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ARTICLE INFO ABSTRACT

Natural products as antidiabetic agents have been shown to stimulate insulin signaling via the inhibition of the
protein tyrosine phosphatases relevant to insulin resistance. Previously, we have identified PTPN9 and DUSP9 as
potential antidiabetic targets and a multi-targeting natural product thereof. In this study, knockdown of PTPN11
increased AMPK phosphorylation in differentiated C2C12 muscle cells by 3.8 fold, indicating that PTPN11 could
be an antidiabetic target. Screening of a library of 658 natural products against PTPN9, DUSP9, or PTPN11
identified chebulinic acid (CA) as a strong allosteric inhibitor with a slow cooperative binding to PTPN9
(ICsp = 34nM) and PTPN11 (ICso = 37 nM), suggesting that it would be a potential antidiabetic candidate.
Furthermore, CA stimulated glucose uptake and resulted in increased AMP-activated protein kinase (AMPK)
phosphorylation. Taken together, we demonstrated that CA increased glucose uptake as a dual inhibitor of
PTPN9 and PTPN11 through activation of the AMPK signaling pathway. These results strongly suggest that CA
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could be used as a potential therapeutic candidate for the treatment of type 2 diabetes.

1. Introduction

Diabetes is a significant health problem worldwide and type 2
diabetes accounts for over 90% of diabetic patients [1,2]. Type 2 dia-
betes is associated with insulin resistance in target organs as well as
relative insulin deficiency caused by pancreatic 3-cell dysfunction [1].
Since the long-term treatment of diabetic patients using hypoglycemic
medications is often involved in renal failure and hepatotoxicity, it has
become necessary to investigate new hypoglycemic agents from natural
sources, which are considered to be less toxic and have fewer side ef-
fects than commonly used synthetic drugs [3,4]. Protein tyrosine
phosphatases (PTPs) are a diverse family of enzymes that generally
oppose activities of protein tyrosine kinases [5]. Controlling cellular
protein tyrosine phosphorylation levels is associated with intracellular
signaling pathways relevant to cell proliferation, differentiation, mi-
gration, and metabolism [6]. In particular, the PTPs such as PTPN1,
PTPNO, PTPN11, PTPRF, PTPRS, and DUSP-9 are known to be involved
in cellular insulin resistance associated with type 2 diabetes [6,7]. It has
been shown that the loss of the protein tyrosine phosphatase, non-re-
ceptor type 1 (PTPN1, also named PTP1B) enhances insulin sensitivity
and opposition to weight gain in mice, indicating that the inhibition of
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PTP1B is a potential therapeutic strategy for the treatment of type 2
diabetes and obesity [6,8]. In recent years, there has been an elevated
interest in protein tyrosine phosphatase, non-receptor type 11
(PTPN11, also called SHP-2) related to adult acute myelogenous leu-
kemia and human cancers including breast cancer, liver cancer, gastric
cancer, oral cancer, and thyroid cancer [9]. Some reports have in-
dicated that liver-specific PTPN11 knockout mice exhibit increased
hepatic insulin activity and enhanced systemic insulin sensitivity via
activation of the PI3K/Akt pathway [10,11]. PTPN11 has been known
to bind C-terminal phosphotyrosine of insulin receptor substrate (IRS)
which is an important regulatory event to attenuate insulin metabolic
response [12]. Adenoviral-mediated depletion of protein tyrosine
phosphatase, non-receptor type 9 (PTPN9, also named PTP-MEG2) in
the liver of diabetic mice enhances insulin sensitization and reduces
hyperglycemia [5,13].

Our previous studies revealed that PTPN9 and DUSP9 are potential
antidiabetic targets and discovered their dual-targeting inhibitor,
Ginkgolic acid [14]. In this study, PTPN11 knockdown enhanced AMPK
phosphorylation, indicating that PTPN11 could be an antidiabetic
target. Next, a library of 658 natural products was screened to identify
multi-targeting inhibitors of PTPN9, DUSP9, or PTPN11 for antidiabetic
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Fig. 1. Suppression of PTPN9 and PTPN11 increased AMPK phosphorylation. (a—f) C2C12 muscle cells (a—c) or 3T3-L1 preadipocytes (d-f) were transfected with
PTPN9, PTPN11 siRNAs or scrambled siRNA as a control (con). After 24 h (d—-f) or 48h (a-c), cells were lysed and analyzed by Western blotting (a-b, d-e) or
quantitative real-time PCR (c and f). (b and e) Quantification of phospho-AMPK and total-AMPK using ATTO image analysis software (CS analyzer 4). Results are

expressed as the mean = standard deviation.

Table 1
Kinetic constants for DIFMUP hydrolysis by PTPN9 and PTPN11.
[E] M)  Kai (WM)  Vina keat (Min ™1 Keat/Kna (WM™
(uMmin’l) min~ 1)
PTPN9 0.4 181.5 11.6 2.9 x 10* 159.8
PTPN11 5.0 91.4 4.8 9.6 x 107 10.5

natural products. Among the PTP-inhibitory compounds, chebulinic
acid (CA) was identified as a potential antidiabetic drug that targeted
PTPN9 and PTPN11 at the same time. CA isolated from the fruits of
Terminalia chebula has been shown to prevent glutamate-induced HT22
mouse neuronal cell death via inhibition of oxidative stress and calcium
influx [15]. However, its antidiabetic effects have not been in-
vestigated. Since insulin-stimulated glucose uptake by peripheral tis-
sues such as skeletal muscle and adipocytes contribute to the

Table 2
Inhibition of PTPN9 and PTPN11 by 20 uM ten natural compounds.

maintenance of glucose homeostasis [16], we examined antidiabetic
properties of CA in C2C12 muscle cells and 3T3-L1 adipocytes. Our cell-
based studies demonstrated that CA could be a potential new ther-
apeutic candidate for the treatment of type 2 diabetes.

2. Materials and methods
2.1. Cell culture

The methods used for culturing C2C12 muscle cells and 3T3-L1
preadipocytes obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) have been described previously [17,18]. 3T3-L1
preadipocytes were cultured in high glucose Dulbecco’s modified Ea-
gle’s medium (DMEM; Welgene, Gyeongsan-si, South Korea) containing
10% bovine calf serum (BCS; Thermo Fisher Scientific) and antibiotic-
antimycotic solution (Welgene). C2C12 muscle cells were cultured in

PTPs Inhibition (%)

Amentoflavone B-Carotene Catechin gallate Chebulinic acid Emodin
PTPN9 42 20 50 89 41
PTPN11 51 20 26 100 28
PTPs Inhibition (%)

Galangin Luteolin Myricetin Punicalin Theaflavin
PTPN9 40 42 61 54 58
PTPN11 21 28 25 43 25
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Fig. 2. PTPN9 and PTPN11 inhibition by CA treatment. (a) The chemical structure of CA. (b-c) The half-inhibitory concentrations (ICso) were derived from the plots
of inhibition (%) vs [CA] (nM) for PTPN9 (a, ICs¢y = 34 nM) and PTPN11 (b, ICso = 37 nM), respectively. (d-e) The Hill coefficients (ny), the slopes of the Hill plot
using the Hill equation, were determined to be 2.2 for PTPN9 and 2.6 for PTPN11, respectively.

Table 3

Inhibition of PTPs by CA treatment.
PTPs PTPN1 PTPN3 PTPN9 PTPN11 PTPRA PTPRE
Inhibition (%) 13 40 89 100 40 48
PTPs PTPRF PTPRK PTPRS DUSP1 DUSP4 DUSP9
Inhibition (%) 16 20 32 32 37 38

DMEM supplemented with 15% fetal bovine serum (FBS; Welgene) and
antibiotic-antimycotic solution.

2.2. Cell differentiation

The methods used for differentiating 3T3-L1 preadipocytes and
C2C12 cells have been described previously [17,18]. When 3T3-L1
preadipocytes reached 100% confluency, they were cultured in DMEM
supplemented with 10% FBS, antibiotic-antimycotic solution, 0.5 mM
isobutylmethylxanthine (IBMX; Merck KGaA, Darmstadt, Germany),
1 pM dexamethasone (Sigma-Aldrich, Saint Louis, Missouri, USA), and
5pg/mL insulin (Merck KGaA, Darmstadt, Germany) for 2 days (days
0-2). Cells were then maintained in DMEM supplemented with 10%
FBS, antibiotic-antimycotic solution, and 5 pg/mL insulin for a further
2 days (days 3-4) followed by culture in DMEM containing 10% FBS
and antibiotic-antimycotic solution for an additional 4 days (days 5-8).
When C2C12 muscle cells reached 100% confluency, cells were con-
sidered myoblasts in an early differentiation stage. They were cultured
in DMEM supplemented with 2% horse serum (Thermo Fisher Scien-
tific), antibiotic—antimycotic solution, and 5 pM insulin for 4 days. In all
experiments, the culture medium was changed every other day.

2.3. Glucose uptake assay

The methods used for evaluating glucose-uptake in C2C12 muscle

cells and 3T3-L1 preadipocytes have been described previously [17].
Differentiated cells were cultured in low-glucose DMEM (Gibco BRL)
for 4 h and then incubated with CA or rosiglitazone in glucose-depleted
DMEM (Gibco BRL) for 1 h. The cells were treated with the fluorescent
glucose probe, 5uM 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxyglucose (2-NBDG; Thermo Fisher Scientific) for 30 min. After
washing cells with FACS buffer (phosphate buffered saline (PBS, Wel-
gene, Gyeongsan-si, South Korea), 1% FBS, 2mM ethylenediaminete-
traacetic acid (EDTA)), cell pellets were resuspended with FACS buffer
and passed through a 40 pm cell strainer. For live/dead discrimination,
propidium iodide (PI, Sigma-Aldrich) was used. Pl-negative and 2-
NBDG-positive cells were analyzed using a FACS Aria 2 instrument (BD,
San Jose, CA, USA). To quantify 2-NBDG uptake, cells were washed
with PBS and then the fluorescence intensity (excitation/emis-
sion = 485/535 nm) was measured on a fluorescence microplate reader
(Victor™ X4, PerkinElmer, Waltham, MA, USA).

2.4. Overexpression and purification of recombinant PTPN9 and PTPN11

The methods used for overexpression and purification of PTPs have
been described previously [19]. The N-terminal His6-tagged human
PTPN9 and N-terminal MBP and C-terminal His6-tagged human
PTPN11 genes were transformed into E. coli Rosetta (DE3) (Merck
Millipore, Darmstadt, Germany). Expression of the recombinant PTPN9
or PTPN11 was induced by the addition of 0.1 mM or 1 mM IPTG; cells
were grown at 18°C for 16h. Cells were then harvested by cen-
trifugation (3570g at 4 °C for 15min), washed with buffer A (50 mM
Tris pH 7.5, 500 mM NacCl, 5% glycerol, 0.025% 2-mercaptoethanol,
and 1 mM phenyl-methylsulfonyl fluoride (PMSF)), and then lysed by
ultrasonication. After centrifugation (29,820g at 4 °C for 30 min), the
supernatant was incubated with a cobalt affinity resin (TALON®, Takara
Korea, Seoul, South Korea) on a rocker at 4 °C for 1 h. The resin was
then washed with buffer A containing 10 mM imidazole. PTPN9 and
PTPN11 were eluted with buffer A supplemented with 100 mM imida-
zole, and stored at —70 °C.
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Fig. 3. CA treatment increased glucose uptake. (a) Differentiated 3T3-L1 preadipocytes were incubated for 1 h with 5 pM CA or rosiglitazone as a positive control. For
live/dead discrimination, propidium iodide (PI) was used. PI-negative and 2-NBDG-positive cells were analyzed by FACS. (b) For the detection of 2-NBDG, cells were
washed with PBS and then the fluorescence intensity (excitation/emission = 485/535nm) was measured using a fluorescence microplate reader. Results are ex-
pressed as the mean =+ the standard error of the mean. Data were analyzed using the two-tailed unpaired t-test. P < 0.05 compared to the control group. (c) During
the differentiation of C2C12 muscle cells, the cells were incubated with 1, 5 or 10 uM CA. At day 6 after differentiation, cells were lysed, and Western blotting was
performed using antibodies against phosphorylated AMPK, total AMPK, phosphorylated Akt, total Akt, or beta-actin. (d) Quantification of phospho-AMPK and total-

AMPK using ATTO image analysis software (CS analyzer 4).

2.5. Measurement of enzymatic activities and half-inhibitory concentrations
(ICsp) values

The enzymatic activities of purified PTPN9 and PTPN11 were
measured  using  6,8-difluoro-4-methylumbelliferyl =~ phosphate
(DiFMUP) (100 pM), the most widely employed protein tyrosine phos-
phatase (PTP) substrate, as described previously [19]. To determine the
Ky values, PTPN9 (0.4nM of the final concentration) and PTPN11
(5 nM of the final concentration) were added to reaction buffer (20 mM
tris pH 7.0 (PTPN9) or 20 mM Bis-Tris pH 6.0 (PTPN11), 150 mM NaCl,
2.5 mM dithiothreitol (DTT), 0.01% Triton X-100) containing DiFMUP
(800, 400, 200, 100, 50, 25, 12.5, or 6.25uM) to a final volume of
100puL in a 96 well-plate. Fluorescence intensities were measured
continuously for 10 min (excitation/emission = 355/460 nm) using a
Victor™ X4 multi label plate reader (Perkin Elmer), and Ky values were
determined by Lineweaver-Burk plots.

To estimate the inhibition of PTPN9 and PTPN11 by 658 natural
compounds, PTPN9 (0.4 nM of the final concentration) and PTPN11
(5nM of the final concentration) were added to solutions containing
each of the compounds (20uM) in reaction buffer with DiFMUP
(2 X Kyp). To identify the mode of inhibition of CA, CA was added to
DIFMUP (363 uM for PTPN9 or 182 uM for PTPN11) in reaction buffer.
After addition of the enzymes PTPN9 (0.4 nM) and PTPN11 (5nM), the
progress curves were plotted for the product concentration over time.
To estimate ICs( values, various concentrations of CA and the both PTPs
were pre-incubated for 30min and then the solution containing
DIFMUP (366 uM for PTPN9 or 144 uM for PTPN11) was added. ICsq
values were calculated using the sigmoid plots for the percentage of
inhibition versus various concentrations of CA (KaleidaGraph, Synergy

Software, PA, USA). The Hill coefficient (ny) that measures the degree
of cooperativity between CA and the both PTPs, was determined to be
the slope of the Hill plot using the Hill equation [20].

2.6. Western blotting

Proteins were extracted using a buffer containing 25 mM HEPES,
150 mM NacCl, 1% Triton X-100, 10% glycerol, 5mM EDTA, 10 mM
NaF, 2mM NasVO,, and protease inhibitor cocktail (Roche Korea,
Seoul, South Korea). Proteins were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to a poly-
vinylidene fluoride membrane (Merck KGaA, Darmstadt, Germany)
using a wet transfer system. Membranes were incubated overnight at
4°C with primary antibodies; anti-total AMPK, anti-phosphorylated
AMPK, anti-total Akt, anti-phosphorylated Akt (Cell Signaling
Technology, Beverly, MA, USA) and anti-beta-actin (AbFrontier, Seoul,
South Korea). Membranes were then probed with anti-rabbit-IgG-
horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology, Dallas, TX, USA). Antibody-antigen complexes were
detected using an ECL reagents (GE Healthcare Korea, Songdo, South
Korea).

2.7. RNA interference

Knockdown of PTPN9 and PTPN11 in 3T3-L1 preadipocytes and
C2C12 muscle cells was performed using small interfering RNAs
(siRNAs, Genolution Pharmaceuticals Inc., Seoul, South Korea).
Scrambled siRNA was used as the negative control (Genolution
Pharmaceuticals Inc., Seoul, South Korea). Transfections were
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performed using Dharmafect (Dharmacon, GE Healthcare Korea,
Songdo, South Korea) according to the manufacturer’s instructions. The
efficiency of PTPN9 and PTPN11 knockdown was measured by quan-
titative real time- polymerase chain reaction (QRT-PCR).

2.8. Quantitative real time-polymerase chain reaction (qRT-PCR)

Total RNA was isolated from 3T3-L1 preadipocytes and C2C12
muscle cells using the RNeasy Mini kit (Qiagen, Valencia, CA, USA) and
treated with DNase (Qiagen) to remove genomic DNA. The total RNA
(1 ug) was used to synthesize cDNA with the High Capacity Reverse
Transcription kit (Applied Biosystems, Foster City, California, USA).
PCR was performed on a CFX Connect Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA) using SsoAdvanced Universal SYBR green
supermix (Bio-Rad) according to the manufacturer’s instructions. Gene
expression levels of PTPN9 and PTPN11 were normalized to levels of
the control gene, GAPDH. Primer information is provided in
Supplementary Table S1.

2.9. Statistical analysis

Statistical significance (P < 0.05) was determined by the two-
tailed unpaired t-tests (GraphPad Software, San Diego, California).

3. Results and discussion
3.1. Suppression of PTPN9 and PTPN11 increased AMPK phosphorylation

In our previous findings, PTPN9 and DUSP9 were identified as po-
tential antidiabetic targets using siRNAs [14]. To identify new anti-
diabetic targets, we analyzed the change in the phosphorylation level of
AMPK upon the treatment with siRNAs. AMP-activated protein kinase
(AMPK) has served as a marker for anti-diabetic effect as its activation
leads to an improved insulin sensitivity [17,21]. Insulin binds to the
insulin receptor on the surface of major insulin-sensitive tissues such as
liver, adipose tissue and skeletal muscle to increase membrane trans-
location of GLUT4 [22], and particularly in skeletal muscle cells, a
decrease of the glucose transporter 4, GLUT4, has been linked to cel-
lular insulin resistance in animal models of diabetes [23,24]. We found
that suppression of PTPN11 in C2C12 muscle cells and 3T3-L1 pre-
adipocytes increased AMPK phosphorylation by Western blotting
(Fig. 1a-b and d-e). Although PTPN9 knockdown in C2C12 muscle cells
increased the phosphorylation of AMPK by only 53%, the down-
regulation of PTPN11 increased the AMPK phosphorylation by 3.8-fold
(Fig. la-b). The knockdown of PTPN9 by siRNA in 3T3-L1 pre-
adipocytes increased AMPK phosphorylation (Fig. 1d-e) similar to our
previous report [14] but PTPN11 knockdown increased AMPK phos-
phorylation in relatively smaller extent than PTPN9 down regulation.
These results indicate that contribution of the two PTPs to the AMPK
phosphorylation is different in C2C12 and 3T3L1 cells. Efficient sup-
pression of PTPN9 and PTPN11 was confirmed by quantitative RT-PCR
(Fig. 1c and f). Different from PTPN9 and DUSP9 [14], however, con-
comitant knockdown of PTPN9 and PTPN11 did not show additive nor
synergy effect to AMPK phosphorylation (data not shown). These re-
sults imply that PTPN11 could be a potential antidiabetic target to
elevate glucose uptake in muscle tissue by inhibition thereof.

It has been reported previously that fumosorinone, a natural pro-
duct isolated from insect fungi Isaria fumosorosea, increased glucose
uptake and improved insulin resistance through inhibition of PTP1B,
and that fumosorinone, a potent PTPN11 inhibitor, has been shown to
inhibit tumor cell proliferation and reduce invasion of HelLa cells and
MDA-MB-231 cells by downregulating Src signaling pathway [9,23,25].
However, it has not been tested if there is a correlation in the anti-
diabetic effect of fumosorinone and inhibitory activity of PTPN11.
Current finding suggests that the antidiabetic effect of fumosorinone
may be due to its dual inhibition of PTP1B and PTPN11.

Bioorganic Chemistry 90 (2019) 103087

3.2. PTPN9 and PTPN11 inhibition by CA

A library of 658 natural products was screened for inhibitors of
PTPN9 and PTPN11 (Supplementary Table S2). For the high throughput
screening of the natural product, the PTPs were overexpressed and
purified by cobalt affinity resin (Supplementary Fig. S1). The catalytic
activities of PTPs were measured using DiFMUP as a fluorogenic PTP
substrate. The K, value of DiFMUP hydrolysis by PTPN11 was de-
termined to be 91.4 uM (Table 1, Supplementary Fig. S2). At the initial
screening, PTPs were added to 20 uM of each natural product with
DIFMUP (363 uM for PTPN9 or 182 uM for PTPN11) and the fluores-
cence increase was monitored for 10 min. Based on the inhibition po-
tency of the compounds, CA was selected for further study as a potential
antidiabetic drug that targeted PTPN9 and PTPN11 at the same time
(Table 2, Fig. 2a). CA showed a good inhibition of DiFMUP hydrolysis
by both PTPN9 and PTPN11 rather than other PTPs tested here
(Table 3). The progress curves of DiFMUP hydrolysis by PTPs were
linear in the absence of inhibitor but hyperbolic progress curves were
observed in the presence of CA, indicating that CA acted as a slow
binding inhibitor against the both PTPs (Supplementary Fig. S3a-b). In
addition, the plots of 1/k,ps (observed first-order rate constant) against
1/[CA] were hyperbolic, describing that slow-binding inhibition was
due to slow isomerization of enzyme, followed by rapid binding of the
inhibitor (Supplementary Fig. S3c-d) [26,27]. On the other hand, when
the enzymes were pre-incubated with CA for 30 min and added to
DiFMUP solution, the progress curves showed almost linear. Thus,
measured initial velocities of the substrate hydrolysis by PTPN9 and
PTPN11 were plotted against the concentrations of DiFMUP to de-
termine kinetic constants of CA for the inhibition of PTPN9 and
PTPN11. Based on these plots, the half-inhibitory concentrations (ICsq)
of CA against PTPN9 and PTPN11 were estimated to be 34 and 37 nM,
respectively (Fig. 2b-c). As the dose-response graph were sigmoidal
rather than hyperbolic, CA was thought to bind PTPs in a cooperative
manner and its inhibition constants (K; values) were not able to de-
termine by conventional enzyme kinetics such as Lineweaver-Burk plot
analysis. The data were replotted using Hill equation [20], resulting in
Fig. 2d-e, where Y is a portion of complex formation between the cor-
responding enzyme and CA. The Hill coefficients (ny) that describe the
degree of cooperativity between ligand and protein were determined to
be 2.2 for PTPN9 and 2.6 for PTPN11, respectively, indicating positive
cooperation in CA binding to the both PTPs (Fig. 2d-e).

3.3. CA increased glucose uptake of differentiated 3T3-L1 adipocytes

We next examined the effect of CA on glucose uptake of differ-
entiated 3T3-L1 adipocytes using the fluorescent glucose probe, 2-
NBDG. Cells were treated with 10 uM CA or 2uM rosiglitazone (an
antidiabetic drug as a positive control [28]) for 1h. After changing
culture medium, the cells were treated with 2-NBDG for 30 min. After
washing the cells, cell pellets were resuspended with FACS buffer and
propidium iodide (PI) was used for live/dead discrimination. PI-nega-
tive and 2-NBDG-positive cells were analyzed using a FACS. We found
that incubation with CA enhanced the percentage of 2-NBDG-positive
cells among the living cells, as compared to control, suggesting that CA
stimulated glucose uptake of the cells (Fig. 3a). These results were
confirmed by the detection of cellular 2-NBDG using a fluorescence
microplate reader. Cells were washed with PBS and then the fluores-
cence intensity (excitation/emission = 485/535 nm) was measured. CA
treatment significantly increased fluorescence intensity compared with
the control, revealing that incubation with CA enhanced glucose uptake
of the cells (Fig. 3b). Rosiglitazone also increased the cellular fluores-
cence using a microplate reader or FACS, indicating that fluorescent
probe was functional in our cell systems (Fig. 3a-b).
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3.4. CA stimulates AMPK phosphorylation of differentiated C2C12 muscle
cells

We investigated whether CA increases AMPK phosphorylation in
differentiated C2C12 muscle cells. To this end, C2C12 muscle cells were
differentiated in the presence of 1, 5, or 10uM CA for 6days and
Western blotting was performed. CA treatment induced AMPK phos-
phorylation in a dose-dependent manner, as compared to control
(Fig. 3c). In addition, incubation with CA enhanced Akt phosphoryla-
tion related to insulin stimulation (Fig. 3c-d) [29].

4. Conclusions

In this study, PTPN11 (SHP-2) was identified as a new antidiabetic
target which is more significant in muscle cells rather than adipocytes.
Here, for the first time, we demonstrate that CA can be a dual allosteric
inhibitor with strong binding affinity to PTPN9 (ICso = 34nM) and
PTPN11 (ICso = 37 nM). The inhibitor showed a slow and positive co-
operation when to bind the both enzymes. In addition, CA stimulated
glucose uptake of the differentiated 3T3L1 adipocyte and C2C12 muscle
cells through activation of the AMPK signaling pathway. Taken to-
gether, these results suggest that CA could be a potential therapeutic
candidate for the treatment of type 2 diabetes.
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