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ABSTRACT: Background: AMP-activated protein kinase
(AMPK) is a therapeutic target against type II diabetes (T2D).
Synthetic sesquiterpene derivatives were investigated to identify
novel AMPK activators as anti-diabetic drugs because the leading
drugs like metformin and thiazolidinediones (TZDs) activate
AMPK by inhibiting the synthesis of adenosine 5′-triphosphate
and thus are associated with some side effects. Results: We
identified WSF-CT-11 as an AMPK activator in HEK293T cells
and found that WSF-CT-11 activates AMPK by the activation of
transient receptor potential vanilloid type 1 (TRPV1), a Ca2+-
permeable cation channel. The increased Ca2+ influx then activates
phosphoinositide 3-kinase (PI3K), protein kinase B (PKB/Akt),
and Ca2+/calmodulin-dependent protein kinase II (CaMKII),
which in turn phosphorylates TRPV1 and facilitates the formation of a TRPV1/Akt/CaMKII/AMPK complex. This complex might
be important for the regulation of AMPK activity. In 3T3-L1 adipocytes, WSF-CT-11-induced AMPK activation has three anti-
diabetic effects. It promotes the assembly of high-molecular-weight adiponectin, which has stronger insulin-sensitizing activity than
other multimers. It improves translocation of the glucose transporter type 4, increases glucose uptake, and induces the inhibitory
phosphorylation of peroxisome proliferator-activated receptor γ and thus suppresses adipogenesis. Conclusion: WSF-CT-11 is a
novel AMPK activator and potential drug against T2D without the side effects of metformin and TZDs.

1. INTRODUCTION

T2D is a silent epidemic three times as deadly as the
coronavirus disease of 2019, and its prevalence continues to
rise.1 As the need for more effective treatment continues to
increase, it is urgent to develop new medications to combat
T2D and its comorbidities, such as obesity and cardiovascular
diseases.2 Metformin (Met) and thiazolidinediones (TZDs)
are among the insulin-sensitizing agents developed recently.
Their anti-diabetic effects have been attributed, at least partly,
to the activation of AMP-activated protein kinase (AMPK).3

AMPK, a heterotrimer with one catalytic (α) and two
regulatory (β and γ) subunits, is a cellular energy sensor.4 The
falling energy status, signified by the increased AMP/adenosine
5′-triphosphate (ATP) ratio, leads to AMPK phosphorylation,
thereby inhibiting energy-consuming anabolism (such as
hepatic gluconeogenesis and pancreatic insulin secretion) and
promoting ATP-producing catabolism (e.g., glucose uptake
and glycolysis in muscle and adipose tissues).5 Met and TZDs
activate AMPK by inhibiting complex I of the respiratory
chain, disrupting the ATP synthesis, and increasing the AMP/
ATP ratio and thus are associated with some side effects, such
as lactic acidosis and diarrhea.6 The promotion of Ca2+ influx
also activates AMPK. For example, evodiamine (Evo) activates
AMPK by the Ca2+-dependent PI3K/Akt/CaMKII signaling,7

while A23187 and osmotic stress activate AMPK by Ca2+/
calmodulin-dependent protein kinase kinase β (CaMKKβ).
A769662 activates AMPK by directly binding to the β
subunit.6 However, it is unlikely to be used therapeutically
because of the poor oral absorption and off-target effects.4

Therefore, it is urgent to identify novel AMPK activators for
anti-diabetic treatment.
White adipose tissue is an active endocrine organ that not

only stores energy but also participates in the maintenance of
metabolic homeostasis.8 It plays a major role in the regulation
of whole-body insulin sensitivity. First, it secretes a number of
serum adipokines, among which adiponectin (Ad) is the most
abundant.9 The major function of Ad is to enhance insulin
sensitivity. The reduced plasma concentration of Ad is
correlated with T2D and its comorbidities.10 Ad is assembled
into different multimers in adipocytes, the low-molecular-
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weight (LMW) form or trimer, the middle-molecular-weight
(MMW) form or hexamer, and the high-molecular-weight
(HMW) form composed of 18-36 oligomers.11,12 HMW Ad
possesses the strongest insulin-sensitizing activity with the ratio
of HMW to total Ad being a potent predictor of hepatic insulin
sensitivity. Its assembly is tightly regulated by adipocytes
because these multimers do not interconvert after secretion.13

Second, a major response of insulin stimulation is to promote
glucose uptake in the muscle and adipose tissues. The principal
glucose transporter that mediates this process is glucose
transporter type 4 (GLUT4).14 The translocation of GLUT4
from the cytoplasm to the cell membrane is reported to be
critical for the restoration of postprandial glucose and is
defective in T2D.15 Third, obesity is involved in the
pathogenesis of T2D and its complications,2 which suggests
that increased adipogenesis could induce insulin resistance.
Indeed, the inhibition of proliferator-activated receptor γ
(PPARγ), a master regulator of adipogenesis, is downstream of
AMPK activation and thus is associated with the increase of
insulin sensitivity.16 In other words, agents with these anti-
diabetic effects in adipocytes could be potential drugs against
T2D and its comorbidities.
In the present study, we searched among 11 sesquiterpene

derivatives (WSF-CT-1 to WSF-CT-11) and identified two
molecules, WSF-CT-10 and WSF-CT-11 (Figure 1), as novel

AMPK activators. WSF-CT-10 was excluded for further
research due to its inhibition of ATP synthesis. We found
that WSF-CT-11 activates AMPK by the Ca2+-dependent
PI3K/Akt/CaMKII pathway, and this activation could
promote the assembly of HMW Ad, improve GLUT4
translocation, and inhibit adipogenesis in 3T3-L1 adipocytes.

2. RESULTS
2.1. WSF-CT-10 Activates AMPK by Inhibiting ATP

Synthesis and WSF-CT-11 Activates AMPK by Promot-
ing Ca2+ Influx. To identify novel AMPK activators as
antidiabetic drugs, HEK293T cells were treated with 11
sesquiterpene derivatives for 1 h. WSF-CT-10 and WSF-CT-11
significantly increased the phosphorylation of AMPK and thus
are AMPK activators (Figure 2A). To support this discovery,
we used compound C (CC), a specific AMPK antagonist, to
pretreat cells and found that WSF-CT-10- and WSF-CT-11-
induced AMPK activation was abrogated (Figure 2B).
We then investigated the mechanisms in which WSF-CT-10

and WSF-CT-11 activate AMPK. High-performance liquid
chromatography and flow cytometry were used to measure the
levels of intracellular adenosine phosphates and Ca2+,
respectively. The results revealed that WSF-CT-10 activates
AMPK by increasing the AMP/ATP ratio (Figure 2C), while
WSF-CT-11 activates AMPK by promoting Ca2+ influx (Figure
2D, left panel). As the inhibition of ATP synthesis was
undesirable, we focused on the development of WSF-CT-11.

Pretreatment with ethylene glycol tetraacetic acid (EGTA), a
calcium chelator nonpermeant to the cell membrane, abolished
WSF-CT-11-induced AMPK activation (Figure 2D, right
panel), which proved that WSF-CT-11 activates AMPK by
the calcium-mediated pathway.

2.2. WSF-CT-11 Activates AMPK by TRPV1 and Ca2+-
Dependent PI3K/Akt/CaMKII Signaling. To identify the
CaMK upstream of WSF-CT-11-induced AMPK activation,
HEK293T cells were pretreated with STO-609 or KN62,
selective inhibitors of CaMKKβ and CaMKII, respectively. The
results indicated that KN62 abolished WSF-CT-11-elicited
AMPK activation (Figure 3A), which suggests that CaMKII is
the upstream CaMK that activates AMPK by WSF-CT-11
treatment.
Evo activates AMPK by TRPV1 and the Ca2+-dependent

PI3K/Akt/CaMKII pathway and thus is a potential drug
against T2D and its comorbidities.7 Pretreatment with
inhibitors of this pathway, such as capsazepine (CPZ, a
TRPV1 antagonist), LY294002 (LY, a PI3K inhibitor), and
KN62 (a CaMKII inhibitor) abrogated WSF-CT-11-induced
AMPK activation (Figure 3B), which suggests that TRPV1 and
PI3K/Akt/CaMKII pathway are upstream of WSF-CT-11-
induced AMPK activation. To demonstrate this discovery, we
detected the levels of phosphorylated Akt and CaMKII and
found that TRPV1 and PI3K are upstream of Akt and CaMKII,
and Akt is upstream of CaMKII (Figure 3C). By measuring the
levels of intracellular Ca2+, we proved that the calcium influx is
induced by TRPV1 activation (Figure 3D).
The activated PI3K/Akt/CaMKII signaling could phosphor-

ylate TRPV1 and promote the formation of a TRPV1/Akt/
CaMKII complex, which might be important for the
improvement of endothelial function.17 We then investigated
whether this process is also implicated in WSF-CT-11-induced
AMPK activation. Immunoprecipitation (IP) assay revealed
that WSF-CT-11 promoted the phosphorylation of TRPV1;
the inhibition of PI3K and CaMKII abolished this effect, while
the inhibition of AMPK could not (Figure 4A). This suggests
that PI3K/Akt/CaMKII signaling is upstream of WSF-CT-11-
induced TRPV1 phosphorylation. To determine whether the
phosphorylated TRPV1 could recruit the complex responsible
for AMPK activation, we used IP assay to find that, like Evo,
WSF-CT-11 could promote the interaction of TRPV1 with
Akt, CaMKII, and AMPK, and the activation of PI3K/Akt/
CaMKII signaling is upstream of this effect (Figure 4B). The
formation of this TRPV1/Akt/CaMKII complex might be
upstream of and important for the activation of AMPK (Figure
4C).

2.3. WSF-CT-11-Induced AMPK Activation Could
Promote the Assembly of HMW Ad in 3T3-L1
Adipocytes. We have demonstrated that Evo-induced
AMPK activation could promote the assembly of HMW
Ad.18 To find out whether WSF-CT-11 treatment has a similar
effect, we first proved that WSF-CT-11 could activate AMPK
in 3T3-L1 adipocytes (Figure 5A), then treated cells for 48 h,
and detected the levels of Ad multimers by native-
polyacrylamide gel electrophoresis (PAGE) and western blot.
The results revealed that WSF-CT-11 could inhibit the
expression of total Ad, reduce the levels of LMW and MMW
Ad, and promote the assembly of HMW Ad, leading to a
significant increase in the ratio of HMW/total Ad (Figure 5B).
This effect was abolished after AMPK knockdown (Figure 5B),
which indicates that WSF-CT-11-induced AMPK activation is
upstream of the increased assembly of HMW Ad.

Figure 1. Structure of WSF-CT-10 and WSF-CT-11. Structural
formula of 2-(2-(6,6-dimethylbicyclo[3,1,1]hept-2-yl)hydrazino)-4-
(4-cyanophenyl)thiazole (WSF-CT-10, left) and 4-([1,1′-biphenyl]-
4-yl)-2-(2-(1,1,5,5-tetramethyl-1,2,3,4,5,6-hexahydro-7H-2,4a-metha-
nonaphthalen-7-yl)hydrazineyl)thiazole (WSF-CT-11, right).
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2.4. WSF-CT-11-Induced AMPK Activation Could
Increase Glucose Uptake and Inhibit Adipogenesis in
3T3-L1 Adipocytes. Met promotes glucose uptake by AMPK
activation and the subsequent increase in GLUT4 trans-
location in 3T3-L1 preadipocytes.3 To explore whether WSF-
CT-11 could exert similar effects in mature adipocytes, the
cells were treated with WSF-CT-11 for 1 h and lysed to isolate
membrane proteins. The level of GLUT4 increased in the
membrane and decreased in the cytoplasm in dose-dependent
manners (Figure 6A), which indicates that WSF-CT-11 could
promote the translocation of GLUT4 from the cytoplasmic
storage sites to the cell membrane. To illustrate the effect of
WSF-CT-11-elicited GLUT4 translocation, we performed
glucose uptake assay and found that WSF-CT-11 increased
the intracellular uptake of 2-deoxyglucose, a glucose analogue
(Figure 6B). The pretreatment of CC reduced this effect
(Figure 6B), which proves that AMPK activation is important
for WSF-CT-11-induced glucose uptake. In conclusion, WSF-

CT-11 could increase glucose uptake by activating AMPK and
promoting GLUT4 translocation in 3T3-L1 adipocytes.
With a PPARγ responsive element in the promoter,19 Ad

expression is possibly downregulated by the inhibition of
PPARγ.20,21 It was reported that berberine (BBR) could
protect against obesity by the activation of AMPK and the
inhibitory phosphorylation of PPARγ.16,22 To explore whether
WSF-CT-11 could inhibit adipogenesis in 3T3-L1 preadipo-
cytes, we induced cells to differentiate in the presence of WSF-
CT-11 and used oil red staining to assess their degree of
differentiation. The size and amount of the lipid droplet
decreased in dose-dependent manners (Figure 6C), which
indicates that WSF-CT-11 could inhibit adipogenesis. To
demonstrate that WSF-CT-11 inhibits adipogenesis by the
inhibitory phosphorylation of PPARγ, we treated 3T3-L1
adipocytes for 1 h and found that the level of phosphorylated
PPARγ showed a dose-dependent increase, and this effect was
downstream of AMPK activation (Figure 6D).

Figure 2. WSF-CT-10 activates AMPK by inhibiting ATP synthesis, while WSF-CT-11 activates AMPK by promoting Ca2+ influx. (A) HEK293T
cells were treated with 11 synthetic sesquiterpene derivatives (WSF-CT-1 to WSF-CT-11) for 1 h and then immunoblotted for the levels of
phosphorylated AMPKα (Thr172) and AMPKα. (B) Cells were treated with CC for 1 h and WSF-CT-10 (−10) or WSF-CT-11 (−11) for another
hour. (C) Cells were treated with −10, −11 or Met for 1 h. Intracellular levels of adenosine phosphates were determined by high-performance
liquid chromatography. (D, left panel) Cells were treated with −10, −11 or Evo for 1 h. Intracellular Ca2+ levels were analyzed by flow cytometry.
(D, right panel) Cells were treated with EGTA for 1 h and −11 or Evo for another hour. n = 3; *p < 0.05, **p < 0.01 vs vehicle-treated group.
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Evidence suggests that PPARγ could induce the expression
of a CCAAT/enhancer binding protein (C/EBPα), which in
turn promotes PPARγ transcription. As master regulators of
adipogenesis, PPARγ and C/EBPα act synergistically to
upregulate lipid-metabolizing proteins, including the adipocyte
fatty acid-binding protein (aP2).20 To explore whether WSF-
CT-11-induced PPARγ phosphorylation could inhibit the
transcription of these responsive genes, 3T3-L1 preadipocytes
were treated during differentiation and subjected to
quantitative real-time polymerase chain reaction (qRT-PCR).
Results indicated that WSF-CT-11 inhibited the transcription
of PPARγ, C/EBPα, and aP2, and AMPK activation was
upstream of these effects (Figure 6E). In conclusion, WSF-CT-
11-induced AMPK activation could suppress adipogenesis by
the phosphorylation of PPARγ and the inhibition of its
responsive genes like PPARγ, C/EBPα, and aP2.

3. CONCLUSIONS

In this study, we targeted AMPK to identify novel drugs
against T2D and found that WSF-CT-11, a sesquiterpene
derivative, could integrate the channel (the stimulation of Ca2+

influx and PI3K/Akt/CaMKII signaling) and scaffold (the
recruitment of Akt, CaMKII, and AMPK) functions of TRPV1

to activate AMPK. This activation could exert three anti-
diabetic effects in 3T3-L1 adipocytes: (1) increasing GLUT4
translocation and glucose uptake, (2) inhibiting PPARγ activity
and adipogenesis, and (3) promoting the assembly of HMW
Ad, which increases peripheral insulin sensitivity (Figure 7).
However, some issues still remain to be elucidated.

3.1. TRPV1 is a Potential Target against T2D. TRPV1
is sensitive to pungent compounds (such as capsaicin) and
noxious stimuli (such as protons, heat, low pH, and
inflammatory factors).23 It is mainly expressed in nociceptors
and is demonstrated to be an important target for the
treatment of chronic pain like cancer and musculoskeletal
pain.24 Evidence suggests that TRPV1 is an important sensor
and regulator in nonneuronal cells as well, and its ligands could
protect against T2D comorbidities such as cardiovascular
diseases.23 For example, capsaicin could reduce blood pressure
and delay the onset of stroke in hypertensive rats by the
phosphorylation of protein kinase A (PKA) and endothelium-
dependent vasodilation.25

In HEK293T cells, TRPV1 could function not only as an ion
channel but also as a scaffold. The phosphorylation of TRPV1
by PI3K/Akt/CaMKII signaling might promote its channel
activity and facilitate protein−protein interactions to activate

Figure 3. WSF-CT-11 activates AMPK by TRPV1 and Ca2+-dependent PI3K/Akt/CaMKII signaling. (A) HEK293T cells were treated with STO-
609 (STO) or KN62 for 1 h and WSF-CT-11 (−11) for another hour. (B,C) Cells were treated with CPZ, LY, or KN62 for 1 h and −11 for
another hour and then immunoblotted for the levels of phosphorylated AMPKα (Thr172), AMPKα (B), phosphorylated Akt (Ser473), Akt,
phosphorylated CaMKII (Thr286), and CaMKII (C). (D) Cells were treated with CPZ for 1 h and −11 for another hour. Intracellular Ca2+ levels
were then measured by flow cytometry. n = 3; *p < 0.05, **p < 0.01 vs vehicle-treated group.
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AMPK. In neurons, intracellular proteins (such as PKA and
CaMKII) could interact with and phosphorylate TRPV1 to
further promote its channel function.26 Consistent with our in
vitro discoveries, the activation of TRPV1 by Evo in
endothelial cells could also activate the Ca2+-dependent
PI3K/Akt/CaMKII signaling and promote TRPV1 phosphor-
ylation and recruitment of endothelial nitric oxide (NO)
synthase (eNOS). The formation of TRPV1−eNOS complex

might be important for the phosphorylation of eNOS and NO-
dependent angiogenesis, which was critical for combating
atherosclerosis.17

The physiological function of WSF-CT-11-induced TRPV1
and AMPK activation remains to be found. We are exploring
whether WSF-CT-11 treatment could exert anti-diabetic
effects, such as reduced lipogenesis and improved insulin
action, in experimental animals, and constructing gene

Figure 4. WSF-CT-11 promotes the phosphorylation of TRPV1 and the formation of a TRPV1/Akt/CaMKII/AMPK complex. (A,B) HEK293T
cells were treated with CPZ, LY, or KN62 for 1 h and −11 or Evo for another hour. Cell lysates were immunoprecipitated with nontargeting IgG or
anti-TRPV1 antibody. The levels of phosphorylated TRPV1 (A), Akt, CaMKII, AMPK (B), and TRPV1 in the precipitates were determined by
western blot. (C) Schematic diagram of the mechanism by which −11 activates AMPK. −11 activates TRPV1 and the Ca2+-dependent PI3K/Akt/
CaMKII signaling, which in turn promotes the phosphorylation of TRPV1. The phosphorylated TRPV1 then functions as a scaffold for the
formation of a TRPV1/Akt/CaMKII/AMPK complex, which might be important for the regulation of AMPK activity. n = 3; *p < 0.05, **p < 0.01,
****p < 0.0001 vs vehicle-treated group.
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knockout mice to investigate the function of adipose TRPV1 in
these effects.
3.2. Akt and AMPK Might Act Synergistically on

GLUT4 Translocation. GLUT4 plays an important part in
the regulation of glucose homeostasis. Fat and muscle are the
major depots for insulin-regulated glucose uptake, and GLUT4
is the main glucose transporter in these tissues.14 It is generally
retained in the cytoplasm and cycles in the endosomal system.
Upon insulin stimulation, the activated insulin receptor
substrate (IRS) and its downstream PI3K/Akt signaling
could phosphorylate TBC1D4 (AS160, a Rab GTPase-
activating protein), inhibit its GTPase activity, and thus
promote the translocation of GLUT4 from the cytoplasm to
the cell membrane.27,28 This response plays a major role in the
restoration of blood glucose after eating and is defective in the
pathological conditions of insulin resistance.15

TBC1D1, another Rab GTPase-activating protein with
TBC1 domain, also regulates GLUT4 translocation in
adipocytes. It could be phosphorylated by Akt and AMPK,
but AMPK is more potent in its regulation.29 We observed that

the inhibition of AMPK by CC, although significantly reduced,
could not abolish WSF-CT-11-induced glucose uptake (Figure
6B). This suggests that WSF-CT-11-induced Akt activation
(upstream of AMPK) might also play roles in WSF-CT-11-
induced glucose uptake by the inhibition of TBC1D4 and the
promotion of GLUT4 translocation. In conclusion, AMPK and
Akt and the downstream TBC1D1 and TBC1D4 might act
synergistically on WSF-CT-11-induced GLUT4 transloca-
tion.30

3.3. WSF-CT-11 Is a Potential Drug for Anti-diabetic
Treatment. WSF-CT-11 might protect against T2D as a
TRPV1 and AMPK activator. Evo, a widely used TRPV1
agonist, is a potential drug against T2D and related diseases. It
is the active ingredient of Evodiae fructus, a herbal drug against
hypertension and stroke.31 In obese/diabetic mice, Evo could
inhibit insulin-induced activation of mammalian target of
rapamycin and ribosomal S6 protein kinase (S6K) (possibly by
AMPK activation), suppress the negative feedback from S6K to
IRS1, and thus increase insulin sensitivity.32

Figure 5. WSF-CT-11-induced AMPK activation could promote the assembly of HMW Ad in 3T3-L1 adipocytes. (A) 3T3-L1 adipocytes were
treated with CC for 1 h and WSF-CT-11 (−11) for another hour and then immunoblotted for the levels of phosphorylated AMPKα (Thr172) and
AMPKα. (B) 3T3-L1 adipocytes were transfected with scramble or AMPKα1 siRNA for 24 h and then treated with −11 for another 24 h. Cell
lysates were subjected to native-PAGE and western blot to detect the levels of LMW, MMW, and HMW Ad. The levels of total Ad, AMPKα1, and
β-actin were detected by SDS-PAGE and western blot. n = 3; *p < 0.05, **p < 0.01 vs vehicle-treated group.
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WSF-CT-11 is a potential anti-diabetic drug as a synthetic
derivative of sesquiterpene. The natural derivatives of
sesquiterpene are widely reported to have anti-diabetic effects.
For example, farnesene, a sesquiterpene hydrocarbon from

lemon balm, reduces hepatic gluconeogenesis and promotes
adipose GLUT4 expression in db/db mice.33 Atractylenolides,
a sesquiterpene isolated from Baizhu, promote GLUT4
translocation and glucose uptake by the activation of PI3K/

Figure 6. WSF-CT-11-induced AMPK activation could increase glucose uptake and inhibit adipogenesis in 3T3-L1 adipocytes. (A) 3T3-L1
adipocytes were treated with WSF-CT-11 (−11) or Met for 1 h and then subjected to membrane protein extraction. Levels of membrane proteins,
cytoplasmic proteins, and total GLUT4 were determined by western blot. (B) 3T3-L1 adipocytes were treated with CC for 1 h and −11 or Met for
another hour and then subjected to the glucose uptake assay. (C) 3T3-L1 preadipocytes were treated with −11 or BBR in the presence or absence
of CC during differentiation and then stained with oil red. (D) 3T3-L1 adipocytes were treated with CC for 1 h and −11 for another hour and then
immunoblotted for the levels of phospho-PPARγ (Ser112) and PPARγ. (E) Total RNA was isolated from 3T3-L1 adipocytes and subjected to
qRT-PCR using primers for PPARγ, C/EBPα, aP2, and β-actin. n = 3; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs vehicle-treated
group; ##p < 0.01, ####p < 0.0001 vs Met-treated group.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05061
ACS Omega 2021, 6, 31272−31281

31278

https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Akt signaling and AMPK in C2C12 myotubes.34 β-
Caryophyllene, a natural sesquiterpene lactone, could increase
insulin secretion, restore antioxidant status, and thus
ameliorate hyperglycemia in streptozotocin-induced diabetic
rats.35 In this study, we found that WSF-CT-11 could promote
Ad assembly, increase glucose uptake, and inhibit adipogenesis
in 3T3-L1 adipocytes. Therefore, it might be a potential drug
against T2D and its comorbidities.

4. EXPERIMENTAL SECTION

4.1. Materials. Sesquiterpene derivatives were synthesized
as described previously36 and provided by Prof. Shifa Wang
from the College of Chemical Engineering, Nanjing Forestry
University. Other chemicals, for example, Met, Evo, BBR,
EGTA, CC, CPZ, KN62, LY294002, protein A/G Sepharose,
and nonspecific mouse IgG, were from Sigma-Aldrich (St.
Louis, MO, USA). Rabbit antibodies for phospho-AMPKα
(Thr172), phospho-CaMKII (Thr286), Akt, CaMKII,
AMPKα, and GLUT4 and mouse antibodies against
phospho-Akt (Ser473) and β-actin were from Cell Signaling
(Beverly, MA, USA). Rabbit antibodies for phospho-PPARγ
(Ser112) and PPARγ, mouse antibodies for phospho-TRPV1
(Ser502) and TRPV1, and Lipofectamine 3000 were from
Invitrogen (Carlsbad, CA, USA). Small-interfering RNA
(siRNA) targeting mouse AMPKα1 (ACAUAUGCUGCAG-
GUGGA) and its scrambled control (UUAGGGCUG-
GAAUACGCA) were from GenePharma (Shanghai, China).
Rabbit antibodies for the Ad monomer and multimers were
prepared by an established method.13

4.2. Cell Culture. HEK293T cells and 3T3-L1 preadipo-
cytes were obtained from ATCC and cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum, 100
units/L penicillin, and 100 μg/mL streptomycin at 37 °C in a
5% CO2 incubator. Cells reach around 80% confluence before
further treatment and are routinely tested for mycoplasma
contamination.
To determine the anti-diabetic effects of WSF-CT-11-

induced AMPK activation, 3T3-L1 preadipocytes were
induced to differentiate by an established method.37 For
AMPK knockdown, 3T3-L1 adipocytes were transfected with
AMPKα1 siRNA (20 nmol/L) or scramble siRNA as a
negative control by lipofectamine 3000 following the

manufacture’s instruction. The medium containing the trans-
fection mix was replaced 24 h after transfection. Cells were
then treated by WSF-CT-11 for another 24 h before western
blot analysis. To explore whether WSF-CT-11-induced AMPK
activation could promote GLUT4 translocation and glucose
uptake in 3T3-L1 adipocytes, membrane proteins were isolated
using the Mem-PER plus membrane protein extraction kit
(Thermo Scientific, Waltham, MA USA). Glucose uptake
assays were performed by Glucose Uptake-Glo assay kit
(Promega, San Luis Obispo, CA, USA). The effect of WSF-
CT-11-induced AMPK activation on adipogenesis was
investigated by oil red Staining as previously described.37

4.3. IP and Western Blot. HEK293T cells were cultured
in 150 mm cell culture dishes to reach around 80% confluence
and pretreated with inhibitors for 1 h and WSF-CT-11 for
another hour. Cells were then lysed in Pierce IP lysis buffer
with protease and phosphatase inhibitor cocktails (Thermo
Scientific, Waltham, MA USA) and incubated with the
antibody against TRPV1 or non-specific mouse IgG as a
negative control overnight, followed by the incubation of
protein A/G Sepharose for 2 h. Immune complexes were
collected by centrifugation, washed with cold phosphate-
buffered saline, and eluted in sodium dodecyl sulfate (SDS)
lysis buffer (0.1% SDS, 0.5% sodium deoxycholate, 0.2%
sodium azide, 1% Triton) with protease and phosphatase
inhibitor cocktails.
For western blot, protein levels of cell lysates were measured

by the bicinchoninic acid protein assay kit (Thermo Scientific,
Waltham, MA, USA). Eluted samples were separated on SDS-
or native-PAGE, transferred to poly(vinylidene difluoride)
membranes, and then immunoblotted with primary and
secondary antibodies. Bands were revealed by ECL detection
kits (PerkinElmer, Waltham, MA, USA) and quantified by
ImageJ (NIH, Bethesda, MD, USA).

4.4. Determination of Adenosine Phosphates and
Ca2+ Levels in HEK293T Cells. For the measurement of
AMP, adenosine 5′-diphosphate (ADP), and ATP levels,
HEK293T cells were cultured in 100 mm cell culture dishes to
reach 80% confluence, treated with WSF-CT-10, WSF-CT-11,
or Met as a positive control for 1 h, then trypsinized, and
collected. For the acid extraction of adenosine phosphates, 490
μL of 5% perchloric acid was added into the centrifugal tube,
and the cells were disrupted by ultrasonic for 5 min in an ice

Figure 7. Schematic summary of this study. Unlike other activators that are associated with some side effects, −11 activates AMPK by activating
TRPV1 and downstream Ca2+-dependent PI3K/Akt/CaMKII signaling. −11-induced AMPK activation could promote GLUT4 translocation and
glucose uptake, inhibit PPARγ activity and adipogenesis, and improve the assembly of HMW Ad, thus increasing peripheral insulin sensitivity.
Therefore, −11 is a potential drug against T2D and its comorbidities.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05061
ACS Omega 2021, 6, 31272−31281

31279

https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05061?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bath and neutralized with 80 μL of 2 mol/L KOH solution.
Then, the solution was centrifuged, and the levels of adenosine
phosphates were measured in the supernatant by analytical
HPLC, 1260 Infinity II LC System (Agilent Technologies,
Santa Clara, CA, USA). The absorbance at 254 nm was
detected. ATP, ADP, and AMP in the samples were identified
according to the retention time of standards. The relative
AMP/ATP ratio was determined by calculating the AMP/ATP
peak area ratio and normalizing it against the control (vehicle-
treated group).
For the determination of intracellular Ca2+ levels, HEK293T

cells were cultured in 6-well plates to reach 80% confluence.
Cells were treated with WSF-CT-10, WSF-CT-11, or Evo as a
positive control for 1 h or pretreated with CPZ for 1 h,
followed by the treatment of WSF-CT-11 or Evo for another
hour. Cells were trypsinized, collected, and stained with Fluo-3
calcium indicator (Thermo Scientific, Waltham, MA, USA) for
1 h at room temperature. The intracellular Ca2+ concentration
was then measured in the FL-1 channel on a BD LSRFortessa
flow cytometer (BD, Pasadena, CA, USA). The relative Ca2+

levels were determined by collecting the mean fluorescent
intensity and normalizing it against the control.
4.5. Reverse Transcription and qRT-PCR. 3T3-L1

preadipocytes were treated with WSF-CT-11 or BBR as a
positive control during differentiation. Total RNA was
extracted from the mature cells by an RNeasy Mini kit
(QIAGEN, Hilden, Germany). The isolated RNA was
quantified by a Qubit 4 fluorometer, and 1 mg of RNA was
used for reverse transcription by a RevertAid First Strand
cDNA synthesis kit (Thermo Scientific, Waltham, MA USA).
qRT-PCR was performed by the QuantStudio 1 real-time PCR
system (Applied Biosystems, South San Francisco, CA, USA).
Expression data were normalized against the housekeeping
gene β-actin. Primers used are listed as follows.
PPARγ-forward: 5′-CTGGAATTAGATGACAGTGACTT-

3′.
PPARγ-reverse: 5′-CTCATGTCTGTCTCTGTCTTCT-3′.
C/EBPα-forward: 5′-TGCACCACCAACTGCTTAG-3′.
C/EBPα-reverse: 5′-AAACCATCCTCTGGGTCTCC-3′.
aP2-forward: 5′-ACATGATCATCAGCGTAAATGGG-3′.
aP2-reverse: 5′-TCATAACACATTCCACCACCAGC-3′.
β-Actin-forward: 5′-CACCAGGGTGTGATGGTGG-

GAAT-3′.
β-Actin-reverse: 5′-GGTCTTTACGGATGTCAACGTCA-

CA-3′.
4.6. Statistical Analysis. Statistical analyses were

performed by GraphPad Prism 9. Results are presented as
mean ± SD. Statistical significance was determined by one-way
analysis of variance (ANOVA) with Dunnett’s test or two-way
ANOVA with Šid́aḱ’s test as recommended. Statistical
significance was denoted as *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 versus vehicle-treated group and ##p <
0.01, ####p < 0.0001 versus Met-treated group. The
experiments were replicated three times, and the representa-
tives of at least three independent experiments are shown in
the figures.
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