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functions, but comparative study of them on energy metabolism

in different tissues are not well studied. In this study, we investi�

gated AMP�activated protein kinase regulated glucose metabo�

lism in the skeletal muscle and lipid metabolism in the white

adipose tissue and liver to compare the effectiveness of quercetin

and its glycosides, namely isoquercitrin, rutin, and enzymatically

modified isoquercitrin, in male ICR mice. The mice were fed a

standard or high�fat diet supplemented with 0.1% quercetin and its

glycosides for 13 weeks. Quercetin glycosides, but not quercetin,

decreased body weight gain and fat accumulation in the mesenteric

adipose tissue in high�fat groups. All compounds decreased high�

fat diet�increased plasma glucose and insulin levels. Moreover, all

compounds significantly increased AMP�activated protein kinase

phosphorylation in either standard or high�fat diet�fed mice in all

tissues tested. As its downstream events, all compounds induced

glucose transporter 4 translocation in the muscle. In the white

adipose tissue and liver, all compounds increased lipogenesis while

decreased lipolysis. Moreover, all compounds increased browning

markers and decreased differentiation markers in adipose tissue.

Therefore, quercetin and its glycosides are promising food com�

ponents for prevention of adiposity and hyperglycemia through

modulating AMP�activated protein kinase�driven pathways.
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IntroductionThe prevalence of obesity is increasing alarmingly over the
past 25 years, which is closely related to the genetics and

unhealthy lifestyles, such as low physical activity and excess
consumption of lipids.(1) Obesity is a heterogeneous disorder
with a spectrum of traits and central to metabolic syndrome. The
clinical manifestation of obesity is usually associated with insulin
resistance accopanied by hyperglycemia, dyslipidemia including
hypertriglyceridaemia, and subclinical inflammation in human.(2–4)

AMP-activated protein kinase (AMPK) modulates lipid accumu-
lation and gene transcription, as well as the regulation of glucose
metabolism to maintain the metabolic energy balance of the whole
body.(5) AMPK is ubiquitously expressed in various tissues and
regulates various functions under the different conditions.(6)

AMPK not only regulates glucose metabolism and insulin
sensitivity to maintain the glucose homeostasis in the muscle, but
also regulates lipid metabolism including lipolysis, lipogenesis,
fatty acid oxidation, and adipogenesis in the white adipose tissue
(WAT) and liver.(7) In skeletal muscles, AMPK facilitates glucose
uptake through induces glucose transporter 4 (GLUT4) trans-
location by promoting phosphorylation of Rab-GTPase-activating
protein TBC1D1, independent of the insulin-pathway.(8) In WAT,
AMPK regulates the expression level of carnitine palmitoyl-

transferase 1 (CPT1), acetyl-CoA carboxylase (ACC), sterol
regulatory element binding protein 1 (SREBP1), peroxisome
proliferator activated receptor (PPAR) g, and CCAAT/enhancer
binding proteins (C/EBPs).(7) Uncoupling protein (UCP) 2 and
CPT1, downstream factors of AMPK, are reported to be the
regulators of mitochondrial fatty acid oxidation.(7) SREBP1,
PPARg, and C/EBPs are associated with lipogenesis and adipocyte
differentiation.(7,9) UCP1,(10) PPARg coactivator-1a (PGC-1a),(11)

and PR-domain containing protein 16 (PRDM16),(12) are involved
in the regulation of mitochondrial biogenesis, thermogenesis and
browning of WAT. In the liver, AMPK inhibits fatty acid
synthesis, enhances fatty acid oxidation and improves lipid
homeostasis through inhibition of ACC and activation of CPT1
and PPARa.(13) In addition, hepatic glucose metabolism is also
regulated by AMPK phosphorylation.(14) Hence, the activation of
AMPK would be an expectable event for reducing the risk of
obesity and diabetes.

Quercetin, the most common polyphenol in edible plants, is
presents as the various glycoside forms in natural food, such as
quercetin-3-O-b-glucoside (isoquercitrin) and quercetin-3-O-b-
rutinoside (rutin). Enzymatically modified isoquercitrin (EMIQ),
derives from rutin via enzymatic hydrolysis, is a glycoside form
of quercetin and has been recognized to be a safe food additive
with high bioavailability.(15) EMIQ is absorbed into the body
similar to quercetin glycosides from natural sources.(15) These
quercetin glycosides possess various favorable effects against
hyperglycemia, obesity and cancers.(16–18) In recent years, epidemio-
logical evidences and several clinical studies have demonstrated
that quercetin shows the protective effect on DNA damage in
alloxan induced type 2 diabetic mice;(16) isoquercitrin inhibits
adipocyte differentiation in 3T3-L1 cells;(17) rutin inhibits prolifer-
ation and decreases migration of human cancerous cells:(18) and
EMIQ reveals anti-allergic effects in mice.(19) Furthermore, it has
been reported that quercetin glycosides received metabolic
conversion to the glucuronide- and sulfate-conjugation forms, and
only the slight amounts of quercetin aglycone exists in the body
after long-term supplementation with quercetin glycosides.(20)

However, the underlying mechanisms of quercetin and its glyco-
sides suppress hyperglycemia and obesity induced by high-fat
(HF)-diet are not fully understood yet. In the present study, the
effects of quercetin and its glycosides (isoquercitrin, rutin and
EMIQ) on anti-hyperglycemia and anti-obesity in mice were
compared and elucidated AMPK-driven mechanisms.

T



 J. Clin. Biochem. Nutr. | July 2020 | vol. 67 | no. 1 | 75

©2020 JCBN
H. Jiang et al.

Materials and Methods

Materials. Quercetin, rutin, and commercial assay kits
(Cholesterol-E test, Triglyceride-E test, NEFA-C test and Lab
assayTM Glucose Wako Kit) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). EMIQ and isoquercitrin were
products of San-Ei Gen F. F. I. Co., Ltd. (Osaka, Japan). Protease
and phosphatase inhibitor cocktails were produced by Roche
Diagnostics (Tokyo, Japan). For Western blotting analysis, anti-
ACC rabbit IgG, anti-phospho-ACC rabbit IgG, anti-AMPKa
rabbit IgG, anti-phospho-AMPKa (Thr 172) rabbit IgG, anti-fatty
acid synthase (FAS) rabbit IgG, anti-GLUT4 mouse IgG, anti-
mouse IgG, and anti-rabbit IgG antibodies were obtained from
Cell Signaling Technology (Denver, MA). Anti-b-actin rabbit IgG
antibody was from Sigma Chemical (St. Louis, MO). Purified
anti-UCP2 rabbit IgG was from BioLegend (San Diego, CA).
Anti-PGC-1a mouse mAb, and anti-PRDM16 rabbit IgG, anti-
bodies were from Millipore (Tokyo, Japan). Anti-C/EBPa
(14AA) rabbit IgG, anti-C/EBPb (C-19) rabbit IgG, anti-PPARa
(H-98) rabbit IgG, anti-PPARg (H-100) rabbit IgG, and anti-UCP1
(M-17) goat IgG antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-CPT1 mouse mAb and anti-SREBP1
rabbit IgG antibodies were from Abcam (Cambridge, MA). All
other reagents used were of the highest grade available from
commercial sources.

Animal treatment. All animal experiments were approved
by the Kobe University Institutional Animal Care and Use
Committee (Permission #1-27-05-09) and carried out according to
the guidelines for animal experiments at Kobe University Animal
Experimentation Regulation. Male ICR mice (4 weeks old) were
obtained from Japan SLC, Inc. (Shizuoka, Japan) and maintained
in an air-conditioned room (23 ± 2°C) under a 12 h light-dark
cycle with free access to water and commercial chow (Research
Diets, Tokyo, Japan) for 7 days. Mice were randomly divided into
ten groups and fed a standard or HF diet containing 30% (w/w)
lard with quercetin, isoquercitrin, rutin, and EMIQ at 0 or 0.1%
(w/w) for 13 weeks. The standard and HF diet fed groups were
refed as C-0 and HF-0, respectively. Body weight was monitored
every week. At the end of the experiment, mice were sacrificed
and plasma, liver, skeletal muscle (soleus and gastrocnemius),
white adipose tissue (WAT) and brown adipose tissue (BAT) were
collected. The tissues and plasma were frozen in liquid N2 and
stored at -80°C until analyzed.

Measurement of plasma parameters. Plasma triacyl-
glycerol, total cholesterol, non-esterified fatty acid (NEFA) and
glucose levels were measured using the corresponding commercial
kit. Plasma insulin was also measured using the commercial

ELISA kit (Mouse Insulin ELISA Kit, Shibayagi, Gunma, Japan).
Insulin resistance index (HOMA-IR) was calculated using the
following formula: HOMA-IR = fasting plasma glucose (mg/dl) ´
fasting plasma insulin (ng/ml)/405.(21)

Preparation of the plasma membrane fraction and tissue
lysate. For Western blotting, the plasma membrane fraction
and tissue lysate from WAT, liver, and muscle were prepared for
the measurement of related signal pathways as described in the
previous study.(22)

Western blotting. Equal amounts of proteins in tissue lysate
and plasma membrane fraction were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis as described pre-
viously.(23) ImmunoStar LD Chemiluminescence Detection kit
and Light-Capture II (ATTO Corp, Tokyo, Japan) were used to
visualize the protein bands. Then, ImageJ software (NIH, Bethesda,
MD) was used to determine the density of specific protein band.

Statistical analysis. Data are represented as the means and
SE. The statistical analysis was performed using Tukey-Kramer
multiple comparison test using JMP 11.2.0 (SAS, Cary, NC).
P<0.05 was considered statistically significant.

Results

Effects of quercetin and its glycosides on body and tissue
weight of mice. The preventive effects of quercetin, and its
glycosides (isoquercitrin, rutin, and EMIQ) on hyperglycemia and
obesity were investigated after 13 weeks feeding. As shown in
Table 1, body weight of the mice significantly increased in the
HF-0 group as expected. This body weight gain was suppressed by
supplementation with quercetin glycosides but not with quercetin.
Supplementation with isoquercitrin was the most effective on the
decrease of body weight in HF-diet fed group. An intake of
HF-diet significantly increased in the weight of all WATs
(epididymal, mesenteric, retroperitoneal, subcutaneous adipose
tissue) compared with the intake of standard diet. Quercetin glyco-
sides significantly decreased the weight of mesenteric WAT.
Quercetin and its glycosides tended to decrease the weight of the
other WATs. These results indicated that long-term feeding of
quercetin glycosides have the potential to reduce HF diet-induced
body weight and fat accumulation in WATs.

The effects of quercetin and its glycosides on the plasma
glucose and lipid levels. After 13 weeks feeding, the plasma
glucose and insulin levels in the HF-0 group were significantly
higher than those in the C-0 group, indicating that hyperglycemia
and hyperinsulinemia were induced by HF diet as expected
(Fig. 1A). Supplementation with quercetin and its glycosides
drastically reduced HF diet-induced hyperglycemia and hyper-

Table 1. Effect of quercetin, isoquercitrin, rutin and EMIQ on the body and tissue weight

Mice were fed a standard or high�fat diet containing 0.1% quercetin and its glycosides for 13 weeks. At the end of the experiment, body, adipose
tissue and liver weights were measured after an 18 h fasting. Values are the mean ± SE (n = 5). Values without a common letter in each row differ
significantly among the groups (p<0.05) by Tukey�Kramer multiple comparison test.

Standard diet High�fat diet

Control Quercetin Isoquercitrin Rutin EMIQ Control Quercetin Isoquercitrin Rutin EMIQ

Final body weight (g) 32.3 ± 1.4b,c 32.2 ± 0.4b,c 31.6 ± 0.8c 33.2 ± 1.6b,c 31 ± 0.6c 41 ± 2.3a 36.9 ± 0.8a,b 32.1 ± 1.3b,c 32.8 ± 2.6b,c 35.6 ± 2.6b,c

Lean weight (g) 19.8 ± 1.5a 19.1 ± 1.0a 19.4 ± 0.7a 20.2 ± 1.1a 18.9 ± 1.1a 19.3 ± 1.8a 17 ± 1.0a 15.3 ± 0.3a 16.7 ± 1.7a 16.2 ± 0.7a

Tissue weight (% of body weight)

Liver 4.7 ± 0.3a 4.2 ± 0.7a 4.4 ± 0.3a 4.7 ± 0.3a 4.6 ± 0.3a 4.6 ± 0.5a 3.9 ± 0.2a 4.1 ± 0.3a 4.1 ± 0.2a 4 ± 0.5a

Adipose tissue weight

Mesenteric 1.63 ± 0.25b 1.67 ± 0.07b 1.74 ± 0.08b 1.57 ± 0.16b 1.57 ± 0.09b 2.59 ± 0.36a 1.92 ± 0.07a,b 1.49 ± 0.08b 1.37 ± 0.14b 1.77 ± 0.12b

Retroperitoneal 1.53 ± 0.21c 1.7 ± 0.13b,c 1.71c
± 0.11b 1.55 ± 0.14b,c 1.56 ± 0.17b,c 2.71 ± 0.17a 2.68 ± 0.15a 2.6 ± 0.16a 2.29 ± 0.11a,b 2.66 ± 0.13a

Epididymal 3.71 ± 0.55c 4.01 ± 0.39b,c 4 ± 0.18b,c 3.53 ± 0.20c 3.51 ± 0.42c 6.67 ± 0.23a 6.53 ± 0.43a 5.69 ± 0.47a,b 5.54 ± 0.29a,b 5.77 ± 0.27a,b

Subcutaneous 5.42 ± 0.71c 6.33 ± 0.44b,c 5.66 ± 0.41c 7.2 ± 0.49a,b,c 5.66 ± 0.61c 8.81 ± 0.53a,b 9.19 ± 0.69a 8.63 ± 0.62a,b 8.61 ± 0.84a,b 8.48 ± 0.64a,b,c

Brown 0.45 ± 0.07a 0.83 ± 0.12a 0.82 ± 0.10a 0.71 ± 0.09a 0.87 ± 0.14a 0.67 ± 0.11a 0.51 ± 0.08a 0.48 ± 0.03a 0.63 ± 0.11a 0.72 ± 0.06a
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insulinemia to the level of C-0 group (Fig. 1A and B). The
HOMA-IR index in the HF-0 group was significantly higher than
that in the C-0 group. Quercetin and its glycosides significantly
decreased HOMA-IR index in the HF diet-fed groups (Fig. 1C).
The total plasma cholesterol level was also significantly higher in
the HF-0 group than in the C-0 group (Table 2). Supplementation
with isoquercitrin, rutin and EMIQ significantly reduced HF
diet-increased plasma cholesterol level, although quercetin did
not show a significant change. These results indicated that not
only quercetin glycosides, but also quercetin have the potential to
prevent insulin resistance and quercetin glycosides also have the
potential to improve hypercholesterolemia.

Quercetin and its glycosides promote AMPK phosphory�
lation in the skeletal muscle, adipose tissue, and liver.
AMPK plays a pivotal role in regulating energy metabolism
including glucose metabolism.(5,24) Furthermore, it is reported that
the intake of HF diet suppressed the AMPK activation in WAT.(25)

Therefore, we investigated whether the supplementation with
quercetin and its glycosides affected AMPK phosphorylation to
maintain glucose and lipid homeostasis. Supplementation with

quercetin and its glycosides increased phosphorylation of AMPK
without affecting its expression level in the skeletal muscle, WAT,
and liver (Fig. 2). From this result, it is suggested that quercetin
and its glycosides improved HF diet-caused hyperglycemia and
fat accumulation through promoting phosphorylation of AMPK
in these tissues.

Quercetin and its glycosides induced GLUT4 translocation
in skeletal muscle. As a downstream event of AMPK phos-
phorylation, GLUT4 translocation in the plasma membrane was
investigated in skeletal muscle to understand the prevention
mechanism of quercetin and its glycosides against insulin resis-
tance and hyperglycemia. As shown in Fig. 3, quercetin and its
glycosides significantly increased GLUT4 translocation to the
plasma membrane of skeletal muscle in both standard and HF diet
groups (Fig. 3). It was observed that all compounds also promoted
phosphorylation of ACC as another downstream factor of AMPK
phosphorylation. In addition to AMPK-dependent pathway,
insulin- and JAK/STAT-pathways are involved in GLUT4 trans-
location.(26,27) However, all compounds did not affect these
pathways (Data not shown). These results indicated that quercetin

Fig. 1. The effects of quercetin (Q), isoquercitrin (IQ), rutin (R), and EMIQ on the plasma glucose, and insulin levels. The levels of (A) plasma
glucose and (B) insulin were measured and (C) the HOMA�IR was calculated. Values were shown as the mean ± SE (n = 5). Different letters indicate
significant differences among the groups by Tukey�Kramer multiple comparison test (p<0.05).

Table 2. Effect of quercetin, isoquercitrin, rutin and EMIQ on the plasma lipid level

Mice were fed a standard or high�fat diet containing 0.1% quercetin and its glycosides for 13 weeks. At the end of the experiment, plasma levels of
total cholesterol, triglyceride and NEFA were measured after an 18 h fasting. Values are the mean ± SE (n = 5). Values without a common letter in
each row differ significantly among the groups (p<0.05) by Tukey�Kramer multiple comparison test.

Standard diet High�fat diet

Control Quercetin Isoquercitrin Rutin EMIQ Control Quercetin Isoquercitrin Rutin EMIQ

Cholesterol (mg/dl) 84.4 ± 4.5c 82.6 ± 3.8c 83.5 ± 3.1c 85.7 ± 6.6c 91.3 ± 4.4c 142.4 ± 12.9a 119.3 ± 6.6a,b 105.5 ± 3.5b,c 99.2 ± 4.4b,c 107.8 ± 6.0b,c

Triglyceride (mg/dl) 130.7 ± 20.1a 139.7 ± 17.1a 126.7 ± 16.8a 114.2 ± 17.3a 139.9 ± 15.3a 128.1 ± 15.8a 137 ± 13.7a 141.1 ± 12.1a 121.2 ± 5.7a 124 ± 13.9a

NEFA (mEq/L) 0.76 ± 0.10a 0.95 ± 0.13a 0.8 ± 0.09a 0.79 ± 0.08a 0.89 ± 0.04a 0.66 ± 0.05a 0.79 ± 0.06a 0.69 ± 0.05a 0.74 ± 0.04a 0.76 ± 0.08a
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and its glycosides promoted GLUT4 translocation to the plasma
membrane through AMPK phosphorylation, resulting in normal-
ization of the blood glucose level.

Quercetin and its glycosides suppressed adiposity�related
metabolism in the adipose tissue. Next, we investigated the
mechanism of quercetin and its glycosides on adiposity-related
metabolism in the WAT. As shown in Fig. 4A, quercetin and its
glycosides supplementation increased ACC phosphorylation in
the WAT, concomitant with AMPK phosphorylation in both
standard- and HF-diet groups. The expression level of UCP2
and CPT1 were significantly increased in the quercetin and its
glycosides groups compared with the C-0 and HF-0 groups
(Fig. 4A). These results indicate that quercetin and its glycosides
suppress lipogenesis while promoted lipolysis under the regula-
tion of AMPK.

As to the adipocyte differentiation markers, the expression

level of C/EBPb, C/EBPa, PPARg and SREBP1 were signifi-
cantly increased in the HF-0 group compared with the standard
diet groups (Fig. 4B). In the HF diet groups, supplementation with
quercetin and its glycosides significantly suppressed the increased
expression of these proteins in HF groups. These results indicate
that quercetin and its glycosides suppress adipocyte differentiation
through AMPK phosphorylation.

UCP1, PGC-1a and PRDM16 are reported to be associated
with lipid metabolism, thermogenesis and browning.(28–30) There-
fore, the expression level of these protein in WAT were also
determined. As shown in Fig. 4C, supplementation with quercetin
and its glycosides significantly increase the expression levels of
these proteins in WAT in both standard- and HF-diet groups
compared with the C-0 and HF-0 groups. From these results,
quercetin and its glycosides have the ability to suppress HF diet-
induced fat accumulation by increasing energy expenditure due to

Fig. 2. Effect of quercetin (Q), isoquercitrin (IQ), rutin (R), and EMIQ on AMPK phosphorylation in the muscle, WAT, and liver. The phosphorylation
and expression of AMPK in tissue lysates of (A) skeletal muscle, (B) WAT, and (C) liver were determined by Western blot analysis. Each panel shows a
typical blot from five animals. The normalized density of specific protein band shown in the bar graphs. Values were shown as the mean ± SE (n = 5).
Different letters indicate significant differences among the groups by Tukey�Kramer multiple comparison test (p<0.05).
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browning of WAT through promoting AMPK phosphorylation.
Quercetin and its glycosides modulated lipid metabolism

in the liver. Since the liver is also contributed to lipid metabo-
lism, it was investigated that the expression level of FAS,
SREBP1, PPARa and CPT-1, in addition to the phosphorylation
level of ACC in the liver. As shown in Fig. 5, we confirmed
phosphorylation level of ACC was increased by quercetin and its
glycosides in both standard- and HF-diet groups. FAS and
SREBP1 were increased by the HF diet and supplementation
with quercetin and its glycosides significantly decreased their
increased expression. Supplementation of quercetin and its glyco-
sides significantly increased the expression level of CPT1 and
PPARa in the liver in both standard- and HF-diet groups. These
results indicate that quercetin and its glycosides also modulate
lipid metabolism in the liver, in addition to in the WAT.

Discussion

Excessive energy intake causes obesity through disrupting
energy metabolism. Obesity is recognized as a risk factor for the
development of various diseases including T2DM.(2,31) The patho-
physiology of T2DM is chronic hyperglycemia, which causes a
deterioration in insulin sensitivity.(2,3) Thus, prevention of obesity
and hyperglycemia by food factors is important to maintain human
health. In this study, we demonstrated that the intake of quercetin
and its glycosides for long-term prevented chronic hyperglycemia
and obesity in the mice through AMPK-driven pathways.

In the present study, supplementation with both 0.1% quercetin
and its glycosides for 13 weeks promoted AMPK phosphorylation
in the skeletal muscle, WAT, and liver (Fig. 2). On the other
hand, our previous study demonstrated that 0.02 and 0.1% EMIQ,
one of the quercetin glycosides, for 2 weeks also promoted AMPK
phosphorylation in the skeletal muscle, WAT, and liver, but
quercetin did not promote AMPK phosphorylation.(24) This dis-

Fig. 3. Effect of quercetin (Q), isoquercitrin (IQ), rutin (R), and EMIQ on the translocation of GLUT4 in skeletal muscle. GLUT4, IR�b, b�actin,
phosphorylated�ACC and ACC protein expression in (A) the plasma membrane fraction and (B) tissue lysate of skeletal muscle were determined by
Western blot analysis. Each panel shows a typical blot from five animals. The normalized density of specific protein band shown in the bar graphs.
Values were shown as the mean ± SE (n = 5). Different letters indicate significant differences among the groups by Tukey�Kramer multiple
comparison test (p<0.05).
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crepancy was due to difference in the effective concentration of
quercetin aglycone in these tissues as one of the possible explana-
tions. It is known that the bioavailability of quercetin is poor, while
that of the glycosides are relatively higher than the aglycone.(15)

Indeed, our previous results demonstrated that quercetin aglycone
did not appear in the plasma after administration of quercetin
itself, but the concentration of quercetin aglycone form was
6.8 nM in the plasma and 0.26 nmol/g in the muscle 90 min after a
single administration of EMIQ at 100 mg/kg body weight.(27) How-
ever, after supplementation with 0.1% quercetin for 11 weeks in
the rats, quercetin aglycone and its metabolite isorhamnetin were
detected in the plasma, liver and skeletal muscle.(32) These data
indicated that a slight amount of quercetin aglycone is detected
in the body after long-term feeding. Another possible explanation
is the internal metabolic conversion from the conjugation forms
to aglycone in the body. It was reported that b-glucuronidase
can convert the conjugated forms of quercetin to aglycone under
certain physiologic conditions, such as inflammation and neo-
plasm.(11,12,15) It was also reported that quercetin 3-O-b-glucuronide
and quercetin 7-O-b-glucuronide were deconjugated and further
metabolized to quercetin 3'-O-sulfate and quercetin aglycone
by b-glucuronidase in hepatocytes.(33) Furthermore, obesity is
associated with inflammation.(1) Therefore, the deconjugation
reaction may occurred in the mice, in particular high-fat diet
given mice in this study.

It is known that quercetin and its glycosides prevented hyper-
glycemia. For example, dietary supplementation with quercetin
prevented HF diet-induced hyperglycemia after 8-weeks
feeding.(34) Isoquercitrin ameliorated hyperglycemia and regulated
the key enzymes for glucose metabolism in diabetic rats.(35)

Similarly, the anti-hyperglycemic effect was also observed after

oral administration of rutin (50 mg/kg body weight).(36) As to the
mechanism for anti-hyperglycemia in this study, GLUT4 trans-
location in the skeletal muscle was involved in the downstream
event for AMPK phosphorylation (Fig. 3) without activating
insulin- and JAK/STAT-pathways (data not shown). This result is
consistent with our previous report that EMIQ promotes GLUT4
translocation by the AMPK pathway, but not by insulin- and
JAK/STAT-pathways.(24) It is reported that AMPK is activated by
phosphorylation of its threonine residue (Thr172) by the contrac-
tion of skeletal muscle and the reduction in the ratios of ATP/AMP
and creatine/phosphocreatine.(37) Furthermore, liver kinase B1,
calcium/calmodulin-dependent protein kinase kinase II, and
TGFb-activated kinase 1 are the upstream factors of AMPK
phosphorylation.(27,38) Hence, the upstream event for quercetin-
and its glycosides-induced AMPK phosphorylation should be
explored in future.

Fat accumulation and lipid metabolism are tightly controlled
by the adipose tissue and liver.(39,40) AMPK is a key molecule to
maintain energy balance. Upon the activation, AMPK suppresses
adipocyte differentiation and lipogenesis and activates fatty acid
oxidation and lipolysis through the regulation of the downstream
targets.(41) In the present study, we demonstrated that quercetin
and its glycosides decreased lipogenesis and increased fatty acid
oxidation and lipolysis under regulation of AMPK in the WAT
and liver (Fig. 4 and 5). ACC is a well-known target for AMPK
and phosphorylation of ACC leads to inhibit its activity and
decrease the content of malonyl-CoA, resulting an increase in
the CPT-1 activity through cancelling the inhibitory effect of
malonyl-CoA against CPT-1.(42,43) In addition, quercetin and its
glycosides suppressed HF diet-increased SREBP1 and FAS
expression (Fig. 4 and 5). SREBP1 is a key lipogenic transcription

Fig. 4. Effect of quercetin (Q), isoquercitrin (IQ), rutin (R), and EMIQ on the expression of adiposity�related proteins in WAT. The expression of (A)
p�ACC, ACC, CPT1, UCP2, and GAPDH in the tissue lysate of WAT, the expression of (B) C/EBPb, C/EBPa, PPARg, SREBP1 and GAPDH in tissue lysate of
WAT and the expression of (C) PGC�1a, PRDM16, UCP1,and GAPDH in tissue lysate of WAT were determined by Western blot analysis. Each panel
shows a typical blot from five animals. The normalized density of specific protein band shown in the bar graphs. Values were shown as the
mean ± SE (n = 5). Different letters indicate significant differences among the groups by Tukey�Kramer multiple comparison test (p<0.05).
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factor to regulate de novo lipogenesis.(23) SREBP1 also cooperates
with FAS to modulate hepatic fatty acid and triglyceride syn-
thesis.(44) ACC, CPT1 and PPARa are also involved in fatty acid
oxidation.(7) Meanwhile, lipid accumulation was downregulated
by the PPARa agonist in the liver of rats.(45) The data are similar to
the previous results that ashitaba extract inhibited the lipid
accumulation through downregulating SREBP1 and upregulating
PPARa.(23) These results indicate that quercetin and its glycosides
regulate lipid metabolism in the WAT and liver through increasing
fatty acid oxidation and lipolysis and decreasing lipogenesis.

We also found quercetin and its glycosides suppressed adipo-
cyte differentiation (Fig. 4B). C/EBPs are critical transcription
factors of lipogenesis and morphological modifications.(7) C/EBPb
is the first transcription factor to be involved in directing the
differentiation process: The transcription and expression of
C/EBPb is increased in preadipocytes after treatment with the
inducers for differentiation.(46) C/EBPa is not only involved in
adipogenesis of mature adipocytes, but also solidified the
correlative link to adipose-specific genes, such as GLUT4, SCD1,
leptin, and 422/aP2.(47) It has been noted that C/EBPb causes
preadipocytes differentiation without increasing C/EBPa expres-
sion in pluripotent NIH 3T3 cells, indicating that C/EBPb
may functionally replace C/EBPa.(48) In addition, multiple post-
translational modifications have been reported to regulate C/EBPb,
including phosphorylation, acetylation, ubiquitination and
sumoylation.(49–51) Theobromine has been reported to induce
C/EBPb degradation by increasing its sumoylation at Lys133 in

mice.(52) Quercetin treatment increases SUMO-conjugation (both
SUMO-1 and SUMO-2) in SHSY5Y cells and E18 rat cortical
neurons.(53) Further study is needed to clarify whether quercetin
and its glycosides induced C/EBPb degradation through its
sumoylation.

Furthermore, supplementation with quercetin and its glycosides
upregulated the browning makers in WAT (Fig. 4C). It has been
reported that WAT can convert to BAT-like adipose tissue by a
process called “browning or beiging” in response to prolonged
cold exposure or b-adrenergic stimulation.(54) During the aggrava-
tion of obesity, generation of beige adipocytes gradually
decreased, which contributes to a decrease in energy expenditure,
weaken the thermogenic capacity, and impair the insulin sensi-
tivity.(55) Hence, browning of WAT is a potential approach for
anti-obesity therapy through regulating AMPK targets, including
PGC-1a, PRDM16, and UCP1.(11,12,29) In our previous study,
supplementation with EMIQ increased the expression level of
PGC-1a, PRDM16, and UCP1 through AMPK phosphoryla-
tion,(24) which consistent with the results. In addition, Choi H
also reported the similar results that quercetin upregulates UCP1,
implying increased WAT browning and BAT activity, via the
activation of the AMPK/PPARg pathway in vivo and in vitro.(56)

Based on these results, browning of WAT is also involved in the
prevention of adiposity by quercetin and its glycosides.

In this study, different effects between quercetin and its
glycosides were observed: Quercetin did not decrease the HF diet-
increased body weight gain, fat accumulation in mesenteric white

Fig. 5. Effect of quercetin (Q), isoquercitrin (IQ), rutin (R), and EMIQ on the expression of lipid metabolism�related proteins in the liver. The expres�
sion of p�ACC, ACC, FAS, SREBP1, PPARa, CPT1 and GAPDH in tissue lysate of liver were determined by Western blot analysis. Each panel shows a
typical blot from five animals. The normalized density of specific protein band shown in the bar graphs. Values were shown as the mean ± SE (n = 5).
Different letters indicate significant differences among the groups by Tukey�Kramer multiple comparison test (p<0.05).
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adipose tissue, and the plasma cholesterol level (Table 1 and 2).
These results suggest that quercetin was more effective for
suppressing hyperglycemia than regulating body weight gain and
fat accumulation. Previous reports demonstrated that consumption
of quercetin at 2 mg/kg body weight attenuated HF diet-induced
hyperglycemia, rather than affected the body weight in obese
Zucker rats for 10 weeks.(57) Contrarily, supplementation with
0.05% quercetin decreased HF diet-induced body weight gain
after 20 weeks feeding.(58) Thus, the preventive actions of
quercetin against hyperglycemia and obesity is still controversial.
Different effects quercetin and its glycosides may also due to the
different bioavailability of these compounds. In this study, only
mesenteric adipose tissue significantly decreased after 13 weeks
feeding, though epididymal, retroperitoneal, and subcutaneous
adipose tissues showed the decreasing tendency (Table 1). The
reason is that mesenteric is visceral adipose tissue, which is more
sensitive to weight reduction than the other adipose tissues.(59)

Similar result was reported that green tea extract (400 mg/kg body
weight/day) significantly lowered the HF diet-increased the body
weight gain in the mice accompanied by suppression of fat
accumulation in the mesenteric adipose tissue.(60) After intake of
quercetin and its glycosides, quercetin glucuronides appeared
mainly in mesenteric blood in situ intestinal perfusion of rats.(61)

These results illustrated that the possible reason why mesenteric
adipose tissue weight was significantly decreased, rather than
retroperitoneal, epididymal or subcutaneous adipose tissues.

In conclusion, our findings indicated that quercetin and its
glycosides prevented HF diet-induced insulin resistance by
promoting GLUT4 translocation in skeletal muscle, and also
prevented obesity by activating AMPK-dependent signaling
pathways in adipose tissue and liver. Therefore, quercetin and
its glycosides are promising food components in the treatment
of insulin resistance and obesity.
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