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Abstract
Assessing the effects of grapes and grape powder extracted polyphenols on lipogenesis and glucose uptake in adipocytes may

clarify the risk/benefit of recommending them to individuals with obesity and insulin resistance. We investigated the effect of grape

powder extracted polyphenols (GPEP) on intracellular fat accumulation and glucose uptake during differentiation of 3T3-F442A

preadipocytes. Total polyphenols were extracted and measured based on gallic acid equivalents (GAE). There were 2167 mg of

GAE polyphenols in 100 g of grape powder. 3T3-F442A cells were incubated with GPEP, extracted from 125–500 mg GP/mL of

media, until day 8 of differentiation when the cells were collected for different assays. AdipoRedTM assay and Oil Red O staining

showed that GPEP induced, in a dose-dependent manner, an increase in intracellular triacylglycerol (TAG) content of adipocytes.

Concomitantly, grape powder extracted polyphenols increased, in a dose-dependent manner, glucose uptake by 3T3-F442A

cells, and there was a strong positive correlation between glucose uptake and the amount of TAG accumulation (r¼ 0.826, n¼ 24,

P� 0.001). No changes in cell viability was measured by Trypan Blue staining, suggesting that these effects were independent of

cytotoxicity. Western-blot showed that GPEP upregulated protein level of glucose transport protein 4 (GLUT4), p-PKB/Akt, and p-

AMPK in 3T3-F442A adipocytes. LY294002 (10 mmol/L), a phosphatidyl-inositol 3 kinase inhibitor (PI3K), reversed the effects of

grape powder extracted polyphenols on cellular lipid content and glucose uptake. Furthermore, quantitative real-time polymerase

chain reaction showed that GPEP increased mRNA expression of GLUT4, fatty acid synthase, lipoprotein lipase, adiponectin, and

peroxisome proliferator-activated receptor g, while it decreased mRNA expression of leptin and Insig-1. Our results indicate that

GPEP may induce adipocyte differentiation via upregulation of GLUT4, PI3K and adipogenic genes. Future research may be

directed toward obese individuals with insulin resistance or individuals with diabetes.
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Introduction

Obesity is a prevalent health hazard in industrialized coun-
tries and is closely associated with increased risk for a
number of pathological disorders, including type 2 diabetes,
hypertension, coronary heart disease, and cancer. With
regard to the wide range of health implications, the need
to develop new and effective strategies to prevent or treat
obesity and its related health disorders has become an inter-
national emergency. Obesity results from an excess of fat
tissue due to prolonged excess calorie intake along with
many varied behaviors. Long-term positive energy balance
results in expansion of white adipose tissue (WAT). WAT is

the major energy reserve in the human body; in periods of
energy excess, it stores triacylglycerol (TAG) which is mobi-
lized during energy deprivation.

At the cellular level, obesity is characterized by increases
in the number and size of adipocytes, named by hyperplasia
and hypertrophy, respectively. In humans, the majority of
preadipocyte differentiation occurs shortly after birth.1 This
increase in adipose tissue mass enables the newborn to sur-
vive during periods of fasting.2,3 While the ability of prea-
dipocytes to differentiate continues throughout life in
response to fat storage demands, total number of adipocytes
remains constant in adulthood.4 Increased number of
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adipocytes is, therefore, set during prenatal, childhood, and
adolescence.5 However, excess accumulation of TAG in adi-
pocytes produces large fat cells, or hypertrophic adipocytes,
which may become dysfunctional and insulin resistant due
to inflammation. Accordingly, investigating the effects of
different food ingredients on adipocyte size and function
may correct the problem caused by insulin resistance in
adipocytes, thereby maintaining metabolic homeostasis.

Synthesis of TAG in adipocytes may be a defense mech-
anism to clear extra sources of energy, mainly glucose and
fat, from blood. Thus, inhibition of this natural mechanism
may increase risk of hyperglycemia and hyperlipidemia
leading to glucotoxicity and lipotoxicity. Lipotoxicity
plays an important role in pathogenesis of diabetes due to
lipid overload in pancreatic b-cells leading to a reduction in
b-cell mass.6–8

The 3T3-L1 and 3T3-F442A fibroblasts or preadipocytes
are the most common in vitro models for studying adipo-
cyte differentiation.9–11 We have selected 3T3-F442A
fibroblasts because they differentiate to adipocytes spontan-
eously in the presence of fetal calf serum.12 Pharmacological
doses of insulin accelerate the development of 3T3-F442A
adipocytes. However, the 3T3-L1 cells have a low rate of
spontaneous differentiation and require differentiation-
inducing agents, such as dexamethasone and 1-methyl-3-
isobutylxanthine, to trigger conversion into adipocytes.13

This difference can be due to increased glycerol-3-phos-
phate dehydrogenase activity, the lipogenic enzyme,
elicited by growth hormone alone (plus serum) in 3T3-
F442A cells.14 In contrast, neither of these features is
expressed or stimulated by growth hormone in 3T3-L1
cells. In addition, we have previous experience with
3T3-F442A cell lines using the same methods.15

Adipocyte differentiation is a well-orchestrated
multi-step process involving several genes.10 Two tran-
scriptional factors, peroxisome proliferator-activated recep-
tor g (PPARg) and CCAAT/enhancer binding protein a
(C/EBPa)9,10 are known as major regulators of adipogenesis
and are at the core of the adipogenic cascade. PPARg is
highly adipocyte specific with its expression rapidly
increasing after hormone-induced adipocyte differenti-
ation.9–11 Sterol regulatory element binding protein
(SREBP) is another key lipogenic transcription factor that
is nutritionally regulated by glucose and insulin.16,17

Insulin can function upstream to PPARg by activation of
SREBP-1c.18

Insulin or insulin growth factor-1 (IGF-1) are the main
hormones required for the differentiation of these estab-
lished cell lines.9,19 Insulin induces translocation of glucose
transport protein 4 (GLUT4) vesicles from the cytoplasm to
the plasma membrane (PM) via the phosphatidyl-inositol 3
kinase-protein kinase B/Akt (PI3K-PKB/Akt) pathway in
adipocytes.20–22 Increased glucose uptake, then, provides
the main source of energy for TAG synthesis.

The PI3K-PKB/Akt pathway is involved in regulation of
many cellular activities, including cell proliferation and
apoptosis.23–25 Inhibition of PI3K with wortmannin and
LY294002 blocks adipocyte differentiation in 3T3-L1
cells.26,27 Development of adipose tissue is impaired along
with other abnormalities, including muscle, bone, and skin,

in PKB/Akt gene knockout in mice.28 The PI3K-PKB/Akt
pathway is important, not only in the regulation of adipose
tissue development, but also in the development of other
tissues originating from mesodermal cells.

Grapes are a favorite, available fruit that require more
evaluation of their health benefits. Grape products are rich
in phenolic compounds that possess antioxidant and anti-
inflammatory properties. Lyophilized grape powder (GP),
obtained from red, green, and blue-purple seeded and seed-
less California grapes, was provided by the California Table
Grape Commission (CTGC). The main polyphenols in GP
include Quercetin-3-glucoside (8.0%), Catechins (2.3%),
Epicatechin (1.9%), Gallic acid (1.4%), Rutin (1.2%), and
Resveratrol (0.53%).29 Grape powder extracted polyphenols
(GPEP) modulate inflammation in human adipocytes.29

However, the effect of GPEP on lipogenesis and glucose
uptake is not clear.

Assessing the effect of GP extracted polyphenols on lipo-
genesis and glucose uptake in adipocytes may clarify the
risk/benefit of recommending it to individuals with obesity
and insulin resistance. In this study, we investigated the
effect of GPEP on lipogenesis and glucose uptake during
differentiation of 3T3-F442A preadipocytes. Furthermore,
we evaluated effect of GPEP on mRNA expression of adi-
pogenic genes, and protein levels of GLUT4 and p-PKB/
Akt. We also determined whether effect of GPEP is
mediated by upregulation of PI3K and PPARg, which
induces glucose uptake via membrane translocation of
GLUT4 protein. We hypothesized that GPEP would pro-
mote adipocyte differentiation to maintain healthy adipo-
cytes by increasing glucose uptake.

Materials and methods
Cell culture and treatment preparation

Cell culture. Murine 3T3-442A preadipocytes, purchased
from Dr. Howard Green (Harvard Medical School), were
cultured in six-well plates (5� 103 cells/well/ 2 mL
medium) containing maintenance medium, Dulbecco’s
modified Eagle’s medium (DMEM), adjusted by
American Type Culture Collection (ATCC, Manassas, VA),
supplemented with 10% bovine calf serum (BCS, Fisher
Scientific Company LLC, Houston, TX), and 1% penicil-
lin/streptomycin (GIBCO, Grand Island, NY) at 37�C in a
humidified atmosphere of 10% CO2. At �100% confluency,
the medium was replaced by differentiating medium (DM),
DMEMþ 10% fetal bovine serum (FBS, Fisher Scientific
Company) and 1% penicillin/streptomycin (GIBCO) sup-
plemented by 10 mg/ml insulin (Sigma Aldrich, St. Luis,
MO) for 24 h; cells were then changed to differentiation
medium (DMEM with 10% FBS) supplemented with poly-
phenols, extracted from 125–500 mg GP/mL of media, until
day 8 of differentiation when 70–80% of cells were differ-
entiated, then cells were collected for different assays.
Control cells were incubated in medium containing the
same amount of ethanol. The same amount of ethanol was
used for all concentrations of the grape polyphenols,
as <1% ethanol. A PI3K inhibitor, LY294002 (10mmol/L,
Sigma, USA) was used as supplemental treatment to deter-
mine role of PI3K signaling pathway in mechanism.
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Oil red O staining

On day 8 of differentiation, cells were rinsed with phos-
phate-buffered solution (PBS) twice and fixed in 1 mL of
10% formalin per well at room temperature for 1 h. Cells
were then rinsed with deionized water and stained with
0.5 mL of 0.3% freshly filtered Oil Red O working solution
per well at room temperature for 30 min30 to visualize cel-
lular lipid accumulated in fat droplets. Cells were then
washed with 1 mL deionized water per well three times
before photomicrography of monolayer cells. Photos were
taken with Nikon Eclipse TS 100 microscope (Nikon
Corporation, Tokyo, Japan) equipped with a Nikon
Coolpix 995 digital camera (Nikon Corporation).

Polyphenol assay

GP was provided by CTGC in aluminum bags. Total poly-
phenols were extracted by ethanol and measured based on
gallic acid equivalents (GAE) using GA standard curve.31

Cell viability assay

Following seven days incubation of murine 3T3-F442A cells
in differentiation medium including GPEP (GP 0–500 mg/
mL), floaters were collected and combined with detached
monolayer cells following trypsinization. Viable and
dead cells were counted by Trypan Blue staining with a
hemocytometer.

Intracellular triglyceride measurement

Intracellular lipid content was measured on day 7 of differ-
entiation using AdipoRedTM Assay kit (Lonza,
Walkersville, MD) according to manufacturer’s instruc-
tions. AdipoRed contains hydrophilic Nile Red stain and
allows quantification of intracellular lipid droplets.32

Differentiated cells were rinsed with 2 mL PBS and then
to each well, 5 mL PBS and 140mL of AdipoRed reagent
were added. After 10–15 min of incubation, the plates
were positioned in a Tecan Infinite M200 microplate
reader (Tecan Systems Inc., Salzburg, Austria) and fluores-
cence was measured with an excitation wavelength of
485 nm and an emission wavelength of 572 nm.

Glucose uptake

Murine 3T3-F442A preadipocytes were cultured and
induced to differentiate as described above. On day 4 of
differentiation, medium was changed and cells continued
incubation until day 8 when an aliquot of medium was
sampled for measurement of glucose concentration using
a Stanbio Glucose LiquiColor kit� (Stanbio Laboratory,
Boerne, TX). The difference in glucose concentration
between fresh medium, added at day 4, and medium
from day 8 was considered cellular glucose uptake.

RNA extraction and RT-qPCR

Following eight days incubation of murine 3T3-F442A cells
with treatments, total cellular RNA was extracted using
TRIZOL reagent (Invitrogen, Carlsbad, CA) according to
manufacturer’s protocols. Concentration and purity of

isolated total RNA were determined spectrophotometric-
ally using OD260:280 ratio. Integrity of purified total RNA
was verified by detecting a 2:1 ratio for 28 S:18 S ribosomal
RNA (rRNA) using gel electrophoresis. Samples were run
on a 1.5% agarose gel (tris-acetate (TAE) buffer) at 80 V for
90 min and visualized by Chemi Doc XRS imaging system
(Bio-Rad, Hercules, CA) following addition of 0.5mg/ml
ethidium bromide. mRNA expression levels of PPARg,
GLUT4, FAS, LPL, adiponectin, leptin, and Insig-1 were
analyzed by reverse transcription (RT) followed by poly-
merase chain reaction (PCR); 2mg of total RNA in a 20ml
reaction buffer was reverse transcribed into cDNA using an
Oligo (dT)20 primer and SuperScript� III First-Strand kit
(Invitrogen, Grand Island, NY) following manufacturer’s
instructions. cDNA was diluted 20-fold with RNAse free
water, and 6ml of diluted cDNA was amplified in a 25 ml
PCR solution containing 250 nM of both forward and
reverse primers of the gene and iQTMSYBR� Green
Supermix (Bio-Rad). Primers were designed using Vector
NTI Advance version 11 software (Invitrogen). Primer
sequences are listed in Table 1. cDNA was denatured at
95�C for 3 min followed by 40 cycles of PCR (94�C for 30 s,
60�C for 25 s, 72�C for 25 s, and 78�C for 9 s) by means of
an iQTM5 multi-color real-time PCR detection system
(Bio-Rad) with Bio-Rad iQ5 Optical System Software
(version 2.1). mRNA levels of all genes were normalized
using ribosomal protein L22 (RPL22) as internal control
using the �CT method. Fold changes of gene expression
were calculated by the 2���CT method. To ensure that a
single gene was amplified, the melting profile of double-
stranded DNA product of PCR generated from each primer
was analyzed, as described before.33

Fractionation of membrane and
non-membrane proteins

Pooled cell pellets were obtained from two six-well plates
per each group by scraping cells into medium and centrifu-
ging at 1258� g for 5 min at 4�C. Cell pellets were washed in
PBS and resuspended in 0.5 mL of buffer (10 mM HEPES-
KOH, pH 7.4), mixed with protease inhibitor cocktail. Cell
suspension was homogenized by passing it through a 22G1
needle 30 times followed by short time sonication on ice
(3� 5 s) and centrifugation at 1000� g for 10 min at 4�C.
Supernatant was used to obtain the membrane fraction,
and the pellet, by centrifugation at 20,000�g for 20 min.
Acetone was added to the supernatant to precipitate the
non-membrane proteins, kept for 30 min at �20�C, and cen-
trifuged at 20,000� g for 15 min at 4�C. Both the membrane
and non-membrane pellets were resuspended in SDS lysis
buffer (10 mM Tris-HCl [pH 6.8], 1% (w/v) SDS, 100 mM
NaCl, and 1 mM EGTA). Protein concentration of each
extract was measured using the BCATM Protein Assay Kit
(Pierce, USA). All extracts were then mixed with an equal
volume of buffer (62.5 mM Tris-HCl, pH 6.8, 15% [w/v]
SDS, 8 mol/L urea, 10% [v/v] glycerol, and 100 mmol/L
dithiothreitol) and 1/6 volume of the 4� g SDS loading
buffer (150 mmol/L Tris-HCL, pH 6.8, 12% [w/v] SDS,
30% glycerol, 6% b-mercaptoethanol, and bromphenol
blue) and stored at �80�C. All fractions were incubated
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at 37�C for 20 min prior to loading an 8% SDS polyacryl-
amide gel.

Statistics

Experiments were repeated three times. One-way analysis
of variance (ANOVA) was performed to assess the differ-
ences in means between groups using Prism� 4.0 software
(GraphPad Software Inc., SanDiego, CA) and SPSS-19.
A Pearson product-moment correlation coefficient was
computed to assess the relationship between the amount
of TAG accumulation and glucose uptake. Levels of signifi-
cance were considered as P� 0.05.

Results

Total polyphenols were extracted from GP by ethanol and
measured using based on GAE. There was about 2167 mg
GAE of polyphenols in 100 g of GP (�2%).

Next, effect of GPEP on differentiation of murine 3T3-
F442A cells was determined following eight days incuba-
tion of cells with GPEP (GP 0–500 mg /mL) during differen-
tiation period. Figure 1(a) to (d) shows that GPEP induced a
concentration-dependent increased in number of lipid
droplets stained by Oil Red O in each cell and the total
amount of visible lipids.

These visual effects were confirmed by measuring the
amount of intracellular TAG accumulation using
AdipoRedTM (Figure 2(a)). GPEP dose-dependently
increased lipogenesis during differentiation of adipocytes
(P� 0.05). As expected, LY294002, a PI3K inhibitor,
decreased cellular TAG content and rescued the effect of
GPEP on intracellular TAG accumulation, significantly
(P� 0.01) (Figure 2(a)).

To clarify effect of GPEP on glucose uptake and correl-
ation between lipogenesis and glucose uptake, the amount
of glucose consumption by cells during differentiation was
measured. The difference of glucose concentration in media
between day 8 of differentiation and fresh media was mea-
sured via Stanbio Glucose LiquiColor kit� and used as

Table 1 Primer sequences (forward and reverse) and GenBank accession numbers used in the quantitative real-time polymerase

chain reaction (qRT-PCR)

Gene Accession # Primer sequence

Pparg NM_001127330.1 &

NM_011146.2

50-AGAGGGCCAAGGATTCATGACCAGG-30

50-TTCAGCTTGAGCTGCAGTTCCAGGG-30

LPL, LCP1 NM_008509.2 50-TCCCTTCACCCTGCCCGAGGT-30

50-CGATGACGAAGCTGGGGCTGCT-30

FAS, TNFR6 NM_007988.3 50-CCCAGGCCTTGCCGTGCAGT-30

50-GCTCAGGACTGCGTGGGGCT-30

AdipoQ, Ad,

adipo, Adiponectin

NM_009605.4 50-CGGCAGCACTGGCAAGTTCTACTGC-30

50-TTGTGGTCCCCATCCCCATACACCT-30

LEP, leptin NM_008493.3 50-TGGAGGTGAGCGGGATCAGGTTTTG-30

50-TGGCACGTGGGATCTTTCAGAAGCC-30

Insig1, Insig-1 NM_153526.5 50-GCACGAGCTATTCCGGAGAAGGGTTC-30

50-GGACCAACGACTGTGTCAGGAGGTCAG-30

GLUT4, Slc2a4 NM_009204.2 50-GAACCCCCTCGGCAGCGAGT-30

50-ATCCGGTCCCCCAGGACCTTGC-30

RPL22 NM_009079.3 50-GCGACTTTAACTGGGCTGCTGCT-30

50-GCCCACCACCCAGCCTCTCG-30

pparg: peroxisome proliferator-activated receptor gamma; LPL: lipoprotein lipase; LCP1: lymphocyte cytosolic protein 1; FAS: fatty acid

synthase; TNFR6: TNF receptor superfamily member 6, AdipoQ (Ad, adipo): adiponectin; LEP: leptin; Insig1(Insig-1): insulin-induced gene 1;

GLUT4: glucose transport protein 4; Slc2a4: solute carrier family 2 (facilitated glucose transporter) member 4; RPL22: ribosomal protein L22.
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Figure 1 Grape powder extracted polyphenols (GPEP)-induced differentiation

of 3T3-F442A preadipocytes. Oil Red O staining and photomicrography of

3T3-F442A adipocytes showing GPEP (GP 0–500 mg/mL) of medium increase the

amount of intracellular fat droplets in a dose-dependent manner. Pictures are

shown with two magnification power, (� 10 and � 40)
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glucose uptake. GPEP increased glucose uptake (Figure 2(b))
during differentiation of adipocytes, dose-dependently
(P� 0.05), and this uptake in glucose was positively corre-
lated with intracellular TAG content (r ¼ 0.826, n ¼24, P
¼0.001). About 86% of the variation in TAG accumulation
between adipocytes treated by GP 0–500 mg/mL can be
explained by the variation in glucose uptake (R2

¼ 0.856).
Overall, there was a strong positive correlation between the
amount of TAG accumulation and glucose uptake. In add-
ition, to see whether the inducing effect of GPEP on glucose
uptake could be mediated by PI3K signaling pathway,
we examined if LY294002 reversed the effect of GPEP on
glucose uptake. As shown in Figure 2(b), LY294002
(10 mmol/L) reversed the effect of GPEP on glucose
uptake significantly (P� 0.05), concomitant with its reversal
effect on lipogenesis.

There was no effect of cytotoxicity following eight days
incubation of 3T3-F442A cells with GPEP (GP 0–500 mg/
mL) when the total number of cells (Figure 3(a)) and the

% of dead cells were assessed with Trypan Blue staining
(Figure 3(b)).

Furthermore, to investigate if the effect of GPEP on glu-
cose uptake can be explained by the protein expression of
membrane-associated GLUT4, the amount of GLUT4 pro-
tein was measured in the membrane fraction of adipocytes.
GPEP induced (Figure 4(a)) the expression of GLUT4 pro-
tein. We also measured the protein expression of GLUT4 in
total protein extraction. GPEP increased the total protein
content of GLUT4 protein (Figure 4(b)). The protein expres-
sion of phosphorylated protein kinase B/Akt (p-PKB/Akt)
and p-AMPK was measured in non-membrane fraction of
3T3-F442A adipocytes. GPEP upregulated the protein
expression of p-PKB/Akt and p-AMPK (Figure 4(c)).

The effect of GPEP on the expression of PPARg and its
target genes, GLUT4, adiponectin, and lipoprotein lipase
(LPL), and the expression of fatty acid synthase (FAS),
leptin, and Insig-1 were detected in adipocytes following
eight days incubation with GPEP (GP 0–500 mg/mL).

Figure 3 The effect of grape powder extracted polyphenols (GPEP) on viability of 3T3-F442A adipocytes. The cells were incubated with GPEP (GP 0–500mg/mL) until

day 8 of differentiation. Total cell count (A) and the % of dead cells (B) were measured by Trypan Blue staining and hemocytometer

Figure 2 The effect of grape powder extracted polyphenols (GPEP) with and without LY294002, a phosphatidyl-inositol 3 kinase (PI3K) inhibitor, on intracellular

triglyceride accumulation (a) and glucose uptake (b) by 3T3-F442A preadipocytes. The cells were incubated with GPEP (GP 0–500mg/mL) in the presence or absence of

LY294002 (10mmol/L) until day 8 of differentiation (n¼8). Intracellular triglyceride amount was measured by AdipoRed assay. The difference of glucose concentration in

medium between day 8 and fresh medium was used for glucose uptake report (values are mean�SD; *P< 0.05; **P<0.01)
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The results from quantitative real-time polymerase chain
reaction (qRT-PCR) showed that mRNA expression of
PPARg, GLUT4, FAS, LPL, and adiponectin was upregu-
lated, while that of leptin, and Insig-1 was downregulated
(Figure 5(a) to (g)) significantly (P� 0.05).

Discussion

Previous studies have been shown that polyphenols
extracted from GP provided by CTGC attenuate inflamma-
tion in human macrophages and in human adipocytes
when exposed to macrophage-conditioned media.29

Quercetin and resveratrol, two main polyphenols in GP,
attenuate tumor necrosis factor-a-mediated inflammation
and insulin resistance in primary human adipocytes.34,35

Moreover, high fat-fed obese mice supplemented with GP
had better glucose tolerance and lower systemic inflamma-
tion.36 In this study, we investigated the effects of GPEP on
lipogenesis, glucose uptake, and underlying mechanism.

Our results show that GPEP induce the differentiation of
3T3-F442A adipocytes and intracellular TAG accumulation.
Consistent with the increased intracellular TAG accumula-
tion, the expression of FAS mRNA was significantly

upregulated. Concomitantly, GPEP increase glucose
uptake by 3T3-F442A cells dose-dependently. There was a
strong significant positive correlation between intracellular
TAG accumulation and glucose uptake, suggesting that
grape polyphenols may induce adipocyte differentiation
by increasing glucose uptake. Furthermore, GPEP increased
the expression of GLUT4 mRNA significantly. The expres-
sion of GLUT4 protein in both adipocyte membrane and
total fraction were also upregulated, indicating that both
translocation and synthesis of GLUT4 protein, the main
glucose transport protein in adipocytes which responds
to insulin,37 were increased by GPEP in 3T3-F442A
adipocytes.

The possibility of cytotoxicity was investigated by mea-
suring the total number of adipocytes and the percentage of
dead cells. There was no significant change in cell viability,
suggesting that these effects were independent of
cytotoxicity.

Activation of PPARg promotes terminal differentiation
of adipocytes through upregulation of adipogenic target
genes.38 Adipocyte differentiation is induced by increased
glucose uptake and expression of GLUT4, a PPARg regu-
lated gene.39 Our results show that GPEP unregulated the

Figure 4 The effect of grape powder extracted polyphenols (GPEP) on the expression of membrane GLUT4 (a), total GLUT4 (b), p-Akt and p-AMPK (c) proteins in

3T3-F442A adipocytes following eight days incubation with GPEP (GP 0–500 mg/L) (n¼ 4)

Torabi and DiMarco Grape powder extracted polyphenols induce adipocyte differentiation 1781
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



expression of PPARg and other PPARg-regulated adipo-
genic genes including LPL and adiponectin, a biomarker
for insulin sensitivity.40

There are several reports indicating a relation between
the activation of PPARg pathway and insulin sensitivity
that results in increased glucose uptake. Thiazolidodiones
exert their biological effects on insulin sensitivity through
binding to PPARg.41 Mutations in PPARg in both rodents
and humans are associated with insulin resistance.42–44 The
production of bioactive molecules, named adipokines,
derived from adipose tissue, is another potential mechan-
ism which explains the cross talk between the PPARg path-
way and insulin sensitivity. The plasma levels of
adiponectin, an adipokine selectively released by adipo-
cytes,45 are correlated with adipose tissue mass and insulin
sensitivity.46

Leptin and adiponectin are the most important hor-
mones produced by adipose tissue which have a significant
role in energy homeostasis. Leptin is a cytokine produced in
proportion to fat stores and acts on hypothalamic nuclei
to reduce food intake and promote energy expenditure in
rodents.47,48 Conversely, lack of leptin signaling because
of a mutation in leptin or leptin receptor gene results in
increased food intake with reduced energy expenditure in

rodents and humans in spite of obesity.47–49 In this study,
GPEP decreased the mRNA expression of leptin in 3T3-
F442A adipocytes, while upregulating the expression of
adipogenic genes. At this point, we do not have enough
evidence to explain this result.

Our observation that LY294002, an inhibitor of PI3K,
reversed the effect of GPEP on cellular lipid content and
glucose uptake supports the hypothesis that differentiation
of adipocytes is coordinated by PI3K signaling pathways
and that they are promoted by grape polyphenols.
Consistently, the protein level of p-PKB/AKT, the protein
phosphorylated and activated by PI3K, was upregulated by
GPEP in adipocytes. This evidence supports the hypothesis
that grape polyphenols activate insulin sensitivity and PI3K
signaling pathways in adipocytes. As a result, grape poly-
phenols may benefit individuals with insulin resistance.

We have also examined the effect of GPEP on mRNA
expression of insulin-induced gene 1 (Insig-1), an inhibitory
factor of lipogenesis during differentiation of adipocytes50

to support inducing effect of GPEP on insulin pathway.
Real-time-qPCR showed downregulation of Insig-1
expression in 3T3-F442A adipocytes treated by GPEP (GP
0–500mg/mL) for eight days during differentiation period.
SREBP1c presents as a membrane-bound precursor bound

Figure 5 The effect of grape powder extracted polyphenols (GPEP) on expression of adipogenic genes in 3T3-F442A adipocytes. Following eight days incubation

with GPEP (GP 0–500mg/mL), mRNA expression of PPARg (a), GLUT4 (b), FAS (c), Adiponectin (d), LPL (e), Insig-1 (f), and Leptin (g) in 3T3-F442A adipocytes were

quantified with qRT-PCR (n¼ 5; values are mean�SD; *P<0.05; **P<0.01)
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to SREBP-cleavage-activating protein (SCAP) and is teth-
ered in the endoplasmic reticulum (ER). SCAP is a regula-
tory protein required for the proteolytic cleavage of the
SREBP, which is located in the ER as an integral membrane
protein. Insig-1 binds SCAP in the ER and blocks proteolytic
processing required for SREBP activation. Upon its release
from the ER (stimulated by insulin), SCAP-SREBP1c moves
to the Golgi apparatus, where proteolytic cleavage frees its
basic helix-loop-helix component for translocation to the
nucleus. Because SCAP escorts SREBP from the ER to
Golgi for proteolytic processing into an active transcription
factor, the binding of SCAP by Insig-1 effectively prevents
SREBP activation and thus blocks its action on gene
transcription.51 Once in the nucleus, SREBP1c induces
transcription of genes encoding lipogenic enzymes16 and
adipocyte differentiation.52 In the Insig-1 – overexpressing
cells fatty acid binding protein (FABP or aP2), PPARg2,
carbohydrate response element binding protein
(ChREBP), and SREBP1c mRNA were significantly
decreased.50 Consistently, our results indicating the reverse
correlation between Insig-1 mRNA expression and that of
PPARg, GLUT4, LPL, FAS, and Adiponectin which are lipo-
genic genes during differentiation of adipocytes.

As a key physiological energy sensor, AMP-activated
protein kinase (AMPK) is a major regulator of cellular and
organismal energy homeostasis that coordinates multiple
metabolic pathways to balance energy supply and
demand and ultimately modulate cellular and organ
growth.53 AMPK is able to maintain cellular energy

homeostasis at a constant level. AMPK-dependent phos-
phorylation of ACC inhibits its enzyme activity to suppress
malonyl-CoA synthesis, thereby relieving inhibition of fatty
acid uptake into mitochondria and enhancing fatty acid
oxidation. Thus, AMPK allows cells to utilize an alternative
source of energy such as lipids when the cells do not have
access to carbohydrates, the preferred energy source. In
addition to this metabolic switch, AMPK stimulates gene
expression of GLUT4 as well as glucose uptake by inducing
GLUT4 translocation through inhibition of TBC1D1 and
AS160, two Rab-GTPase-activating protein (Rab-GAP) pro-
teins.54,55 AMPK phosphorylates and inhibits AS160, lead-
ing to Rab activation and increased PM localization of
GLUT4 and glucose uptake.55 AS160 is a Rab-GAP protein
which functions as a brake on translocation of GLUT4 to
PM by inactivating cognate Rab proteins.56–58 Insulin
causes phosphorylation of AS160 at the Akt phosphoryl-
ation sites and its dissociation from GLUT4 vesicles.58

Translocation of GLUT4 and glucose uptake are regulated
by both PI3K and AMPK.59–62Consistent with these infor-
mation, our results show that GPEP upregulated the protein
level of p-AMPK and p-PKB/AKT.

We, therefore, put forth a new model (Figure 6) and
hypothesize that grape polyphenols activate lipolysis path-
ways in adipocytes through upregulation of p-AMPK.
Therefore, it may prevent the progression of small differen-
tiated adipocytes to large hypertrophic and possibly dys-
functional adipocytes. Having more small functional
adipocytes as a result of inducing adipocyte differentiation

Large Adipocytes
(Dysfunctional)

Small Adipocytes
(Functional)

Preadipocytes

Adipocytes
Differentiation

Adipocytes
Hypertrophy

Lipogenesis

GPEP

P-AMPK

LipolysisLipogenesis

Glucose uptake

PI3K

GLUT4
translocation

P-PKB/AKT

PPARg

Figure 6 Hypothesized model showing the effect of GPEP on lipogenesis in adipocytes. GPEP induces differentiation of preadipocytes by activating both PPARg and PI3K

signaling pathways. Activation of PPARg induces both glucose uptake and lipogenesis. Activation of PI3K signaling pathway by GPEP results in phosphorylation and activation

of PKB/AKT protein that causes translocation of GLUT4 protein to plasma membrane. Then, GLUT4 facilitates glucose uptake in adipocytes. On the other hand, GPEP, by

activating AMPK through phosphorylation, may help prevent adipocyte hypertrophy. As the main energy sensor inside the cell, AMPK induces lipolysis, thereby, preventing

progression of small functional adipocytes to dysfunctional large adipocytes. Optimum health of adipocytes can be achieved by inducing adipocyte differentiation while

preventing adipocyte hypertrophy. Functional small adipocytes can maintain energy balance by fat turnover

AMPK: AMP-activated protein kinase; GPEP: grape powder extracted polyphenols; p-: phosphorylated; PI3K: phosphatidyl-inositol 3 kinase; PKB: protein kinase B;

PPARg: peroxisome proliferator-activated receptor g; PKB/Akt: protein kinase B/Akt.! based on cited references, hypothesized
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may maintain metabolic homeostasis and energy balance in
the whole system. By maintaining adipocytes in their opti-
mum functional state, grape polyphenols may help the
metabolic homeostasis in the body which is the result of
fat turnover in adipocytes. However, we need to determine
the activation of lipolytic pathways by grape polyphenols,
and because GP contains different polyphenols, future stu-
dies of individual polyphenols on adipocyte differentiation
and glucose uptake are also needed. Another point is that
regulation of lipogenesis in murine cell lines, such as 3T3-
F442A cells, used in the present study, may be different
from primary human adipocytes due to different genetic,
hormonal, and growth factors.63 Thereby, future studies on
human adipocytes are required to confirm these results.

In summary, we propose that grape and grape polyphe-
nols induce adipocyte differentiation by increasing glucose
uptake. The induced effect of GPEP on adipocyte differen-
tiation and glucose uptake is mediated via upregulation of
PI3K and PPARg signaling pathways, which are related to
increased synthesis and membrane translocation of GLUT4
protein. By upregulation of p-AMPK, GPEP may upregu-
late energy expenditure and lipolysis which prevents the
progression of adipocytes to hypertrophic insulin-resistant
adipocytes. GP may be beneficial in obesity-related insulin
resistance and diabetes.
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