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ARTICLE

Crateva unilocularis Buch-Ham leaf extract 
improves glucose metabolism via regulation 
of insulin secretion and sensitivity in vitro 
and in vivo
Chul‑Min Park1,4†, Bong‑Hwa Jeong1†, Raj Bhesh Sharma1, Hyun‑Jung Kim2, Dong‑Wook Kim1 and 
Dong‑Young Rhyu1,3* 

Abstract 

Crateva unilocularis Buch‑Ham has traditionally been used in Nepal for the treatment and prevention of diabetes. 
However, scientific verification through studies on the preventive effect of C. unilocularis on diabetes has not been 
done properly. In this study we investigated the effect of C. unilocularis leaf extract (CULE) on glucose uptake and 
insulin resistance. The effect of CULE on glucose uptake in an in vivo system was measured using zebrafish. In the 
cell‑free system, enzymes activities related to diabetes were measured. Moreover, in the cell‑cultured system, RIN‑
m5F pancreatic beta cells, 3T3‑L1 adipocytes, and L6 myotubes were used to measure the effect of CULE on insulin 
secretion and glucose metabolism. CULE effectively enhanced glucose uptake in zebrafish larvae, and inhibited the 
activity of dipeptidyl peptidase‑IV (DPP‑IV) and protein tyrosine phosphatase‑1B (PTP‑1B) enzymes related to insulin 
secretion and insulin signaling activation. Also, CULE significantly increased insulin secretion with suppression of NO 
production in RIN‑m5F pancreatic beta cells. In L6 myotubes and TNF‑α‑induced insulin resistance model of 3T3‑L1 
adipocytes, CULE significantly increased glucose uptake and immunofluorescence staining of glucose transporter 
(GLUT)4 protein. Furthermore, the regulatory response of glucose metabolism by CULE was a close correlation with 
the activation of insulin signaling (IRβ, PI3K, AKT) and 5′‑AMP‑activated protein kinase (AMPK)α and the reduction of 
p38 mitogen‑activated protein kinase (MAPK) in TNF‑α‑induced insulin resistance model of 3T3‑L1 adipocytes. Thus, 
our results suggest that CULE may act as a potential agent for the prevention and treatment of metabolic syndrome 
associated with type 2 diabetes.
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Introduction
Type 2 diabetes mellitus (T2D) is a metabolic disease 
that causes persistent hyperglycemia [1]. It is generally 
characterized by insulin secretion disorders and insulin 

resistance, although the exact cause is not clearly known 
up to now [1–4]. Currently, oral medications for glu-
cose homeostasis of T2D can be divided into five classes: 
alpha-glucosidase inhibitors delaying the absorption of 
carbohydrates in small intestine; dipeptidyl peptidase-
IV (DPP-IV) inhibitors, glucagon-like peptide-1 (GLP-
1) receptor agonists, and sulfonylureas increasing the 
production of insulin in pancreas; biguanides reducing 
hepatic glucose production; thiazolidinediones improv-
ing insulin sensitivity in adipose tissue and skeletal mus-
cle; and sodium-glucose linked transporter 2 (SGLT2) 
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inhibitors reducing the absorption of glucose in kidney 
[5–7]. In clinical practices, antidiabetic drugs are used 
as a single medication or combination of medications 
to control blood glucose levels [8]. Therefore, the main 
strategy of this study is to find out how natural materials 
as novel oral agent of T2D affect the protein expression 
related to insulin secretion and insulin sensitivity (activa-
tion of insulin signaling or AMPK pathway) in tissues and 
organs involved in glucose metabolism.

Crateva unilocularis Buch-Ham belongs to the family 
Capparaceae (Crateva) and is known in China as “syu tau 
coi” [9]. C. unilocularis is also called a spider tree because 
its branch is like a spider’s foot. As a folk medicine, the 
bark is used to stop abdominal pain and diarrhea, diure-
sis, fever, and stones, and the leaf decoction is used for 
urinary tract infections [10, 11]. In Nepal, the leaves are 
used to treat rheumatism, and the bark juice has been 
used for kidney disease, headaches, and diabetes [12]. It 
has been reported that the leaves and roots of C. unilocu-
laris contain saponins, flavonoids, phytosterols, oils, and 
phenolic compounds, and C. unilocularis extracts exhib-
its excellent DPPH radical scavenging activity and anti-
obesity effects [9, 10, 13]. However, research papers of 
C. unilocularis on diabetes have not yet been published. 
Therefore, there is a need to establish the scientific evi-
dences for the biological effect of reducing blood glucose 
levels. We investigated the effects of C. unilocularis leaf 
extract (CULE) on glucose homeostasis though regula-
tion of insulin release and insulin sensitivity in RIN-m5F 
pancreatic beta cells, L6 myotubes, 3T3-L1 adipocytes, 
and zebrafish (Danio rerio).

Material and methods
Chemicals
Dulbecco’s modified Eagle’s medium (DMEM), newborn 
calf serum (NBCS), fetal bovine serum (FBS), phosphate-
buffered saline (PBS), trypsin, and penicillin–strepto-
mycin were obtained from Hyclone (Logan, UT, USA). 
Dexamethasone (DEX), insulin, 3-isobutyl-1-methyx-
anthine (IBMX), β-actin antibody, 3-(4,5-dimethylth-
iazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT), 
N omega-Nitro-L-arginine methyl ester hydrochloride 
(L-NAME), and rosiglitazone were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). 2-(N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)-amino)-2-deoxyglucose (2-NBDG) 
was purchased from Invitrogen (Carlsbad, CA, USA). 
Tris (hydroxymethyl) aminomethane (Tris) base, gly-
cine, and sodium dodecyl sulfate (SDS) were purchased 
from the Promega Corporation (Madison, WI, USA), and 
nitrocellulose membranes were purchased from Bio-Rad 
(Hercules, CA, USA). The western blot detection kit and 
lysis buffer were purchased from iNtRON Biotechnology 
(Burlington, MA, USA). Insulin receptor β (IRβ;#3025), 

phospho-phosphoinositide 3-kinases (p-PI3K;#4228), 
PI3K (#4292), phospho-AKT (p-AKT;#9271), 
AKT(#9272), glucose transporter (GLUT4;#2213), 
phospho-p38 mitogen-activated protein kinase (p-p38 
MAPK;#4511), p38 MAPK (#8690), phospho-AMP-acti-
vated protein kinase α (p-AMPKα;#2535), and AMP-acti-
vated protein kinase α (AMPKα;#2532) antibodies were 
purchased from Cell Signaling Technology (Danvers, 
MA, USA). GLUT4, insulin receptor substrate-1 (IRS-
1), and β-actin primers were purchased from Integrated 
DNA Technologies (IDT, Korea).

Extraction of C. unilocularis leaves
The leaves of the C. unilocularis Buch-Ham plant were 
harvested and dried in Baglung, Nepal in July 2014. 
Dried C. unilocularis leaves (400  g) and 2L of distilled 
water (DW) were added together, followed by hot water 
extraction at 100 °C. This process was repeated twice for 
60 min to obtain an extract. The extract was filtered with 
a filter paper and concentrated on a rotary evaporator 
(EYELA, Tokyo, Japan) in a water bath below 45 °C. The 
concentrate was lyophilized and powdered and diluted to 
various concentrations for use in the experiments. The C. 
unilocularis leaf extract was named CULE. The yield of 
the extract was determined to be 12% (48 g). C. unicolu-
laris was reviewed and certified by Dr. Kim Hui, Mokpo 
National University, Korea. The voucher specimens of the 
C. unicolularis plant were kept in the laboratory for fur-
ther documentation [14].

High‑performance liquid chromatography (HPLC) analysis
HPLC analysis was carried out in the Alliance HPLC 
system (Waters, MA, USA) with a PDA detector (190–
500 nm) using a Capcell Pak C18 (250 × 4.6 mm, 5 μm, 
Shiseido, Japan). Samples and standard solutions were 
eluted by an isocratic solvent system  (H2O: 5% ace-
tic acid: acetonitrile = 40: 30: 30) with the flow rate of 
0.8 mL/min at 35 °C. The standard solutions of quercetin 
and CULE were prepared as follows; 10 mg of quercetin 
was dissolved in methanol and prepared as a stock solu-
tion with the concentration of 1,000 ppm using a 10 mL 
volumetric flask. Then, it was diluted to prepare a stand-
ard solution (20 to 500 ppm). For the CULE sample, 1 g 
of CULE was extracted with 40  mL of 60% EtOH and 
5 mL of 6 N HCl under reflux condition for 2 h at 95 °C, 
and made into 50  mL of final volume with 60% EtOH. 
The standard solutions and test solutions were filtered 
with 0.45 μm nylon filter and injected with a volume of 
10  μL. All HPLC chromatograms were extracted under 
370 nm. The calibration curve for quercetin was recorded 
using concentrations (X) and peak areas (Y).
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Measurement of survival rate and 2‑NBDG uptake analysis 
in zebrafish
Wild-type adult zebrafish received from the Seoul Insti-
tute of Science and Technology for Environmental Tox-
icity and Health Research Labs were maintained in 14 h 
light/10  h dark cycles, at a temperature of 28  °C and a 
pH of 7.0, circulating in a tank with a filtration system 
(Zebtec Stand Alone, Italy). Embryo collection was per-
formed by placing adult male and female zebrafish into 
the embryo collection tank 24  h before the experiment 
and collecting the embryos within 2 h of the photoperiod 
of the next day. After 6 h post-fertilization (hpf), 100 μL 
of E2 medium (zebrafish embryo medium) was added 
to each well of each 96-well plates and one embryo was 
transferred in each well. On 7-days post-fertilization 
(dpf), zebrafish larvae were exposed to CULE for 24  h, 
and the survival and deformity rates were observed com-
pared to the control group [15].

Embryos obtained through mating of male and female 
zebrafish were grown up for 7  days. Then, on day 7 
dpf, zebrafish larvae were exposed to CULE for 24  h. 
After 24  h, zebrafish larvae were treated with 600  μM 
2-NBDG for 3  h and washed 3 times with E2 medium. 
The zebrafish larvae after washing were observed and 
photographed under a fluorescence microscope (Leica, 
Wetzlar, Germany). The fluorescence intensity of the 
zebrafish larvae was quantified using the ImageJ program 
[15]. All experiments were performed in accordance with 
the guidelines of American Veterinary Medical Asso-
ciation and Mokpo National University for laboratory 
animal.

Measurement of protein tyrosine phosphatase 1B (PTP‑1B) 
and dipeptidyl peptidase IV (DPP‑IV) enzyme activities
The activation of DPP-IV were made in 25 μL of 50 mM 
HEPES buffer (pH 7.4) containing Gly-Pro-AMC (1 mM) 
and 10  μL of rat serum to which CULE was added and 
reacted for 1  h. The reaction was terminated by adding 
70 μL of 3 M acetic acid, and fluorescence was measured 
at an excitation (ex) wavelength of 370 nm and an emis-
sion (em) wavelength of 440 nm using a multilabel plate 
reader (VICTOR 3  V, PerkinElmer Inc., Waltham, MA, 
USA). The activation of PTP-1B was initiated by add-
ing 10 μL of CULE, 3 μL of reaction buffer (50 mM cit-
rate, pH 6.0) containing 0.1 M NaCl, 1 mM EDTA, and 
1 mM dithiothreitol (DTT), 35 μL of DW, 2 μL of PTP-1B 
enzyme, and 50  μL of 20  mM p-nitrophenyl phosphate 
(p-NPP) and incubated at 37 °C for 30 min. After termi-
nating the reaction by adding 100 µL of 1 M NaOH, the 
absorbance was measured at 405 nm using Immuno-mini 
NJ-2300 microplate reader (Nalge Nunc, Tokyo, Japan) 
[16].

Cell culture and differentiation
RIN-m5F pancreatic beta cells, L6 myoblasts, and 3T3-
L1 preadipocytes were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). RIN-
m5F pancreatic beta cells and L6 myoblasts were cultured 
in DMEM containing 10% FBS, 100 μg/mL streptomycin, 
and 100 units/mL penicillin and incubated in 95% oxy-
gen and 5%  CO2 at 37 ℃. 3T3-L1 preadipocytes were cul-
tured in DMEM containing 10% NBCS. All cell lines were 
supplemented with fresh medium every 2 days, and used 
in the experiments.

The procedure for the differentiation of 3T3-L1 preadi-
pocytes and L6 myoblast is as follows. 3T3-L1 preadipo-
cytes were seeded in a 6-well plates at 1 ×  105 cells/well 
and cultured in differentiation medium (5 μg/mL insulin, 
1 μM DEX, and 0.5 mM IBMX in DMEM with 10% FBS) 
for 2  days when the cell growth reached 90–100% con-
fluency. After 2 days of differentiation, the medium was 
exchanged with DMEM with 10% FBS containing 5  μg/
mL insulin, and used for the experiment four days later. 
Fresh DMEM with 10% FBS was added every 2 days. L6 
myoblasts were seeded into 6-well plates at 1.8 ×  104 
cells/well, when the cells reached about 80–90% conflu-
ency, the medium was changed to DMEM with 2% horse 
serum (HS) and the cells were allowed to differentiate for 
7 days.

Insulin resistance cell model
Recombinant murine tumor necrosis factor-α (TNF-
α, 315-01A; PeproTech, NJ, USA) at a concentration of 
10 ng/mL was added to 3T3-L1 adipocytes, which were 
completely differentiated into adipocytes, and then used 
as a cell model in which insulin resistance was induced 
after 48 h with an exchange of fresh medium every 24 h 
[17].

Cell viability
RIN-m5F pancreatic beta cells were seeded in 96-well 
plates at 1 ×  105 cells/well, incubated for 12 h, reacted for 
3  h with various concentrations of CULE, then reacted 
with IL-1β (2  ng/mL) and IFN-γ (100 U/mL) for 48  h. 
3T3-L1 adipocytes and L6 myotubes were aliquoted at 
5 ×  103 or 1 ×  103 cells/well in 96-well plates and incu-
bated for 24  h before adding various concentrations of 
CULE. After the reactions, MTT (1  mg/mL) solution 
was added for 3 h and the absorbance was measured at 
540 nm (Immuno-mini NJ-2300 microplate reader, Nalge 
Nunc, Tokyo, Japan).

Measurement of NO and insulin
RIN-m5F pancreatic beta cells were seeded in 96-well 
plates at 1 ×  105 cells/well and incubated for 12 h. Then, 
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IL-1β (2 ng/mL) and IFN-γ (100 U/mL) were added along 
with various concentrations of CULE. After reacting for 
48 h, the same amount of cell culture medium and Griess 
solution was added per well and the absorbance was 
measured at 540 nm after 5 min using the Immuno-mini 
NJ-2300 microplate reader (Nalge Nunc, Tokyo, Japan). 
NO production was calculated using a standard curve 
generated using  NaNO2 standard solution.

Insulin secretion analysis was conducted under the 
same conditions and the insulin content secreted into 
the cell culture was measured using a Rat Insulin ELISA 
Kit (Mercodia, Uppsala, Sweden). L-NAME (1 mM) was 
used as a positive control.

2‑NBDG uptake analysis
After differentiation into 3T3-L1 adipocytes and L6 myo-
tubes in a black 96-well plates, the cells were treated with 
different concentrations of CULE and incubated for 24 h. 
Then, the cells were treated for 30 min with 80 μM (L6 
myotubes) or 150 μg/mL (3T3-L1 adipocytes) 2-NBDG. 
After washing three times with PBS, fluorescence was 
measured at an excitation (ex) wavelength of 485 nm and 
an emission (em) wavelength of 535 nm using a Perkin-
Elmer VICTOR 3  V, (PerkinElmer Inc.; Waltham, MA, 
USA). The fluorescence intensity reflected the glucose 
uptake of 2-NBDG into the 3T3-L1 adipocytes and L6 
myotubes. Insulin (IN, 100  ng/mL) and rosiglitazone 
(RSG, 5 μM) were used as positive controls [18].

Immunofluorescence staining
After differentiating 3T3-L1 preadipocytes and L6 myo-
blasts on a glass cover slide, cells were treated with vari-
ous concentrations of CULE and incubated for 24  h. 
After the experiment was completed, the coverslip was 
transferred to a 6-well plates, washed with PBS, and a 
4% paraformaldehyde solution was added to fix the cells. 
The fixed cells were washed with 0.2% Triton X-100 and 
washed again with PBS. The primary and secondary anti-
bodies were added to the washed coverslip, incubated, 
and washed with PBS. Then, a small amount of mounting 
medium was sprayed on a glass cover slide, and the fluo-
rescently stained cells were photographed using LMS-
700 (Carl Zeiss, Gottingen, Germany).

Reverse transcription‑PCR analysis
TRIzol reagent (1  mL) was added to L6 myotubes after 
the experimental treatments and the cells were homog-
enized. Then, 0.2 mL of chloroform was added and gently 
mixed, followed by centrifugation at 12,000  g × 4 ℃ for 
15 min. Isopropanol (0.5 mL) was added to the superna-
tant and the mixture was vortexed and stored at 25 ℃ for 

5–10 min before centrifuging at 12,000 g × 4 ℃ for 8 min. 
The supernatant was removed, 1 mL of 75% ethanol was 
added, vortexed, and washed twice at 12,000 g × 4 ℃ for 
5 min. After washing, the ethanol was removed, the sam-
ple was air-dried for 3–5  min, and 30–50 μL of diethyl 
pyrocarbonate (DEPC) was added and stored at -20  °C 
until used for the experiments. RNA was quantified by 
measuring the absorbance at wavelengths of 260 and 
280 nm using a Nanodrop spectrometer (St. Louis, MO, 
USA, Sigma-Aldrich). The  DiastarTM2X OneStep RT-
PCR Premix Kit (Biofact, Daejeon, Korea) was used to 
synthesize cDNA from total RNA (25 ng) by adding 3 μL 
of RNA and 1 μL of primer to a total 30 μL reverse tran-
scription reaction. The base sequence of each primer was 
as follows: The forward sequence of GLUT4 was 5’-CCT 
GCC CGA AAG AGT CTA AAG C-3’, and the reverse 
sequence was 5’-ACT AAG AGC ACC GAG ACC AAC 
G-3’; The forward sequence of IRS-1 was 5’-AGA GTG 
GTG GAG TTG AGT TG-3’, and the reverse sequence 
was 5’-GGT GTA ACA GAA GCA GAA GC-3’; The for-
ward sequence of β-actin was 5’-TGC CCA TCT ATG 
AGG GTT ACG-3’ and the reverse sequence was 5’-TAG 
AAG CAT TTG CGG TGC ACG-3’. PCR analysis was 
carried out for 45  min by reacting for 30  min at 50 ℃, 
15 min at 95 ℃ and denaturing for 1 min at 95 ℃, then 
attaching for 1 min at 55 ℃ and extending for 2 min at 72 
℃. The PCR products were electrophoresed on 1.5% aga-
rose gel stained with RedSafe™ nucleic acid staining solu-
tion (iNtRON, Seongnam, Gyeonggi, Korea), and β-actin 
was used as a control for the amplified genes.

Western blot analysis
3T3-L1 adipocytes were washed twice with PBS. Lysis 
buffer was then added and dissolved at 4 °C for 10 min 
and the mixture was centrifuged at 13,000  rpm × 4  °C 
for 20  min to recover supernatant protein and the 
amount was quantified. The lysate (30  μg/mL) was 
mixed with SDS loading buffer (1  M Tris, 50% glyc-
erol, 10% SDS, and 1% bromophenol blue), heated 
at 95 ℃ for 10  min, and electrophoresed on 10% SDS 
polyacrylamide gels. The gels were transferred to poly-
vinylidene difluoride (PVDF) membranes (Merck Mil-
lipore, Burlington, MA, USA). Five percent BSA was 
added to TBS-T (1 M Tris, 5 M NaCl, and 0.05% Tween 
20) buffer and used to block the membranes for 1  h. 
After washing three times with TBS-T buffer, primary 
antibody (IRβ 1: 1000, p-PI3K 1: 500, PI3K 1: 1000, 
p-AKT 1: 1000, AKT 1: 1000, GLUT4 1: 500, p-AMPKα 
1: 500, AMPKα 1: 500, p-p38 1: 500, p38 1: 1000, 
β-actin 1: 5000) was added and incubated overnight, 
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and the membranes were washed three times with 
TBS-T buffer. Then, they were reacted with a second-
ary antibody (goat anti-mouse 1: 1000 or anti-rabbit 
1: 1000) containing peroxidase for 2  h and visualized 
using a western blot detection kit. The reactions were 
analyzed using UVP image analysis software (Vision-
workTMLS, Fisher Scientific, UK) [19].

Statistical analyses
All experimental results are expressed as the 
mean ± standard error (SE). The difference between 
the groups was analyzed by one-way analysis of vari-
ance (ANOVA) using GraphPad Prism and the Dun-
nett post-test test. Comparison of the means of two 
independent sample variables were analyzed using an 
unpaired t-test.

Results
Effects of CULE in zebrafish larvae
We measured the effect of CULE on glucose uptake in 
zebrafish larvae to secure the scientific basis for tradi-
tional knowledge of folk remedies before cell experi-
ments. We observed the effects of CULE on survival, 
malformation, and glucose uptake in zebrafish larvae. 
As a result, no changes of survival and malformation 
rate were observed at different concentrations (25, 
100, 400, and 800  μg/mL) of CULE compared to con-
trol group (Fig.  1A, B). Glucose uptake ability in cells 
or zebrafish larvae plays a fundamental role in screen-
ing antidiabetic candidates. 2-NBDG as a glucose 

fluorescent probe has widely been used to monitor glu-
cose uptake. CULE-treated zebrafish larvae produced 
significant glucose uptake with a dose-dependent man-
ner compared to control (Fig. 1C, D). Thus, CULE was 
identified as effective materials for inducing glucose 
uptake.

Effect of CULE on DPP‑IV and PTP1B enzyme activities
The PTP-1B and DPP-IV enzyme activities have well-
known as a potential drug target for the treatment of 
type 2 diabetes. PTP1B plays an important role in insu-
lin resistance and DPP-IV is inactivates the incretin 
hormone such glucagon-like peptide-1. As shown in 
Fig. 2A, B, CULE effectively inhibited DPP-IV and PTP-
1B enzyme activities in a dose-dependent manner. At 
concentration of CULE 1000 μg/mL, the activity of both 
enzymes compared to control was significantly inhibited 
to 47.8 and 51.6%, respectively. Therefore, the action of 
CULE as PTP-1B and DPP-IV inhibitor can effectively 
enhance insulin secretion and glucose regulation.

Effect of CULE on cytotoxicity, NO production, and insulin 
secretion in RIN‑m5F pancreatic beta cells
In the previous experiment, CULE did not show toxicity 
up to 400  μg/mL concentration in RIN-m5F pancreatic 
beta cells (Additional file  1: Fig. S1). After stimulation 
of RIN-m5F pancreatic beta cells with IL-1β and IFN-
γ, cytotoxicity, NO production and insulin secretion 
were measured (Fig. 3). As a result, cell viability was sig-
nificantly reduced to 53.3% in the treated control com-
pared to the untreated normal cells. The cell viability 
was significantly increased to 63.04%, and 73.29% at the 

Fig. 1 Effect of CULE on mortality and malformation (A, B) and glucose uptake (C, D) in zebrafish larvae. Fertilized eggs were collected and placed 
in 96‑well culture plates. Seven dpf, the larvae were treated with CULE for 24 h, and mortality and glucose uptake were observed. Each value is the 
mean ± SE of three independent repeated experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control
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concentrations of CULE 50 and 200 μg/mL (Fig. 3A). The 
NO production was significantly increased to 66.29 μM 
in the control treated with IL-1β and IFN-γ compared to 
7.06  μM in the normal without IL-1β and IFN-γ treat-
ment (Fig.  3B). However, when CULE was treated at 
a concentration of 200  μg/mL, it was 45.71  μM, and 
L-NAME (1  mM) as a positive control was 31.83  μM. 
In the result of measuring insulin content, the control 
treated with IL-1β and IFN-γ was 5.40 ng/mL, which was 
significantly reduced compared to 15.27  ng/mL of the 
normal without IL-1β and IFN-γ (Fig. 3C). By treatment 
with CULE 200  μg/mL concentration, insulin secre-
tion was 8.26 ng/mL and positive control L-NAME was 
10.36  ng/mL, which was significantly increased com-
pared to the control treated with IL-1β and IFN-γ.

Effect of CULE on cytotoxicity, glucose uptake, and mRNA 
expression in L6 myotubes
The addition of CULE up to 200  μg/mL concentra-
tion in L6 myotubes showed no cytotoxicity (Fig.  4A). 
The glucose uptake in cells treated with CULE at dose 
of 25, 50, 100, and 200 μg/mL was measured and only 
the CULE 25  μg/mL concentration showed a signifi-
cant enhancement of glucose uptake compared to the 
untreated group (Fig.  4B). The glucose uptake of the 
positive control insulin was significantly increased 
to 1.46-fold. Treatment with CULE at 25 and 50  μg/
mL significantly enhanced GLUT4 fluorescence inten-
sity and mRNA expression compared to the con-
trol cells (Fig.  4C-E, G). Also, the expression of IRS-1 
mRNA was significantly increased by treatment with 

Fig. 2 Effect of CULE on DPP‑IV (A) and PTP‑1B (B) enzyme activities. Each value is the mean ± SE of four independent repeated experiments
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25 μg/mL CULE compared to the untreated group but 
slightly increased at concentration of 50 and 100 μg/mL 
(Fig. 4D, F).

Effect of CULE in TNF‑α‑induced insulin resistance model 
of 3T3‑L1 adipocytes
CULE did not show toxicity up to 400  μg/mL concen-
tration in 3T3-L1 adipocytes (Additional file 1: Fig. S1). 
In 3T3-L1 adipocytes, insulin resistance was induced 

by exposure to TNF-α (10  ng/mL), and was normally 
restored upon addition of insulin, enhancing the results 
of glucose uptake and GLUT4 fluorescence intensity 
(Fig.  5A, B). The treatment of CULE at 50 and 200  μg/
mL significantly increase the glucose uptake and protein 
expression of GLUT4 in TNF-α-induced insulin resist-
ance model of 3T3-L1 adipocytes (Fig. 5 B, C).

The expression levels of proteins that directly and indi-
rectly affect insulin signaling and glucose metabolism 

Fig. 4 Effect of CULE on cell viability (A), glucose uptake (B), immunofluorescence images and intensity of GLUT4 (C–G), and mRNA expression 
of GLUT4 and IRS‑1 (D‑F) in L6 myotubes. L6 myoblast were induced to differentiate with 2% horse serum. Cell viability was determined by the 
MTT assay. The quantitation of 2‑NBDG uptake was assessed by the intracellular accumulation of fluorescence. Insulin (IN, 100 nM) was used as the 
positive control. Each value is the mean ± SE of three independent repeated experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control

Fig. 5 Effect of CULE on glucose uptake (A), immunofluorescence images and intensity of GLUT4 (B, C) in the TNF‑α‑induced insulin‑resistance 
model of 3T3‑L1 adipocytes. Confluent 3T3‑L1 preadipocytes were differentiated into adipocytes for eight days. Fully differentiated 3T3‑L1 
adipocytes were treated with TNF‑α (10 ng/mL) for insulin resistance. After 48 h of TNF‑α treatment, 2‑NBDG uptake was assessed by the 
intracellular accumulation of fluorescence. IN (insulin, 100 nM) was used as the positive control. Each value is the mean ± SE of three independent 
experiments. #p < 0.001 vs. treatment without TNF‑α. *p < 0.05, **p < 0.01, ***p < 0.001 vs. treatment with TNF‑α
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were measured in TNF-α-induced insulin resistance 
model of 3T3-L1 adipocytes (Fig.  6). The expression of 
IRβ, p-PI3K, p-AKT, GLUT4, and AMPKα protein was 
significantly suppressed by the treatment of TNF-α com-
pared to the untreated group (Fig.  6A). CULE (50 and 
200 μg/mL) and insulin treatment significantly improved 
the expression of insulin signaling protein such as IRβ, 
p-PI3K, p-AKT, GLUT4, and AMPKα associated with 
glucose control and insulin response in TNF-α-induced 
insulin resistance model of 3T3-L1 adipocytes (Fig.  6), 
whereas the expression of p38 MAPK, which could be 
associated with insulin resistance, was effectively reduced 
by the treatment of CULE and insulin (Fig. 6B).

HPLC quantitation of quercetin in CULE
Quercetin compounds are widely distributed flavo-
noids in plants. Quercetin standard was purchased 

and analyzed by HPLC (Fig. 7). The quercetin compo-
nent was separated under the above-described HPLC 
analysis conditions. Analysis of the HPLC spectrum 
of quercetin showed a peak retention time (tR) of 
10.38  min and the UV spectrum showed maximum 
absorptions at 229.0, 254.2, and 367.2  nm. Several 
peaks were obtained from the HPLC analysis of CULE, 
but the presence of the quercetin component was con-
firmed by comparing the peak retention time with the 
standard sample. In the component profile of CULE, 
a peak with a retention time of 10.40 min, which was 
very similar to the quercetin of standard, and UV spec-
trum peaks with maximum absorptions at 224.3, 254.3, 
and 368.5  nm consistent with quercetin appeared. 
Based on the above results, quercetin was confirmed 
to be contained in CULE. The content of quercetin in 
CULE was determined to be 14.32 mg of quercetin per 

Fig. 6 Effect of CULE on the insulin‑dependent signaling pathway (A) and AMPKα and p38 MAPK (B) in the TNF‑α‑induced insulin‑resistance model 
of 3T3‑L1 adipocytes. Confluent 3T3‑L1 preadipocytes were differentiated into adipocytes for eight days. Fully differentiated 3T3‑L1 adipocytes 
were treated with TNF‑α (10 ng/mL) to induce insulin resistance. After 48 h of TNF‑α treatment, protein expression was measured by Western blot 
analysis. IN (insulin, 100 nM) was used as the positive control. Each value is the mean ± SE of three independent repeated experiments. #p < 0.001 vs. 
treatment without TNF‑α. *p < 0.05, **p < 0.01, ***p < 0.001 vs. treatment with TNF‑α
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g of CULE using the calibration curve of the quercetin 
standard.

Discussion
C. unilocularis Buch-Ham leaf extract (CULE) has been 
traditionally used in Nepal and China, and is known to 
be effective for diabetes. However, there is little scientific 
evidences for antidiabetic effects of CULE. So, in this 
study, we scientifically verified the effect of CLUE on dia-
betes. We first reviewed the effect on glucose metabolism 
by CULE in zebrafish larvae. The zebrafish is an animal 
model that can be used to verify the efficacy of drug can-
didates for pathological studies and the treatment of met-
abolic diseases including diabetes [20, 21]. CULE showed 
increase in glucose uptake at all concentrations compared 
to the control in zebrafish larvae. Here, our results sug-
gest that CULE are directly or indirectly involved in the 
regulation of glucose metabolism in an in vivo system.

In the cell free system, we measured the activation of 
biomarkers involved in insulin release and insulin sen-
sitivity. We found a dose-dependent inhibitory effect on 
DPP-IV and PTP1B enzyme activities by CULE treat-
ment. The cause of insulin resistance is not yet clear, 
but it is known to be caused by a variety of factors [22]. 
PTP1B interferes with the binding of IRS-1 to the insu-
lin receptor beta region, which is an upstream signal-
ing pathway in the insulin signaling pathway related 
to glucose metabolism, and thus interferes with the 
downstream of insulin signaling [23, 24]. Glucagon like 
peptide-1 (GLP-1) promotes insulin secretion in pancre-
atic beta cells and reduces glucagon secretion in pancre-
atic alpha cells to regulate glucose synthesis in the liver. 
However, GLP-1 is rapidly decomposed by DPP-IV in the 
human body, which causes problems in blood glucose 
regulation. Several DPP-IV inhibitors are available for the 
treatments of these glucose disorders [25]. In our study, 

Fig. 7 HPLC chromatogram of quercetin (A) and CULE (B)
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CULE effectively decreased the activity of PTP1B and 
DPP-IV enzymes, suggesting that it may become a poten-
tial therapeutic agent for T2D treatment.

In the cell system, we investigated the effect of CULE 
by inducing IL-1β and IFN-γ, which are known to induce 
dysfunction of pancreatic beta cells. As a result, in the 
CULE 200 μg/mL treatment group, the cell viability and 
the amount of insulin increased with a distinct decrease 
in NO production. Sharma et  al. (2016, 2019) and Kim 
et  al. (2016) reported that Lespedeza cuneata (G. Don), 
Nelumbo nucifera leaf, and Tinospora cordifolia stem 
extract increased insulin content and decreased NO pro-
duction in RIN-m5F pancreatic beta cells treated with 
cytokines (IL-1β and IFN-γ) [14, 16, 26]. These results 
show that improvement of function of pancreatic beta 
cells induced the promotion of insulin secretion. There-
fore, CULE is considered to have the potential to improve 
pancreatic beta cell dysfunction. Next, we examined the 
effect of CULE on glucose uptake in L6 myotubes. Mus-
cle tissue plays a key role in regulating blood glucose 
levels and glycogen synthesis [27]. Wang et  al. (2011) 
reported that antidiabetic effect of melon extract has 
been associated with the induction of IRS-1, PI3K, AKT 
and GLUT4 protein expression in the muscle tissue of 
mice [28]. CULE significantly increased glucose uptake 
and GLUT4 mRNA expression or fluorescence images 
in L6 myotubes. However, the results in cells did not 
show a concentration-dependent effect. Yin et al. (2008) 
reported that berberine action on glucose consumption 
in L6 and 3T3-L1 cells was independent of exposure time 
and concentration of insulin [29]. This suggests that the 
effect of CULE on GLUT4 protein expression and glu-
cose uptake may differ depending on exposure concen-
tration and time of CULE. Herein, our results suggest 
that glycemic regulation of CULE is related to transloca-
tion of the GLUT4 in L6 myotubes.

Finally, we constructed and reviewed an insulin 
resistance model by TNF-α treatment to investigate the 
effect of CULE on insulin resistance in 3T3-L1 adipo-
cytes. It is well known that overexpression of TNF-α 
in adipose tissue contributes to the progression of 
insulin resistance [30]. In results, CULE significantly 
increased the expression of IRβ, PI3K, and GLUT4 on 
insulin signaling pathway in TNF-α-induced insulin 
resistance model of 3T3-L1 adipocytes. Moreover, the 
expression of p38 MAPK, which inhibits insulin sign-
aling pathway, was markedly suppressed, and AMPKα 
expression, which is associated with insulin signaling 
activation, was significantly improved in this model. 
Taher et  al. (2015) reported that α-mangostin compo-
nent isolated from Garcinia malaccensis upregulates 

the expression of GLUT4 and leptin proteins, and 
induces an increase in glucose uptake in 3T3-L1 adipo-
cytes [31]. Zhang et  al. (2018) reported that Astragali 
Radix extract induces an increase of glucose uptake by 
increasing GLUT4 expression with AMPK activation 
[32]. Rosiglitazone (RSG) as a therapeutic agent for 
T2D in rat brown adipocytes is known to restore PI3K/
AKT insulin signaling pathway and improve glucose 
uptake by impairing p38 and p42/p44 MAPK activation 
by TNF-α [33]. Thus, these results suggest that CULE 
ameliorate insulin resistance by TNF-α in 3T3-L1 adi-
pocytes, restoring insulin signaling cascade IRβ/PI3K 
and insulin- or AMPKα-stimulated GLUT4 activation.

Conclusion
We found that CULE effectively promoted glucose 
uptake in zebrafish larvae. Also, CULE protected pan-
creatic beta cells from apoptosis induced by IL-1β and 
IFN-γ and improved insulin secretion. In skeletal mus-
cle cells and adipocytes, CULE significantly regulated 
glucose metabolism and insulin resistance. Therefore, 
antidiabetic effect of CULE was closely associated with 
glucose metabolism via regulation of insulin secretion 
and sensitivity. Also, it has been shown that the antidia-
betic effect of CULE is related to quercetin component, 
because the antidiabetic action of quercetin has already 
been elucidated [34–36]. However, it is necessary to 
conduct additional research on ingredients contained 
in CULE for the development of high-efficiency anti-
diabetic candidates. In conclusion, our findings suggest 
that CULE may be a useful material for the prevention 
and treatment of metabolic syndrome associated with 
T2D.
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