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Abstract

Flavonoids are beneficial compounds against risk factors for metabolic syndrome, but their effects and the mechanisms on glucose homeostasis modulation
are not well defined. In the present study, we first checked the efficacy of grapeseed procyanidin extract (GSPE) for stimulating glucose uptake in insulin-
resistant 3T3-L1 adipocytes. Results show that when resistance is induced with chronic insulin treatment, GSPE maintain a higher stimulating capacity than
insulin. In contrast, when dexamethasone is used as the resistance-inducing agent, GSPE is less effective. Next we evaluated how effective different GSPE
treatments are at improving glucose metabolism in hyperinsulinemic animals (fed a cafeteria diet). GSPE reduced plasma insulin levels. The lower dose (25 mg
GSPE/kg body weight per day) administered for 30 days improved the HOmeostasis Model Assessment-insulin resistance index. This was accompanied by down-
regulation of Pparg2, Glut4 and Irs1 in mesenteric white adipose tissue. Similarly, a chronic GSPE treatment of insulin-resistant 3T3-L1 adipocytes down-
regulated the mRNA levels of those adipocyte markers, although cells were still able to respond to the acute stimulation of glucose uptake.

In summary, 25 mg/kg body weight per day of GSPE has a positive long-term effect on glucose homeostasis, and GSPE could be targeted at adipose tissue,
where it might directly stimulate glucose uptake. This work also highlights the need to carefully consider the bioactive dose, since a higher dose does not
necessarily correlate to a greater positive effect.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Metabolic syndrome and its association with an increased risk of
cardiovascular disease and Type 2 diabetes is an important public
health concern. First-line therapy for managing the metabolic
syndrome is to modify the patient's lifestyle. For this reason, the
Mediterranean diet, rich in flavonoids, can be considered an effective
treatment for improving health in patients with metabolic syndrome
[1–3]. Of all the ways in which flavonoids act on risk factors, the way
they modulate glucose homeostasis is the least well defined. Some
studies on humans have shown positive flavonoid effects. Taking 30
mg/day of polyphenol for 18 weeks tended to decrease glycemia in
normoglycemic individuals [4]. Ingesting green tea for 32 weeks
initially improved several blood parameters (e.g., glucose), though
this was reversed by day 87 [5]. In fact, results on humans are
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controversial, partly due to the diversity of the phenolic structures
assayed, that is, flavonoids include hundreds of monomeric struc-
tures, oligomers, polymers and modified forms.

Several studies on rodents have shown that monomeric flavonoids
are antihyperglycemic agents in some models of insulin resistance
(IR) [6–11]. Also, extracts containing a mixture of flavonoid structures
can have antihyperglycemic effects. In fact, food contains mixtures of
flavonoid structures and different degrees of polymerization, and this
makes it difficult to establish which of the molecules the active one is.
Furthermore, it is likely that the effects are not due to one molecule
but to synergic effects [12]. Up to now, most work has been done in
streptozotocin (STZ)-diabetic rats [13–16]. However, STZ-animals are
not an IR model. There has been much less work done on insulin
resistant models. Al-Awwadi et al. [17] have proven that an extract
rich in grape oligomeric procyanidins restores glucose levels in a
fructose-induced resistance model, and Lee et al. [18] also proved the
positive effects of Persimmon peel procyanidins on db/db mice.

The mechanisms that exert such effects might vary among
flavonoids, though many of the studies on monomerics flavonoids
found increased glucokinase (Gck) mRNA expression in liver,
highlighting this gene expression as a target for antihyperglycemic
monomeric flavonoid effects [7–9,19]. Most studies on procyanidin
extracts mainly rely on their analysis of antioxidant or anti-
inflamatory effects [17,18].
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In this paper, we analyze how effectively a grape seed procyanidin
extract ameliorates several insulin-resistant situations. Such exper-
imental conditions would be of great importance in the field of
functional food design, where the effects of natural compounds must
be evaluated in a context of middle/long-term administration, and
carefully considering the doses that might be administered. In fact,
our results highlight the importance of cautiously interpreting results
obtained from only one flavonoid-treatment condition.

2. Materials and methods

2.1. Cell culture and glucose uptake assay

3T3-L1 preadipocytes were cultured and induced to differentiate as previously
described [20]. Insulin resistance was induced in mature adipocytes by using different
agents: 1 nM insulin (Actrapid, Novo Nordisk, Bagsvaerd, Denmark) for 15 h, 3 nM
tumor necrosis factor–α (TNF-α) (ProSpec-Tany TechnoGene, Rehovot, Israel) for 5 h,
25 mU/ml glucose oxidase (Sigma, Madrid, Spain) for 2 h on depletion media (serum-
free supplemented Dulbecco's Modified Eagle Medium from containing 0.2% bovine
serum albumin) and 100 nM dexamethasone (Sigma) for 24 h. Phosphate-buffered
saline solution was used as control. During the last 30 min of incubation, adipocytes
were treated with either 100 nM insulin or 100 mg/L grapeseed procyanidin extract
(GSPE), and then glucose uptake was assayed. GSPE concentration assayed was
nontoxic for 3T3-L1 adipocytes [20,21]. The effects of chronic GSPE treatment in
insulin-induced IR were analyzed by preincubating 3T3-L1 adipocytes for 2 h with 100
mg/L GSPE and maintaining them for a further 15 h with 1 nM insulin. GSPE or insulin
were acutely stimulated for 30min in these long-term treated cells, and glucose uptake
was analyzed. Glucose uptake was determined by measuring the uptake of 2-deoxy-D-
[3H] glucose as previously described [16]. Each condition was run in triplicate.
According to the manufacturer (DRT, Dax, France), GSPE essentially contains the
following procyanidins: monomeric (21.3%), dimeric (17.4%), trimeric (16.3%),
tetrameric (13.3%) and oligomeric (5–13 units; 31.7%).

2.2. Animal experimental procedures

Wistar female rats weighting between 160 and 175 g were purchased from Charles
River Laboratories (Barcelona, Spain) and housed in animal quarters at 22°C with a 12-
h light, 12-h dark cycle. After 1 week in quarantine, the animals were divided in two
groups: a control group (12 animals) fed with a standard diet (Panlab A03) and a
cafeteria group (36 animals) fed with a cafeteria diet (bacon, sweets, biscuits with pâté,
cheese, muffins, carrots, milk with sugar) and water plus the standard diet. Animals
were fed ad libitum, and the food was renewed daily.

Obesity was induced in the animals with cafeteria diet for 13 weeks. Afterwards,
the cafeteria group was divided in three subgroups (12 animals/group): (i) cafeteria
group: rats treated with a vehicle (sweetened condensed milk), (ii) cafeteria+25: rats
treated with 25mg of GSPE/kg of body weight (bw) per day and (iii) cafeteria+50: rats
treated with 50 mg of GSPE/kg of bw per day. The lower GSPE dose was calculated on
the basis of a daily moderate human consumption of 0.5 L wine (containing 3 g/L of
total polyphenols), that is, 21.42 mg/kg of polyphenols. Rats were fed either the vehicle
or GSPE dissolved in the vehicle by controlled oral intake with a syringe. After 10 days
of GSPE treatment, six animals from each group were sacrificed (short treatment).
After 30 days of GSPE treatment, the remaining six animals of each group were
sacrificed (long treatment). Schematic diagram of procyanidin treatments is shown in
Scheme 1. Three days before the sacrifice, an intraperitoneal glucose tolerance test
(IPGTT) was carried out (2 g glucose/kg bw). Glucose was measured with a glucometer
after blood samples had been collected by tail bleeding (Glucocard, Menarini,
Barcelona, Spain). The degree of IR was estimated at the baseline by HOmeostasis
Model Assessment (HOMA) computed with the formula plasma glucose (mmol/L) ×
serum insulin (μU/ml)/22.5 according to the method described by Matthews et al. [22].
Scheme 1. Schematic diagram of
At 9 a.m. on sacrifice day, the rats were treated with GSPE or vehicle and food was
renewed. At 11 a.m. food was withdrawn. After 3 h of fasting the animals were
sacrificed by beheading. Blood was collected using heparin and animal tissues were
excised, frozen immediately in liquid nitrogen and stored at −80°C until analysis. All
the procedures were approved by the Experimental Animals Ethics Committee of the
Rovira i Virgili University.

Glucose plasma levels were assayed using an enzymatic colorimetric kit (GOD-PAP
method from QCA, Tarragona, Spain). Hormone plasma levels were determined using
ELISA kits following the manufacturers' instructions (Rat insulin from Mercodia,
Uppsala, Sweden, and leptin from LINCO, Millipore Iberica s.A.U., Madrid, Spain).
Measurements were taken with an ELISA Anthos Zenyth 200 st Microplate Reader.

2.3. Quantitative reverse transcriptase-polymerase chain reaction

Total RNA was isolated from adipocytes grown in 6-well plates using the High Pure
RNA Isolation Kit (Roche). mRNA levels were measured using real-time reverse
transcriptase-polymerase chain reaction as previously described [23]. Amplifications
were performed using the following primers, Glut4 CAACGTGGCTGGGTAGGCA
(forward) and ACACATCAGCCCAGCCGGT (reverse); Irs1 CCCACAGCAGATCATTAACC
(forward) and AGAGACGAAGATGCTGGTGC (reverse); adiponectin GATGGAGGAGCA-
CAGAGCC (forward) and GGCCGTTCTCTTCACCTACG (reverse); resistin GTACCCACGG-
GATGAAGAACC (forward) and GCAGACCCACAGGAGCAG (reverse); Pparg2
CTGTTGACCCAGAGCATGGT (forward) and AGAGGTCCACAGAGCTGATTCC (reverse);
C/EBPα GGTGGACAAGAACAGCAACGA (forward) and CGTTGCGTTGTTTGGCTTTATC
(reverse). The mRNA levels of each gene were normalized to the level of
glyceraldehyde-3-phosphate dehydrogenase mRNA detected in each sample
[CATGGCCTTCCGTGTTCCT (forward) and CCTGCTTCACCACCTTCTTGA (reverse)].

Total RNA from liver and adipose tissue were extracted using TRYZOL reactive
following the manufacturer's instructions. cDNA was generated using High-Capacity
cDNA Reverse Transcription Kits (Applied Biosystems). Quantitative polymerase chain
reaction (PCR) amplification and detection were performed by using specific TaqMan
Assay-On-Demand probes (Applied Biosystems, Rn00562597-m1 for Glut4,
Rn01495763-g1 for Srebp1c, Rn00440945_m1 for Pparg2, Rn02132493-s1 for Irs1,
Rn00565347_m1 for Glucose-6-phosphatase (G6p) and Rn00561265_m1 for Gck).
Cyclophiline was used as the reference gene in quantitative PCR (Applied Biosystems
TaqMan Assay-On-Demand probe Rn00690933_m1). Reactions were run on a
quantitative Real-Time PCR 7300 System (Applied Biosystem) according to the
manufacturer's instructions. Quantifications were performed in triplicate.

2.4. Calculations and statistical analysis

Results are expressed as the mean±S.E.M. Effects were assessed using one-way
analysis of variance or Student's t test. All calculations were performed using SPSS
software (SPSS, Chicago, IL, USA).
3. Results

3.1. GSPE acutely stimulate glucose uptake better than insulin does in
chronic insulin-induced IR in 3T3-L1 adipocytes

Previous results led us to postulate that GSPE could be effective as
a preventive and/or corrective agent against IR. We now evaluated
this role in 3T3-L1 adipocytes under different metabolic insults. We
selected four well-validated experimentally models of IR, all of them
with physiological relevance in vivo and involved in different cellular
response pathways: chronic hyperinsulinemia [24], TNF-α [25],
dexamethasone [26] and oxidative stress treatment [27].
procyanidin treatments.
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Fig. 1 shows the stimulation of glucose uptake by acute insulin or
GSPE treatment in 3T3-L1 cells preincubated with the IR-inducing
agents. Fifteen h of 1 nM insulin treatment increases the basal glucose
uptake (results not shown), but limits maximal acute insulin
stimulation to 23.6%. Under this resistant situation, an acute
stimulation with GSPE (100 mg/L) reaches 47.2% of its maximal
stimulation under a nonresistant situation (Fig. 1A). GSPE was not
observed to be more efficient, at acutely stimulating glucose uptake,
after any of the other IR conditions. After inducing IR by treating the
3T3-L1 cells with glucose oxidase 25 mU/ml (Fig. 1C), insulin acute
stimulation reached 70.6% of its maximal effect. Acute GSPE treatment
leads to similar results. Following 5 h of 3 nM TNF-α treatment
(Fig. 1B), an acute dose of insulin only increases glucose uptake to
57.4% of maximal possible stimulation. Similarly GSPE stimulates
49.1% of its maximal acute effect. However, after 24 h of 100 nM
dexamethasone treatment (Fig. 1D), acute GSPE was less efficient at
stimulating glucose uptake, since it only reached 59.7% of its maximal
possible effect without resistance, while acute insulin showed 82.5%
of its effect without resistance.
3.2. Long-term GSPE effects on insulin-induced IR in 3T3-L1 cells

We next checked whether a long-term treatment with GSPE
improved chronic insulin-induced resistance in 3T3-L1 adipocytes.
Fig. 2C shows that a long-term GSPE treatment starting 2 h previous
to chronic (15 h) insulin treatment and maintained until the end of IR
induction tended to slightly improve the acute (30 min) insulin and
GSPE stimulation of glucose uptake. Next, we evaluated the effects of
the long-term GSPE treatment on the mRNA levels of some key
glucose uptake proteins, insulin signalling, adipokines and differen-
tiation markers. Surprisingly, we found that this long-term (17.5 h)
GSPE treatment caused a strong down-regulation of Glut4, Irs1,
adiponectin, resistin, Pparg2 and Cebpa (Table 1), despite the cells
Fig. 1. Effects of acute GSPE treatment on glucose uptake in insulin resistant 3T3-L1 adipocytes
(A) 1 nM insulin for 15 h; (B) 3 nM TNFα for 5 h (C) 2 h depletion media+2 h 25 mU/ml gluco
30 min of incubation, adipocytes were treated with either 100 nM insulin or 100 mg/L G
respectively, the insulin or GSPE-induced acute stimulation effects after IR was induced. Each v
letters indicate statistically significant differences between treatments (Pb.05); for Fig. 1A Pb
maintaining their capacity to acutely respond to insulin and GSPE
(shown in Fig. 2C).

3.3. GSPE reduces insulinemia in cafeteria fed rats

We tested in vivo the effects of GSPE in hyperinsulinemic animals.
We used a mild model of IR, provoked by feeding healthy female
Wistar rats with a cafeteria diet for 13 weeks. Then we started four
different GSPE treatments. Table 2 summarizes the chronic observed
effects of these treatments. GSPE did not modify the increase in body
weight induced by the cafeteria diet, and it did not change plasma
leptin levels either. Only 25 mg of GSPE/kg bw per day for 30 days
significantly reduced the total amount of visceral adipose tissue. A
main feature of GSPE treatment was to reduce the fasting plasma
insulin levels, the 25 mg of GSPE/kg bw per day dose being the most
effective. GSPE at this dose reduced insulinemia both after 10 and 30
days. However, only the animals receiving the longer dosemaintained
their fasting glycemia and showed a healthier HOMA-IR index. In the
30-day-treated animals, an IPGTT of 2 h showed lower insulinemia
with the same profile, although there was no improvement in
glycemia (Fig. 3). We also analyzed the insulin and glucose levels of
these animals on the day of sacrifice. Because we sacrificed them 5
h after the last GSPE treatment, they reflect the acute GSPE effects
after 30 days of treatment. Table 3 shows that insulinemia was still
lower than in cafeteria group, but in this case, glycemia was also
reduced by GSPE compared to cafeteria effects.

3.4. White adipose tissue is very sensitive to GSPE treatments

Finally, we analyzed the modulation of gene expression in the
different animal groups on the day of sacrifice. Fig. 4A shows that in
white adipose tissue (WAT), the cafeteria diet down-regulatedmainly
genes involved in initial insulin signaling and insulin-depending
glucose uptake (according to the peripheral IR suggested by plasma
. Fully differentiated adipocytes were incubated with four different IR-inducing agents:
se oxidase on depletion media and (D) 100 nM dexamethasone for 24 h. During the last
SPE and then 2-deoxy-d-[3H] glucose uptake was measured. Values represented are,
alue represents the mean±S.E.M. at least of two experiments run in triplicate. Different
.1.



Fig. 2. Effects of a long-term treatment of GSPE on insulin or GSPE-induced glucose
uptake stimulation in resistant 3T3-L1 adipocytes. a: controls without IR induction; b:
fully differentiated 3T3-L1 adipocytes were incubated for 15 h with 1nM insulin in
order to induce IR; c: prior to the chronic insulin treatment, cells were preincubated for
2h with 100 mg/L GSPE, which was maintained during the insulin chronic treatment.
After these treatments, acute stimulation (30 min) of GSPE (white columns) or insulin
(black columns) was performed and glucose uptake was analyzed. Grey columns
indicate basal glucose uptake. Each value represents the mean±S.E.M. of three
experiments run in triplicate. Different letters indicate statistically significant
differences between treatments (Pb.05).

Table 1
Effects of chronic GSPE treatment on mRNA levels in insulin-resistant 3T3-L1 adipocytes

Chronic treatment 2 h control+15 h
insulin 1 nM

2 h GSPE 100 mg/L+15 h insulin 1 nM

Acute treatment - - Insulin
100 nM

GSPE
100 mg/L

Glut4 1.17±0.16 a 0.54±0.15 b 0.44±0.10 b 0.57±0.02 b
Irs1 1.10±0.18 a 0.30±0.02 b 0.45±0.08 b 0.24±0.02 b
Adiponectin 1.02±0.21 a 0.36±0.03 b 0.31±0.05 b 0.31±0.02 b
Resistin 1.23±0.44 a 0.30±0.10 b 0.24±0.12 b 0.23±0.10 b
Pparg2 0.52±0.13 b 0.02±0.00 c 0.02±0.01 c 0.02±0.00 c
Cebpa 0.36±0.03 b 0.01±0.00 b 0.01±0.00 b 0.01±0.00 b

Fully differentiated adipocytes were given the chronic treatment indicated in the first
row. During the last 30 min, each group of adipocytes received the acute treatment
indicated at the second row. At the end of treatment, RNA was extracted to quantify
gene expression using real time PCR.mRNA gene expression is expressed relative to the
control group. Each value represents the mean±S.E.M. Different letters indicate the
statistically significant differences between treatments (Pb.05).

Table 2
Animals were fed a cafeteria diet for 13 weeks, and respective GSPE doses (25 and 50
mg of GSPE/kg bw per day, labelled +25 and +50, respectively) were administered
simultaneously to the cafeteria diet for 10 days (A) and 30 days (B)

A. Effects of 10 days of GSPE treatment on weight and plasma parameters

10 days Control Cafeteria +25 +50

body weight (g) 281.0±9.0 a 393.8±27.0 b 379.7±21.0 b 359.8±17.0 b
visceral adipose

tissue (g)
20.0±3.0 a 57.8±7.1 b 54.0±6.5 b 51.6±5.7 b

Leptin (ng/ml) 8.80±1.47 a 35.15±3.18 b 28.89±3.68 b 26.64±4.44 b
HOMA-IR 0.14±0.02 a 6.24±2.18 b 3.24±1.40 a,b 3.87±1.76 a,b
Glucose (mM) 3.32±0.11 a 3.45±0.23 a 4.79±0.13 b 3.66±0.12 b
Insulin (ng/ml) 0.04±0.02 a 1.42±0.44 b 0.61±0.23 a 0.95±0.44 b

B. Effects of 30 days of GSPE-treatment on weight and plasma parameters

30 days Control Cafeteria +25 +50

body weight (g) 274.5±10.0 a 430.2±18.0 b 408.5±9.5 b 426.8±27.0 b
visceral adipose

tissue (g)
16.29±0.5 a 67.88±5.3 b,c 58.74±3.8 c 65.17±6.5 b

Leptin (ng/ml) 7.97±0.17 a 38.79±2.63 b 32.60±2.80 b 39.50±2.15 b
HOMA-IR 0.26±0.6 a 9.06±3.8 b 4.16±3.9 a,b 5.35±2.0 b
Glucose (mM) 3.58±0.12 a 3.76±0.10 a 3.81±0.31 a 3.47±0.13 a
Insulin (ng/ml) 0.06±0.15 a 2.13±0.84 b 0.77±0.71 a,b,c 1.28±0.51 c,b

Body weight, WAT weight and leptin levels were obtained on the sacrifice day. Glucose
and insulin were measured in fasting condition 3 days before the sacrifice. Each value
represents the mean±S.E.M. Different letters indicate statistically significant differ-
ences between treatments (Pb.05).

964 G. Montagut et al. / Journal of Nutritional Biochemistry 21 (2010) 961–967
parameters). In contrast, Pparg2 remained unaffected. The liver still
seemed to be insulin responsive, since the ratio glucose-6-pase vs.
glucokinase was lower than that of the controls (Glc6pase:
0.52±0.09; Gck 0.97±0.25, relative expression vs. control). Twenty-
five milligrams of GSPE/kg bw per day did not have any effect on liver
(G6p: 0.63±0.09; Gck: 0.95±0.14 at 30 days) but was very effective
on mesenteric WAT (Fig. 4B). In the latter, the GSPE did not modify
any of the first proteins involved in insulin signaling (Irs1) compared
to the cafeteria diet. However, we found that GSPE modulated
representativemarkers of mature adipocyte (Glut4, Srebp1c, Pparg2):
after 10 days, GSPE seemed to partially revert cafeteria-induced
down-regulation of such genes, while a longer treatment (30 days)
induced a stronger down-regulation of all these genes. The higher
dose, 50 mg of GSPE/kg bw per day (Fig. 4C), showed a similar profile
with an even stronger down-regulation of genes after 30 days of
treatment. In the liver, this dose was not effective after 10 days of
treatment, nor did it favor glucose uptake (Gck: 1.54±0.17; G6p:
0.52±0.02), although it suggested a stimulation of glucose production
after 30 days (Gck: 1.67±0.40; G6p: 1.56±0.16).
4. Discussion

Flavonoids and, more specifically, procyanidins are antihypergly-
cemic in some experimental conditions, thus their potential value as
antidiabetics makes them worth studying further. However, there is
no consensus on the chronic effects of procyanidins on the
maintenance of whole-body glucose homeostasis, in part due to the
relatively scarce work done in this area.

Our in vitro results showed different responses to GSPE depending
on the assayed model of IR. Under a chronic insulin insult, GSPE
showed a slightly improved efficacy at stimulating glucose uptake
compared to insulin. This result suggest that GSPE could be useful to
stimulate glucose uptake on an animal model of hyperinsulinemia,
but also it is a clue to understand mechanistic aspects of this effect,
since the different models of IR assayed reflect different alterations of



Fig. 4. Gene expression in mesenteric adipose tissue from animals treated with GSPE.
After 10 or 30 days of GSPE treatment the animals were sacrificed, and adipose tissue
samples obtained. mRNA expression of indicated genes was measured using real time
PCR. Data are the mean±S.E.M. of six animals. (A) Effects of the cafeteria diet. (B)
Effects of the cafeteria diet + 25mg GSPE/kg bw per day. (C) Effects of the cafeteria diet

Fig. 3. Plasma glucose and insulin profiles after an intraperitoneal glucose tolerance test
(IPGTT) on 30 day GSPE -treated animals. Rats were fasted overnight, a blood sample
was collected by tail bleeding (time zero), and glucose was administered intraper-
itoneally. Blood samples were taken at the time points indicated in the figure. Glucose
levels were quantified using a glucometer and insulin using the ELISAmethod. Data are
themean±S.E.M. of six animals. (A) Glucose profile. (B) Insulin profile. Different letters
indicate statistically significant differences between treatments (Pb.05).
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insulin signaling pathway. Hoehn et al. [28] used the same insults in
3T3-L1 cells and described their main targets. According to their
study, chronic insulin was the only insult involving Irs1. The fact that
GSPE has a stronger acute effect on this condition suggests that GSPE
depends only partially on Irs1 to stimulate glucose uptake. This is in
agreement with our previous results showing that the oligomeric
components of GSPE activate insulin receptor [29]; however, this is
not the only mechanism it has for stimulating glucose uptake [30]. In
contrast, we found GSPE to be less effective at acutely stimulating
glucose uptake under TNF-α and especially under dexamethasone
treatments. TNF-α and dexamethasone induce IR at Glut4 level [28].
Moreover, dexamethasone induces IR through up-regulation of the
MAPK phosphatases 1 and 4, resulting in p38 MAPK dephosphory-
lation, which limited Glut4 activity [31]. We have shown that GSPE
depends on p38 to activate glucose uptake [30] and also that the
ability of oligomeric procyanidins to activate p38 was higher than its
ability to activate de insulin receptor [29]. These evidences suggest
GSPE affects the Glut4 transporter itself, which could be by direct
interaction or by modulating its activity via p38. In fact, some other
flavonoids act directly on glucose transporters, but until present, all
the studies reported an inhibitory effect [32,33].

According to cell culture results, we assayed the chronic effects of
GSPE in vivo on a disturbed metabolic situation that resembled the
most prevalent situation in Western societies and where the main IR
factor was hyperinsulinemia. A slight improvement in the plasma IR
Table 3
Acute GSPE effects on metabolite and hormone plasma levels after 30 days of chronic
GSPE treatment

Treatment Control Cafeteria + 25 + 50

Glucose (mM) 6.93±0.15 a 8.46±0.32 b 7.74±0.22 a,b 8.09±0.37 a,b
Insulin (ng/ml) 1.04±0.21 a 5.42±0.8 b 4.12±0.95 a,b 3.63±0.79 a,b

Animals were fed a cafeteria diet for 13 weeks and were then administered two GSPE
doses (25 and 50 mg of GSPE/kg bw per day, labelled +25 and +50, respectively)
simultaneously with the cafeteria diet for 30 days. 5h after the last GSPE treatment, the
animals were sacrificed and glucose and insulin plasma levels were measured. Each
value represents the mean±S.E.M. Different letters indicate statistically significant
differences between treatments (Pb.05).

+ 50 mg GSPE/kg bw per day. Different letters indicate statistically significant
differences between treatments (Pb.05).
parameters was the main result of these chronic GSPE treatments,
after long-term (30 days) treatment. This is the first study to evaluate
the effects of GSPE on cafeteria diet-induced IR. Al-Awwadi et al. [17]
used a fructose insulin-resistantmodel to assay the effects of the same
dose of grape-derived procyanidin extracts that we used (25 mg/kg
bw per day) but for a longer period (6 weeks). They found a slight
effect on plasma glucose. Persimmon peel procyanidins at a dose of 10
mg/kg of bw per day for 6 weeks on db/db mice only improved
glycosylated protein [18]. All these results suggest that procyanidins
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have a moderate effect on improving plasma IR, but only after long-
term treatment. In the short treatment, there was some improvement
on insulinemia, although long-term treatment was more effective
as a whole.

These previous studies showed that procyanidins improved
oxidative status and had an anti-inflammatory effect [17,18]. We
focused on key points of IR. Our data single out mesenteric white
adipose tissue as an important target for GSPE, although GSPE did not
clearly improve IR in this tissue. GSPE down-regulated Glut4. GSPE
treatment did not improve glucose uptake after the IPGTT. Interest-
ingly, however, the insulin required to maintain glucose levels was
lower than in the cafeteria group. This suggests that GSPE could act as
insulinomimetic. GSPE would probably act more slowly than insulin
because, although we did not find an improvement in glycemia 2
h after the intraperitoneal dose, we did find an improved HOMA-IR in
the fasting situation. Thus, we suggest that GSPE acts on adipose cells
despite its lower Glut4 mRNA levels. Glut4 has classically been
regarded as marker for IR [34]. However, we found in vitro that a
long-term GSPE treatment down-regulated Glut4 mRNA but did not
modify the glucose uptake response to acute GSPE or insulin
treatment. This and previous studies show that adipocytes can
acutely respond to glucose uptake signaling regardless of reduced
Glut4 mRNA levels [35,36]. They also suggest that GSPE does not
activate glucose uptake through its effects at transcriptional level but
rather through a different mechanism. As deduced from the in vitro
studies, mentioned in the first paragraph of the discussion, this could
involve modulating Glut4 self-activation. Furthermore, we did not
find significant gene expression modulation either in muscle (results
not shown) or liver that could help to explain the effects of GSPE, and
this reinforces the specificity of white adipose tissue as target of GSPE.
The lack of glucose homeostasis by GSPE in liver differs from other
closely related studies. Several flavonoids induce expression of
hepatic Gck mRNA or a decrease in mRNA of G6p [7–9,19]. Previously,
we also found increased Gck and decreased G6p mRNA levels after
acute GSPE treatment of STZ-animals [37]. The different molecules
assayed or different metabolic situations might explain the diver-
gences between these studies and our present results. In the present
study, we found that GSPE did not affect glucose entrance/output in
the liver at the three lower doses, but at the highest dose (50 mg/kg
bw per day for 30 days), it did activate G6p, suggesting a negative
effect on glucose homeostasis and highlighting the importance of the
dose assayed. This is an important point that needs to be solved, but at
the present, the lack of studies on this area makes difficult to further
analyze the relationship dose-effect about this.

We also found a strong down regulation on markers of mature
white adipose tissue, which was not fully matched by a reduction in
adipose tissue. We previously found down-regulation of in vitro
adipose markers that suggested the adipocytes tended to lose their
terminally differentiated state after chronic GSPE treatment [23]. In
this study, we show that this also takes place in vivo in an adipogenic
milieu (cafeteria diet). Similarly, Cyanidin 3-o-b-D-glucoside reduces
WAT and body weight in mice when administered simultaneously to
a 30% high-fat diet at a high dose (200 mg/kg bw) for 12 weeks [6].
Mice fed a high-fat diet (60% energy as fat) and submitted to EGCG
treatment (3.2 g/kg diet) also take 16 weeks to reduce the body
weight gained and the visceral fat weight [38]. In the present study,
GSPE treatment probably needed longer to change the size of adipose
depots and thereby influence IR.

In conclusion, in vitro GSPE differed from insulin in how it
stimulated glucose uptake in insulin resistant adipocytes. This
suggests that GSPE is partly dependent on Irs1 when stimulating
glucose uptake but also suggests that GSPE has a direct effect on Glut4
transporter activity. These mechanisms could be responsible for
slightly improving plasma IR parameters (mainly by reducing
insulinemia). This is achieved by a 25 mg/kg bw per day GSPE dose
administered for 30 days on a cafeteria diet-induced impaired glucose
tolerance model. This dose did not modify key points of hepatic
glucose metabolism (Gck or G6p) but provoked a strong down-
regulation on mature adipocyte markers that might be independent
of the direct effects of GSPE on Glut4.
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