was undertaken to determine whether a grape seed extract (GSE)
that is rich in mono-, oligo- and poly- meric polyphenols would modify postprandial oxidative
stress and inflammation in individuals with the metabolic syndrome (MetS).
Background: MetS is known to be associated with impaired glucose tolerance and poor
glycemic control. Consumption of a meal high in readily available carbohydrates and fat causes
postprandial increases in glycemia and lipidemia and markers of oxidative stress, inflammation
and insulin resistance.
Materials/methods: After an overnight fast, twelve subjects with MetS (5 men and 7 women)
consumed a breakfast meal high in fat and carbohydrate in a cross-over design. A GSE (300 mg)
or placebo capsule was administrated 1 hr before the meal (-1 hr). Changes in plasma insulin,
glucose, oxidative stress and inflammatory markers were measured hourly for 6 hr.
Results: Plasma hydrophilic oxygen radical absorbance capacity (ORAC) measured as the
positive incremental area under the curve (-1 to 5 hr) was significantly increased when the meal
was preceded by GSE compared with placebo (P<0.05). Meal-induced increases in oxidized
LDL were attenuated with GSE (P<0.05). Plasma glucose concentrations (area under the curve
from -1 to 5 hr) were also significantly lower when the meal was preceded by GSE (P<0.05)
while the insulin concentrations remained unchanged (P>0.05). No changes in inflammatory
markers were evident.

Functional Foods in Health and Disease 2012, 2(12):508-521

Page 509 of 521

Conclusion: These data suggest that GSE enhances postprandial plasma antioxidant status and
reduces the glycemic response to a meal, high in fat and carbohydrate in subjects with the MetS.
Key words: Polyphenols, Oxidative stress, Inflammation, ORAC, Oxidized LDL

BACKGROUND:
Metabolic syndrome (MetS) is a growing medical problem in industrialized countries and is
diagnosed when 3 of the following factors are present: abdominal obesity, elevated serum
triglycerides, low serum high density lipoprotein (HDL) concentration, elevated blood pressure,
and elevated blood glucose [1]. The syndrome is associated with insulin-resistance, impaired
glucose control, atherogenic dyslipidemia, oxidative stress, and an enhanced cardiovascular risk
[2,3].
Hyperglycemia has been shown to impose cellular oxidative stress through the increased generation
of endogenous reactive oxygen species (ROS) particularly in adipose tissue, both in vitro and in vivo.
Increased ROS, in turn, promotes inflammation by activating nuclear factor-kappaB (NF-κB)
transcription complex resulting in expression of a number of genes coding for pro-inflammatory
cytokines [4,5]. Oxidative stress and inflammation are believed to play critical roles in the

pathogenesis of several diseases including atherosclerosis and diabetes [6,7].
We, along with others, have shown that consumption of a meal that is high in readily
available carbohydrates and fat results in an increase in markers of oxidative stress and
inflammation postprandially [8-13]. These changes are accentuated in obesity, diabetes and
individuals with the MetS [14]. Fruits and vegetables,
particularly those with higher
polyphenolic content, have favorable effects on human health due to their ability to modulate
oxidative and inflammatory stress in peripheral tissues [12,13,15]. These effects have also been
associated with improvements in insulin sensitivity [16] and postprandial insulin responses [9].
Grape seeds are a concentrated source of polyphenols and have received considerable attention
for their antioxidant capacity and biological effects after chronic consumption [17-20]. In the
present study, we tested the hypothesis that acute supplementation with grape seed extract (GSE)
would attenuate meal-induced alterations in the oxidant and inflammatory status in men and
women with the MetS. As a subsidiary investigation we also examined the associated changes
in glycemic and insulinemic control.
METHODS:
Human Clinical trial
The Human Subjects Research Committee of the University of California, Davis, approved the
study. All participants signed a written informed consent form before any study-related
procedures were performed; verbal consent was given during the telephone interview prior to
answering study screening questions. This study is registered with ClinicalTrials.gov:
NCT01190358.
Grape Seed Extract
The grape seed extract (GSE) used in the study was obtained from Polyphenolic Inc, Madera,
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CA (MegaNatural Gold©). Total phenols in the extract was 94.3 gallic acid equivalents (wt/wt) as
assessed by the Folin & Ciocalteu method [21]. The moisture content was 4.1%. The detailed
polyphenolic composition as assessed using LC-MS/MS is given in Table 1. This extract has received
Generally Recognized as Safe (GRAS) status from Food and Drug Administration (No. GRN
000125).
Table 1: polyphenolic composition of the Grape Seed Extract (GSE- MegaNatural Gold©)
Name of compound

% Composition

Gallic Acid

5.7

Catechin

6.7

Epicatechin

4.8

Dimer B

34.4

Polymer

46.1

Subjects
Twelve subjects (n = 12, 7 females and 5 males) identified with MetS according to the NCEP III
guidelines [1] were recruited through newspapers, posters, and direct contact in the Davis and
Sacramento area of northern California. All 12 subjects completed the study. Eligible subjects
were required to be non-smokers and in generally good health. Individuals, a) with clinical
evidence and/or history of cardiovascular, respiratory, renal, gastrointestinal, metabolic or
hepatic disease/conditions, b) who used medications that may interfere with study endpoints (i.e.
anti-inflammatory drugs, lipid lowering medications, antioxidant supplements), c) who had
unusual dietary habits (e.g., pica), d) who were actively losing weight and e) who were addicted
to drugs and/or alcohol were not eligible for participation.
Study Design and Treatments
This study was a single-center, randomized, cross-over, 2-arm, placebo-controlled, 5 hr
postprandial trial conducted at the Clinical and Translational Science Center (CTSC) at the
University of California Davis - affiliated Northern CA Veteran’s Affairs (VA) Medical Center
in Mather, CA. Enrolled participants were required to limit consumption of foods containing
polyphenolic products throughout the study period starting 1 week prior to the first study visit;
all other aspects of diet and physical activity remained unchanged.
Subjects were randomized to receive one of two capsules (GSE or Placebo) along with a
high fat-carbohydrate breakfast meal in a randomly selected sequence. Each subject received
both of the treatments ~ 1 week apart and served as his/her own control. The high fatcarbohydrate breakfast meal was prepared to provide approximately 670 kcal with ~40% of
energy from fat (Table 2). Test meals were prepared in the metabolic kitchen at the CTSC with
strict adherence to food and safety standards.
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Table 2: Composition of the test meal
Bagel

#

110 g

Cream cheese
$

Margarine
Egg
Cantaloupe

Whole milk
Calorie content
Calories from fat

14 g
5g
50 g
85 g

240 ml
~670 Kcal
40%

*All ingredients were purchased from local supermarkets.
#
$
Bagel was toasted. Margarine was used to scramble the egg.
Postprandial Testing Protocol
All procedures were identical during both study visits with the exception of the capsule (GSE or
Placebo) consumed. Postprandial testing was conducted according to standardized protocols we
described previously (8-10). Subjects arrived at the CTSC in the morning after an overnight fast
on two separate occasions; study visits were between 7 and 10 days apart. On study visit
mornings, a Registered Nurse placed an indwelling catheter in the antecubital vein of the nondominant arm of subjects. Immediately following the initial blood draw (-1 hr), subjects were
orally administered a GSE or Placebo capsule with water. One hr later, a pre-meal blood sample
was drawn (0 hr) and then subjects ate the high fat-carbohydrate breakfast meal comprised of
common breakfast foods (Table 2) consumed within 20 minutes. Blood was collected hourly for
5 hr after meal consumption (Figure 1, Study schema) and processed for subsequent analysis of
plasma lipids, glucose, insulin, oxidized LDL (OxLDL), interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-α). Three day food records (1 set per week) were maintained and reviewed by
a dietitian with subjects for compliance to limiting polyphenolic intake throughout the study.

Figure 1: Study schema. Schematic of the blood sampling at each Postprandial Test Day Visit.
Analytical Methods
Several analytical methods were used to assess the effect of GSE consumption on fasting and
postprandial concentrations of plasma lipids, glucose, insulin, OxLDL, IL-6 and TNF-α. Lipids
and glucose were measured using standardized enzyme-based assay kits (Randox, Antrim, UK)
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on the Randox Daytona Auto Clinical Analyzer (Randox, Antrim, UK). Insulin was measured
using the AlphaLISA method (Perkin Elmer, Waltham, MA). Measurement of OxLDL was done
using ELISA assay kits (Mercodia Inc., Winston Salem, NC) and IL-6 and TNF-α were
measured by highly-sensitive ELISA assays (R&D Systems, Minneapolis, MN). All assay
protocols were performed according to the manufacturers’ instructions and appropriate quality
controls were used as applicable. Oxygen radical absorbance capacity (ORAC) assay was
performed according to the method described by Prior et al [22].
Statistical Analysis
Postprandial changes in glucose, triglycerides, cholesterol, insulin and ORAC in response to
GSE or placebo with the high fat-carbohydrate meals were compared based on total area under
the curve (AUC) from -1 hr to 5 hr. When baseline (fasting) values were different, as observed
with OxLDL, ORAC, IL-6 and TNF-α, data were normalized to subjects own baseline prior to
AUC computation and analysis. Analyses of AUC for OxLDL, ORAC, IL-6 and TNF-α are
based on the positive incremental AUC (negative values after baseline corrections were omitted
in the analysis). AUC was calculated using the trapezoidal method. Treatment associated
differences over time and at each time-point was analyzed via PROC MIXED using PC-SAS
(version 9.2; SAS Institute Inc, Cary, NC). The level used to determine statistical significance
was p < 0.05.
RESULTS:
Subject Characteristics
A total of twelve subjects completed the study (n = 7 females, n = 5 males). The age and BMI of
the subjects were 45 ± 15 y and 36 ± 7 kg/m2, respectively (Mean ± SD). Baseline (-1 hr)
metabolic panel is listed in Table 3.
Table 3: Baseline Characteristics of study subjects (n=12)
Male/Female (N)
2

5/7

BMI (kg/m )
Age (Y)

35.9 ± 6.7
45 ± 15

Base line metabolic Panel
Glucose (mg/dL)
Insulin (µIU/mL)
HOMA -IR
Triglycerides (mg/dL)
Total Cholesterol (mg/dL)
LDL Cholesterol (mg/dL)
HDL Cholesterol (mg/dL)
Systolic Blood Pressure (mmHg)
Diastolic Blood Pressure (mmHg)

104.5 ± 22.8
25.0 ± 7.2
3.3 ± 1.1
156.0 ± 38.9
197.1 ± 56.2
122.6 ± 45.6
43.7 ± 11.6
132.5 ± 11.0
78.7 ± 8.8
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Postprandial responses
Oxidative stress markers were assessed using plasma and plasma ORAC (hydrophilic and
lipophilic) and OxLDL assays. Plasma ORAC values were assessed in hydrophilic and lipophilic
fractions separately (Figure 2 A & B). Peak plasma hydrophilic and lipophilic ORAC values
were observed at 1 hr after the meal in both GSE and placebo treated groups, and were
significantly different compared to their respective baseline values (-1 hr, P<0.05) . The plasma
hydrophilic and lipophilic ORAC values at baseline (-1 hr) and 5 hr after the meal were not
significantly different in response to GSE or placebo treatments (P>0.05). Analysis of the
positive incremental AUC response (-1 to 5 hr) revealed significantly increased hydrophilic
ORAC values with GSE groups compared to placebo (GSE- hydrophilic positive incremental
AUC 3064.3 ± 570.3 vs. positive incremental AUC Placebo 1034.7 ± 462.6 µmol.hr/L Trolox
equivalents, P<0.05). However, analysis of the positive incremental AUC response in lipophilic
ORAC values were not significantly different in GSE Vs Placebo group (P>0.05).

Figure 2: Postprandial plasma Oxygen Radical Absorbance Capacity (ORAC) values.
(A)
Hydrophilic ORAC values and (B) lipophilic ORAC values. Values represent mean
plasma ORAC values with their standard errors by vertical bars at respective time points before
and after a high fat-carbohydrate breakfast meal with the grape seed extract (GSE) or the
placebo. Post prandial ORAC values in the hydrophilic phase as assessed by positive incremental
area under the curve was significantly increased after the meal with the GSE compared with the
placebo (**P<0.01, n=12).
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Changes in glucose, lipids, insulin and biomarkers of oxidative stress and inflammation were
measured over the 6 hr experimental period at defined intervals after capsule consumption
(Figure 1). Responses after the GSE and placebo along with test meals were compared as total
AUC or positive incremental AUC from -1 hr to 5 hr. Total AUC for triglyceride and cholesterol
responses were not significantly different between groups (P>0.05, data not shown).
Postprandial OxLDL concentrations were significantly increased at 5 hr after the breakfast
meal compared to fasting values (-1 hr) in the placebo group (P<0.05), whereas in the GSE
group, OxLDL concentrations were significantly reduced at 5 hr after the breakfast meal
compared to fasting concentrations (-1 hr) (Figure 3). Significant changes were not observed
with IL-6 and TNF-α between GSE and placebo groups (Figure 4 A & B)

Figure 3: Postprandial plasma oxidized LDL (OxLDL) concentrations. Values represent mean
plasma Ox-LDL concentrations with their standard errors by vertical bars at respective time
points before and after a high fat-carbohydrate breakfast meal with the grape seed extract (GSE)
or the placebo. Post prandial OxLDL concentrations at 5 hr time point is significantly decreased
in GSE compared with the placebo (**P<0.01, n=12).
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Figure 4: Postprandial plasma inflammatory markers. (A): Interlukin-6 (IL-6) (B): Tumor
necrotic factor- α (TNF-α). Values represent mean plasma IL-6 or TNF- α concentrations with
their standard errors by vertical bars at respective time points before and after a high -fatcarbohydrate breakfast meal with the grape seed extract (GSE) or the placebo. Postprandial
plasma IL-6 or TNF- α concentrations as assessed by positive area under the curve were not
significantly different after the meal with the GSE compared with the placebo (P>0.05, n=12).
The postprandial glucose response after consumption of the meal preceded by the placebo or
GSE capsule (at -1 hr) is shown in Figure 5. Between -1 hr and 0 hr (just before meal
consumption), glucose concentrations did not significantly differ (P>0.05). After the meal,
glucose concentrations peaked at approximately 1 hr after both treatments and the values at 1 hr
did not significantly differ between two groups (P>0.05). Analysis of total AUC revealed
significantly lower glucose over the 6 hr experimental period with GSE compared to placebo
(GSE total AUC 667.4 ± 63.6 vs. total AUC placebo 691.0 ± 59.1 mg/dL*hr, P<0.05). Peak
plasma insulin concentrations were also observed at approximately 1 hr after meal consumption
for both treatments. The insulin responses in the GSE treated group compared to the placebo
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group were not significantly different (Total GSE AUC 251.7 ± 96.2 vs. placebo 262.8 ± 82
µIU/L*hr, P>0.05, Figure 6).

Figure 5: Postprandial plasma glucose concentrations. Values represent mean plasma glucose
concentrations with their standard errors by vertical bars at respective time points before and
after a high fat-carbohydrate breakfast meal with the grape seed extract (GSE) or the placebo.
Postprandial glucose concentrations as assessed by total area under the curve was significantly
lower after the meal with the GSE compared with the placebo (* P<0.05, n=12).

Figure 6: Postprandial plasma insulin concentrations. Values represent mean plasma insulin
concentrations with their standard errors by vertical bars at respective time points before and
after a high fat-carbohydrate breakfast meal with the grape seed extract (GSE) or the placebo.
Postprandial glucose concentrations as assessed by total area under the curve was not
significantly different after the meal with the GSE compared with the placebo (P>0.05, n=12).
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DISCUSSION:
Postprandial oxidative stress resulting from consumption of meals high in readily available
carbohydrate and fat, which are typical of Westernized eating patterns, has been proposed as a
major factor in the pathogenesis of chronic diseases, such as diabetes and cardiovascular disease
[23]. Our previous findings that consumption of such a meal results in a postprandial increase in
markers of oxidative stress, inflammation and insulin response are consistent with this view [810]. In the present study, we tested the hypothesis that acute supplementation with GSE before a
meal would attenuate the postprandial oxidant and inflammatory changes in people with the
MetS. The major findings of this study were that GSE i) enhanced the postprandial antioxidant
capacity of the plasma and suppressed the increases in oxidized LDL and ii) reduced
postprandial glucose concentrations compared to placebo in men and women with MetS.
GSE is rich in polyphenolic compounds and has a unique profile of complex polymers and
simple phenolic compounds. Although the antioxidant activity of the GSE is well documented in
vitro [20], its activity in vivo is less well defined. One reason for this apparent discrepancy is that
polyphenolic compounds are extensively conjugated in the body and only a minor fraction
remains unconjugated, thereby making it difficult to link biological effects to structure [24,25].
This is particularly evident in the case of grape derived products which are monomeric and are
often altered during absorption by gut microbiota. Thus bioavailability may be underestimated
due to poor detection and identification of metabolites [26]. Nonetheless, we have demonstrated
previously that flavon-3-ol catechins from GSE are absorbed into the blood and the maximum
plasma concentrations (Cmax) occurs between 90-120 min after ingestion [27]. In the present
study, peak plasma glucose and triglyceride concentrations were observed at 30 and 180 min,
respectively after meals [8-10]. Thus, GSE administrated 1 hr before the test meal, allowed for
elevated concentrations of GSE compounds/metabolites and peak glucose and triglyceride
concentrations to overlap maximizing the potential effects of GSE during the postprandial
period.
In the present study, we have shown that GSE modulates the oxidative stress associated with
a single high fat meal in people with the MetS. It is not known whether these effects resulting
from a single dose would influence responses following other meals consumed during a day.
These responses were associated with decreased postprandial glucose concentrations and an
unchanged plasma insulin profile. One interpretation of these findings is that the GSE altered
glucose absorption; however, if this were the case, we would have expected differences between
treatments in the postprandial insulin response, which we did not observe.
Insulin signaling is impaired under conditions of oxidative stress [28] and polyphenols have
been shown to reverse oxidative stress-induced impairments in insulin signaling [29]. Thus our
findings suggest that the effects of GSE on decreased plasma glucose are mediated through
improved insulin economy, possibly through modulation of cellular redox status improving
insulin signaling. In-vitro cell culture studies show that oxidative stress increases serine (Ser307) phosphorylation in Insulin Receptor Substrate 1 (IRS-1) protein molecules. Serine
phosphorylation in IRS-1 is known to inhibit insulin-mediated downstream signaling resulting in
impaired glucose uptake [30,31]. Preliminary in-vitro studies performed in our laboratory has
shown that treatment of skeletal muscle cells with a strawberry extract under oxidative stress
conditions decreases IRS-1, Ser-307 phosphorylation and increases IRS-1, Tyr phosphorylation,
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the stimulatory mechanism for insulin-mediated downstream signaling [32]. In overweight men
and women, consumption of a strawberry beverage with a high carbohydrate-moderate fat meal
significantly reduced the postprandial insulin response compared to when the meal was
consumed with a placebo beverage, while the glucose response did not differ between treatments
[9]. Stull et al, 2010 reported increased insulin sensitivity in obese, non-diabetic, and insulinresistant subjects after 8 weeks blueberry supplementation using the hyperinsulinemic euglycemic
clamp procedure [16] and Brasnyó et al showed that resveratrol, a stilbene polyphenol found in
red wine, improved insulin sensitivity in human subjects with type II diabetes [33]. Taken
collectively, the results of the current study along with the findings from animal studies [18,19]
suggests that GSE could improve insulin resistance. However, future studies using conventional
insulin clamp procedures are required to confirm this effect [16].
Postprandial inflammatory markers as assessed by plasma IL-6 and TNF-α concentration
were not affected by GSE. Our previous work with strawberries suggests that markers of the
inflammatory response are not significantly elevated in plasma until much later in the
postprandial period (6 hr) [9]. Therefore, it is likely that the present study may have been too
short to detect significant changes in inflammatory cytokines in this population of MetS subjects
in response to the meal and treatments.
Limitations of the study
This study focused on the effect of single meal (breakfast) that was high in fat and
carbohydrates. The findings do not address the issue of whether a single dose of this extract
administered before breakfast would influence the effects of other similar meals consumed
during the rest of the day. Multiple meal studies would provide answers to these questions and
are underway in our laboratory. Likewise, the data cannot be extrapolated to long-term effects on
glucose control or improvements in insulin sensitivity. Further studies are required to confirm
our findings and test the ability of GSE to prevent the conversion of those with the metabolic
syndrome into overt diabetes. Finally, our findings are only suggestive of an improvement in
insulin resistance and a definitive estimate would require a study that includes an insulin clamp
procedure [34]. Previous studies have shown that bioactive compounds in blueberry improved
insulin sensitivity as measured using the insulin clamp procedure [16].
CONCLUSIONS:
Administration of GSE one hr before breakfast enhanced antioxidant status of people with MetS
and was associated with decreased postprandial glycemia, suggesting enhanced insulin economy.
The clinical implications of our findings require additional research; however, these findings
support a growing body of research that suggests consuming polyphenol rich foods/extracts with
or within an hr of a meal can minimize the unfavorable perturbations in postprandial redox
balance and metabolism induced by modern day eating and lifestyle patterns.
Abbreviations: MetS-Metabolic syndrome, HDL- high density lipoprotein, ROS -reactive
oxygen species, NF-κB -nuclear factor-kappaB, GSE -grape seed extract, CTSC-Clinical and
Translational Science Center, OxLDL- oxidized LDL, IL-6-interleukin-6, TNF-α - tumor

Functional Foods in Health and Disease 2012, 2(12):508-521

Page 519 of 521

necrosis factor-alpha, ORAC -Oxygen radical absorbance capacity, AUC -area under the curve,
Cmax-maximum plasma concentrations, IRS-1-Insulin Receptor Substrate 1.
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