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ABSTRACT

Adiponectin is an important insulin-sensitizing adipokine with multiple beneficial effects on obesity-associated medical complications. It is
secreted from adipocytes into circulation as high, medium, and low molecular weight forms (HMW, MMW, and LMW). Each oligomeric form
of adiponectin exerts non-overlapping biological functions, with the HMW oligomer possessing the most potent insulin-sensitizing activity.
In this study, we reported that emodin, a natural product and active ingredient of various Chinese herbs, activates AMPK in both 3T3-L1
adipocytes and 293T cells. Activation of AMPK by emodin promotes the assembly of HMW adiponectin and increases the ratio of HMW
adiponectin to total adiponectin in 3T1-L1 adipocytes. Emodin might activate AMPK by an indirect mechanism similar to berberine. We also
found that emodin activates PPARy and promotes differentiation and adiponectin expression during differentiation of 3T3-L1 preadipocytes.
Therefore, emodin is a novel AMPK activator with PPARy-agonist activity. Our results demonstrate that the effects of emodin on adiponectin
expression and multimerization are the ultimate effects resulting from both AMPK activation and PPARy activation. The dual-activity makes
emodin or the derivatives potential drug candidates for the treatment of type 2 diabetes and other obesity-related metabolic diseases.
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T he adipose tissue produces and secretes a variety of
adipokines, which regulate the metabolism and numerous
other processes in the human body [Rajala and Scherer, 2003; Lago
et al., 2007]. Adiponectin is the most abundant adipokine present in
human serum at a concentration of 5-30 pg/ml. The serum level of
adiponectin inversely correlates with obesity and directly correlates
with insulin sensitivity [Arita et al., 1999; Hotta et al., 2000].
Additionally, serum adiponectin levels increase with weight loss,
caloric restriction or thiazolidinedione (TZD) treatment [Maeda
et al., 2001; Combs et al., 2003; Satoh et al., 2003; Bobbert et al.,
2005]. The insulin-sensitizing effect of adiponectin is due primarily
to its ability to activate AMPK [Yamauchi et al., 2002; Wu et al.,
2003; Kubota et al., 2007]. Reduced expression of adiponectin or its
receptors results in impaired adiponectin signaling and leads to
insulin resistance [Kadowaki et al., 2006; Yamauchi et al., 2007;
Iwabu et al., 2010]. Therefore, adiponectin is a promising drug target
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for obesity, insulin resistance, type 2 diabetes, and other obesity-
related metabolic diseases.

Adiponectin is comprised four distinct domains: a signal peptide
at the N terminus; a short variable region; a collagenous domain;
and a C-terminal globular domain homologous to C1q [Scherer
etal., 1995; Hu et al., 1996]. Adiponectin is secreted from adipocytes
into circulation as low molecular weight (LMW) trimers, medium
molecular weight (MMW) hexamers, and the high molecular weight
(HMW) multimers consisting of 18-36 monomers [Tsao et al., 2003;
Waki et al., 2003]. Each oligomeric form of adiponectin displays
distinct biochemical characteristics and exerts non-overlapping
biological functions, with the HMW oligomer possessing the most
potent insulin-sensitizing activity [Pajvani et al., 2003; Wang et al.,
2008]. The serum level of HMW adiponectin decreases in patients
with obesity, type 2 diabetes, metabolic syndrome, and cardiovas-
cular diseases [Kishida et al., 2003; Basu et al., 2007; Koenen et al.,
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2008]. The ratio of HMW adiponectin to total adiponectin correlated
with TZD-mediated improvement in insulin sensitivity [Pajvani
et al., 2004]. Therefore, multimerization plays an important role in
regulating the numerous activities of adiponectin [Wang et al.,
2008; Liu and Liu, 2010].

A major challenge in developing adiponectin as a therapeutic
drug is the high abundance of adiponectin in the plasma, making
further elevation rather difficult. In addition, endogenous adipo-
nectin undergoes various post-translational modifications, such as
hydroxylation and glycosylation, which are critical for its biological
functions [Wang et al., 2008]. Despite the extensive research on the
physiological functions of adiponectin, little is known about the
molecular mechanisms of adiponectin multimerization and secre-
tion. Ero1-La and DsbA-L have been found to promote the assembly
of HMW adiponectin [Qiang et al., 2007; Wang et al., 2007; Liu et al.,
2008]. Because adiponectin mRNA is expressed at high levels in
adipocytes, optimizing the assembly and secretory pathway should
be the most effective way to increase the level of HMW adiponectin
in the serum. We have found that activation of AMPK by berberine
or AICAR promotes adiponectin multimerization [Li et al., 2011].
Therefore, the AMPK signaling pathway plays a positive role in
regulating the assembly of HMW adiponectin.

AMP-activated protein kinase (AMPK) is a serine/threonine
kinase that regulates cellular and whole body energy homeostasis in
response to metabolic or non-metabolic stress [Towler and Hardie,
2007]. In addition, AMPK has been found to regulate many other
cellular processes, such as mitochondrial biogenesis, autophage,
cell polarity, and cell proliferation [Hardie, 2011]. AMPK, a
heterotrimer composed of a catalytic a subunit that is only active
after phosphorylation at Thr-172 by upstream kinases, and
regulatory B and <y subunits, is activated by an increase in the
AMP/ATP ratio. A number of AMPK activators have been identified,
most of which activate the kinase indirectly by altering cellular
AMP/ATP ratio [Hawley et al., 2010]. A-769662, a direct AMPK
activator, activates AMPK by a mechanism that is distinct from AMP
activation [Sanders et al., 2007; Hawley et al., 2010]. The widely
used anti-diabetic drugs, such as metformin and thiazolidinediones,
are also AMPK activators [Fryer et al., 2002]. They activate AMPK
indirectly via inhibition of ATP synthesis and consequent increase in
the level of AMP [Owen et al., 2000; Brunmair et al., 2004]. As a
result, they are inhibitors of mitochondrial function. It is important
to identify more specific and potent AMPK activators, which should
have few side effects as therapeutics for metabolic disorders.

Emodin is a natural product and active ingredient of various
Chinese medicinal herbs [Xie and Du, 2011]. Recent studies have
shown that emodin exerts anti-diabetic, anti-atherosclerotic, anti-
cancer, and anti-allergic effects [Heo et al., 2008; Xue et al., 2010; Lu
et al.,, 2011; Liu et al., 2012]. It is reported that emodin can function
as a PPARvy agonist with PPARvy ligand-binding activity [Yang et al.,
2007; Liu et al., 2009]. In this study, we examined the effect of
emodin on adiponectin multimerization in 3T3-L1 adipocytes. We
found that emodin activates AMPK and promotes the assembly of
HMW adiponectin. We also demonstrated that emodin activates
PPARy and promotes differentiation and adiponectin expression
during differentiation of 3T3-L1 preadipocytes. Therefore, emodin is
a novel AMPK activator with PPARy-agonist activity. We provide

evidence that the effects of emodin on adiponectin expression and
multimerization are the ultimate effects resulting from both AMPK
activation and PPARv activation.

MATERIALS

Emodin, berberine, rosiglitazone, GW9662, Compound C, 3-
isobutyl-1-methylxanthine, dexamethasone, insulin, Oil Red O,
and antibody against B-actin were purchased from Sigma. A-
769662 was purchased from Ascent Scientific. Antibodies against
phospho-AMPXK, total AMPK, or AMPKa1 were purchased from Cell
Signaling or Upstate Biotechnology, respectively. Antibody against
PPARy was purchased from Abcam. A siRNA oligonucleotide
targeting the mouse AMPKa1 with the sequence ACAUAUGCUG-
CAGGUGGA was synthesized at GenePharma (Shanghai, China).

REVERSE TRANSCRIPTION AND QUANTITATIVE REAL-TIME PCR
Total RNA was isolated from 3T3-L1 adipocytes and quantitative
real-time PCR was used to examine the level of different transcripts
as described previously [Li et al., 2011]. PCR reactions were
performed in an ABI PRISM 7500 real-time PCR system. All results
were obtained from at least three independent experiments. The
mRNA levels of all genes were normalized using B-actin as an
internal control.

CELL CULTURE, DIFFERENTIATION AND TREATMENT

3T3-L1 preadipocytes (ATCC) were grown in DMEM (Invitrogen)
supplemented with 10% FBS (Hyclone) at 37°C in 5% CO, and
induced to differentiate as described previously [Li et al., 2011]. To
3T3-L1
preadipocytes were induced to differentiate in the presence of
different concentrations of emodin. At Day 6 post-differentiation,
the cells were stained with Oil Red O as described previously [Li et al.,
2011].

Mature 3T3-L1 adipocytes or 293T cells were incubated in a
serum-free medium containing 0.05% BSA for 16h before being
treated with emodin alone or together with other chemicals. 3T3-L1
adipocytes were transfected with mouse AMPKa1 siRNA or control
siRNA for 48 h followed by treatment with emodin.

All chemicals used in the treatment were dissolved in DMSO. The

examine the effects of emodin on differentiation,

stock solution of emodin is 50 mM. There are matched vehicle
controls for each treatment so that the final concentration of DMSO
is identical for each experiment. GW9662 was used together with
emodin or rosiglitazone at a concentration of 20 WM. Compound C
was used at a concentration of 10 wM.

SDS-PAGE AND WESTERN BLOT ANALYSIS

The cell lysates of 3T3-L1 adipocytes were subjected to 2-15%
gradient gel electrophoresis under non-reducing and non-heat-
denaturing conditions as described [Li et al., 2011]. Adiponectin
oligomers and the total amount of adiponectin were detected using
antibodies against the globular domain or the N-terminal peptide of
adiponectin. AMPK was detected using antibodies specific for
phospho-AMPK, total AMPK, or AMPKal. The amount of each
oligomer and the total adiponectin were quantified by analyzing the
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western blots using the NIH ImageJ software. All experiments were
performed at least three times and the representative results were
presented.

LUCIFERASE REPORTER ASSAY

293T cells were transfected with PPRE-TK-Luciferase reporter along
with PPARy and RXRa expression vectors. Twenty-four hours after
transfection, the cells were treated with emodin, berberine, or
rosiglitazone in the presence or absence of GW9662 or Compound C.
The cells were harvested for the luciferase assay after treatment for
24 h. Luciferase activities were normalized to Renilla activities
cotransfected as an internal control.

EMODIN ACTIVATES AMPK AND PROMOTES ADIPONECTN
MULTIMERIZATION IN 3T3-L1 ADIPOCYTES

We have previously found that activation of AMPK by berberine or
AICAR promotes adiponectin multimerization in 3T3-L1 adipocytes
[Li et al., 2011]. To investigate whether emodin activates AMPK, we
treated 3T3-L1 adipocytes with emodin and examined phosphory-
lated AMPK (pAMPK) by western blot with a phosphorylation-
specific AMPK antibody. The level of pAMPK was increased by
emodin, with the highest level of pAMPK seen at 25 uM emodin
(Fig. 1A). This result indicates that emodin is a novel AMPK
activator.

To investigate the effect of emodin on adiponectin multi-
merization, we treated fully differentiated 3T3-L1 adipocytes with
emodin for 48 h. We found that the level of HMW adiponectin was
increased, whereas the level of LMW adiponectin was decreased in
the presence of emodin (Fig. 1B). The ratio of HMW adiponectin to
total adiponectin was increased in a dose-dependent way by emodin
(Fig. 1C). Therefore, emodin promotes adiponectin multimerization
in 3T3-L1 adipocytes.

To demonstrate that the AMPK signaling pathway mediates the
effect of emodin on adiponectin multimerization, we used siRNA to
specifically knock down the expression of endogenous AMPKa1.
Forty-eight hours after transfection of AMPKa1 siRNA, we treated
the cells with emodin for another 48 h. In cells transfected with
AMPKa1 siRNA, the level of different adiponectin oligomers was
not changed significantly, whereas the level of total adiponectin was
increased after emodin treatment (Fig. 1B). As a result, the HMW/
total ratio was decreased, compared to the cells transfected with the
control siRNA (Fig. 1C). Therefore, suppression of AMPKal
abolished the effects of emodin on adiponectin multimerization.
This result demonstrates that emodin activates AMPK and promotes
the assembly of HMW adiponectin.

EMODIN ACTIVATES PPARy AND PROMOTES ADIPOCYTE
DIFFERENTIATION OF 3T3-L1 PREADIPOCYTES

Emodin was reported to function as a PPARYy agonist with PPARy
ligand-binding activity [Yang et al., 2007; Liu et al., 2009]. We also
found that emodin promoted the differentiation of 3T3-L1
preadipocytes, with the maximal effect seen at 25 uM (Fig. 2A).
PPARYy is a key transcription factor regulating adipocyte differenti-
ation [Morrison and Farmer, 1999]. aP2, a hallmark of adipogenesis,

is one of the target genes for PPARy during adipocyte differentiation
[Gregoire et al., 1998]. We found that emodin up-regulated the
expression of PPARy and aP2. The expression of adiponectin,
another PPARy-responsive gene, was also increased by emodin at
both mRNA and proteins levels (Fig. 2B,C). Therefore, emodin
promotes differentiation of 3T3-L1 preadipocytes.

To confirm the involvement of PPARy in the promotion of
differentiation by emodin, we examined the effect of GW9662, a
PPARY inhibitor. Treatment of GW9662 clearly attenuated the effect
of emodin on adipocyte differentiation, as evaluated by Oil Red O
staining (Fig. 2D). Consistently, the expression of PPARvy, aP2, and
adiponectin was inhibited significantly by GW9662 (data not
shown). These results demonstrate that PPARvy is involved in
emodin-mediated promotion of adipocyte differentiation and
adiponectin expression. Thus, emodin promotes adipocyte differ-
entiation by activating PPARy.

THE EFFECTS OF EMODIN ON ADIPONECTIN ARE THE ULTIMATE
EFFECTS RESULTING FROM BOTH AMPK ACTIVATION AND

PPARy ACTIVATION

We have previously shown that activation of AMPK by berberine
or AICAR inhibits adiponectin expression in 3T3-L1 adipocytes
[Li et al., 2011]. AMPK activation leads to phosphorylation of
PPARYy, which decreases PPARy expression and inhibits its
transcriptional activity [Dagon et al., 2006; Lee et al., 2006].
Emodin treatment also leads to a decreased level of total adiponectin
protein in 3T3-L1 adipocytes (Fig. 1B). Suppression of AMPKal
abolished the effect of emodin and led to a dose-dependent increase
in the expression of adiponectin, PPARYy, and aP2 (Fig. 3A). These
results demonstrate that the inhibitory effect of emodin on
adiponectin expression is the result of AMPK activation in 3T3-
L1 adipocytes.

The fact that adiponectin expression is increased in AMPKa1-
silenced cells suggested that the PPARy-agonist activity of emodin
also regulates adiponectin expression in 3T3-L1 adipocytes. To
confirm this, we treated 3T3-L1 adipocytes with both emodin and
GW9662. A further reduction in the mRNA expression of
adiponectin, PPARy, and aP2 was seen when both emodin and
GW9662 were present (Fig. 3B). The level of adiponectin mRNA was
reduced by approximately 80% in the presence of 20 puM GW9662
and 25 pM emodin. The protein level of adiponectin, PPARY, and
aP2 was also substantially reduced after treatment with both
emodin and GW9662 (Fig. 3C). These results suggest that emodin
upregulates adiponectin expression by its PPARvy-activating
activity, although the effect is not as strong as that of the
AMPK-activating activity in 3T3-L1 adipocytes. When the PPARYy-
activating activity is inhibited by GW9662, the AMPK-activating
activity is more prominent; a twofold increase in the HMW/total
ratio of adiponectin was seen in the presence of 20 WM GW9662 and
25 uM emodin, compared to treatment with only 25 M emodin
(Fig. 3D). These results suggest that the PPARy-activating activity
and the AMPK-activating activity of emodin are present in 3T3-L1
adipocytes. Thus, the effects of emodin on the expression and
multimerization adiponectin are the ultimate effects resulting from
both AMPK and PPARYy activation.
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EMODIN EXHIBITS BOTH AMPK-ACTIVATING AND
PPARy-ACTIVATING ACTIVITIES IN 293T CELLS

We further investigated the relationship between the AMPK-
activating and PPARy-activating activities of emodin in 293T cells.
We first examined the effect of emodin on the expression of PPARy.
Activation of AMPK by emodin leads to decreased expression of
PPARYy (Fig. 4A). This inhibition was completely abolished when the
cells were treated with both emodin and Compound C, a specific
AMPK inhibitor. As a matter of fact, the level of PPAR+y protein was
increased in the presence of both emodin and Compound C (Fig. 4A).
This result suggests that the PPARy-activating activity of emodin is
more prominent when the AMPK-activating activity is inhibited. On
the other hand, the level of PPAR+y protein was further reduced when
the cells were treated with both emodin and GW9662, compared to
cells treated with only emodin (Fig. 4A). Berberine, a known AMPK
activator, also inhibits PPARy expression, however, no increase in
PPARvy expression was seen when the cells were treated with both
berberine and Compound C (Fig. 4B). PPARY expression is promoted
by rosiglitazone, a well-known PPAR'y agonist. The level of PPARy
protein was not significantly changed in the presence of both
rosiglitazone and GW9662 (Fig. 4C). Therefore, emodin regulates the
expression of PPARy in a way different from that of berberine or
rosiglitazone.

We also examined the effect of emodin on PPARYy transcriptional
activity in luciferase reporter assays. 293T cells were transfected
with a luciferase reporter along with PPARy and RXRa expression
vectors and treated with emodin, berberine, or rosiglitazone in the
presence or absence of inhibitors. Emodin dose-dependently inhibits
the transcriptional activity of PPARYy, whereas inhibition of AMPK
activity by Compound C leads to increased PPARvy activity (Fig. 4D).
No increase in PPARvy activity was seen when cells were treated with
both berberine and Compound C. Treatment with both GW9662 and
emodin leads to further reduction in PPAR'y activity (Fig. 4D). These
results demonstrate that both AMPK-activating and PPARvy-
activating activities of emodin are present to regulate the
transcriptional activity of PPARy in 293T cells.

EMODIN ACTIVATES AMPK BY A MECHANISM SIMILAR TO
BERBERINE

Most of the AMPK activators identified so far activate AMPK
indirectly. Berberine and metformin have been found to affect the
intracellular AMP/ATP ratio by inhibiting the mitochondrial
respiratory chain [Owen et al., 2000; Turner et al., 2008]. A-
769662 is one of the AMPK activators which directly activate AMPK
[Sanders et al., 2007]. We found that emodin also activates AMPK in

293T cells, with the highest level of pAMPK seen at 25 M (Fig. 5A),
same as in 3T3-L1 adipocytes (Fig. 1A). Berberine and A-769662
also activate AMPK in 293T cells in a dose-dependent way
(Fig. 5B,C).

To investigate the mechanism by which emodin activates AMPK,
we examined whether emodin has any synergistic effects with
berberine or A-769662 on AMPK activation. When 293T cells were
treated with both emodin and A-769662, the level of pAMPK was
increased as the concentration of emodin increased (Fig. 5D).
However, no such effect was seen when berberine and emodin were
used to treat the cells. The highest level of pAMPK was seen at 5 puM
emodin in the presence of both emodin and berberine (Fig. 5D).
Similar results were seen when the experiments were performed in
3T3-L1 adipocytes (data not shown). These results suggest that
emodin activates AMPK indirectly by a mechanism similar to
berberine.

In this paper, we found that emodin activates AMPK in both 3T3-L1
adipocytes and 293T cells (Figs. 1A and 5A). This is the first report of
the AMPK-activating activity of emodin. We also found that emodin
activates PPARy and promotes the differentiation of 3T3-L1
preadipocytes (Fig. 3). This is consistent with the previous reports
[Yang et al., 2007; Liu et al., 2009]. Therefore, emodin is a novel
AMPK activator with PPARy-agonist activity.

Activation of AMPK decreases PPARYy expression and inhibits its
transcriptional activity [Dagon et al., 2006; Lee et al., 2006].
Therefore, as an AMPK activator and a PPARy-agonist, emodin has
both PPARwy-inhibiting and PPARwy-activating activities, which
regulate adiponectin expression in opposite ways. We demonstrate
that both activities of emodin are present in 3T3-L1 adipocytes
and 293T cells. Emodin promotes the differentiation of 3T3-L1
preadipocytes (Fig. 2); therefore, the PPARvy-agonist activity is
more prominent than the AMPK-activating activity during
differentiation. The effect of emodin on promoting adipogenesis
peaked at 25 M. When emodin is present at 50 uM, a decline
in PPARy activity was seen (Fig. 2A), probably as a result of
AMPK activation by emodin at higher concentrations. In mature
adipocytes and 293T cells, the AMPK-activating activity is higher
than the PPARy-agonist activity, as can be seen from decreased
expression of adiponectin or PPARvy (Figs. 3B,C and 4A). On one
hand, the PPARvy-agonist activity is the predominant activity
when the AMPK activity is suppressed by siRNA. As a result, the
level of adiponectin protein was upregulated by emodin in a dose-

Fig. 1. Emodin activates AMPK and promotes the assembly of HMW adiponectin in 3T3-L1 adipocytes. A: 3T3-L1 adipocytes were treated with emodin for 1 h. The cell lysates
were subjected to SDS-PAGE and western blot analysis using antibodies specific for phospho-AMPK and total AMPK. The results are representative of at least three independent

experiments with similar results. The amount of pAMPK and AMPK was quantified using the NIH ImageJ software. Results (mean + SD, n = 3) were expressed as a percentage of
the control (emodin O wM). B: 3T3-L1 adipocytes were transfected with AMPKa1 siRNA or control siRNA. Forty-eight hours after transfection, the cells were treated with

emodin for another 48 h. The cells were harvested and subjected to 2—15% gradient gel electrophoresis under non-reducing and non-heat-denaturing conditions to detect the
three oligomeric forms of adiponectin (LMW, MMW, and HMW) using anti-globular domain antibodies (top panel). The amount of total adiponectin (total Ad), PPARy, aP2, or

actin was detected with antibodies against the N-terminal peptide of adiponectin, PPARy, aP2, or B-actin, respectively. C: The amount of each oligomer and total adiponectin
shown in (B) was quantified using the NIH ImageJ software and the HMW/total ratio of adiponectin was calculated. The results are presented as the ratio of HMW/total relative

to the control (emodin 0 wM) and as the mean +SD (n=3). "P<0.05; *"P< 0.01.
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Emodin activates PPARy and promotes adipocyte differentiation and adiponectin expression during differentiation of 3T3-L1 preadipocyte. 3T3-L1 preadipocytes

were induced to differentiate in the presence of 0, 10, 25, 50 .M emodin or 1 uM rosiglitazone (Rosi) for 6 days. A: The cells were stained with Oil Red O. B: The mRNA level of
adiponectin, aP2, and PPAR+y was examined by quantitative real-time PCR. Data are expressed relative to 3-actin. C: The amount of total adiponectin (total Ad), PPARy, aP2, or
actin was detected with corresponding antibodies. The results were quantified and presented relative to the control (emodin 0 M) and as the mean + SD (n = 3). D: GW9662
(20 .M) was used together with emodin or rosiglitazone (1 wM) during differentiation of 3T3-L1 preadipocytes. The cells were stained as described in (A).
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Fig. 3. The effects of emodin on adiponectin are the ultimate effects resulting from both AMPK activation and PPARy activation. A: The total amount of adiponectin (total
Ad), PPARY, and aP2 shown in Figure 1B was quantified and presented as described in Figure 2C. B: 3T3-L1 adipocytes were treated with emodin or emodin with GW9662 for
48 h. The mRNA level of adiponectin, aP2, and PPARy was examined by real-time PCR as described in Figure 2B. C: After treatment with emodin or emodin and GW9662 for 48 h,
the cell extracts were subjected to western blot analysis. The amount of total adiponectin (total Ad), PPARy, and aP2 was quantified and presented as described in Figure 2C.
D: The HMW/total ratio of adiponectin after 48-h treatment was calculated and presented as described in Figure 1C. All the results were presented relative to the control
(emodin 0 uM, with the same type of treatment).
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dependent way in cells transfected with AMPKa1 siRNA (Fig. 3A).
Increased PPARYy activity was also seen in 293T cells when AMPK
was inhibited by Compound C (Fig. 4D). On the other hand, the
AMPK activity is more prominent when the PPARYy activity was
inhibited by GW9662; we saw a more substantial decrease in both
adiponectin mRNA and total protein (Fig. 3B,C), but a greater
increase in HMW/total ratio as concentration of emodin increased

(Fig. 3D). Therefore, both PPARvy-activating and PPARy-inhibiting
activities of emodin are present in adipocytes to regulate
adiponectin expression and multimerization in 3T3-L1 adipocytes.

The dual-activity makes emodin different from other AMPK
activators and rosiglitazone in certain respects. Like rosiglitazone,
emodin promotes differentiation (Fig. 2A), whereas AMPK activa-
tors, such as berberine or AICAR, inhibit differentiation [Li et al.,
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2011]. On the other hand, treatment with rosiglitazone increases
not only the level of adiponectin oligomers but also the total
amount of adiponectin (data not shown). Therefore, the HMW/
total ratio of adiponectin was not increased by rosiglitazone.
However, emodin, like berberine or AICAR, increases this ratio
(Figs. 1C and 3D). In addition, we have reproducibly noticed that the
effect of emodin on adipogenesis was not as potent as that of
rosiglitazone; a higher concentration of emodin is required to
promote differentiation, compared to that of rosiglitazone (Fig. 2A).
Furthermore, the mRNA level and total protein level of adiponectin
are reduced substantially by berberine or AICAR [Li et al., 2011].
However, emodin treatment only leads to a moderate decrease in
the mRNA and total protein level of adiponectin (Figs. 3B,C and 1C).
The AMPK-activating activity of emodin is counteracted by that
of the PPARy-agonist activity. Thus, the effects of emodin on the
expression and multimerization adiponectin are the ultimate effects
resulting from both AMPK and PPAR'y activation.

AMPK is a key sensor and regulator of intracellular and whole-
body energy metabolism [Towler and Hardie, 2007]. In this paper,
we demonstrate that emodin activates AMPK and promotes the
assembly of HMW adiponectin. Our previous study shows that
activation of AMPK by berberine or AICAR promotes adiponectin
multimerization[Li et al., 2011]. Our study reveals a novel regulatory
role of the AMPK signaling pathway in adiponectin multimerization
and provides more evidence that AMPK would be a prime
therapeutic target for obesity-related metabolic diseases.

Most of the AMPK activators identified so far activate AMPK
indirectly by inhibiting mitochondrial function [Hawley et al.,
2010]. Metformin and thiazolidinedione (TZD) are currently the

frontline treatment for type 2 diabetes worldwide. Both of them
activate AMPK by inhibiting Complex I of the respiratory chain
[Owen et al., 2000; Brunmair et al., 2004]. A-769662 directly
activates AMPK independent of AMP activation [Sanders et al.,
2007]. We found that emodin and A-769662 activate AMPK
synergistically (Fig. 5D), suggesting that emodin activates AMPK by
a mechanism different from A-769662. No such effect was seen
between emodin and berberine or emodin and metformin on AMPK
activation (Fig. 5D, data not shown). Therefore, emodin might
activate AMPK indirectly, similar to berberine and metformin.
Emodin has been reported to be an inhibitor of tyrosine kinase syk
and Her2/neu [Jayasuriya et al., 1992; Zhang et al., 1995; Zhang
et al., 1998; Lim et al.,, 2007; Lu et al., 2011]. It remains to be
investigated whether the tyrosine kinase inhibiting activity of
emodin is related to its function as an AMPK activator. We are
currently in the process of investigating how emodin activates
AMPK and how the AMPK signaling pathway regulates adiponectin
multimerization.

Berberine treatment increased AMPK activity in 3T3-L1 cells,
which has been demonstrated to be associated with GLUT1-
mediated glucose uptake [Kim et al., 2007]. Increased glucose uptake
by emodin has also been reported [Yang et al., 2007]. In addition,
emodin has been shown to improve glucose tolerance and insulin
sensitivity in high-fat diet-induced obese mice and low-dose STZ-
induced diabetic mice [Xue et al., 2010]. In this study, we found that
emodin promotes adiponectin multimerization and increases the
HMW/total adiponectin ratio, which has been shown to be closely
associated with peripheral insulin sensitivity [Pajvani et al., 2004].
Therefore, emodin might increase insulin sensitivity by promoting
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the assembly of LMW adiponectin into HMW adiponectin. We are
currently in the process of investigating the effect of emodin on
adiponectin multimerization and secretion in the mouse model of
type 2 diabetes. The efficiency of emodin on improving the insulin
sensitivity of these mice will be examined as a way to assess the
physiological significance of increasing the HMW/total ratio of
adiponectin.

The expression of adiponectin was substantially inhibited by
berberine and other AMPK activators we have examined, although
the HMW/total ratio is increased. It is hard to predict whether an
increased HMW adiponectin level can counteract a decrease in the
total protein level or to predict the possible physiological relevance.
Based on the fact that emodin promotes differentiation and increases
the HMW/total ratio with only moderately inhibiting adiponectin
expression, emodin or its derivatives might be potential drug
candidates for the treatment of type 2 diabetes and other obesity-
related metabolic diseases.
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