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Abstract: Emodin has been reported to reverse hyperglycemia, insulin resistance, and other symptoms associated
with metabolic diseases in the previous studies. However, the underlying mechanisms remain poorly understood.
The aim of the present study was to further confirm the anti-diabetic effects of emodin in KKAy mice. We found that
emodin reduced the serum glucose level and serum insulin concentration, and increased the muscle and hepatic
glycogen contents in diabetic KKAy mice. The serum levels of IL-6 and TNF-a were reduced in emodin-received KKAy
diabetic mice. The up-regulation of phosphorylated PI3K and AKT was also found in diabetic KKAy mice received
emodin by western blot analysis. Collectively, these results revealed that emodin may have great therapeutic poten-

tial in the treatment of T2DM.
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Introduction

As one of the most prevalent and serious meta-
bolic diseases, diabetes mellitus (DM) is char-
acterized by abnormal metabolism of carbohy-
drates, fats and proteinsthat share the phen-
otype of hyperglycemia. Type 2 diabetes melli-
tus (T2DM), also regarded as noninsulin-depen-
dent DM, accounts for 90%-95% of all diag-
nosed DM in adults [1]. Uncontrolled insulin
resistance and hyperglycemia in diabetic condi-
tion are the major risk factors formultiple seri-
ous complications, such as nephropathy, reti-
nopathy (chronic renal failure) and athe-
rosclerosis [2-4]. Accordingly, there is an urgent
need for the development of novel approaches
for treatment of T2DM.

The current therapies of T2DM are very limit-
ed. Natural products isolated from plants draw
more and more attention for the treatment of
T2DM. Emodin (1, 3, 8-trihydroxy-6-methylan-
thraquinone) is a natural anthraquinone that is
extracted from the Chinese herbs rhubarb and
giant knotweed rhizome [5]. Emodin is known
to be provided with broad beneficial effects
such as antioxidant, anti-inflammatory, anti-
tumor and anti-microbialin various acute and

chronic diseases. Emodin has also been
observed to ameliorate hyperglycemia, insulin
resistance, and other symptoms associated
with obesity and obesity-related metabolic
diseases [6, 7]. Emodin also exerts protective
functions against diabetic cardiomyopathy
through regulating AKT/GSK-3p signaling in
rats [8]. However, up to now, the anti-diabetic
mechanisms of emodin have not yet been fully
clarified.

Spontaneous diabetic KK/Upj-Ay/J (KKAy) mice,
developed by crossing the Ay/a mutation onto
the inbred KK strain of native Japanese mice,
recapitulate the features of human T2DM, such
as obesity, insulin resistance and hypergly-
cemia [9]. In the current article, we adopted
KKAy mice as a model of T2DM to determine
the effects of emodin on glucose metabolism
in vivo and then to explore the underlying me-
chanism.

Materials and methods
Chemicals

Emodin was obtained from Sigma-Aldrich (St.
Louis, MO, USA), and dissolved in dimethylsulf-
oxide (DMSO) before use.
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Figure 1. Emodin reduced the serum glucose level and serum insulin con-
centration in KKAy diabetic mice. A. The serum glucose level of mice in each
group. B. The serum insulin concentration of mice in each group. The data
are shown as mean + SD.*P<0.05 versus Control group; #P<0.05 versus
Model group.
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Figure 2. Emodin increased the muscle and hepatic glycogen contents in
KKAy diabetic mice. A. The muscle glycogen contents of mice in each group.
B. The hepatic glycogen contents of mice in each group. The data are shown
as mean * SD.*P<0.05 versus Control group; #P<0.05 versus Model group.

diabetic and then randomized
into two experimental groups:
Emod in group (n=10, intr-
agastrical administration of
emodin, 50 mg/kg/day) and
Model group (n=10, treated
with equivalent volume of no-
rmal saline). The C57BL/6)J
mice were regarded as non-
diabetic Control group (n=5,
treated with equivalent vol-
ume of normal saline). After
6-week treatment, blood sam-
ples from the KKAy mice were
obtained through the venous
plexus behind the eyeball. The
serum was separated from
the blood samples and stored
at -80°C until analysis. Serum
levels of proinflammatory cy-
tokines, including IL-6 and
TNF-a, were measured using
a multiplex mouse cytokine
bead array system (Bio-Rad,
Hercules, CA, USA). The mice
were subsequently sacrificed
by cervical dislocation. Target
tissues were dissected, and
glycogen levels in mouse skel-
etal muscle and hepatic tis-
sues were determined through
colorimetric assay using a gly-
cogen assay kit (BioVision,

Animals

Twenty eight-week-old male KKAy mice were
purchased from Beijing HFK Bioscience Co.,
Ltd. (Beijing, China), and ten age-matched male
C57BL/6J mice were purchased from Chinese
Academy of Medical Sciences (Beijing, China).
All mice were housed under a 12 h light-dark
cycle under controlled humidity (50 + 5%) and
temperature (20-25°C). All the mice were given
food and water ad libitum. A high-fat chow was
provided to the KKAy mice, and the C57 BL/6)J
mice were provided with an ordinary animal
chow diet. All experimental procedures were
approved by the Committee on the Ethics of
Animal Experiments of Minhang Central
Hospital (Shanghai, China).

After acclimatization for 1 week, the levels of
fasting blood glucose (FBG) in the KKAy mice
were investigated. The KKAy mice with high
FBG values (>16.7 mmol/l) were considered
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Milpitas, CA, USA).
Biochemical analysis

The oral glucose tolerance test (OGTT) and
insulin tolerance test (ITT) were performed on
the 6th week of the experimental period. For
OGTT, after 6 h of fasting, the rats were orally
administrated with a glucose solution at a dose
of 2 g/kg, and the blood glucose levels werede-
tected at O, 30, 60 and 120 min. For ITT, after
6 h of fasting, a subcutaneous injection of 1.0
U/kg of insulin (Huminsulin R; Eli Lilly, Indi-
anapolis, IN, USA) was administered, and the
blood glucose levels were detected at O, 30, 60
and 120 min.

Western blot

Total proteins were lysed with lysis buffer con-
taining 1% PMSF, and the protein concentration
was measured using a BCA protein assay kit
(Sigma, St Louis, MO, USA). Cell lysates were
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Figure 3. Emodin ameliorated the oral glucose tolerance and insulin tolerance in diabetic KKAy mice. A. The curves
of blood glucose level versus time in the OGTT in each group. B. The curves of blood glucose level versus time in the

ITT in each group. The data are shown as mean + SD.

loaded on SDS-PAGE and transferred to a PVDF
membrane (Millipore, Bedford, MA, USA). The
membranes were incubated with primary anti-
bodies at 4°C overnight, followed by incubation
with appropriate secondary antibodies at 37°C
for 2 h. GAPDH was used as an internal re-
ference. All bands were detected using ECL
Western blot kit (Amersham Biosciences, UK).

Statistical analysis

All statistical analyses were carried out us-
ing Graphpad Prism (version 6.01) software
(GraphPad Software, Inc., La Jolla, CA, USA). All
of the data were expressed as the mean * st-
andard deviation (SD). The statistical signifi-
cance in multiple comparisons was determined
using Student’s t-test. P<0.05 was considered
to be statistically significant.

Results

Emodin reduced the serum glucose level and
serum insulin concentration in KKAy diabetic
mice

As shown in Figure 1A, the serum glucose level
of Model groupwas significantly higher com-
pared with Control group, and the administra-
tion of emodin reduced the blood glucose level.
Furthermore, as shown in Figure 1B, the serum
insulin concentration of Model group was
remarkably higher than that of Control group
and was decreased with emodin treatment.

Emodin increased the muscle and hepatic
glycogen contents in KKAy diabetic mice

As shown in Figure 2A, the content of muscle
glycogen was markedly decreased in Model
group compared with Control group, and admin-
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istration of emodin evidently elevated the gly-
cogen content in the muscle tissues. Fur-
thermore, as shown in Figure 2B, Model group
had a reduction in the content of hepatic glyco-
gen compared with Control group. However, the
contents of hepatic glycogen in the emodin-
treated mice were significantly increased.

Emodin ameliorated the oral glucose tolerance
and insulin tolerance in diabetic KKAy mice

On the 6th week of treatments, glucose toler-
ance and insulin tolerance were examined
using the OGTT and ITT methods. The curves
of blood glucose versus time in the OGTT dem-
onstrated that Model group showed a remark-
ably obvious hyperglycemic response to oral
glucose administration compared with Control
group. The blood glucose levels of mice
received emodin were lower than that of model
mice after 30 min (Figure 3A). The AUC of
model mice was evidently greater than the con-
trol mice. However, the AUC of Emodin group
was decreased compared with Model group.
Data of ITT showed that the blood glucose lev-
els were rapidly reduced within 60 min in all
mice, and that the blood glucose levels of
Model and Emodin groups continued to reduce
after 60 min (Figure 3B). The AUC of model
mice was markedly higher than that of control
mice, and the AUC of the emodin-administrated
mice was lower than the model mice. These
data showed that emodin could ameliorate the
oral glucose tolerance and insulin tolerance in
diabetic KKAy mice.

Emodin reduced the serum levels of IL-6 and
TNF-a in diabetic KKAy mice

The serum concentrations of pro-inflammatory
cytokines were also measured following emo-
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Figure 4. Emodin reduced the serum concentration of (A) IL-6 and (B) TNF-a
in diabetic KKAy mice. The data are shown as mean + SD. *P<0.05 versus

Control group; #P<0.05 versus Model group.
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Figure 5. Emodin regulates PI3K/AKT pathway in the skeletal muscle and
hepatic tissues in diabetic KKAy mice. A. The protein levels of p-PI3K and p-
AKT in the skeletal muscle tissues. B. The protein levels of p-PI3K and p-AKT
in the hepatic tissues. GAPDH were used as an internal control. The data
are shown as mean * SD. *P<0.05 versus Control group; #P<0.05 versus

Model group.

dinadministration. Asshown in Figure 4, the ser-
um levels of IL-6 and TNF-a were significantly
increased in Model group compared with Con-
trol group, and the administration of emodin
reduced the serum levels of IL-6 and TNF-a.

Emodin regulates PI3K/AKT pathway in the
skeletal muscle and hepatic tissues in diabetic
KKAy mice

We next investigated whether regulation of

PI3K/AKT pathway was involved in the anti-dia-
betic effects of emodin. Proteins isolated from
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the skeletal muscle and he-
patic tissues were examined
by western blot analyses. The
data showed that the phos-
phorylation of PI3K and AKT
was inhibited in the skeletal
muscle and hepatic tissues in
Model group compared with
Control group, and treatment
with emodin for 6 weeks sig-
nificantly increased the phos-
phorylation of PI3K and AKT
(Figure 5A, 5B).

Discussion

DM is a disorder of dysreg-
ulated glucose homeostasis
[10]. T2DM is mainly owing to
the reduction of insulin secre-
tion and the defects with in-
sulin resistance of the target
tissues, including skeletal mu-
scle and hepatic tissues [11].
Insulin resistance, featured by
a reduced response of the tar-
get tissues to insulin action,
produces elevations in glu-
cose levels [12]. The ability of
skeletal muscle and liver to
store glycogen is impaired ow-
ing to lack of insulin or insulin
resistance [13].

0 Model group
@8 Emodin group

@l Control group
0 Model group

Previous studies demonstrat-
ed that emodin lowered blood
glucose levels, ameliorated dy-
slipidemia, and reduced body
weight in diet-induced obese
mice and ob/ob mice [6, 14].
Furthermore, Cao et al. report-
ed that emodin ameliorates
insulin resistance through reducing skeletal
muscle lipid accumulation in rats fed a high fat
diet [7]. In this experiment, after treatment with
emodin for 6 weeks, the serum glucose level
and serum insulin concentration were de-
creased, where as the muscle and hepatic gly-
cogen contents were increased. Furthermore,
emodin treatment also ameliorated the oral
glucose tolerance and insulin tolerance, indi-
cating that suppression of glucose elevation by
emodin might be due to glucose disposal into
peripheral tissues.

Int J Clin Exp Med 2017:10(10):14408-14413



Emodin exerts anti-diabetic function in mice

Numerous studies have showed that inflamma-
tion serves a critical role in the pathogenesis
of multiple metabolic syndromes, including
T2DM [15, 16]. Inflammatory cytokines, such
as TNF-a and IL-1B, induces activation of
NF-kappaB that promote insulin resistance
[17]. In the current study, we demonstrated
that emodin administration to KKAy mice
resulted in significant decreases in the serum
levels of IL-6 and TNF-a. The suppression of
chronic inflammation has the potential to ame-
liorate hyperglycemia and hyperlipidemia.

Insulin regulates glucose metabolism through
a complex signaling cascade involving serial
phosphorylation and activation of kinases such
as phosphatidylinositol 3-kinase (PI3K) and
the serine-threonine kinase AKT. PI3K is re-
garded as a second messenger, playing a cru-
cial role in cellular chemical signals transfer.
AKT is one of the most critical downstream
nodes, and PI3BK/AKT pathway is implicated in
the regulation of glucose metabolism [18].
Ghaboura et al. reported that PI3K/AKT path-
way in diabetic rats was altered in insulin resis-
tance and hyperglycemia [19]. In the present
study, we identified that emodin administration
promote the phosphorylation of PI3K and AKT
in the skeletal muscle and hepatic tissues of
diabetic mice. Therefore, activation of PI3K/
AKT pathway by emodin as indicated here is
one explanation for the anti-diabetic effects of
this agent.

Emodin has been extensively investigated ow-
ing to its association with PI3K/AKT pathway
[20, 21]. However, the precise mechanism un-
derlying the anti-diabetic effects of emodin and
PIBK/AKT pathway remain elusive. A previous
study has showed that the glucose-lowering
effects of emodinare stimulation of glucose
uptake in skeletal muscle and suppression of
hepatic gluconeogenesis via AMPK phosphory-
lation [22]. Herein, we examined the pharmaco-
logical characteristics of emodin using animal
models. We must be cautious of the facts that
the pathogenesis of T2DM might differ between
humans and rodents. Therefore, further stud-
ies are still required in order to fully elucidate
the anti-diabetic effects of emodin, and the
underlying mechanisms.

In conclusion, this might be the first study to
specifically demonstrate that emodin, a herbal
medicine, reduced blood glucose level and
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ameliorated insulin tolerance through regulat-
ing PIBK/AKT pathway in the skeletal muscle
and hepatic tissues of KKAy diabetic mice. We
believe that these findings might provide a
potential new therapeutic option for T2DM in
the future, and that this should be further
investigated.
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