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Lupeol is a type of pentacyclic triterpene and has been reported to have pharmacological activities
against various diseases; however, the effect of lupeol on glucose absorption has not been elucidated
yet. This study aimed to investigate the effect of lupeol on glucose uptake in 3T3-L1 adipocytes.
Lupeol significantly facilitated glucose uptake by translocating glucose transporter type 4 (GLUT4) to
the plasma membrane of the 3T3-L1 adipocytes, which was related to activation of the phosphoinosi-
tide 3-kinase (PI3K)/protein kinase B (AKT) and 5 "adenosine monophosphate-activated protein kinase
(AMPK) pathways. In the PI3K/AKT pathway, lupeol stimulates the phosphorylation of insulin re-
ceptor substrate 1 (IRS-1), which activates PI3K. Its activation by lupeol promotes the phosphorylation
of AKT, but not the atypical protein kinase C isoforms ¢ and A. Lupeol also promoted the phosphor-
ylation of AMPK. The activation of AMPK increased the expressions of the plasma membrane GLUT4
and the intracellular glucose uptake. The increase in the glucose uptake by lupeol was suppressed by
wortmannin (PI3K inhibitor) and compound C (AMPK inhibitor) in the 3T3-L1 adipocytes. The results
indicate that lupeol can facilitate glucose uptake by increasing insulin sensitivity through the stim-
ulation of the expression of plasma membrane glucose transporter type 4 via the PI3K/AKT and

AMPK pathways in the 3T3-L1 adipocytes.
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Introduction

Hyperglycemia is a major symptom of type 2 diabetes and
is caused by insulin secretory dysfunction and insulin resist-
ance [2]. Insulin is a glucoregulatory hormone that keeps
glucose homeostasis by inhibiting gluconeogenesis in the liv-
er and promoting glucose uptake in muscle and adipose tis-
sue [20]. Action of insulin on glucose uptake in muscle and
adipose tissue is important for reducing hyperglycemia. In
this action, translocation of the glucose transporter type 4
(GLUT4) to the plasma membrane can promote glucose up-
take into cells [10]. The GLUT4 translocation to the plasma
membrane begins with the combination of insulin and in-
sulin receptor. It promotes tyrosine phosphorylation of in-
sulin receptor substrate 1 (IRS-1), which causes phosphoino-
sitide 3-kinase (PI3K) expression. PI3K expression can act

on two downstream targets. One is the serine / threonine
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kinase AKT and the other is the atypical protein kinase C
isoforms ¢ and A (PKC ¢/ A). Phosphorylation of AKT and
PKC ¢/ A stimulates GLUT4 translocation to the plasma
membrane, which induces glucose uptake into the cells [19,
22].

Another key signaling mechanism that regulates glucose
uptake is the 5 "AMP-activated protein kinase (AMPK).
AMPK inhibits anabolic process and promotes catabolic
processes to produce energy and decrease blood glucose lev-
el [7]. Activation of AMPK enhances intracellular glucose
uptake by stimulating translocation of GLUT4 to the plasma
membrane [9]. Thus, AMPK relates to glucose homeostasis
in body and enhancement of insulin sensitivity by accelerat-
ing glucose uptake and energy expenditure [27]. These re-
ports indicate that activation of the PI3K/AKT and AMPK
pathways play a key role in glycemic control and could be
therapeutic targets of type 2 diabetes.

Lupeol is a kind of pentacyclic triterpene, and its chemical
formula is C3HsO (lup-20(29)-en-3-ol) [4]. Lupeol has been
reported to have pharmacologically active for diseases such
as diabetes, cancer, heart diseases, inflammation, arthritis
and hepatic toxicity [3, 23, 25]. However, the effect of lupeol
on glucose uptake in adipocytes is not yet known. Therefore,
this study investigated the lupeol effect on glucose uptake



via PI3K/AKT and AMPK dependent pathways in 3T3-L1
adipocytes.

Materials and Methods

Materials

Lupeol (94%), was purchased from Sigma Aldrich (St.
Louis, MO, USA). 3T3-L1 preadipocytes were purchased
from Korean Cell Line Bank (KCLB, Seoul, Korea). Dulbecco
modified Eagle medium (DMEM), fetal bovine serum (FBS),
wortmannin, and compound C were purchased from Sigma
(St. Louis, MO, USA). 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-
4-yl) amino]- d -glucose(2-NBDG) was purchased from Invi-
trogen (Carlsbad, CA, USA). Antibodies against IRS-1, PI3K,
phospho-Akt, Akt, and GLUT4 were purchased from Abcam
(Cambridge, UK). Antibodies against phospho-IRS-1 were
purchased from Thermo Fisher Scientific (Rockford, IL,
USA). All chemicals were of analytical grade and were used
without any further purification.

Cell culture and differentiation

3T3-L1 preadipocytes (KCLB, Seoul, Korea) were cultured
in high glucose (4.5 mM) Dulbecco’s modified Eagle medium
containing 10% fetal bovine serum at 37C temperature and
5% CO,. Cultured 3T3-L1 preadipocytes were differentiated
into adipocytes in the following way. 2 days after confluence,
the culture medium was replaced with new Dulbecco’s
modified Eagle medium with 10% fetal calf serum, 0.5mM
isobutyl methyl xanthine, 1 uM dexamethasone, and 10 pg/
ml insulin. Afterwards, fresh 10% FBS DMEM with 10 pg/ml
insulin was treated to the cells for an additional 24 hr, and

maintained for 8 days [8].

Glucose uptake

Glucose uptake was conducted using the 2-[N-(7-nito-
benz-2-oxa-1,3-diazol-4-yl) Amino]-2-deoxyglucose (2-NBDG)
screening system, as described previously with partial mod-
ifications. Differentiated 3T3-L1 adipocytes of 1x10* density
were seeded with several lupeol concentrations, WM and
CC into each well of 96-well plates for 24 hr of incubation.
The cells were left untreated or were stimulated with insulin
(100 nM) for 20 min at 37°C in Krebs-Ringer phosphate buf-
fer solution (4.7 mM KCl, 128 mM NaCl, 1.25 mM MgSOy,
1.25 mM CaCl,, and 10 mM NaPOy, pH 7.4). The addition
of 2-NBDG (10 uM) to each well for 1 hr initiated glucose
uptake for 1 hr. After the supernatant was removed, uptake
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of 2-NBDG was measured using a Multilabel Counter (Perkin
Elmer, MA, USA) set at an excitation and emission wave-
lengths of 485 and 535 nm.

Western blotting

Cells were washed twice with ice-cold phosphate-buf-
fered saline (PBS) and collected in RIPA buffer [Tris-HCI (50
mM), NaCl (150 mM), EDTA (1 mM), Triton X-100 (1%), so-
dium deoxycholate (1%), sodium dodecyl sulfate (0.1%),
phenylmethylsulfonyl fluoride (1 mM), aprotinin (10 ug/ml),
leupeptin (10 pg/ml), sodium orthovanadate (0.1 mM); pH
7.4] for whole protein extraction from 3T3-L1 adipocytes.
After sonication and centrifugation at 13,000 rpm for 15 min
at 4°C, a bicinchoninic acid (BCA) Protein Assay Kit was
used to determine the protein content in the resulting
supernatant. The lysate containing 20 ug protein was sub-
jected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Isolated proteins were transferred electro-
phoretically to a pure nitrocellulose membrane, blocked with
a 5% skimmed milk solution for 1 hr, and then incubated
with primary antibodies [IRS-1, PI3K, phospho-AktSer473,
Akt, AMPK, GLUT4 (Abcam, Cambridge, UK), phospho-
AMPKThr172, ACC (Cell Signaling Technology, Beverly,
MA, USA), phospho-IRS-1Tyr612 (Thermo Fisher Scientific,
Rockford, IL, USA), phospho-ACCSer79 (EMD Millipore,
Billerica, MA, USA)] overnight at 4C. After rinsing, the blots
were cultured with horseradish peroxidase-conjugated goat
anti-rabbit or goat anti-mouse IgG (secondary antibody) for
1 hr at room temperature. The antigen-antibody complexes
were visualized using enhanced chemiluminescence western
blotting detection reagents and detected by a Luminoimage
Analyzer LAS-1000 plus (Fujifilm, Tokyo, Japan). The den-
sity of the bands was determined using an image analyzer
(Multi Gauge V3.1, Fujifilm, Valhalla, NY, USA) and normal-
ized to the B-actin chemiluminescence signal for relative to-
tal and nuclear protein quantification.

Isolation of plasma membranes from 3T3-L1 adipo-
cytes

The 3T3-L1 cells were homogenized using sonication for
5 min at 3 kHz/130 W (UCD-130TM, Cosmo Bio Co., Tokyo,
Japan) in ice-cold HES buffer [HEPES (0.02 M), sucrose (0.25
M), and EGTA (0.002 M); pH 7.4] and centrifuged at 700
x g for 7 min for removing non-homogenized cellular debris
and nuclei from the homogenate. To eliminate mitochondria
the gathered supernatant was further centrifuged at 760x
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g for 10 min. After re-centrifugation at 35,000 g for 1 hr,
the obtained pellet was used as the plasma membrane
fraction. And the remaining supernatant was used as a cyto-
solic fraction. To detect GLUT4 protein, these membrane and
cytosolic fractions were exposed to western blotting. The
concentration of proteins in the cytosolic fraction and mem-
brane pellet was quantified with a BCA protein assay kit.

Statistical analyses

Data were expressed as the mean * standard error of
three experiments. The statistical analysis was performed us-
ing SAS 9.1 (SAS Institute Inc., Cary, NC, USA). The differ-
ences were evaluated by the one-way ANOVA test, followed
by the post hoc Duncan’s multiple range tests.

Results

Effect of lupeol on glucose uptake

This study examined a 2-deoxyglucose uptake to find out
the effect of lupeol on glucose uptake in 3T3-L1 adipocytes.
Treatment with lupeol enhanced uptake of glucose in a con-
centration dependent manner (Fig. 1). At 5, 10, 15 and 20
UM concentration of lupeol, glucose uptake was remarkably
increased 1.68-, 2.00-, 2.28- and 2.49- fold in comparison with
untreated control cells, respectively. These data suggest that
lupeol was effective in enhancing uptake of glucose in 3T3-

L1 adipocytes.
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Fig. 1. Effect of lupeol on glucose uptake in 3T3-L1 adipocytes.
Lupeol of 5-20 tM were treated in 3T3-L1 adipocytes
for 24 hr prior to the 2-deoxyglucose uptake assay. Each
value is shown as the mean * standard deviation (n=3).
“*Values composed of different alphabets indicate sig-
nificant differences (p<0.05) by Duncan’s multiple range
test. 2-DG, 2-deoxyglucose.

Effect of lupeol on the activation of PI3K/AKT path-
way

To investigate the mechanism that lupeol improves glu-
cose uptake, the activation of IRS-1, PI3K, PKC ¢/A or AKT
was examined in insulin signaling pathway. Lupeol sig-
nificantly enhanced IRS-1 phosphorylation and PI3K activa-
tion in 3T3-L1 adipocytes (Fig. 2). Treatment of 10 and 20
uM lupeol upregulated IRS-1 phosphorylation to 119.61%
and 151.63% of the control values, respectively. At the same
concentration, the expression of PI3K was significantly in-
creased to 143.75% and 192.50% of the control values, respec-
tively. Also, the phosphorylation of AKT was increased to
138.89% and 188.89% of the control values by treatment of
10 and 20 uM lupeol, respectively. But the phosphorylation
of PKC ¢/\ was not affected by lupeol treatment (Fig. 3).
These data indicated that lupeol promoted the phosphor-
ylation of IRS-1 and the activation of PI3K and AKT, but
did not promote phosphorylation of PKC 3/ in the insulin
signaling pathway.

Effect of lupeol on AMPK activation

To examine the mechanism that lupeol improves uptake
of glucose, we investigated the phosphorylation of AMPK.
Phosphorylation of ACC was also examined to confirm the
activation of AMPK. AMPK activation phosphorylates ACC
and inhibits its activity [8]. Lupeol showed significant in-
creasing effect on phosphorylation of AMPK (Fig. 4). The
phosphorylation of AMPK was significantly increased to
137.54% and 186.32% of the control values by treatment of
10 and 20 uM lupeol, respectively. At the same concen-
tration, the phosphorylation of ACC was also increased to
101.67% and 155.83% of the control value, respectively.
These data suggest that lupeol may enhance glucose uptake
into adipocytes by promoting the phosphorylation of AMPK.

Effect of lupeol on PM-GLUT4 expression

To find out the role of GLUT4 on glucose uptake en-
hanced by lupeol, expression of plasma membrane GLUT4
was examined in 3T3-L1 adipocytes. Lupeol treatment sig-
nificantly increased expression of plasma membrane GLUT4
in 3T3-L1 adipocytes (Fig. 5). 20 uM lupeol increased plasma
membrane GLUT4 expression to 155.29% of control value.
However, treatment of lupeol with wortmannin, PI3K in-
hibitor, or Compound C, AMPK inhibitor, significantly de-
creased plasma membrane GLUT4 expression in 3T3-L1
adipocytes. When 20 uM lupeol plus 20 uM WM was treated
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Fig. 2. Effects of lupeol on the expression of IRS-1 and PI3K in 3T3-L1 adipocytes. Lupeol of 10, 20 uM or insulin of 100 nM
were treated in 3T3-L1 adipocytes for 24 hr, after that, lysed cells were performed to Western blotting. (A) Phosphorylation
value of insulin receptor substrate-1, (B) Expression value of phosphoinositide 3-kinase. Each value is shown as the mean
+ standard deviation (n=3). **Values composed of different alphabets indicate significant differences (p<0.05) by Duncan’s
multiple range test.

A Control Insulin Lup10 Lup20 B Control Insulin Lupl0 Lup20
p-AKT — — —  — | P-PKC R
v .= == =
Actin | g . - S | Acto
250 200
H S
i 200 :
:;,_‘ E 150
£ 150 5%
Z% £% wo
é-g’ 100 ?5
) f;fuu 50
& 2
-
0 0
Control Insulin Control Insulin
Lupeol (nMD) Lupenl [{ThY)]
Fig. 3. Effects of lupeol on the expression of AKT and PKC /A in 3T3-L1 adipocytes. Lupeol of 10, 20 uM or insulin of 100

nM were treated in 3T3-L1 adipocytes for 24 hr, after that, lysed cells were performed to Western blot analysis. (A)
Phosphorylation value of AKT, (B) Phosphorylation value of protein kinase C ¢/ A. Each value is shown as the mean +*
standard deviation (n=3). “*Values composed of different alphabets indicate significant differences (p<0.05) by Duncan’s multi-
ple range test.
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Fig. 4. Effects of lupeol on the expression of AMPK and ACC in 3T3-L1 adipocytes. Lupeol of 10, 20 uM or AICAR of 0.5 mM
were treated in 3T3-L1 adipocytes for 24 hr, after that, lysed cells were performed to Western blot analysis. (A) Phosphorylation
value of 5 "AMP-activated protein kinase, (B) Phosphorylation value of acetyl-CoA carboxylase. Each value is shown as
the mean * standard deviation (n=3). ““Values composed of different alphabets indicate significant differences (p<0.05) by

Duncan’s multiple range test.
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Fig. 5. Effect of lupeol on PM-GLUT4 expression in 3T3-L1 adi-
pocytes. 20 uM lupeol and its combination with 20 M
WM or 10 ptM CC and 100 nM insulin were treated in
3T3-L1 adipocytes for 24 hr, after that, lysed cells were
performed to Western blot analysis. Each value is shown
as the mean * standard deviation (n=3). ““Values com-
posed of different alphabets indicate significant differ-
ences (p<0.05) by Duncan’s multiple range test. WM,
wortmannin; CC, compound C.

to cells, the expression of plasma membrane GLUT4 was sig-
nificantly decreased to 108.82% from the 155.29% value treat-
ed with lupeol alone. Treatment with 20 uM lupeol plus 10
uM CC also decreased expression of plasma membrane
GLUT4 to 117.65% from 155.29% value treated with lupeol
alone. These data indicated that lupeol stimulated the trans-
location of GLUT4 to the plasma membrane via PI3K/AKT
and AMPK pathways.

Effect of lupeol added with wortmannin (WM) or
compound C (CC) on glucose uptake in 3T3-L1 adipo-
cytes

A 2-deoxyglucose uptake assay was implemented to in-
dicate the effect of lupeol added with WM or CC in 3T3-L1
adipocytes. Glucose uptake was significantly enhanced by
the treatment of lupeol in 3T3-L1 adipocytes (Fig. 6). The
cells treated with 20 uM lupeol increased glucose uptake by
249-fold compared to untreated control cells. However,
when lupeol (20 uM) was added with WM (20 uM), glucose
uptake decreased to 1.33-fold. Similarly, the treatment com-
bined with lupeol (20 tM) and CC (10 uM) also significantly
decreased glucose uptake to 1.55-fold. These results suggest
that lupeol may enhance glucose uptake through PI3K/AKT
and AMPK pathways in 3T3-L1 adipocytes.
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Fig. 6. Effect of lupeol combined with wortmannin of compound
C on glucose uptake in 3T3-L1 adipocytes. 20 tM lupeol,
its combination with 20 tM WM or 10 uM CC were treat-
ed in 3T3-L1 adipocytes, after that, 2-deoxyglucose up-
take assay was conducted. Each value is shown as the
mean + standard deviation (n=3). *“Values composed of
different alphabets indicate significant differences (p<0.05)
by Duncan’s multiple range test. WM, wortmannin; CC,
compound C.

Discussion

As shown in various studies, natural compounds are ef-
fective in preventing and treating disease, but without side
effects [5]. Among them, triterpenoid compounds are known
to have several beneficial effects including antidiabetic activ-
ity [18]. Lupeol is a type of pentacyclic triterpene, and has
been proven to have pharmacological activities and ther-
apeutic effects [16]. However, the effects of lupeol on glucose
uptake and mechanisms have not been elucidated yet.
Therefore, this study was conducted to investigate the effect
of lupeol on glucose uptake and clarify the cellular mecha-
nisms about this effect in 3T3-L1 adipocytes. The patho-
genesis of type 2 diabetes reduced glucose uptake into cells
due to impaired insulin action [6]. Insulin is an important
hormone in maintaining blood glucose homeostasis and
stimulates glucose uptake by activating insulin signaling
pathway in muscle and adipose tissue [30].

Lupeol significantly increased glucose uptake in 3T3-L1
adipocytes. This means that lupeol can enhance glucose up-
take into the cells to reduce hyperglycemia. Enhancing glu-
cose uptake is important to reduce hyperglycemia in adipo-
cytes [21]. Glucose uptake is facilitated by plasma membrane
GLUT4 in adipocytes. Translocation of GLUT4 to the plasma
membrane is stimulated through activation of two path-
ways, the PI3K/AKT and AMPK pathways. Activation of
these two pathways stimulates GLUT4 translocation to the

plasma membrane and transports glucose into the cells [9,
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19, 22, 27].

To find out the action mechanism on the glucose uptake
of lupeol, we investigated PI3K pathway. In this pathway,
insulin binds to the insulin receptor and stimulates phos-
phorylation of IRS-1. PI3K activation induced by phosphory-
lated IRS-1 activates Akt-mediated pathway or atypical PKC-
mediated pathway. Akt or PKC ¢ /A activation causes trans-
location of GLUT4 to the plasma membrane and finally in-
tracellular glucose uptake is enhanced [19, 22]. This study
confirmed that lupeol significantly increased phosphor-
ylation of IRS-1 and activation of PI3K in 3T3-L1 adipocytes.
Moreover, lupeol increased phosphorylation of AKT through
PIBK activation in 3T3-L1 adipocytes, but it was not effective
in phosphorylation of PKC ¢ /A. Phosphorylation of AKT
translocated GLUT4 to plasma membrane and promoted in-
tracellular glucose uptake. The data suggest that lupeol
might improve glucose uptake through the PI3K/AKT path-
way in adipocytes.

Lupeol belongs to the pentacyclic triterpene, a bioactive
compound present in some medicinal plants [23]. At the
3-beta position of lupeol, hydrogen is substituted with a hy-
droxyl group [4]. One study has revealed reported that ju-
jube methanol extract had a glucose uptake-promoting effect
with betulonic, oleanonic and ursolic acids identified as the
active compounds [15]. These active compounds are penta-
cyclic triterpenoids those are substituted by a beta-hydroxy
group at position 3, such as lupeol. Furthermore, several
studies reported that triterpenoids possess hypoglycemic ef-
fects by regulating insulin sensitivity in various cell models.
Corosolic acid stimulates glucose uptake via promoting in-
sulin receptor phosphorylation [24]. Also, ursolic acid en-
hanced glucose uptake by activating PI3K/AKT signaling
pathway in 3T3-L1 adipocytes [11]. These results suggest
that the presence of 3-hydroxyl groups in pentacyclic tri-
terpenoids is important for the glucose uptake activity.
Therefore, lupeol may help in the treatment of diabetes by
activating insulin signaling pathway to improve glucose
uptake.

The activation of the AMPK is considered to be one of
the key mechanisms on the glucose uptake and is attracting
attention as a pharmacological target for the treatment of
insulin resistance [28]. The phosphorylation of AMPK in-
creases glucose uptake by translocating GLUT4 to the plas-
ma membrane via insulin independent AMPK pathway in
adipocytes [13]. Drugs such as 5-Aminoimidazole-4-carbox-
amide-1-B-4-ribofuranoside (AICAR), known as the AMPK
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activator, stimulate activation of AMPK pathway [14]. To
find out the effect of lupeol on activation of the AMPK path-
way, the level of AMPK phosphorylation were examined in
lupeol-treated 3T3-L1 adipocytes. Lupeol significantly in-
creased phosphorylation of AMPK. It was also confirmed
by the increase in phosphorylation of ACC. The result sug-
gests that lupeol may also stimulate glucose uptake via the
insulin-independent AMPK pathway.

AMPK consists of a catalytic a subunit and two regulatory
subunits, 3 and y. In this structure, @ domain and 3 domain
linked by small molecule activator include phosphorylated
serine that is critical for the activation of AMPK [12]. Plec-
tranthoic acid is one of the pentacyclic triterpenoids with
carboxylate and hydroxyl group. The carboxylate of plec-
tranthoic acid is hydrogen bonding to the phosphate of the
serine in the 3 domain while hydroxyl of plectranthoic acid
accepts a proton in the a domain, resulting in AMPK activa-
tion [1]. Also, betulinic acid, another pentacyclic triterpene,
has been identified as an AMPK activator [26]. Therefore,
lupeol may activate AMPK with similar structural basis.

Insulin resistance, a hallmark of type 2 diabetes, is a de-
crease in glucose transport and metabolism in muscle and
fat cells. GLUT4 transfers from intracellular storage to the
plasma membrane, mediating insulin-stimulated glucose up-
take [17]. When postprandial blood glucose levels rise, circu-
lating insulin increases and the intracellular insulin signaling
cascades is activated, ultimately translocating GLUT4 to the
plasma membrane [29]. The PM-GLUT4 expression can be
influenced by the activation of PI3K/AKT and AMPK path-
ways [31]. Treatment of lupeol significantly enhanced GLUT4
translocation to the plasma membrane in 3T3-L1 adipocytes.
We found that treatment of wortmannin and compound C,
which are PI3K and AMPK inhibitor, respectively, inhibited
the expression of PM-GLUT4 and decreased glucose uptake
by lupeol in 3T3-L1 adipocytes. These data showed lupeol
may increase the activation of the PI3K/AKT and AMPK
dependent pathways and stimulate GLUT4 translocation to
plasma membrane, thereby enhancing glucose uptake.

In conclusion, lupeol improves glucose uptake by stim-
ulating the PI3K/AKT and AMPK pathways in 3T3-L1 adi-
pocytes. Activation of PI3K and AMPK by lupeol was con-
firmed by PI3K inhibitor or AMPK inhibitor, and these in-
hibitors inhibited the expression of PM-GLUT4 by lupeol.
It indicated that lupeol enhanced glucose uptake by up-regu-
lating insulin sensitivity in 3T3-L1 adipocytes.

The Conflict of Interest Statement

The authors declare that they have no conflicts of interest
with the contents of this article.

References

1. Akhtar, N,, Syed, D. N, Khan, M. 1, Adhami, V. M., Mirza,
B. and Mukhtar, H. 2016. The pentacyclic triterpenoid, plec-
tranthoic acid, a novel activator of AMPK induces apoptotic
death in prostate cancer cells. Oncotarget 7, 3819-3831.

2. American Diabetes Association. Diagnosis and classification
of diabetes mellitus. 2009. Diabetes Care 32, 62-67.

3. Chairez-Ramirez, M. H., Moreno-Jiménez, M. R., Gonzélez-
Laredo, R. F., Gallegos-Infante, ]. A. and Rocha-Guzman,
N. E. 2016. Lupane-type triterpenes and their anti-cancer ac-
tivities against most common malignant tumors: A review.
EXCLL ]. 15, 758-771.

4. Correa, R. S,, Coelho, C. P,, dos Santos, M. H., Ellena, J. and
Doriguetto, A. C. 2009. Lupeol. Acta. Crystallogr. C. 65, 97-99.

5. Cragg, G. M. and Newman, D. J. 2013. Natural products:
a continuing source of novel drug leads. Biochim. Biophys.
Acta. 1830, 3670-3695.

6. Czech, M. P. 2017. Insulin action and resistance in obesity
and type 2 diabetes. Nat. Med. 23, 804-814.

7. Garcia, D. and Shaw, R. J. 2017. AMPK: Mechanisms of cel-
lular energy sensing and restoration of metabolic balance.
Mol. Cell 66, 789-800.

8. Green, H. and Kehinde, O. 1975. An established preadipose
cell line and its differentiation in culture. II. Factors affecting
the adipose conversion. Cell 5, 19-27.

9. Habegger, K. M., Hoffman, N. J., Ridenour, C. M., Brozinick,
J. T. and Elmendorf, J. S. 2012. AMPK enhances insulin-
stimulated GLUT4 regulation via lowering membrane cho-
lesterol. Endocrinology 153, 2130-2141.

10. Huang, X,, Liu, G,, Guo, J. and Su, Z. 2018. The PI3K/AKT
pathway in obesity and type 2 diabetes. Int. |. Biol. Sci. 14,
1483-1496.

11. Jung, S. H, Ha, Y. ], Shim, E. K,, Choi, S. Y,, Jin, J. L, Yun-
Choi, H. S. and Lee, J. R. 2007. Insulin-mimetic and insulin-
sensitizing activities of a pentacyclic triterpenoid insulin re-
ceptor activator. Biochem. ]. 403, 243-250.

12. Kim, S. H,, Shin, E. ], Kim, E. D., Bayaraa, T., Frost, S. C.
and Hyun, C. K. 2007. Berberine activates GLUT1-mediated
glucose uptake in 3T3-L1 adipocytes. Biol. Pharm. 30, 2120-
2125.

13. Kola, B., Grossman, A. B. and Korbonits, M. 2008. The role
of AMP-activated protein kinase in obesity. Front. Horm. Res.
36, 198-211.

14. Labuzek, K., Liber, S., Gabryel, B. and Okopier, B. 2010.
AICAR  (5-aminoimidazole-4-carboxamide-1-beta-4-ribofur-
anoside) increases the production of toxic molecules and af-
fects the profile of cytokines release in LPS-stimulated rat
primary microglial cultures. Neurotoxicology 31, 134-146.

15. Kawabata, K., Kitamura, K., Irie, K., Naruse, S., Matsuura, T.,



16.

17.

18.

19.

20.

21.

22.

23.

Uemae, T., Taira, S., Ohigashi, H., Murakami, S., Takahashi,
M., Kaido, Y. and Kawakami, B. 2017. Triterpenoids isolated
from Ziziphus jujuba enhance glucose uptake activity in skel-
etal muscle cells. |. Nutr. Sci. Vitaminol. 63, 193-199.
Laszczyk, M. N. 2009. Pentacyclic triterpenes of the lupane,
oleanane and ursane group as tools in cancer therapy. Planta
Med. 75, 1549-60.

Mueckler, M. 2001. Insulin resistance and the disruption of
Glut4 trafficking in skeletal muscle. J. Clin. Invest. 107, 1211-
1213.

Nazaruk, J. and Borzym-Kluczyk, M. 2015. The role of tri-
terpenes in the management of diabetes mellitus and its
complications. Phytochem. Rev. 14, 675-690.
Ramachandran, V. and Saravanan, R. 2015. Glucose uptake
through translocation and activation of GLUT4 in PI3K/Akt
signaling pathway by asiatic acid in diabetic rats. Hum. Exp.
Toxicol. 34, 884-893.

Roder, P. V., Wu, B., Liu, Y. and Han, W. 2016. Pancreatic
regulation of glucose homeostasis. Exp. Mol. Med. 48, €219.
Rosen, E. D. and Spiegelman, B. M. 2006. Adipocytes as reg-
ulators of energy balance and glucose homeostasis. Nature
444, 847-853.

Sajan, M. P., Standaert, M. L., Miura, A., Bandyopadhyay,
G., Vollenweider, P., Franklin, D. M., Lea-Currie, R. and
Farese, R. V. 2004. Impaired activation of protein kinase
C-zeta by insulin and phosphatidylinositol-3,4,5-(PO4)3 in
cultured preadipocyte-derived adipocytes and myotubes of
obese subjects. ]. Clin. Endocrinol. Metab. 89, 3994-3998.
Saleem, M. 2009. Lupeol, a novel anti-inflammatory and an-
ti-cancer dietary triterpene. Cancer Lett. 285, 109-115.

24.

25.

26.

27.

28.

29.

30.

31.

Journal of Life Science 2022, Vol. 32. No. 2 93

Shi, L., Zhang, W., Zhou, Y. Y., Zhang, Y. N,, Lj, J. Y,, Hu,
L. H. and Li, J. 2008. Corosolic acid stimulates glucose up-
take via enhancing insulin receptor phosphorylation. Eur.
J. Pharmacol. 584, 21-29.

Sudhahar, V., Ashok Kumar, S,, Varalakshmi, P. and Sujatha,
V. 2008. Protective effect of lupeol and lupeol linoleate in
hypercholesterolemia associated renal damage. Mol. Cell Bio-
chem. 317, 11-20.

Sun, L., Cao, ], Chen, K, Cheng, L., Zhou, C, Yan, B, Qian,
W., Li, ], Duan, W,, Ma, J., Qi, D., Wu, E.,, Wang, Z,, Liu,
Q., Ma, Q. and Xu, Q. 2019. Betulinic acid inhibits stemness
and EMT of pancreatic cancer cells via activation of AMPK
signaling. Int. J. Oncol. 54, 98-110.

Viollet, B. and Andreelli, F. 2011. AMP-activated protein
kinase and metabolic control. Handb. Exp. Pharmacol. 203,
303-330.

Viollet, B, Lantier, L., Devin-Leclerc, J., Hebrard, S, Amouyal,
C., Mounier, R, Foretz, M. and Andreelli, F. 2009. Targeting
the AMPK pathway for the treatment of Type 2 diabetes.
Front. Biosci. (Landmark Ed) 14, 3380-3400.

Watson, R. T. and Pessin, J. E. 2001. Intracellular organ-
ization of insulin signaling and GLUT4 translocation. Recent
Prog. Horm. Res. 56, 175-193.

Wilcox, G. 2005. Insulin and insulin resistance. Clin. Biochem.
Rev. 26, 19-39.

Zhao, P., Ming, Q., Qiu, J., Tian, D., Liu, J., Shen, J., Liu,
Q. H. and Yang, X. 2018. Ethanolic extract of Folium Sennae
mediates the glucose uptake of L6 cells by GLUT4 and Ca2.
Molecules 23, E2934.

: 3T3-L1 XIZMZMHAM PISK/AKT ¥ AMPK Z29| &M

Lupeol pentacyclic triterpene®] Y& 02 thdd %

lupeold E#&
g8 292, o)k
& PIBKE €434 7] = insulin receptor substrate 1°]
trobAl Cisoforms ¢ 3 9| d4bstE EX8kA] oot
£ 3591, Lupeol®] ©3 AMPK| /43t
Aoz FAHUT. 3T3-L1 AYAZA lupeold 93

AMPK 9 A A}l Compound Coll &3 JA|HE T3l &2l 0}9\13}. 3
PI3K/AKT 9 AMPK 222 E8) 4840 GLUT4Y B8 L 2330

AT % Aee

AL 9L

Aol ofg] a7} gle o2 Hiuso
°of 259 Fol vAE FFE obd Had uh ginh & A7olA 3T3-L1 AFAH 2N £=
ZA8tg Tt 1 23, Lupeol 3T3-L1 AWA 2ol A GLUT4E
PI3K/AKT 2 AMPK 7 29| 84319} &= o 9t} PI3K/AKT ﬂioﬂ A lupeol
Q4tskel AKTE
g

oy

lupeol 5
L GLUT4«] T Az

JotE St

A Ao g o] EA

AiEtE AT v Y B E 7
" AMP-activated protein kinase-% A48}

Uy 2529 45 /A=

F A+ PBK JAAY wortmannin %
AT AF}= lupeol©] 3T3-L1 A A o A
2ZH A&l FENLS ZNA T2

9




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


