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Emodin, an 11β-hydroxysteroid dehydrogenase type 
1 inhibitor, regulates adipocyte function in vitro and 
exerts anti-diabetic effect in ob/ob mice

Yue-jing WANG, Su-ling HUANG, Ying FENG, Meng-meng NING, Ying LENG*

State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, 
China

Aim: Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a potent and selective inhibitor of 11β-hydroxysteroid dehydrogenase type 1 
(11β-HSD1) with the ability to ameliorate metabolic disorders in diet-induced obese mice.  In the present study, we investigated the 
effects of emodin on adipocyte function and the underlying mechanisms in vitro, and its anti-diabetic effects in ob/ob mice.
Methods: 3T3-L1 adipocytes were used for in vitro studies.  11β-HSD1A activity was evaluated with a scintillation proximity assay.  
The adipogenesis, glucose uptake, lipolysis and adiponectin secretion were investigated in 3T3-L1 adipocytes treated with emo-
din in the presence of active (corticosterone) or inactive glucocorticoid (11-dehydrocorticosterone).  For in vivo studies, ob/ob mice 
were administered emodin (25 and 50 mg·kg-1·d-1, ip) for 26 d.  On the last day of administration, the serum was collected and the 
mesenteric and perirenal fat were dissected for analyses.   
Results: Emodin inhibited the 11β-HSD1 activity in 3T3-L1 adipocytes in concentration- and time-dependent manners (the  IC50 values 
were 7.237 and 4.204 μmol/L, respectively, after 1 and 24 h treatment.  In 3T3-L1 adipocytes, emodin (30 μmol/L) suppressed 
11-dehydrocorticosterone-induced adipogenesis without affecting  corticosterone-induced adipogenesis; emodin (3 μmol/L) reduced 
11-dehydrocorticosterone-stimulated lipolysis, but had no effect on corticosterone-induced lipolysis.  Moreover, emodin (3 μmol/L) 
partly reversed the impaired insulin-stimulated glucose uptake and adiponectin secretion induced by 11-dehydrocorticosterone but not 
those induced by corticosterone.  In ob/ob mice, long-term emodin administration decreased 11β-HSD1 activity in mesenteric adipose 
tissues, lowered non-fasting and fasting blood glucose levels, and improved glucose tolerance.   
Conclusion: Emodin improves the inactive glucocorticoid-induced adipose tissue dysfunction by selective inhibition on 11β-HSD1 in 
adipocyte in vitro and improves glycemic control in ob/ob mice.
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Introduction
Adipose tissue plays a key role in regulating energy balance 
and glucose homeostasis.  As an energy storage depot, adipose 
tissue responds to the body’s metabolic signaling by regulat-
ing lipid storage and mobilization.  Adipocytes release free 
fatty acid (FFA) as a nutrient source when glucose is limiting, 
whereas they store abundant energy as triglycerides in energy 
excess states.  Insulin resistance can elevate the FFA level, and 
excessive FFA induces a deterioration in the metabolic state 
by accelerating liver glucose output and by inhibiting glucose 
uptake by peripheral tissues and the generation of reactive 
oxygen system (ROS), which, in turn, aggravates insulin resis-
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tance[1].  Adipose tissue is an endocrine organ that releases sev-
eral adipokines, such as leptin, adiponectin, visfatin, omentin, 
and resistin, to regulate glucose homeostasis and whole body 
insulin sensitivity [1].  Thus, adipocyte dysfunction is thought 
to be involved in the pathogenesis of obesity and metabolic 
diseases such as type 2 diabetes[2].  

Glucocorticoid (GC) is an insulin-antagonizing hormone 
that stimulates hepatic glucose production and suppresses 
insulin-mediated glucose uptake in peripheral tissues such 
as adipose tissue and skeletal muscle.  Glucocorticoid excess, 
which is well-characterized in Cushing’s syndrome, produces 
central obesity and several clinical features associated with 
insulin resistance, such as type 2 diabetes, dyslipidemia, and 
hypertension[3].  The action of glucocorticoid on target tissue is 
determined not only by the circulating glucocorticoid level but 
also by the local glucocorticoid activation, which is regulated 
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by the 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) 
and 11β-HSD2.  11β-HSD1, which is highly expressed in the 
liver, adipose tissue, gonads and brain, catalyze the activa-
tion of glucocorticoid (cortisol in human and corticosterone in 
rodents) from inactive 11-kero steroids (cortisone in human 
and 11-dehydrocorticosterone in rodents).  This process ampli-
fies local glucocorticoid action, whereas 11β-HSD2 is predomi-
nantly expressed in aldosterone-sensitive target tissues (in the 
kidney, colon, salivary glands and placenta) and catalyzes the 
opposite reaction[4].

Excess glucocorticoid in adipocytes decreases insulin-
induced glucose uptake, promotes FFA secretion and affects 
adipokine profiles, thus causing insulin resistance[5].  There-
fore, 11β-HSD1 is expected to play an important role in the 
regulation of glucose and lipid metabolism in adipose tis-
sue.  Several human studies have reported two- to three-fold 
increases in 11β-HSD1 activity in the adipose tissue of obese 
individuals, and the expression of 11β-HSD1 in adipose tis-
sue was positively correlated with the degree of obesity[6, 7].  
The contribution of 11β-HSD1 to the development of insulin 
resistance and obesity has been further confirmed in animal 
studies.  Mice overexpressing adipose-specific 11β-HSD1 
showed increased corticosterone in adipose tissue and devel-
oped insulin resistance, central obesity, hyperlipidemia, and 
other features of metabolism syndrome[8,9], whereas mice over-
expressing liver-specific 11β-HSD1 only showed mild insulin 
resistance and dyslipidemia[10].  11β-HSD1 knockout mice 
showed improved glucose tolerance, an elevated HDL, and 
protection from weight gain during a high-fat diet[11-13].  More-
over, overexpressing 11β-HSD2 to inactivate glucocorticoid in 
the adipose tissue of mice caused decreased food intake and 
improved glucose tolerance and insulin sensitivity under con-
ditions of a high-fat diet[14].  Considering the above findings, 
the pharmacological inhibition of 11β-HSD1, especially in adi-
pose tissue, could be a therapy for type 2 diabetes or metabolic 
diseases.

Emodin is an anthraquinone compound isolated mainly 
from the root and rhizome of Rheum palmatum.  It demon-
strates a variety of biological activities, such as anti-virus 
activities, anti-tumor activities, anti-inflammatory activities, 
and immune suppression, and it can also serve as a potential 
agent in therapy for liver cirrhosis, diabetic nephropathy and 
atherosclerosis[15–20].  Our previous study showed that emodin 
is a potent and selective 11β-HSD1 inhibitor and can amelio-
rate metabolic disorders in diet-induced obese mice[21].  In the 
present study, we investigated the effect of emodin on adipo-
cyte function and the underlying mechanisms involving inhi-
bition of 11β-HSD1.  The anti-diabetic effect of emodin was 
also investigated in ob/ob mice, a genetic animal model of type 
2 diabetes.

Materials and methods
Materials 
Emodin was purchased from Nanjing Zelang Medical Technol-
ogy Co Ltd (Nanjing, China).  Corticosterone, dexamethasone, 
insulin, glycyrrhetinic acid and 3-isobutyl-1-methylxanthine 

were purchased from Sigma (St Louis, MO, USA).  11-Dehy-
drocorticosterone was purchased from Steraloids (Newport, 
RI, USA).  Fetal bovine serum (FBS), penicillin/streptomycin, 
HEPES and high glucose Dulbecco’s modified Eagle’s medium 
(DMEM) were purchased from GibcoBRL (Grand island, NY, 
USA).  TRIzol Reagent was purchased from Invitrogen (Carls-
bad, CA, USA).  The M-MLV reverse transcriptional enzyme 
and SYBR® Premix Ex TaqTM were obtained from Takara 
(Dalian, China).  All the primers were synthesized by Sangon 
Corporation (Shanghai, China).  [1,2-(n)3H]-Cortisone was 
obtained from Amersham (Buckinghamshire, UK).  SPA beads 
were purchased from GE (Piscataway, NJ, USA).  SuperBlock 
Blocking Buffer was obtained from Pierce (Rockford, IL, USA).  
The murine monoclonal anti-cortisol antibody was purchased 
from East Coast Biologics (North Berwick, ME, USA).  

3T3-L1 cell culture and differentiation
3T3-L1 preadipocytes were cultured and differentiated as 
previously described[22].  In brief, 3T3-L1 preadipocytes were 
maintained at ~70% confluence in DMEM supplemented 
with 10% FBS, 25 mmol/L glucose and antibiotics (DMEM/
FBS).  Cells were grown for 2 d post-confluence and cultured 
in DMEM/FBS supplemented with 1 µmol/L insulin, 0.25 
μmol/L dexamethasone, and 0.5 mmol/L 3-isobutyl-1-meth-
ylxanthine for 3 d.  The medium was replaced with DMEM/
FBS supplemented with only 1 µmol/L insulin for 3 d and 
then DMEM/FBS alone for 2 d.  Cytoplasmic triacylglycerol 
droplets were visible on d 5 after initiation of differentiation.  
The differentiated cells were used when ~90% of the cells 
showed an adipocyte phenotype.

11β-HSD1 enzyme activity assay
The reductase activity of 11β-HSD1 in intact 3T3-L1 adipo-
cytes was determined by measuring the rate of conversion of 
cortisone to cortisol.  3T3-L1 adipocytes were incubated for 1 h 
at 37 ºC in serum-free DMEM containing 6.25 nmol/L [1,2-(N) 
3H]-cortisone and different concentrations of emodin, accord-
ing to experimental design, and 0.1% DMSO was set as the 
vehicle control.  To explore the effect of emodin on 11β-HSD1 
reductase activity after 24 h of treatment, the adipocytes were 
pretreated with emodin for 23 h before incubation.  At the end 
of the incubation, 80 μL of medium was pipetted into a trans-
parent bottom 96-well plate, and 35 μL of SuperBlock Blocking 
Buffer containing 10 g/L of protein A-coated yttrium silicate 
beads and 3 mg/L of anti-cortisol antibodies was added.  The 
mixtures were shaken in the dark for 2 h and then used for liq-
uid scintillation readings.  

Adipogenesis measurement
To observe the effect of emodin on adipocyte adipogenesis, 
3T3-L1 preadipocytes were initiated to differentiate with 1 
µmol/L insulin, 0.5 mmol/L IBMX and different types of 
glucocorticoids (0.25 µmol/L dexamethasone, 0.25 µmol/L 
11-DHC or 0.25 µmol/L corticosterone).  The emodin or 
vehicle control containing 0.1% DMSO was added on the first 
day of differentiation, and the medium was changed every 
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2 d until d 8.  The triglyceride content of cells was measured 
on d 8.  After washing with ice-cold PBS, the adipocytes were 
collected and sonicated in distilled water.  The triglyceride 
content of the cell lysate was measured using the GPO-PAP 
method, and the absorbance was monitored at 546 nm in a 
spectrophotometer.  

Glucose uptake
3T3-L1 adipocytes were pretreated with 3 μmol/L emodin 
for 2 h and then incubated with 10 nmol/L corticosterone, 
10 nmol/L 11-DHC or 0.1% ethanol for another 24 h.  The 
medium containing 0.1% DMSO was used as the vehicle.  At 
the last 0.5 h of treatment, glucose uptake was determined.  
The adipocytes were washed twice with pre-warmed (37 °C) 
PBS and incubated with Krebs-BSA buffer (140 mmol/L NaCl, 
5 mmol/L KCl, 2.5 mmol/L MgSO4, 1 mmol/L CaCl2, 20 
mmol/L HEPES, and 0.5% BSA, pH 7.4) with or without insu-
lin (basal state) for 25 min, followed by the addition of 0.05 
mmol/L 2-deoxy-D-glucose and 1.85×104 Bq/mL 2-deoxy-
D-[1,2-3H]glucose for 5 min.  The assay was terminated by 
washing the cells three times with ice-cold PBS.  The cells were 
solubilized with 0.1% Triton X-100, and radioactivity was 
determined in a liquid scintillation counter (Beckman LS6500, 
Fullerton, CA, USA).  Total cellular protein concentration was 
measured by the Bradford method (BioRad, Richmond, CA, 
USA).  Glucose uptake assays were performed in duplicate at 
least three times.

Lipolysis
3T3-L1 adipocytes were pretreated with 3 μmol/L emodin 
or 0.1% DMSO for 2 h and then incubated with 10 nmol/L 
corticosterone, 10 nmol/L 11-DHC or 0.1% ethanol in phenol-
red free DMEM for another 48 h.  The medium was collected, 
and the free glycerol (index of lipolysis) was measured using a 
Free Glycerol Determination Kit (Sigma, St Louis, MO, USA).

Adiponectin release
3T3-L1 adipocytes were pretreated with 3 μmol/L emodin 
or 0.1% DMSO for 2 h in serum-free DMEM and were then 
incubated with 50 nmol/L corticosterone, 50 nmol/L 11-DHC 
or 0.1% ethanol for another 48 h.  After treatment, the cell 
medium was collected and added to 5×Laemmli Buffer.  The 
medium was then degenerated at 56 °C for 20 min.  Equal 
amounts of the medium were subjected to 10% SDS polyacryl-
amide gel electrophoresis, and the separated proteins were 
transferred to polyvinylidene difluoride membranes.  Then, 
the membranes were blocked for 1 h with 7.5% non-fat milk 
at room temperature and incubated with an antibody against 
adiponectin (R&D, MN, USA) at 4 °C.  After overnight incu-
bation with the primary antibody, the blots were repeatedly 
washed in 0.1% TBS-Tween and incubated with a 1:10 000 
dilution of an HRP-conjugated secondary antibody in 0.1% 
TBS-Tween for 1 h.  Following further washes, proteins were 
detected using an ECL Plus Western Blotting Detection Sys-
tem (Amersham, Arlington Heights, IL, USA) and quantified 
by densitometry.

Animals and treatments
B6.V-Lepob/Lepob (ob/ob) mice and their lean littermates+/+ (from 
Jackson Laboratory, Bar Harbor, ME, USA) were bred at the 
Shanghai Institute of Materia Medica (SIMM), Chinese Acad-
emy of Sciences.  The animals were maintained under a 12-h 
light-dark cycle with free access to water and food.  The ani-
mal experiments were approved by the Animal Care and Use 
Committee, Shanghai Institute of Materia Medica, Chinese 
Academy of Sciences.

Based on fasting blood glucose values (first criterion) and 
initial body weights (second criterion), the ob/ob mice were 
assigned to four groups.  The ob/ob mice were subjected to 
intraperitoneal injection treatment twice daily with the vehicle 
(0.5% Tween 80), emodin (25 mg/kg) or emodin (50 mg/kg) 
for 26 d.  We subjected the fourth group of ob/ob mice to pair 
feeding (providing the mice each day with the amount of food 
eaten by the freely fed mice treated with 50 mg/kg of emo-
din) on d 7.  The lean mice were treated with the vehicle (0.5% 
Tween 80).  The blood glucose levels were measured via blood 
drops obtained by clipping the tail of the mice using a ONE 
TOUCH BASIC plus Glucose Monitor (Lifescan, Milpitas, CA, 
USA).  The food intake and body weight of the animals were 
recorded every 3 d.  A glucose tolerance test was performed 
for mice deprived of food for 5 h (2.5 g/kg of glucose admin-
istered by gavage) on d 20 of the treatment.  On the last day of 
administration, the mice were anaesthetized with an ip injec-
tion of sodium pentobarbital (40 mg/kg).  The serum was col-
lected for the determination of triacylglycerol, cholesterols and 
the non-esterified free fatty acid (NEFA) concentration.  The 
mesenteric and perirenal fat were dissected, weighed, imme-
diately frozen in liquid nitrogen and stored at -80 °C.

Real-time PCR
The mesenteric fat was homogenized in TRIZOL solution, 
and the total mRNA was extracted following the manufac-
turer’s instructions.  One microgram of total mRNA was 
reverse-transcribed in a 20-μL reaction mixture containing 4 
μL 5×PrimeScript Buffer, 1 μL Primescript RT Enzyme Mix I, 
1 μL Random 6 mers (100 μmol/L), 1 μL Oligo dT Primer (50 
μmol/L), and 11 μL RNAse-free H2O.  The mixture was incu-
bated at 37 °C for 15 min, then at 85 °C for 5 s.  Then, real-time 
PCR was performed in an ABI 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems, CA, USA) using the SYBR® Premix 
Ex Taq™, and 2 μL of cDNA was amplified in a 25-μL reaction 
mixture containing 12.5 μL of the SYBR Premix Ex Taq, 0.5 μL 
of the forward primer (10 μmol/L), 0.5 μL of the reverse prim-
ers (10 μmol/L), 0.5 μL of the ROX Reference Dye II, and 9 μL 
of dH2O.  The amplifications were as follows: 95 °C for 30 s, 
followed by 40 cycles at 95 °C for 5 s, 57 °C for 20 s, and 72 °C 
for 15 s.  The forward and reverse primers for adiponectin 
are 5’-AATCATTATGACGGCAGCAC-3’ and 5’-CCAGATG-
GAGGAGCACAGAG-3’, respectively; those for PPARγ are 
5’-GGCCATCCGAATTTTTCAAG-3’ and 5’-GGGATATTTTT-
GGCATACTCTGTGA-3’, respectively; and those for β-actin 
are 5’-TGCTGTCCCTGTATGCCTCTG-3’ and 5’-TTGAT-
GTCACGCACGATTTCC-3’, respectively.  The reverse-tran-
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scribed cDNA samples were amplified, and cycle threshold 
(Ct) values were determined.  The mRNA levels of adiponectin 
were normalized to the mRNA levels of the housekeeping 
gene β-actin.  The comparative Ct method (2-ΔΔCt) was used 
to analyze the differences in the level of adiponectin mRNA 
between each group.

11β-HSD1 activity assay in mesenteric fat
A weight of 200 mg of mesenteric fat was homogenized in 
200 μL of cold homogenization buffer (20 mmol/L Na2HPO4, 
5% glycerol, 1 mmol/L EDTA, pH 7.0) at 4 ºC.  The protein 
concentration of homogenate was determined using the Brad-
ford method.  A total of 10 μg of homogenate was pipetted 
into 96-well microtitre plates, and 70 μL of buffer (25 nmol/L 
[1,2-(N)3H]-cortisone, 1.25 mmol/L NADPH and l50 mmol/L 
HEPES, pH 7.4) was added.  The microtitre plates were shaken 
in the dark at 37 ºC at 140 rounds per minute for 1 h.  Then, 
35 μL of SuperBlocking buffer (10 g/L of protein A-coated 
yttrium silicate beads, 3 g/L of anti-cortisol antibody and 314 
µmol/L of glycyrrhetinic acid) was added.  After shaking for 
another 2 h, the amount of [1,2-(N)3H]-cortisol generated in 
the 11β-HSD1 reaction was captured by beads and determined 
in a microplate liquid scintillation counter.

Statistical analysis
The results are expressed as the mean±SEM.  The differences 
between the two groups were analyzed by Student’s t-test.  
Statistical analysis was carried out using the Prism program 
from GraphPad Software.  Values of P<0.05 were considered 
statistically significant.

Results 
Emodin inhibited 11β-HSD1 activity in 3T3-L1 adipocytes
Emodin showed strong inhibitory effects on 11β-HSD1 activity 
in 3T3-L1 adipocytes.  The IC50s were 7.237 and 4.204 µmol/L 
after 1 h and 24 h of treatment, respectively (Figure 1A and 
1B).  

Emodin regulated adipogenesis and energy metabolism in 3T3-
L1 cells 
It is well documented that glucocorticoids promote preadi-
pocyte differentiation.  The triglyceride content of adipocytes 
was used as a marker of the adipogenesis of 3T3-L1 cells.  We 
found that all active glucocorticoids (dexamethasone and 
corticosterone) and inactive glucocorticoids (11-dehydrocorti-
costerone, 11-DHC) enhanced adipogenesis in 3T3-L1 preadi-
pocytes.  Incubation with 30 μmol/L of emodin reduced the 
triglyceride levels of 3T3-L1 adipocytes induced by 11-DHC 
by 19.8% (P<0.01), but it had no significant effect on the trig-
lyceride levels in 3T3-L1 adipocytes treated with dexametha-
sone or corticosterone.  Therefore, emodin suppressed inactive 
glucocorticoid-induced adipogenesis but not active glucocor-
ticoid-induced adipogenesis in 3T3-L1 cells, which might be 
mediated by the inhibition of 11β-HSD1 activity (Figure 2A).  

To determine whether emodin affects lipolysis through 11β-
HSD1 inhibition, 11-DHC and corticosterone were used to 

induce lipolysis, and the effects of emodin were studied.  Fig-
ure 2B indicates that 11-DHC and corticosterone significantly 
increased the glycerol release by 17.8% and 18.5% (P<0.01), 
respectively.  Incubation with 3 μmol/L of emodin signifi-
cantly decreased the glycerol release induced by 11-DHC but 
not by corticosterone.  These results suggest that emodin sup-
pressed lipolysis by inhibiting 11β-HSD1 activity.  

Both 11-DHC and corticosterone attenuated insulin-
stimulated glucose uptake in 3T3-L1 adipocytes (Figure 2C).  
Incubation with 3 μmol/L of emodin significantly reversed 
the impaired insulin-stimulated glucose uptake induced by 
11-DHC.  Although emodin treatment alone caused an 11.2% 
reduction in insulin-stimulated glucose uptake, it increased 
the insulin-stimulated glucose uptake by 17.7% when com-
pared with 11-DHC-treated group.  However, emodin had 
no effect on the impaired-insulin stimulated glucose uptake 
induced by corticosterone (Figure 2C).

Both 11-DHC and corticosterone significantly decreased 
adiponectin release from 3T3-L1 adipocytes.  The reduced adi-
ponectin secretion caused by 11-DHC was partly reversed by 
treatment with 3 μmol/L of emodin, whereas emodin exerted 
no effect on the impaired adiponectin secretion induced by 
corticosterone (Figure 2D).  

Emodin suppressed 11β-HSD1 activity in adipose tissue and 
ameliorated metabolic disorders in ob/ob mice 
To evaluate the long-term effect of emodin on metabolic disor-

Figure 1.  Emodin inhibited 11β-HSD1 activity in 3T3-L1 adipocytes after 
1 h (A) or 24 h (B) of treatment.  Differentiated 3T3-L1 adipocytes were 
incubated with the indicated concentrations of emodin or 0.1% DMSO for 
1 h or 24 h.  11β-HSD1 enzyme activity was determined by scintillation 
proximity assay.  Each point represents the mean±SEM.  n=3. 
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ders, ob/ob mice were treated twice daily with 25 or 50 mg/kg 
of emodin by intraperitoneal injection for 26 d.  The enzymatic 
activity of 11β-HSD1 in mesenteric fat was measured at the 
end of the experiment.  As shown in Figure 3, a significant 
decrease in 11β-HSD1 activity, by 44.5%, was observed in the 
mesenteric adipose tissues of ob/ob mice treated with 50 mg/kg 
of emodin (P<0.05).

The genetic type 2 diabetic ob/ob mice showed obesity, 
hyperglycemia, dyslipidemia and insulin resistance.  Long-
term treatment with emodin significantly decreased the 
random-fed and fasting blood glucose levels in ob/ob mice, 
whereas the pair-fed group of mice showed no significant 
changes in blood glucose levels.  As shown in Figures 4A and 
4B, 16 or 20 d of treatment with 50 mg/kg of emodin signifi-
cantly reduced the random-fed blood glucose concentrations 
in ob/ob mice by 32.53% and 32.68% (P<0.05), respectively, 
and the fasting blood glucose levels of ob/ob mice were also 
decreased by 38.29% (P<0.01) and 31.61% (P<0.05), respec-
tively, when compared with the vehicle control mice.  After 
20 d of treatment with 50 mg/kg of emodin, glucose tolerance 
was improved.  The emodin-treated mice exhibited significant 
reductions in blood glucose levels at 15, 60, and 120 min fol-
lowing an oral glucose challenge, and the glucose AUC0–120 min 

value decreased by 29.11% when compared with the vehicle 
control group (Figure 4C and 4D, P<0.05).  There was no sig-
nificant difference in the blood glucose level or the AUC0–120 min 

value between the emodin pair-fed and vehicle control groups.  
Moreover, the random-fed, fasting blood glucose levels at the 
treatments on d 16 and d 20 and the blood glucose levels and 
AUC0–120 min values in OGTT of the 50-mg/kg emodin-treated 
group were significantly lower than in the pair-fed group 
(P<0.05, P<0.01).

Emodin also improved the lipid profiles in ob/ob mice.  After 
26 d of treatment with 50 mg/kg of emodin, the serum triglyc-
eride was significantly reduced by 26.0% (P<0.01) compared 

Figure 2.  Emodin regulated adipogenesis and energy metabolism in 
3T3-L1 adipocytes.  (A) Emodin inhibited the adipogenesis induced by 
11-DHC (an inactive glucocorticoid) but not by corticosterone (an active 
glucocorticoid).  The values are expressed as the fold increase over the 
values for the dexamethasone-treated DMSO group.  cP<0.01 vs DMSO-
treated 11-DHC group; n=4.  (B) Emodin inhibited the glycerol release 
induced by 10 nmol/L 11-DHC but not by 10 nmol/L corticosterone.  The 
values are expressed as the fold increase over the values for the DMSO-
treated control group.  cP<0.01 vs DMSO-treated control group, fP<0.01 vs 
DMSO-treated 11-DHC group; n=3.  (C) Emodin significantly reversed the 
impaired insulin-stimulated glucose uptake induced by 11-DHC but not 
by corticosterone.  bP<0.05, cP<0.01 vs insulin-stimulated control group, 
fP<0.01 vs insulin stimulated 11-DHC group; n=6.  (D) 11-DHC- but not 
corticosterone-impaired adiponectin release was reversed by 3 µmol/L of 
emodin in 3T3-L1 adipocytes.  Values are expressed as the fold increase 
over the values for the DMSO-treated control group.  cP<0.01 vs DMSO-
treated control group, fP<0.01 vs DMSO-treated 11-DHC group; n=3.  

Figure 3.  Emodin suppressed 11β-HSD1 activity in the mesenteric fat 
of ob/ob mice.  Ob/ob mice were subjected to intraperitoneal injection 
treatment twice daily with vehicle (0.5% Tween 80), 25 mg/kg emodin 
or 50 mg/kg emodin for 26 d.  11β-HSD1 activity in the mesenteric fat 
was measured by SPA at the end of the treatment period.  Values are 
expressed as fold of the values for the vehicle group.  bP<0.05 vs vehicle 
group; n=6.
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with the vehicle control mice (Figure 5A).  The total cholesterol 
levels of emodin and pair-fed mice showed mild reductions 
but did not reach statistical significance (Figure 5B).  Emodin 
(25 mg/kg) caused a 15.25% reduction of the NEFA level 

(P<0.05).  The NEFA concentrations of 50-mg/kg emodin-
treated and pair-fed mice were reduced by 11.15% and 11.60%, 
respectively, although these values did not reach statistical 
significance (Figure 5C).

Long-term treatment with emodin lowered the appetite and 
body weight of ob/ob mice.  The food intakes of the 25- and 
50-mg/kg emodin-treated mice were significantly decreased, 
by 26.26% and 26.31% (P<0.01), respectively, compared with 
the vehicle-treated animals (Figure 6A).  The ob/ob mice treated 
with 25 or 50 mg/kg of emodin showed steady declines in 
body weight; the body weight gains on day 20 were reduced 
by 63.30% and 66.06% (P<0.01), respectively, and the emodin 
pair-fed mice also showed a similar decreased body weight 
gain (Figure 6B).  Furthermore, both 25 and 50 mg/kg of 
emodin caused a reduction in mesenteric fat pad weights by 
37.8% (P<0.01), whereas the pair-fed mice showed a reduction 
of 28.48% (P<0.01) (Figure 6C).  The perirenal fat pad weight 
in the 50-mg/kg emodin-treated ob/ob mice was reduced by 

Figure 4.  Emodin lowered blood glucose and improved the glucose 
tolerance of ob/ob mice.  ob/ob mice were subjected to intraperitoneal 
injection twice daily with vehicle (0.5% Tween 80), 25 mg/kg emodin or 
50 mg/kg emodin for 26 d.  A pair-fed group was set by providing the ob/
ob mice each day with the amount of food eaten by freely fed 50-mg/kg 
emodin-treated mice.  Random-fed blood glucose concentrations (A) and 
fasting blood glucose concentrations (B) were measured on day 16 and 
day 20.  Glucose tolerance (C and D) was determined on day 20 of the 
treatment.  Values are expressed as the mean±SEM.  bP<0.05, cP<0.01 vs 
vehicle group; eP<0.05, fP<0.01 vs 50-mg/kg emodin pair-fed group; n=8.  

Figure 5.  Effects of emodin on serum lipids of ob/ob mice.  ob/ob mice 
were subjected to intraperitoneal injection twice daily with vehicle (0.5% 
Tween 80), 25 mg/kg emodin or 50 mg/kg emodin for 26 d.  A pair-fed 
group was set by providing the ob/ob mice each day with the amount 
of food eaten by freely fed 50-mg/kg emodin-treated mice.  Serum 
triacylglycerol (A), cholesterols (B) and NEFA (C) concentrations were 
evaluated at the end of the treatment period.  Data are expressed as the 
mean±SEM.  bP<0.05, cP<0.01 vs vehicle group; n=8.
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29.26% (P<0.01) compared with the vehicle-treated mice, 
whereas no significant reduction was found in the pair-fed 
mice (Figure 6D).  

The effects of long-term treatment with emodin on the 
mRNA expression of adiponectin and PPARγ in the mesen-
teric fat of ob/ob mice were also studied.  As shown in Figures 
7A and 7B, the treatment of ob/ob mice with 50 mg/kg of emo-
din for 26 d significantly increased adiponectin and PPARγ 
mRNA levels by 233.2% and 282.9%, respectively, compared 
with the vehicle group (P<0.01).

Discussion 
Adipocyte dysfunction has been shown to play key roles in the 
development of insulin resistance, obesity and type 2 diabetes.  

The inhibition of 11β-HSD1 in adipose tissue was expected to 
ameliorate adipocyte dysfunction and exert a beneficial effect 
on type 2 diabetes or metabolic diseases[5, 13].  In our previous 
study, emodin was demonstrated to be a potent and selective 
11β-HSD1 inhibitor and ameliorate metabolic disorders in 
diet-induced obese mice[21].  However, its effect on adipocyte 
dysfunction has been unclear until now.  In the present study, 
we demonstrated that emodin inhibited 11β-HSD1 activity in 
3T3-L1 adipocytes and ameliorated inactive glucocorticoid-
caused adipocyte dysfunction.  Moreover, emodin improved 
the glycemic control and ameliorated other metabolic disor-
ders in ob/ob mice.

11β-HSD1 is a bidirectional enzyme (dehydrogenase and 
oxoreductase) that functions predominantly as an oxore-
ductase in intact cells and catalyzes glucocorticoids to become 
active; its action is dependent on the NAPDH concentration 
in the endoplasmic reticulum[23].  Our previous study showed 
that emodin inhibited recombinant 11β-HSD1 activity in 
microsome fractions prepared from HEK-293 cells stably 
transfected with either mouse or human 11β-HSD1, with 
IC50 values of 86 and 186 nmol/L, respectively.  Emodin also 
exhibited low inhibitory activity against mouse or human 11β-
HSD2 with the IC50 higher than 1 mmol/L[21].  In this study, 
the inhibitory effect of emodin on the oxoreductase activity 
of 11β-HSD1 was determined in 3T3-L1 adipocytes in the 
absence of exogenous NAPDH, and the IC50 values after 1 h 
or 24 h of treatment were 7.24 and 4.20 µmol/L, respectively.  
Therefore, emodin inhibited the oxoreductase activity of 11β-
HSD1 in intact 3T3-L1 adipocytes, although its efficacy is less 
than that against recombinant mouse 11β-HSD1 in microsome 
fractions; this lower efficacy might be due to the compound’s 
limited penetration of the cell membrane or the restricted 
NADPH levels in intact cells.  

Excess glucocorticoid causes visceral obesity owing to the 
acceleration of preadipocyte differentiation and adipocyte 
fat accumulation[24].  It has been demonstrated that the dif-
ferentiation of 3T3-L1 preadipocytes can be induced by both 
active and inactive glucocorticoids, such as dexamethasone, 

Figure 7.  Emodin increased the mRNA levels of adiponectin (A) and PPARγ 
(B) in the mesenteric fat of ob/ob mice.  ob/ob mice were subjected 
to intraperitoneal injection twice daily with vehicle (0.5% Tween 80) or 
emodin (50 mg/kg) for 26 d.  The relative mRNA levels of adiponectin and 
PPARγ in the mesenteric fat were determined by real-time PCR at the end 
of the treatment period.  Values are expressed as the fold increase over 
the values for the vehicle group.  cP<0.01 vs vehicle group; n=7.

Figure 6.  Emodin decreased the food intake (A), body weight gain (B), 
mesenteric fat weight (C) and perirenal fat weight (D) of ob/ob mice.  
ob/ob mice were subjected to intraperitoneal injection twice daily with 
vehicle (0.5% Tween 80), 25 mg/kg emodin or 50 mg/kg emodin for 
26 d.  A pair-fed group was set by providing the ob/ob mice each day with 
the amount of food eaten by freely fed 50-mg/kg emodin-treated mice.  
Values are expressed as the mean±SEM.  cP<0.01 vs vehicle group; n=8.
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corticosterone and 11-DHC, and endogenous 11β-HSD1 oxore-
ductase activity was expected to be required for differentiation 
induced by 11-DHC, an inactive glucocorticoid[25].  Thus, we 
examined the effect of emodin on the differentiation of 3T3-L1 
preadipocytes induced by dexamethasone, corticosterone and 
11-DHC.  Emodin suppressed the adipogenesis induced by 
11-DHC but not by corticosterone or dexamethasone in 3T3-L1 
cells, which further confirms that emodin inhibits the oxore-
ductase activity of 11β-HSD1 in 3T3-L1 cells.  

Glucocorticoid receptors are highly expressed in adipocytes.  
Excessive glucocorticoid action in adipose tissue caused by 
either high circulating glucocorticoid levels or high local 11β-
HSD1 expression and activity can negatively regulate a num-
ber of cellular glucose and lipid metabolic processes in adi-
pocytes[5].  Glucocorticoids directly induce insulin resistance, 
which is mainly associated with the manifestation of impaired 
insulin-stimulated glucose uptake[26] and increased lipolysis, 
leading to elevated FFA release[27]; glucocorticoids also cause 
abnormalities in the release of adipokines, such as adiponec-
tin[28].  Our present study showed that both corticosterone and 
11-DHC can impair the insulin-stimulated glucose uptake, 
enhance lipolysis, and suppress adiponectin release in 3T3-
L1 adipocytes.  All cellular disorders caused by 11-DHC were 
partly reversed by emodin, whereas no significant changes 
were observed in the corticosterone-treated group.  Because 
11β-HSD1 is highly expressed in mature adipocytes[25], these 
results suggest that emodin can diminish adipocyte dysfunc-
tion by reducing local glucocorticoid action through inhibition 
of 11β-HSD1, which may ameliorate the whole body metabolic 
disorders in obesity or type 2 diabetes.  

Our previous studies showed that emodin lowered blood 
glucose, improved insulin resistance and dyslipidemia, and 
decreased body weight and central fat mass in DIO mice[21].  
In the present study, we further evaluated the in vivo effects 
of emodin on ob/ob mice, a genetic murine model of type 2 
diabetes, which displayed hyperglycemia, hyperinsulinemia, 
dyslipidemia, obesity and insulin resistance[29].  The results 
showed that 26 days of treatment with emodin caused a sig-
nificant reduction in 11β-HSD1 activity in the mesenteric fat of 
ob/ob mice, which confirmed that emodin inhibits 11β-HSD1 in 
adipose tissues in vivo.  Moreover, emodin lowered the blood 
glucose levels, improved glucose tolerance, ameliorated dys-
lipidemia, and decreased body weight and food intake in ob/
ob mice.  Because glucocorticoids are orexigenic and adipose 
tissue-specific overexpression of 11β-HSD1 has been shown 
to cause hyperphagia[8, 30], the reduced food intake caused by 
emodin was expected.  This finding is in line with our previ-
ous findings in DIO mice and other reports on the 11β-HSD1 
inhibitor[31].  To exclude the metabolic changes caused by the 
reduced food intake, a pair-fed group corresponding to the 
50-mg/kg emodin-treated group was set up.  The beneficial 
changes in lipid profile, body weight, and fat mass in the 
50-mg/kg emodin group were similar to those in the pair-
fed group, which suggests that those improvements might be 
due to the reduced food intake.  However, although the food 
intakes were similar, 50 mg/kg of emodin still significantly 

decreased both the random-fed and fasting blood glucose lev-
els, and it also resulted in an improved oral glucose tolerance 
compared with the pair-fed group, which indicated that the 
glucose lowering effect of emodin on ob/ob mice is not only 
due to reduced food intake; other mechanisms, such as the 
inhibition of 11β-HSD1, were also involved.  

It has been reported that the mRNA expression of adiponec-
tin and PPARγ are increased in epididymal adipose tissue in 
11β-HSD1 knockout mice[13].  Owing to the role of glucocorti-
coids in adiponectin secretion decreases[28], it was not surpris-
ing to find that 11β-HSD1 inhibition is involved in increasing 
adiponectin content.  The present study demonstrates that 
long-term treatment with emodin increased adiponectin 
mRNA expression in mesenteric adipose tissue, which may 
be attributable to the amelioration of metabolic disorders by 
emodin in ob/ob mice.  PPARγ is a transcription factor closely 
related to insulin sensitivity, and its activation promotes 
preadipocyte differentiation and increases adipocyte glucose 
uptake[32].  Chronic emodin administration increased PPARγ 
mRNA expression in mesenteric adipose tissue.  Although the 
correlation between the increased PPARγ expression and the 
11β-HSD1-inhibitory effect of emodin is unclear, PPARγ is 
clearly involved in the anti-diabetic effect of emodin.  

In conclusion, our study demonstrates that emodin inhibits 
11β-HSD1 activity in 3T3-L1 adipocytes and improves inactive 
glucocorticoid-induced adipocyte dysfunction.  The adminis-
tration of emodin improved glycemic control and ameliorated 
other metabolic disorders in ob/ob mice, possibly owing to the 
inhibition of 11β-HSD1 activity in adipose tissue.  
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