
Abstract. A growing body of evidence suggests that chronic
inflammation contributes to cancer development and
progression. Tumor-derived immunoinflammatory cytokines
help tumor cells escape immune control and limit the success
of immunotherapy. Leptin has been proven to promote cancer
progression by inducing cancer cell proliferation and invasion.
However, the proinflammatory effects of leptin on lung cancer
cells have not yet been fully elucidated. In this study, we
demonstrated that human lung cancer A549 and H157 cells
express leptin receptors Ob-Ra and Ob-Rb, and that leptin
stimulation increases the production of immunoinflamma-
tory cytokines: vascular endothelial growth factor (VEGF),
interleukin-6 (IL-6) and prostaglandin (PGE2). Moreover,
leptin stimulation activated the JAK/STAT3, PI3K/AKT and
MEK1/2 signaling pathways, which contributed to VEGF,
IL-6 and PGE2 production. Besides increasing immuno-
inflammatory cytokines, leptin also protected human lung
cancer cells from tumor necrosis factor-related apoptosis-
induced ligand-mediated cytotoxic death. Thus, we conclude
that leptin promotes the immune escape of lung cancer by
inducing proinflammatory cytokines and resistance to
apoptosis.

Introduction

Leptin, a product of the LEP gene, is secreted predominantly
by the adipose tissues and has attracted much attention since its
identification in 1995 (1). Leptin levels are directly propor-

tional to body fat mass, thus levels are increased in obesity.
In addition to inhibiting body weight and stimulating energy
expenditure, leptin has a plethora of other biological activities,
including the regulation of angiogenesis, bone formation,
wound healing, hematopoiesis and fertility (2-6). However,
the role of leptin in inflammation remains unclear.

Leptin exerts its actions through its specific receptors,
which present in a variety of tissues in several alternatively
spliced forms. These can be classified as short, long and
secreted. In humans and rodents, two leptin receptor isoforms
predominate: the long leptin receptor (Ob-Rb) and the short
leptin receptor isoform (OB-Ra) (7). Ligand binding results
in receptor homo-oligomerization and activation of the Janus
kinase (JAK). The activated kinase, in turn, phosphorylates
itself, as well as several tyrosine residues at the leptin receptor
intracellular domain. The phosphorylated tyrosines then
become a platform for the recruitment of various signaling
proteins. The long isoform, Ob-Rb, has a 302-amino acid
intracellular domain and is considered essential and responsible
for the principle functions of leptin, which mainly activates the
janus kinase/signal transducer and activator of transcription
(JAK/STAT), PI3K/AKT and mitogen-activated protein kinase
(MAPK) signaling pathways. Ob-Ra contains a truncated
intracellular domain and has been shown to participate in
signaling through JAK-dependent activation of MAPK, but
does not activate JAK/STATs.

Epidemiological studies have shown that leptin and leptin
receptor expression levels are associated with increased risk
of a variety of cancers, such as prostate (8,9), non-Hodgkin
lymphoma (10), breast (11), ovarian (12) and colon (13). The
involvement and mechanisms of leptin in cancer develop-
ment and progression have increasingly attracted attention.
Previous reports have described the relevant roles of leptin in
cell growth, invasion, migration and angiogenesis, support-
ing its involvement in cancer development and progression
(3,14,15). Recently, a growing body of evidence has linked
inflammation with the process of carcinogenesis (16,17).

Lung cancer is the leading cause of cancer-related death
worldwide (18) and in the P.R. China (19). A large majority
of lung cancer patients are smokers and tobacco consumers,
characterized by their chronic inflammatory state (20).
Exposure to inhaled antigenic particles induces the immuno-
inflammatory lung response followed by an expression
pattern of cytokines and chemokines, which facilitate tumor
immunosuppressive network formation and contribute to
tumor progression (21). Previous research has found that
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leptin promotes inflammatory cytokine production (22,23).
Since there are higher serum leptin levels in long-term smokers
than in healthy individuals (24), we investigated whether
elevated leptin participates in the lung cancer immuno-
inflammatory response, thus further contributing to lung
cancer progression.

Materials and methods

Cells and reagents. Epithelial adenocarcinoma cell lines A549
and H157 were obtained from ATCC and maintained in
RPMI-1640 (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco) at 37˚C in a 5% CO2 atmosphere.
For treatment, cells were seeded at a density of 1x106 per
100-mm tissue culture dish. After 16 h of serum starvation,
the culture media were replaced by serum-free media
containing leptin treatments as indicated.

RT-PCR. Total cellular RNA was extracted from cancer cells
stimulated using TRIzol reagent (Invitrogen, Carlsbad, CA)
following the manufacturer's instructions. cDNA was
synthesized from 1 μg of the total RNA prepared with AMV
reverse transcriptase (Promega, Madison, WI) using an
oligo(dT)18 primer. Primers were designed using the software
Primer Premier 5.0 and synthesized by Sangon Inc. (Hangzhou,
P.R. China). Those used for PCR amplification were: 5'-TTG
TGC CAG TAA TTA TTT CCT CTT-3' and 5'-AGT TGG
CAC ATT GGG TTC AT-3' for Ob-Ra (200 bp); 5'-CCA TGA
TCA TTT TAT CCC CA-3' and 5'-GTC ACT TAA TAC
AAA CAG AAC CC-3' for Ob-Rb (480 bp).

ELISA assay. Human lung cancer A549 and H157 cells
(5x105/ml) were cultured serum-starved for 16 h, then stimu-
lated with leptin for 24 h in the presence or absence of the
mitogen-activated protein kinase (MAPK) inhibitor PD098059
(Sigma, St. Louis, MO) at 10 μmol/l, the phosphatidylinositol
3-kinase (PI3K) inhibitor LY294002 (Cell Signaling) at
10 μmol/l, and the JAK/STAT inhibitor AG490 (Calbiochem,
San Diego, CA) at 100 μmol/l for the indicated durations.
Culture supernatants were collected and stored at -80˚C. Cyto-
kines in the supernatants were measured by ELISA (R&D,
Minneapolis, MN) according to the manufacturer's instructions.

Western blot analysis. The human lung cancer A549 and H157
cells (5x105/ml) were stimulated with leptin at different time
intervals as indicated. Cells were lysed with M-PER™ Protein
Extraction Reagent (Pierce, Rockford, IL) supplemented with
protease inhibitor cocktail. After centrifugation at 13000 x g
at 4˚C for 15 min, the supernatants were collected. The protein
concentration of the extracts was measured by BCA protein
assay (Pierce) according to the manufacturer's instructions.
Protein (30 μg) was loaded onto 10% SDS-polyacrylamide
gels, transferred onto nitrocellulose membranes, and then
blotted as previously described. Blots were incubated overnight
in a cold room with the indicated antibody (1:500) and subse-
quently with HRP-conjugated antibody for 1 h. Antibodies for
the short and long forms of leptin receptor Ob-R (H-300) were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). Antibodies for phosphorylated extracellular signal-
regulated kinase (pERK-Thr202/Tyr204), phosphorylated

STAT3 (pSTAT-Tyr705) and phosphorylated AKT (pAKT-
Ser473) were purchased from Cell Signaling (Beverly, MA).
Antibodies for ERK, STAT3, AKT and actin were purchased
from Santa Cruz Biotechnology Inc.

Analysis of cellular apoptosis. Apoptosis was analyzed by
FACS as previously described. Lung cancer A549 and H157
cells (5x105/ml) were treated with tumor necrosis factor-
related apoptosis-induced ligand (TRAIL) (500 ng/ml) for 24 h
in the presence or absence of leptin. Cells were harvested and
washed in PBS, resuspended in pre-diluted binding buffer and
stained with Annexin V-FITC and PI (BD Pharmingen) for
15 min at room temperature, protected from light. Cells were
then washed and resuspended in PI binding buffer, and the
apoptosis of cells was analyzed immediately by flow cytometry
using Cell Quest Software.

Statistical analysis. Data were represented as the mean ±
standard deviation (SD) of more than three separate experiments
performed in triplicate. Statistical analysis was performed
using the Student's t-test. P-values <0.05 were considered to
be significant.

Results

Leptin receptors are expressed in A549 and H157 cells. Leptin
exerts its biological functions by binding to its receptors, thus
mediating a downstream signal by activating multiple signaling
pathways. We first examined the expression of leptin receptors
in A549 and H157 cells. The mRNA expression of the long
(Ob-Rb) and short (Ob-Ra) leptin receptor variants in A549
and H157 cells was detected by reverse transcription-PCR
using specific primers described in Materials and methods.
The mRNA band for the long isoform was less prominent than
the bands for the short isoform (Fig. 1A). Protein expression of
the leptin receptors was further confirmed by immunoblotting
assay using antibody H300, which identified both Ob-Ra and
Ob-Rb (Fig. 1B).

Leptin promotes immunoinflammatory cytokines in human
lung cancer cells. Initiation of the immunoinflammatory lung
response is induced by exposure to inhaled antigenic particles
and is followed by an expression pattern of immunoinflam-
matory cytokines (25,26). Leptin is known to be upregulated
upon sustained smoke exposure (24). In order to investigate
the proinflammatory role of leptin signaling in lung cancer
cells, we detected the immunoinflammatory cytokines VEGF,
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Figure 1. Expression of leptin receptors in A549 and H157 cells. Two types
of leptin receptors, Ob-Rb and Ob-Ra, were analyzed by (A) RT-PCR and
(B) Western blot analysis according to the detailed protocol described in
Materials and methods.
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TGF-ß, IL-10, PGE2 and IL-6 following leptin stimulation.
No significant difference in IL-10 and TGF-ß expression was
found (data not shown). As shown in Fig. 2, 100 ng/ml leptin
significantly promoted the expression of VEGF, IL-6 and
PGE2 expression in the A549 and H157 cells.

Leptin activates the ERK, AKT and STAT3 signaling pathways.
To gain insight into the mechanism underlying the proinflam-
matory effect of leptin on lung cancer cells, we examined the
changes in signal transduction pathways plausibly involved
in mediating leptin action, including ERK1/2, PI3K/AKT and
JAK/STAT3 (27). Stimulation of A549 and H157 cells with
leptin led to an immediate increase in ERK1/2 phosphory-
lation. Similarly, leptin significantly and immediately increased
the phosphorylation of AKT and STAT3 (Fig. 3).

Activation of ERK, AKT and STAT3 is responsible for leptin-
induced immunoinflammatory factors. We next attempted to
determine which activated signaling pathway mediated the
increased immunoinflammatory cytokine production. A549
or H157 cells were pre-incubated with the MEK1/2 signaling
inhibitor PD098059, PI3K/AKT signaling inhibitor LY294002
or JAK2/STAT3 inhibitor AG490 for 30 min, Subsequently,
VEGF, IL-6 and PGE2 expression was determined after stimu-
lation with leptin for 24 h. As shown in Fig. 4, leptin-induced
VEGF expression was significantly abrogated by LY294002

and AG490, and PGE2 expression was abolished by AG490.
IL-6 expression was abolished by all three signaling inhibitors,
PD098059, LY294002 and AG490.

Leptin protects human lung cancer cells from TRAIL-induced
apoptosis. Leptin can promote tumor immune escape by
inducing immunosuppressive cytokine production. We now
attempted to determine whether it also protects tumor cells
from apoptosis. Lung cancer A549 and H157 cells were pre-
incubated with 100 ng/ml leptin, and cell apoptosis was
analyzed upon TRAIL stimulation. As shown in Fig. 5, leptin
was found to protect lung cancer cells from TRAIL-induced
apoptosis, suggesting that it also protects them from host
immunity attack. A previous study reported that PGE2 facil-
itated tumor cell survival (28). To determine whether leptin-
induced PGE2 contributed to lung cancer survival, we pre-
incubated human lung cancer cells with the COX2 inhibitors
indomethacin (Indo, 10 μmol/l) and NS398 (5 μmol/l) prior
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Figure 2. Leptin induces the increased production of VEGF, IL-6 and PGE2
in human lung cancer cells. Human lung cancer A549 and H157 cells
(5x105/ml) were cultured serum-starved for 16 h then stimulated with leptin
(100 ng/ml) for 24 h. Expression of immunoinflammatory cytokines in the
cell-free supernatants, including IL-6, VEGF and PGE2, was determined by
ELISA and expressed as a percent of the basal level (vehicle-treated) in
response to leptin treatments. Values are the means ± SD of three independent
experiments. *p<0.05 compared with leptin-untreated group.

Figure 3. Leptin induces activation of the ERK, PI3/AKT and JAK/STAT3
pathways in lung cancer cells. A549 and H157 cells were cultured serum-
starved for 16 h and treated with leptin (100 ng/ml) at various time intervals.
Time 0 represents the absence of leptin or untreated cells. Cell lysates were
prepared and run in 8% SDS-PAGE gel, followed by immunoassy with
specific phosphorylation antibody for ERK1/2, AKT and STAT3. Loading
proteins were quantified by antibody for the corresponding protein and ß-actin.

Figure 4. Leptin failed to increase the secretion of VEGF, IL-6 and PGE2 in
the presence of ERK, PI3/AKT and JAK/Stat inhibitor. A549 and H157 cells
were cultured, serum-starved for 16 h and pre-treated with 10 μmol/l ERK
inhibitor PD98059 (PD), 10 μmol/l PI3K/AKT LY294002 (Wort) and
100 μmol/l JAK/Stat inhibitor (AG490) for 45 min, followed by 100 ng/ml
leptin stimulation. VEGF (A), IL-6 (B) and PGE2 (C) in the cell culture
supernatants were assayed using sandwich ELISA. Values are the means ± SD
of three independent experiments. *p<0.05 compared with leptin stimulation
alone.

A

B

C
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to combined stimulation with TRAIL and leptin. The lepin-
mediated protective effect was found to be reserved, suggest-
ing that increased PGE2 is responsible for lepin-induced
resistance to apoptosis.

Discussion

A recent human genetics study demonstrated that lung cancer
occurrence is associated with a gene polymorphism of leptin,
a single nucleotide polymorphism (SNP) in the 50 flanking
region at the -2548 locus that is associated with LEP gene
regulation. AA genotype carriers with higher mRNA expres-
sion and serum leptin levels have increased susceptibility to
and earlier occurrence of lung cancer (29). Several reports
have described a mitogenic effect of leptin on gastric (30),
breast (31), colon (32), ovarian (33), prostate (34), endometrial
(35) and hepatocellular carcinoma (15). A previous study also
demonstrated that leptin stimulation promotes lung cancer
proliferation (36). The present results show that leptin partic-
ipates in lung cancer growth by promoting immunoinflam-
matory cytokine production, including VEGF, IL-6 and PGE2,
and induces resistance to apoptosis.

It has been widely reported that leptin is associated with
inflammation. Recent studies demonstrated that leptin expres-
sion increased in the bronchial mucosa of chronic obstructive
pulmonary disease patients, in association with airway
inflammation and airflow obstruction (37,38). Lung cancer is
an inflammation-associated disease. Epidemiologic study has
proven that inflammation in conjunction with tobacco use
can initiate or promote the development of lung cancer. Such
results indicate that tumor-derived immunoinflammatory cyto-
kines such as IL-10, VEGF, IL-6, TGF-ß and PGE2 help
tumor cells escape from host immune attack (39,40). Our
data show that leptin promotes lung cancer inflammation by
increased secretion of VEGF, IL-6 and PGE2. Tumor-derived
VEGF acts as a strong chemoattractant that mobilizes
immature myeloid cells (iMCs) from the bone marrow into

peripheral vessels, which are further recruited to the tumor site
(41). Clinical data support that VEGF expression is responsible
for systemic and local DC defects in cancer patients (42). In
addition, VEGF confers a survival advantage to cancer cells
based on its potent role in stimulating angiogenesis. Several
clinical reports have highlighted the prognostic importance of
IL-6 in a variety of human solid tumors. Besides directly
promoting tumor cell proliferation, IL-6 also plays an essential
role in tumor suppressive network formation, by inducing
DC defects and tumor-associated macrophage formation in
tumors (43,44). Cyclooxygenase-2 (COX-2) overexpression
is noted in many malignancies, including lung cancer. It has
been proven that elevated tumor PGE2 levels are implicated
in angiogenesis, tumor growth and invasion, as well as the
suppression of anti-tumor immunity (45). In the present study,
we also demonstrated that leptin-induced PGE2 mediated
leptin-induced apoptotic resistance to TRAIL. Therefore,
increased expression of VEGF, IL-6 and PGE2 following
leptin activation in human lung cancer cells may contribute
to the suppression of the tumor-specific immune response,
ultimately leading to tumor escape from immune control.

As a first attempt at elucidating the signaling pathways
involved in the leptin-mediated induction of inflammatory
cytokines in lung cancer cells, we examined the effect of leptin
on the activation of the JAK/STAT-AKT/ERK pathway. In
human lung cancer cells, our data clearly indicate that leptin
stimulation rapidly induces the phosphorylation of ERK, AKT,
JAK2/STAT3, thus activating these key signal transduction
pathways associated with immunoinflammatory cytokine
production. Importantly, inhibition of these pathways with
specific chemical inhibitors decreased leptin-induced inflam-
matory cytokine production and resistance to apoptosis. Thus,
in the present study, it is clear that leptin triggered carcinoma
cell-derived inflammatory cytokine production via a pathway
involving the JAK/STAT-AKT/ERK axis, as pharmacologic
inhibition of this pathway significantly abolished leptin-
induced immunosuppressive cytokine production and resis-
tance to apoptosis.

We found that, though lung cancer A549 and H157 cells
are sensitive to TRAIL-mediated apoptosis, this can be
reversed by leptin treatment, and that leptin-induced PGE2 is
essential for apoptotic resistance. These results elucidate
another molecular mechanism for the leptin-induced immune
escape of lung cancer, and demonstrate that i) human lung
cancer A549 and H157 cells express leptin receptors Ob-Ra
and Ob-Rb, ii) leptin promotes lung cancer inflammation by
inducing VEGF, IL-6 and PGE2 expression, iii) immediate
activation of the JAK/STAT3, PI3K/AKT and ERK signaling
pathways upon leptin stimulation contributes to increased
immunoinflammatory cytokine production, and iv) leptin
protects lung cancer cells from TRAIL-mediated apoptosis.
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Figure 5. PGE2 contributes to leptin-induced apoptotic resistance of lung
cancer cells to TRAIL treatment. A549 cells were pre-treated with 100 ng/
ml leptin for 2 h prior to treatment with TRAIL (50 ng/ml) for 24 h in the
presence or absence of the COX2 inhibitors indomethacin (Indo, 10 μmol/l)
and NS398. Subsequently, A549 cells were stained with Annexin V and PI,
and subjected to the FACS assay. Cellular apoptosis was analysed with
CellQuest software. Apoptosis was described as the percentage of the total
number of cells that were Annexin V- and PI-double-positive.
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