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Leptin receptor mediates the proliferation and glucose metabolism
of pancreatic cancer cells via AKT pathway activation
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Abstract. Pancreatic cancer (PC) is the fourth leading cause
of cancer-related mortality worldwide. Leptin is an adipokine
that is significantly increased in obese patients and that func-
tions in various biological processes of cancer, such as tumor
growth and metastasis. However, its role in PC cell prolifera-
tion and glucose metabolism and the underlying mechanisms
remain unclear. In the present study, in vitro leptin treatment
significantly promoted cell proliferation and increased glucose
uptake and lactate production of human PC and healthy
pancreas cells in a dose-dependent manner, accompanied by
increased expression of the glycolytic enzymes hexokinase II
and glucose transporter 1. Furthermore, leptin receptor-specific
short hairpin RNAs were used to silence leptin receptor
expression in PC cells, which had the opposite effect to
leptin stimulation and decreased AKT phosphorylation. In
addition, the effects of leptin stimulation were significantly
counteracted by the AKT inhibitor LY294002, whereas the
effects of leptin silencing were counteracted by AKT activator
insulin-like growth factor 1. The results of the present study
suggested that leptin may contribute to cell proliferation and
glucose metabolism of human PC cells, which may be through
activation of the AKT pathway.

Introduction
As the fourth leading cause of cancer mortality, pancreatic

cancer (PC) is an aggressive disease, and its global prevalence
has been increasing (1,2). The 5-year overall survival rate of
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patients diagnosed with PC is <5% (3). It has been reported
that obesity is one of the risk factors for PC development, and
over the past decade, the rate of obesity has risen at an unprec-
edented rate (4,5). Chronic obesity changes the production and
secretion of adipokines, a type of cytokine secreted by the
adipose tissue (6-9).

The adipokine leptin has been reported to be highly
expressed in obese patients (6,7). Leptin regulates a variety of
biological processes, such as satiety, food intake and energy
expenditure, through leptin receptor (LepR) (10-12). Glucose
metabolism, controlled by cellular ATP and metabolite levels,
offers energy and required substance for tissue anabolism and
catabolism, and is essential for the growth and development
of cells and tissues (13,14). In addition, increasing evidence
showed that glucose is an important regulator for leptin
expression and secretion (15-17). LepR is composed of several
isoforms including the short isoform (LepR-short) and long
isoform (LepR-long). It has been reported that LepR can
trigger the activation of several pathways, including PI3K/AKT
and Janus-activated kinase/STAT (18-20). LepR common
variant (LepR-common) is reported to influence gestation
glycemic traits (21). Leptin is highly expressed in subsets of
cancer patients including breast, colon and prostate cancer,
and stimulates various biological activities in cancer cells,
including cell proliferation, migration and invasion (22-25).
Leptin is a growth factor for colon epithelial cells, and it
has been demonstrated to promote motility and invasiveness
in human colon cancer cells (22,23). Leptin also promotes
invasion and migration of breast cancer cells through trans-
activation of epidermal growth factor receptor (23). Pancreatic
[-cells have been demonstrated to express functional LepRs,
and LepR-short and LepR-long in PC cells (4,26). A previous
study reported that leptin signaling enhances human PC cell
invasion and metastasis by increasing matrix metallopro-
teinase-13 (MMP-13) (27). However, the effects of LepR on
the proliferation and glucose metabolism of human PC, as well
as its underlying mechanisms remain unclear.

In the present study, in vitro leptin stimulation significantly
promoted cell proliferation and enhanced glucose metabolism
of human PC and normal pancreas cells in a dose-dependent
manner, accompanied by an increase in the expression levels
of the glycolytic enzymes hexokinase II (HKII) and glucose
transporter 1 (GLUT1). Silencing of LepR decreased AKT
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phosphorylation. Additionally, the induction of leptin stimula-
tion was significantly counteracted by treatment with an AKT
inhibitor (LY294002), whereas the effect of LepR silencing
was counteracted by the AKT activator insulin-like growth
factor 1 (IGF-1). The results of the present study suggested
that leptin may contribute to human PC cell proliferation and
glucose metabolism, which may be through activation of the
AKT pathway.

Materials and methods

Cell culture. Two human PC cell lines, BxXPC3 and Panc-1,
and normal pancreas cells HPC-Y5 were purchased from
The Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences. The cells were cultured in a 37°C, 5%
CO, incubator (Thermo Forma 3111; Thermo Fisher Scientific,
Inc.) in RPMI-1640 medium (cat. no. SH30809.01B; HyClone;
GE Healthcare Life Sciences), which contained 10% FBS
(cat. no. 16000-044; Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin/streptomycin (cat. no. P1400-100; Beijing
Solarbio Science & Technology Co., Ltd.). The medium was
refreshed every two days during incubation.

Lentiviral transduction. Short hairpin RNA (shRNA)-1 and
shRNA-2 targeting two different sites of LepR (GenBank
no. BC131779.1; Table I) were constructed and inserted into
the Agel I/Ecol 1 restriction sites of a pLKO.1-puro vector
(Addgene, Inc.). Following confirmation by DNA sequencing
(Shanghai Majorbio Pharmaceutical Technology Co., Ltd.),
LepR-shRNA-1 or LepR-shRNA-2 was co-transfected with
the viral packaging plasmids psPAX?2 and pMD2G (Addgene,
Inc.) into 293T (The Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences) cells using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) in a 37°C
incubator. The virus particles were collected by ultracentrifu-
gation 48 h post-transfection.

BxPC3 cells were transduced with lentiviruses expressing
shRNA negative control (shNC), LepR-shRNA-1 and
LepR-shRNA-2; medium-treated cells were used as the
untransfected control. Following 48 h of transduction by
lentivirus infection in a 37°C, 5% CO, incubator, the silencing
efficiency of LepR-shRNA-1 and LepR-shRNA-2 were evalu-
ated by reverse transcription-quantitative PCR (RT-qPCR) and
western blot analysis. Subsequently, cell proliferation, glucose
uptake and lactate production, as well as the expression of
several related genes and proteins including LepR-short,
LepR-long, HKII, GLUT1, AKT and p-AKT, were measured
at 48 h of transduction.

Experimental groups. BXPC3, Pancl or HPC-Y5 cells were
treated with 0, 20, 50 or 100 ng/ml Leptin. Subsequently, cell
proliferation, glucose uptake, lactate production as well as the
expression of HKII and GLUT1 were detected. The treatment
groups for BxPC3 cells were: i) RPMI-1640 medium (control);
ii) shRNA negative control (shNC); iii) LepR-shRNA-1
(shRNA-1); iv) LepR-shRNA-2 (shRNA-2), or i) Medium +
DMSO (control); ii) 50 ng/ml leptin + DMSO; iii) medium +
25 umol/1 LY294002 (AKT inhibitor); and iv) 50 ng/ml leptin
+ 25 umol/1 LY294002. A subset of shNC and shRNA-2-trans-
fected BXPC3 cells were further treated with DMSO or
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50 ng/ml IGF-1 (AKT activator). Following treatment, cell
proliferation, glucose uptake, lactate production, and the
expression of several related genes (HKII, GLUT1, AKT and
p-AKT) were examined.

Proliferation assay. The proliferation of treated human PC
cells (BxPC3 and Pancl) and normal pancreas cells HPC-Y5
were evaluated by the Cell Counting Kit-8 assay (CCK-8;
cat. no. CP002; SAB Biotherapeutics, Inc.). Human PC cells
were seeded in 96-well plates (3x10° cells/well) and cultured
in a 37°C, 5% CO, incubator overnight. Following treatment
for 24 h, 100 ul CCK-8 solution (diluted 1:10 in serum-free
medium) was added and incubated for 1 h in a 37°C, 5% CO,
incubator. Subsequently, the absorbance value [optical density
(OD)] at 450 nm was determined using a microplate reader
(DNM-9602; Perlong Medical Equipment Co., Ltd.).

Detection of glucose uptake and lactate production. Human
PC cells (BxPC3 and Pancl) and normal pancreas cell
HPC-Y5 in the logarithmic growth phase were inoculated
in 6-well plates (5x10° cells/well) and cultured in a 37°C
incubator overnight. After treatment with a range of leptin
concentrations (0, 20, 50 and 100 ng/ml) or according to the
grouping aforementioned, the cells were cultured for 3 h in
low-glucose DMEM, followed by washing with glucose-free
Krebs-Ringer bicarbonate buffer (containing 2% BSA)
at37°C. The cells were subsequently incubated in glucose-free
DMEM containing 100 xuM 2-NBDG (cat. no. 0467597-16;
Cayman Chemical Company) for 45 min, and glucose uptake
was evaluated using a 2-NBDG Glucose Uptake Assay
kit (Nanjing Jiancheng Bioengineering Institute). Lactate
production was evaluated using a Lactate Assay Kit (Nanjing
Jiancheng Bioengineering Institute). The supernatant of
the treated cells was prepared according to the manufac-
turer's protocol and the OD was measured at 530 nm using a
spectrophotometer.

RT-gPCR. Following treatment, total RNA from human PC
cells (BxPC3 and Pancl) and normal pancreas cells HPC-Y5
was extracted using TRIzol reagent (cat. no. 1596-026;
Invitrogen; Thermo Fisher Scientific, Inc.). Following
RNA quantification and confirmation of RNA integrity
by electrophoresis with 1% gel, 1 ug of RNA was reverse
transcribed into cDNA using the RevertAid First strand
cDNA synthesis kit (cat. no. K1622; Fermentas; Thermo
Fisher Scientific, Inc.). RT-qPCR was performed in tripli-
cate using an ABI-7300 Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, Inc., USA) and
the Maxima SYBR Green/ROX qPCR Master Mix kit
(cat. no. K0223; Thermo Fisher Scientific, Inc.). GAPDH
was used as an internal reference. mRNA expression
levels of HKII, GLUTI1, LepR-common, LepR-short and
LepR-long were analyzed using the 22T method (28). The
primers used were as follows: HKII, forward 5'-ACGACA
GCATCATTGTTAAGG-3', reverse 5-TTTGGCAAAGTG
AGGATGTAG-3'; GLUTI, forward 5-TGCAGGAGATGA
AGGAAG-3', reverse 5'-CAATGGTGGCATACACAG-3';
LepR-common, forward 5-TTGTGCCAGTAATTATTT
CCTCTT-3', reverse 5'-CACACCAAAGAATGAAAAAGC
TAT-3"; LepR-short, forward 5'-TTCCTGGGCACAAGG
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Name

Sequence

Leptin receptor target site 1 (842-860)

Leptin receptor target site 2 (863-881)

Sense 5'-GGGUACUGAGGUAACCUAUUU-3'
Antisense 5'~AUAGGUUACCUCAGUACCCUU-3'
Sense 5'-GGACGAAAGCCAGAGACAAUU-3'
Antisense 5'-UUGUCUCUGGCUUUCGUCCUU-3'

ACTTA-3'"- reverse 5'-GCTCCAAAAGAAGAGGACCA-3;
LepR-long, forward 5-TTCCTGGGCACAAGGACTTA-3,
reverse S"TTTGTGTCCCTGGGTACTTGA-3'; GAPDH,
forward 5'-AATCCCATCACCATCTTC-3, reverse 5'-AGG
CTGTTGTCATACTTC-3'". The thermocycling conditions
were as follows: 95°C for 10 min; followed by 40 cycles of
95°C for 15 sec and 60°C for 45 sec (29).

Western blot analysis. Following the various treatments,
total protein from human PC cells (BxPC3 and Pancl)
and normal pancreas cells HPC-Y5 were extracted using
RIPA buffer supplemented with protease and phosphatase
inhibitors (cat. no. R0010; Beijing Solarbio Science &
Technology Co., Ltd.), followed by quantification by the
BCA Kit (cat. no. PICPI23223; Thermo Fisher Scientific,
Inc.). Proteins (25 ug) were separated using 10 (spacer)
and 8% (separation) SDS-PAGE, and transferred to PVDF
membranes (cat. no. HATF00010; EMD Millipore).
Subsequently, the membranes were blocked in 5% skimmed
milk (cat. no. BYL40422; BD Biosciences) for 1 h at
room temperature and incubated with primary antibodies
against GLUT1 (1:1,000; cat. no. ab115730; Abcam),
HKII [1:1,000; cat. no. 2867; Cell Signaling Technology
(CST)], AKT (1:1,000; cat. no. 2920; CST), phosphory-
lated (p)-AKT (1:2,000; cat. no. 4060; CST), LepR-long
(1:250; cat. no. sc-1835; Santa Cruz Biotechnology, Inc.,
California, USA), LepR-short (1:250; catalog no. sc-8325;
Santa Cruz Biotechnology, Inc.) and GAPDH (1:1,000;
cat. no. 5174; CST) overnight at 4°C with gentle agita-
tion. Following 5-6 washes in TBS + 0.1% Tween-20, the
membranes were incubated for 2 h at room temperature
with horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (1:1,000; cat. no. ZB2301, OriGene
Technologies, Inc.). The blots were visualized by ECL
reagent (cat. no. WBKLS0100; EMD Millipore) and images
were captured with a Tanon-5200 ECL imaging system
(Tanon Science and Technology Co., Ltd.). Protein expres-
sions levels were normalized to GAPDH and analyzed using
ImageJ 1.47v (National Institutes of Health).

Statistical analysis. All statistical analyses and calculations
in this study were carried out using GraphPad Prism 7.0 soft-
ware (GraphPad Software, Inc.). The statistical significance
of differences between the two groups was determined
using two-tailed Student's t-test, and multiple comparisons
were made by one-way ANOVA followed by Tukey's test
for multiple comparisons. All experiments were performed
in triplicate, and data are expressed as the mean + standard

deviation. P<0.05 was considered to indicate a statistically
significant difference.

Results

Leptin stimulates the proliferation and glucose metabolism
of human PC cells. Human PC cell lines, BxPC3 and Pancl,
and normal pancreas cells were treated with increasing
concentrations of leptin (0, 20, 50 and 100 ng/ml) for 24 h.
In vitro treatment with leptin significantly stimulated the
proliferation of BxPC3 and Pancl cells as well as pancreas
cells HPC-Y5 in a dose-dependent manner (Fig. 1A). These
results indicated that leptin stimulation may promote the
proliferation of human PC and pancreas cells. In addition,
glucose uptake (Fig. 1B) and lactate production (Fig. 1C) of
BxPC3, Pancl and pancreas cells were markedly increased
by leptin stimulation, accompanied by increased expression
of HKII and GLUT1 (Fig. 1D and E). These data suggested
that leptin stimulation may contribute to glucose metabolism
and proliferation of human PC cells and healthy pancreatic
cells.

Silencing of LepR expression levels in BxPC3 cells. Due to the
significant increase of proliferation, glucose uptake and lactate
production in both BxPC3 and Pancl cells, in the present
study, one cell line, BXPC3, was selected for further investiga-
tion. BXxPC3 cells were infected with lentiviruses expressing
shNC, LepR-shRNA-1 and LepR-shRNA-2; untreated cells
were used as a control. mRNA expression of LepR-common,
LepR-short and LepR-long (Fig. 2A), as well as the protein
expression levels of LepR-short and LepR-long, were signifi-
cantly downregulated by LepR-shRNA-1 and LepR-shRNA-2
(Fig. 2B). Therefore, the LepR-shRNA-1 and LepR-shRNA-2
vectors were used for subsequent experiments.

Silencing of LepR inhibits proliferation and glucose metabo-
lism of human PC cells. To investigate the role of leptin in
human PC cells, proliferation, glucose uptake and lactate
production were assessed in BxPC3 cells following LepR
silencing. The results indicated that the proliferation of BxPC3
cells was notably suppressed by silencing of LepR, compared
with the control groups (Fig. 3A). Glucose uptake (Fig. 3B) and
lactate production (Fig. 3C) of BxPC3 cells were also inhib-
ited, accompanied by decreased protein expression levels of
HKII, GLUTI1 and p-AKT, whereas total AKT protein expres-
sion was unaltered (Fig. 3D), suggesting an inhibitory effect
of leptin silencing on AKT activation. These results demon-
strated the beneficial effects of leptin in glucose metabolism
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Figure 1. Leptin stimulates the proliferation and glucose metabolism of human PC and normal pancreas cells. (A) The proliferation of BxPC3 (top), Pancl
(middle) and normal pancreas cells HPC-Y5 (bottom) was assessed by Cell Counting Kit-8. (B) Glucose uptake and (C) lactate production were respec-
tively detected by a 2-NBDG kit and a Lactate Assay Kit, respectively. (D) mRNA and (E) protein levels of GLUT1 and HKII were determined by reverse

transcription-quantitative PCR and western blotting, respectively. “P<0.05; “P<0.01; *“P<0.001;

HKII, hexokinase II; OD, optical density.
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Figure 2. Silencing of LepR expression levels in BXxPC3 cells. (A and B) BxPC cells were infected with lentiviruses expressing shNC, LepR-shRNA-1 and
shRNA-2; untreated cells were used as control. (A) mRNA expression of LepR-common, LepR-short and LepR-long was detected by reverse transcrip-

tion-quantitative PCR. (B) Protein levels of LepR-short and LepR-long were detected by western blot analysis.

shNC, negative control sShRNA; shRNA, short hairpin RNA.

and proliferation of human PC cells, which may be involved in
AKT pathway activation.

Leptin stimulates the proliferation and glucose metabolism
of human PC cells via activation of the AKT pathway. The
molecular mechanisms of leptin in mediating glucose metabo-
lism and proliferation of human PC cells were explored.
Leptin-stimulated proliferation, glucose uptake and lactate
production were effectively counteracted by co-treatment
with the AKT inhibitor LY294002 (Fig. 4A-C, respectively).
The increased protein expression levels of HKII, GLUT1 and
p-AKT induced by leptin stimulation were also significantly
decreased (Fig. 4D), whereas total AKT was unchanged

P<0.001 vs. shNC. LepR, leptin receptor;

(Fig. 4D). Leptin stimulation potently attenuated the effects
of AKT inhibitor, LY294002, suggesting that there was a
rescue effect of leptin stimulation on AKT inhibition. In
addition, the inhibition of proliferation, glucose uptake and
lactate production induced by Lep2-shRNA-2 transfection
were significantly counteracted by co-treatment with the AKT
activator IGF-1 (Fig. 4E-G, respectively), accompanied by an
increased expression of GLUT1 and HKII protein (Fig. 4H).
In the present study, Lep2-shRNA-2 was used due to its better
downregulation efficiency compared with shRNA-1. These
results further demonstrated that leptin may stimulate glucose
metabolism and proliferation of human PC cells potentially
through activating the AKT pathway.
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Figure 3. Silencing of LepR reduces the proliferation and glucose metabolism of human PC cells. (A-C) BxPC3 cells were transduced with LepR-shRNA-1
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tion. (B and C) Glucose uptake and lactate production were also decreased by the sShRNAs. (D) Reduced expression levels of GLUT1, HKII, p-AKT and
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Figure 4. Leptin stimulates the proliferation and glucose metabolism of human PC cells via activation of the AKT pathway. BxPC3 cells were treated with
medium (control), 50 ng/ml leptin, medium + 25 ymol/l LY294002 (an AKT inhibitor), or 50 ng/ml leptin + 25 gmol/l LY294002. (A) Cell proliferation
was assessed. (B) Glucose uptake was calculated. (C) Lactate production was calculated. (D) The protein levels of GLUT1, HKII and the p-AKT/total AKT
ratio were detected. BxPC3 cells were treated with shNC, shRNA-2, shNC + 50 ng/ml IGF-1 (an AKT activator), and shRNA-2 + 50 ng/ml IGF-1. (E) Cell
proliferation was assessed. (F) Glucose uptake was calculated. (G) Lactate production was calculated. (H) The protein levels of GLUT1, HKII were detected.
“P<0.01 and *"P<0.001 vs. control + DMSO or shNC + DMSO; "#P<0.001 vs. leptin + DMSO or shRNA-2 + DMSO; ***P<0.001 vs. control + LY294002 or
shNC + IGF-1. GLUT]I, glucose transporter 1; HKII, hexokinase II; p-AKT, phosphorylated AKT; shNC, negative control ShRNA; shRNA, short hairpin RNA.

Discussion

Leptin is a hormone that is highly expressed in overweight
and obese individuals and may be involved in the progression

of many cancers. Previous studies have shown that leptin can
stimulate the proliferation of various cancer cell lines (30-33).

An increase in leptin was reported in plasma and pancreatic
tissue, suggesting that leptin may be involved in tumor growth
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in the pancreas (4). The distribution and high abundance of
positive leptin or LepR in tumor tissue samples of PC patients
have been described in our previous study (27). Leptin acts as
a growth factor to promote proliferation in multiple cancers,
such as breast and lung cancer (34,35). Leptin stimulates
cell proliferation and survival in breast cancer cells through
LepR (36,37). In the current study, leptin stimulation promoted
the glucose metabolism and proliferation of human PC cells
and non-cancerous cells. Silencing of LepR by LepR-shRNAs
had the opposite effect as leptin stimulation on human PC
cells, which agreed with a previous report (38) and suggested
that LepR knockdown may attenuate human PC progression
by mediating glucose metabolism and cell proliferation.

The underlying mechanisms of LepR on human PC cell
growth were also explored. GLUT1 and HKII are two key
enzymes that regulate cellular glycolysis and energy metabo-
lism. HKII has been demonstrated to be the key enzyme to
catalyze the first step in the glycolytic pathway (39,40), and
GLUT!1 typically regulates the first rate-limiting step of
glucose metabolism when glucose flows into cells (41,42). The
results of the present study demonstrated that GLUT1 and
HKII expression in human PC cells and healthy pancreatic
cells was significantly increased by leptin stimulation, but
LepR silencing in human PC cells significantly decreased
GLUT!1 and HKII expression. Studies have showed that leptin
is a cytokine with multiple biological roles including regula-
tion of energy metabolism and plays an important role in cell
proliferation, invasion, metastasis and survival in cancers
including breast, esophageal and endometrial cancers (43-46).
Thus, the increase of GLUT1 and HKII expression in healthy
pancreas cells may be caused by the stimulation of leptin. In our
previous study, compared with normal tissues, high abundance
of positive leptin or LepR was found in tumor tissue samples
of PC patients (27). These results demonstrated that leptin
may be a molecular switch that regulates glycolytic-related
proteins such as GLUTI1 and HKII, thus regulating glucose
metabolism of human PC cells. The PI3K/AKT pathway has
been suggested to be the main signaling cascade in glucose
metabolism and cell growth regulation. It is known that activa-
tion of AKT regulates cell growth and controls the rates of
glucose uptake through the GLUTI1 transporter. It has also
been found that AKT can further affect glycolysis through
HKII (47-50). Therefore, the AKT pathway was analyzed in
the present study. GLUT1, HKII and p-AKT were significantly
decreased by the silencing of leptin receptor, whereas AKT
levels were unchanged. Additionally, high levels of GLUT]I,
HKII and p-AKT induced by leptin stimulation were effec-
tively counteracted by co-treatment with the AKT inhibitor
LY294002, whereas inhibition of GLUT1, HKII and p-AKT
by LepR silencing was counteracted by IGF-1 co-treatment.
Increased levels of GLUT1 have been reported to enhance
glucose uptake, which in turn elevates the rate of glycolysis
to enhance ATP production, ultimately enhancing the growth
of tumors (51). These findings demonstrated that LepR may
contribute to the glucose metabolism and proliferation of
human PC cells in vitro, possibly through the activation of the
AKT pathway. Compared with our previous studies and other
related studies (27,52-54) which reported that leptin enhances
PC invasion through the increase in MMP-13 production
but does not affect PC cell proliferation, the present study
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targeted LepR instead of leptin and revealed that LepR had
an effect on the proliferation and metabolism of PC cells and
further demonstrated that this regulation may be through the
activation of the AKT signaling pathway. Therefore, targeting
the LepR/AKT signaling pathway is a potential therapeutic
strategy for PC. However, the current results are based solely
on in vitro experiments and are therefore not comprehensive
enough. Further in vivo studies should be conducted in the
future to confirm these results.

In conclusion, the present study demonstrated that knock-
down of LepR may attenuate the development of human
PC by inhibiting glucose metabolism and cell proliferation.
LepR has the potential to be a molecular switch that regulates
glycolysis-related proteins such as GLUT1 and HKII through
activation of the AKT pathway, further regulating glucose
metabolism and proliferation in human PC cells. These find-
ings offer the foundation for further study of the role of LepR
in the relief or treatment of pancreatic cancer.
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