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ABSTRACT: Grape products have been known to exert greater antioxidant and anti-obesity than anti-hyperglycemic ef-
fects in animals and humans. Omija is used as an ingredient in traditional medicine, and it is known to have an anti-hy-
perglycemic effect. We investigated whether the combined extracts of grape pomace and omija fruit (GE+OE) could re-
duce fat accumulation in adipose and hepatic tissues and provide beneficial effects against hyperglycemia and insulin re-
sistance in type 2 diabetic mice. C57BL/KsJ-db/db mice were fed either a normal control diet or GE+OE (0.5% grape pom-
ace extract and 0.05% omija fruit extract, w/w) for 7 weeks. GE+OE decreased plasma leptin and resistin levels while in-
creasing adiponectin levels and reducing the total white adipose tissue weight. Furthermore, GE+OE lowered plasma 
free fatty acid (FFA), triglyceride, and total-cholesterol levels as well as hepatic FFA and cholesterol levels. Hepatic fatty 
acid synthase and glucose 6-phosphate dehydrogenase activities were decreased in the GE+OE group, whereas hepatic 
-oxidation activity was increased. Furthermore, GE+OE supplementation not only reduced hyperglycemia and pancre-
atic -cell failure but also lowered blood glycosylated hemoglobin and plasma insulin levels. The homeostasis model as-
sessment of insulin resistance levels was also decreased and the decrease seems to be mediated by the lowered activities 
of hepatic glucose-6-phosphatase and phosphoenolpyruvate carboxykinases. The present data suggest that GE+OE may 
have the potential to reduce hyperglycemia, insulin resistance, and obesity in patients with type 2 diabetes.
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INTRODUCTION

Type 2 diabetes is a chronic metabolic disorder charac-
terized by insulin resistance in peripheral tissues and/or 
a relative deficiency in insulin secreting ability. Hyperin-
sulinemia is often seen in animals and humans with ear-
ly stage type 2 diabetes (1). Obesity is closely linked to 
hyperinsulinemia, and the adipose tissue is known to se-
crete various metabolites and adipocytokines that may 
play a role in hyperinsulinemia (2). For example, in-
crease in nonesterified fatty acid (NEFA) release from 
adipose tissue causes hyperinsulinemia and insulin re-
sistance by inhibiting glucose transport/phosphoryla-
tion and by reducing the rates of glucose oxidation and 
glycogen synthesis (3). Excessive fat accumulation also 
results in an increase or decrease in the secretion of adi-
pocytokines, which may play a major role in the patho-
genesis of insulin resistance (4). Along with adipose tis-

sue, the liver is a critical organ in metabolic regulation, 
and hepatic insulin signaling is important for the regu-
lation of glucose and lipid homeostasis (5). Hepatic glu-
cose production is elevated in the presence of hyper-
insulinemia and insulin resistance, and it is a cause of 
increased fasting blood glucose (6). Hepatic insulin re-
sistance is also strongly related to hepatic steatosis, and 
hepatic steatosis is present in animals with type 2 dia-
betes, such as C57BL/KsJ-db/db (db/db) mice (7).

Pérez-Jiménez and Saura-Calixto (8) reported that 
grape products (grapes, wine, grape skin, grape seed, 
grape pomace, and grape polyphenol extracts) exert hy-
polipidemic, anti-atherosclerotic, and antioxidant effects 
in animals and humans. The consumption of red wine 
by obese women was discussed with regard to the po-
tential beneficial effects on insulin sensitivity (9); how-
ever, Ceriello et al. (10) found that there was no change 
in plasma glucose levels despite a beneficial effect 
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Table 1. Composition of experimental diets  (unit: % of diet)

Ingredients CON GE+OE

Casein 20 20
D, L-Methionine 0.3 0.3
Sucrose 49.999 49.449
Cellulose 5 5
AIN-mineral 3.5 3.5
AIN-vitamin 1 1
Choline bitartrate 0.2 0.2
Corn Starch 15 15
Corn oil 5 5
tert-Butylhydroquinone 0.001 0.001
Grape pomace extract 0.5
Omija extract 0.05
Total 100 100

CON, normal diet control; GE+OE, CON plus grape pomace ex-
tract (0.5%, w/w) combined with omija fruit extract (0.05%, 
w/w).

against postprandial oxidative stress in type 2 diabetic 
patients after the consumption of a meal supplemented 
with grape products. Therefore, the hypoglycemic effects 
of grape products remain unclear. On the other hand, 
the omija (Schisandra chinensis) fruit has been used in tra-
ditional medicine for the treatment of cough, wheezing, 
dry mouth, hepatitis, and cardiovascular disease in East 
Asia. A recent study reported that it reduces post-
prandial hyperglycemia in in vitro and in vivo animal 
models by inhibiting the activities of intestinal -gluco-
sidase and pancreatic -amylase (11). In addition, omija 
supplementation lowered lipid and glucose accumu-
lation in the liver of normal diet- and hypercholesterol-
emic diet-fed mice (12). 

In our previous study, we demonstrated that, com-
pared to grape pomace ethanol extract (GE, 0.5%) alone, 
GE plus omija ethanol extract (GE+OE, GE+0.05% OE) 
ameliorated adiposity and hepatic steatosis in high-fat 
diet (HFD)-induced obese mice (13). In this study, we 
investigated whether GE+OE at the same dose as in our 
previous study (13) could reduce hyperglycemia and in-
sulin resistance as well as fat accumulation in adipose 
and hepatic tissues in type 2 diabetic db/db mice, which 
are an animal model for diabetes, obesity, diabetic dysli-
pidemia, and hyperleptinemia caused by homozygous 
genetic leptin receptor deficiency (14).

MATERIALS AND METHODS 

Preparation of extracts
In this study, grape pomace (skin and stem) and omija 
fruits (Fructus Schisandrae) were used. The grapes (Vitis 
vinifera, Muscat bailey A species) and omija (S. chinensis 
Baillon) were purchased from Gyeongsangbuk-do, 
Korea. Samples were prepared by adding 2 L of 80% and 
50% ethanol to 100 g of dried grape pomace and omija 
fruit, respectively; the extraction was performed at 80oC 
for 2 h after which the solution was cooled. It was then 
filtered (Whatman paper No. 2), concentrated using a 
rotary vacuum evaporator, and stored at −70oC. The fi-
nal weight of the grape pomace ethanol extract was 19.9 
g (recovery rate: 19.9%) and that of the omija fruit etha-
nol extract was 39.7 g (recovery rate: 39.7%). A 1 g sam-
ple of grape pomace ethanol extract contains 0.2 mg of 
resveratrol, 52 mg of total flavonoid, and 95 mg of total 
polyphenol. The same amount of omija fruit ethanol ex-
tract contains 8 mg of schizandrin, 7 mg of total fla-
vonoid, and 32 mg of total polyphenol. The grape po-
mace and omija fruit ethanol extracts were formally 
identified by CJ Food R&D center, CJ Cheiljedang Corp., 
Seoul, Korea.

Animals and diets
Male C57BL/KsJ-db/db mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME, USA) at 4 weeks 
of age. The animals were individually housed at a con-
stant temperature (24oC) and with a 12-h light/dark cy-
cle, and fed a pelletized commercial non-purified diet for 
1 week after arrival. The mice were then randomly div-
ided into 2 groups (n=10) and fed the respective ex-
perimental diets for 7 weeks: a normal control diet 
(CON) and the GE+OE diet (0.5% grape pomace ex-
tract and 0.05% omija fruit extract with CON diet, 
w/w). The dose of the GE+OE used in the present study 
is the same as that used in our previous study using a 
different animal model (13). The composition of each 
diet is presented in Table 1. The mice had ad libitum ac-
cess to food and distilled water during the experimental 
period. Their food intake and body weight were meas-
ured daily and weekly, respectively.

On the 7th week, mice were anaesthetized with dieth-
yl ether and sacrificed after 12 h of fasting. Blood was 
taken from the inferior vena cava and then centrifuged at 
1,000 g for 15 min at 4oC, and the plasma was separated 
to analyze plasma biomarkers. After blood collection, 
the liver and adipose tissues were promptly removed, 
rinsed, weighed, frozen in liquid nitrogen, and stored at 
−70oC. The pancreas was also removed, rinsed, and 
fixed in 1% hydrogen peroxide. This animal study proto-
col was approved by the Ethics Committee for Animal 
Studies at Kyungpook National University, Korea 
(approval No. KNU 2011-28).

Plasma and blood biomarkers
The levels of plasma insulin, leptin, resistin, and adipo-
nectin were determined using a multiplex detection kit 
from Bio-Rad (Hercules, CA, USA). All samples were as-
sayed in duplicate and analyzed with a Luminex 200 
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Labmap system (Luminex, Austin, TX, USA). Data anal-
yses were performed using the Bio-Plex Manager soft-
ware version 4.1.1 (Bio-Rad). The blood glucose concen-
tration was measured using a glucose analyzer, GlucDr 
supersensor (Allmedicus, Anyang, Korea), with whole 
blood obtained from the tail veins after withholding 
food for 12 h. The blood glycosylated hemoglobin 
(HbA1c) concentration was measured using an analyzer 
(MicromatTM I Hemoglobin A1c Test, Bio-Rad), and the 
plasma glucose level was analyzed using a commercially 
available kit (Asan Pharm. Co., Ltd., Seoul, Korea). The 
homeostasis model assessment of insulin resistance 
(HOMA-IR) was calculated as previously described: 
HOMA-IR=[fasting insulin concentration (mU/L)]× 
[fasting glucose concentration (mg/dL)×0.05551]/22.5.

Plasma and hepatic lipids
Plasma lipid concentrations were determined using com-
mercially available kits; total-cholesterol, triglyceride, 
and high-density lipoprotein (HDL)-cholesterol (Asan 
Pharm. Co., Ltd.), free fatty acids (FFA; Wako Chemi-
cals, Richmond, VA, USA), apolipoprotein (apo) A-I, 
and apoB (Eiken, Tokyo, Japan) levels were analyzed. 
The hepatic lipids were extracted using the method of 
Folch et al. (15), and hepatic lipid levels were analyzed 
using the same enzymatic kits used in the plasma 
analyses.

Hepatic enzyme activities
Enzyme sources were prepared according to the method 
developed by Hulcher and Oleson (16) with slight modi-
fications. The glucokinase (GK) activity was determined 
from liver samples homogenized in 9 volumes of a buffer 
containing 50 mmol/L Tris-HCl, pH 7.4, 100 mmol/L 
KCl, 10 mmol/L mercaptoethanol, and 1 mmol/L ethyl-
enediaminetetraacetic acid (EDTA). Homogenates were 
centrifuged at 100,000 g for 1 h; the cytosol was used for 
the spectrophotometric assay as described by Davidson 
and Arion (17), in which the formation of glucose-6- 
phosphate from glucose at 37oC was coupled to its oxida-
tion by glucose-6-phosphate dehydrogenase (G6PD) and 
nicotinamide adenine dinucleotide (NAD). The glu-
cose-6-phosphatase (G6Pase) activity in the microsome 
was determined using a spectrophotometric assay ac-
cording to the method by Alegre et al. (18). The reaction 
mixture contained the following: 100 mmol/L sodium 
Hepes (pH 6.5), 26.5 mmol/L glucose-6-phosphatase 
and 1.8 mmol/L EDTA, both previously adjusted to pH 
6.5, 2 mmol/L NADP+, 0.6 IU/L mutarotase, and 6 IU/L 
glucose dehydrogenase. The phosphoenolpyruvate car-
boxykinase (PEPCK) activity was determined according 
to the method described by Bentle and Lardy (19). The 
reaction mixture contained the following in a 1 mL final 
volume: 77 mmol/L sodium Hepes, 1 mmol/L inosine 

5′- diphosphate (IDP), 1 mmol/L MnCl2, 1 mmol/L di-
thiothreitol, 0.25 mmol/L NADH, 2 mmol/L phospho-
enolpyruvate, 50 mmol/L NaHCO3, and 7.2 U of malic 
dehydrogenase. The amount of protein in the enzyme 
sources was determined using the Bradford (20) method 
with bovine serum albumin as the standard. Fatty acid 
-oxidation activity was measured spectrophotometri-
cally by monitoring the reduction of NAD to NADH in 
the presence of palmitoyl-CoA, as described by Lazarow 
(21). The results were expressed as nmol/min per mg of 
protein. Fatty acid synthase (FAS) activity was deter-
mined according to the method described by Nepokroeff 
et al. (22) through monitoring the malonyl-CoA-depend-
ent oxidation of NADPH at 340 nm, in which the activity 
represents the oxidized NADPH nmol/min per mg of 
protein. The G6PD activity was assayed using spec-
trophotometric methods according to the procedures de-
scribed by Pitkänen et al. (23), in which the activity was 
expressed as the reduced NADPH nmol/min per mg of 
protein. The malic enzyme (ME) activity was determined 
as previously described by Ochoa (24). The cytosolic en-
zyme was mixed with 0.2 mM triethanolamine buffer 
(pH 7.4), 1.5 mM L-malate, 12 mM MnCl2, and 680 M 
NADP+, and the solution was then measured for 1 min 
at 340 nm (26oC) using a spectrophotometer. The phos-
phatidate phosphohydrolase (PAP) activity was de-
termined using the method of Walton and Possmayer 
(25).

Histopathological analysis
Liver and epididymal fat were removed and fixed in a 
buffer solution of 10% formalin. Fixed tissues were 
processed routinely for paraffin embedding, and 4-m 
sections were prepared and dyed with hematoxylin- 
eosin. Stained areas were viewed using an optical micro-
scope with a magnifying power of ×200. For the im-
munohistochemical analysis of pancreatic -cells, the is-
let was sectioned, fixed in 1% hydrogen peroxide, and 
washed in 0.01 M citrate buffer (pH 6.0). These sections 
were treated with blocking reagent [Ultra Tech horse-
radish peroxidase (HRP)] to prevent nonspecific binding 
and incubated with monoclonal antibodies against in-
sulin (Santa Cruz Biotech, Inc., Santa Cruz, CA, USA). 
Antibody reactivity was detected using HRP-conjugated 
biotin-streptavidin complexes and developed with dia-
minobenzidine tetrahydrochloride as the substrate. 
Stained areas were viewed using an optical microscope 
with a magnifying power of ×200.

Statistical analysis
The statistical analyses were performed with the stat-
istical package for social science software program (SPSS, 
Inc., Chicago, IL, USA). Significant differences between 
the means were determined using the Student’s t-test. 
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Fig. 1. Effects of the GE+OE extract on adipose tissue and plasma adipokines levels. (A) white adipose tissue (WAT) weight, (B) 
total WAT weight, (C) brown adipose tissue (BAT) weight, (D) epididymal WAT morphology, and (E) plasma adipokine levels. A∼C 
and E: Data are the means±standard errors (n=10). *P＜0.05, **P＜0.01, ***P＜0.001 vs. the normal control diet (CON). D: A repre-
sentative photomicrograph of the epididymal WAT is shown at 200× magnification (n=10). Arrow, adipocytes; GE+OE, CON plus 
grape pomace extract (0.5%, w/w) combined with omija fruit extract (0.05%, w/w).

Table 2. Effects of the GE+OE extract on body weight and plas-
ma lipids levels

CON GE+OE

Initial body weight (g) 31.65±0.52 31.63±0.60
Final body weight (g) 46.32±1.01 45.72±0.61
Free fatty acid (mmol/L) 1.32±0.06 1.19±0.04*
Triglyceride (mmol/L) 3.09±0.18 2.67±0.12*
Total cholesterol (mmol/L) 6.11±0.19 5.02±0.21*
HDL-cholesterol (mmol/L) 1.08±0.04 1.08±0.03
ApoB (mg/dL) 7.24±1.00 3.51±0.44**
ApoA-I (mg/dL) 49.22±0.62 47.44±1.14

Data are the means±standard errors (n=10). *P＜0.05, 
**P＜0.01 vs. CON.
Apo, apolipoprotein; CON, normal diet control; GE+OE, CON plus 
grape pomace extract (0.5%, w/w) combined with omija fruit 
extract (0.05%, w/w); HDL, high-density lipoprotein.

Differences were considered to be statistically significant 
when P＜0.05. All data are expressed as the mean and 
standard error of the mean.

RESULTS 

Body weight and plasma lipids levels
There was no significant difference in food intake be-
tween the CON and GE+OE groups (data not shown). 
The initial and final body weights also did not sig-
nificantly differ between the groups (Table 2). However, 
GE+OE resulted in significantly lower plasma FFA, tri-
glyceride, and total-cholesterol levels compared to that 
in the mice in the CON group (Table 2). The plasma 
apoB level was also decreased to a greater extent in the 
GE+OE group than in the CON group; however, there 
were no significant differences in plasma HDL-cholester-
ol and apoA-I levels between the groups (Table 2).

Fat weight, adipocyte size, and plasma adipokines levels
Compared to the CON group, supplementation with 
GE+OE resulted in significantly lower interscapular, 

mesentery, and total white adipose tissue (WAT) 
weights, while the brown adipose tissue weight was sig-
nificantly higher (Fig. 1A-C). Furthermore, the GE+OE- 
supplemented db/db mice showed a smaller size of epi-
didymal adipocytes than the mice in the CON group 
(Fig. 1D). Consistent with the WAT weight, the plasma 
leptin and resistin levels were significantly lower in the 
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Table 3. Effects of the GE+OE extract on blood markers of glycemia

CON GE+OE

Initial blood glucose (mg/dL) 130.54±15.11 130.11±11.09
Final blood glucose (mg/dL) 515.50±29.31 389.84±2.63*
Plasma glucose (mg/dL) 750.92±6.77 688.24±22.79*
HbA1c (%) 12.55±0.26 10.53±0.38***
Insulin (ng/mL) 6.56±0.82 3.94±0.58*
HOMA-IR 214.04±12.05 123.92±12.03**

Data are the means±standard errors (n=10). *P＜0.05, **P＜0.01, ***P＜0.001 vs. CON.
CON, normal diet control; GE+OE, CON plus grape pomace extract (0.5%, w/w) combined with omija fruit extract (0.05%, w/w); 
HbA1c, blood glycosylated hemoglobin; HOMA-IR, homeostasis model assessment of insulin resistance.

Fig. 2. Effects of the GE+OE extract on hepatic lipids and hepatic lipid-regulating enzymes. (A) liver weight, (B) hepatic lipid levels,
(C) liver morphology, and (D) hepatic lipid-regulating enzyme activities. A, B, and D: Data are the means±standard errors (n=10). 
*P＜0.05, **P＜0.01, ***P＜0.001 vs. the normal control diet (CON). C: A representative photomicrograph of the liver is shown 
at 200× magnification (n=10). Arrow, lipid droplets; GE+OE, CON plus grape pomace extract (0.5%, w/w) combined with omija fruit 
extract (0.05%, w/w); FAS, fatty acid synthase; G6PD, glucose-6-phosphate dehydrogenase; ME, malic enzyme; PAP, phosphatidate
phosphohydrolase.

GE+OE group than in the CON group (Fig. 1E). On the 
other hand, the GE+OE group showed significantly 
higher levels of plasma adiponectin than the CON group 
(Fig. 1E).

Liver weight, hepatic lipids levels, hepatic morphology, 
and lipid-regulating enzymes activities
Compared to the CON group, GE+OE supplementation 
resulted in significantly lower liver weight (Fig. 2A). 
Hepatic FFA and cholesterol levels were also sig-

nificantly lower in the GE+OE group than in the CON 
group (Fig. 2B). Moreover, GE+OE markedly decreased 
the number and size of liver fat droplets, although hep-
atic triglyceride levels were not significantly altered by 
supplementation with GE+OE (Fig. 2B, 2C). GE+OE 
supplementation not only decreased the activities of 
hepatic FAS and G6PD, the enzymes for de novo fatty 
acid synthesis, but also increased hepatic -oxidation ac-
tivity (Fig. 2D). Compared to the CON group, mice in 
the GE+OE group showed lower hepatic ME and PAP 
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Fig. 3. Effects of the GE+OE extract on hepatic glucose-regulating enzymes and staining for pancreatic insulin. (A) hepatic glu-
cose-6-phosphatase (G6Pase), (B) phosphoenolpyruvate carboxykinase (PEPCK), and (C) glucokinase (GK) activities, and (D) im-
munohistochemical staining for pancreatic insulin. A∼C: Data are the means±standard errors (n=10). **P＜0.01 vs. the normal 
control diet (CON). D: Representative photomicrographs of the pancreas are shown at 200× magnification (n=10). Arrow, -cell; 
GE+OE, CON plus grape pomace extract (0.5%, w/w) combined with omija fruit extract (0.05%, w/w).

activities; the activities were decreased by 37% and 20%, 
respectively, in the GE+OE group, although the differ-
ences were not statistically significant (Fig. 2D).

Blood markers of glycemia and insulin resistance, hepatic 
glucose-regulating enzymes activities, and pancreatic in-
sulin expression
The initial fasting blood glucose level did not differ be-
tween the CON and GE+OE groups (Table 3). However, 
the final fasting blood glucose level was significantly 
lower in the GE+OE group than in the CON group 
(Table 3). GE+OE supplementation also significantly 
lowered plasma glucose and blood HbA1c levels in db/db 
mice (Table 3). Levels of plasma insulin as well as the 
HOMA-IR, a surrogate marker for insulin resistance, 
were significantly lowered in GE+OE group (Table 3). 
The beneficial effects of GE+OE on hyperglycemia and 
insulin resistance were supported by decreased hepatic 
gluconeogenic G6Pase and PEPCK activities (Fig. 3A, 
3B). There was no significant difference in hepatic GK 
activity between the groups (Fig. 3C). Immunohisto-
chemical staining of the pancreatic tissues showed more 
insulin-stained islets in GE+OE-supplemented mice 
than in those from the CON group (Fig. 3D).

DISCUSSION

The db/db mouse, a good animal model for type 2 dia-
betes, exhibits a severe obesity phenotype due to its in-

ability to produce the leptin receptor long form (26). 
The db/db mouse also displays diabetic dyslipidemias, 
such as hypertriglyceridemia and hypercholesterolemia 
as well as hepatic steatosis (27,28). In this study, 
GE+OE supplementation reduced adiposity, and plasma 
and hepatic lipids levels in type 2 diabetic db/db mice. 
These findings are in accordance with our previous 
study, where GE+OE significantly decreased total WAT 
weight and plasma FFA levels and ameliorated hepatic 
steatosis in HFD-induced obese mice (13). 

Hyperlipidemia in db/db mice contributes to accel-
erated hepatic lipid accumulation, and increased hepatic 
lipogenesis is associated with fat accumulation in the 
adipose tissue of subjects with obesity (29,30). Kelley et 
al. (31) also observed that hepatic steatosis in type 2 
diabetes was related to dyslipidemia and greater 
amounts of visceral adipose tissue. Meanwhile, it was 
shown that hepatic lipid-regulating enzyme activities 
could be changed by diet (32). GE+OE supplementation 
lowered the activity of hepatic FAS, which is a key lipo-
genic enzyme catalyzing the terminal steps in the de novo 
biogenesis of fatty acids, and G6PD, which provides re-
ductive potential in the form of NADPH for fatty acids 
biogenesis. In addition, GE+OE increased hepatic -oxi-
dation, which may contribute to lower plasma and hep-
atic lipids levels, and suppress adiposity. 

In the present study, we observed hypoglycemic effects 
as well as anti-obesity effects from GE+OE supple-
mentation in type 2 diabetic db/db mice. GE+OE feeding 
to db/db mice for 7 weeks decreased fasting blood glu-



100  Cho et al.

cose levels and those of HbA1c, which reflects the mean 
glucose concentration over the previous two to three 
months and is a risk parameter for monitoring the po-
tential development of late diabetic complications (33). 
Moreover, mice supplemented with GE+OE had de-
creased plasma glucose and insulin levels, and a de-
creased HOMA-IR, which assesses insulin resistance, 
with recovering pancreatic -cell mass and failure. The 
db/db mice initially show increased insulin secretion 
from the pancreatic -cell to compensate for the insulin 
resistance associated with obesity (34). Subsequently, 
these mice exhibit -cell failure as a result of either in-
adequate compensatory increase in -cell mass or the 
loss of the ability of the existing -cell mass to respond 
to glucose, leading to insufficient insulin release by the 
pancreatic -cells (35). Diabetes is aggravated by altered 
glucose metabolism activity of the hepatic enzymes in 
type 2 diabetic db/db mice (36). Increased activities of 
G6Pase and PEPCK contribute to an increase in hepatic 
glucose production and fasting hyperglycemia (37). 
Among the many genes involved in glucose homeostasis, 
PEPCK gene expression is up-regulated in most forms of 
diabetes and contributes to an increased hepatic glucose 
output (38). The present study demonstrated that 
GE+OE supplementation reduced hyperglycemia by in-
hibiting G6Pase and PEPCK activities in the livers of 
db/db mice.

Obesity may be an inflammatory condition increasing 
the production of proinflammatory adipokines and lead-
ing to chronic activation of the innate immune system, 
which ultimately causes impairment in glucose tolerance 
and type 2 diabetes (39). Many adipokines are involved 
in the pathogenesis of the chronic inflammation and in-
sulin resistance associated with obesity and type 2 dia-
betes (40). Leptin is one of the adipokines abundantly 
released by the adipose tissue, and its circulating level 
predicts increased visceral adiposity (41). Most obese 
mouse models, such as db/db mice, show high levels of 
circulating leptin, and hyperleptinemia is associated with 
obesity-associated insulin resistance (42). Obese mice 
are resistant to the effects of leptin administration, and 
leptin resistance can develop in the face of a high circu-
lating level of leptin (4). Leptin is also reported to play 
important roles in a complex metabolic response to glu-
cose as well as in lipid metabolism (43). Resistin is an-
other adipose tissue-specific hormone whose levels are 
increased during adipogenesis (44). Plasma resistin lev-
els are also elevated in animal models of insulin resist-
ance, such as ob/ob mice and db/db mice (44). On the 
other hand, low plasma adiponectin levels are associated 
with obesity and type 2 diabetes (45). We observed that 
GE+OE supplementation significantly lowered plasma 
leptin and resistin levels and significantly increased plas-
ma adiponectin levels in type 2 diabetic mice.

The present data suggest that GE+OE not only im-
proves hyperglycemia and insulin resistance but also re-
duces adiposity and lipid accumulation in the plasma 
and liver, which seems to be mediated through the regu-
lation of hepatic enzymes involved in glucose and lipid 
metabolism, and to be related to the levels of plasma 
adipokines and protection of the pancreas. GE+OE may 
have potential to improve hyperglycemia, insulin resist-
ance, dyslipidemia, hepatic steatosis, and obesity in pa-
tients with type 2 diabetes.
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