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Accumulating evidence suggests that obesity and enhanced inflammatory reactions are predisposing conditions for
developing colon cancer. Obesity is associated with high levels of circulating leptin. Leptin is an adipocytokine that is
secreted by adipose tissue and modulates immune response and inflammation. Lipid droplets (LD) are organelles
involved in lipid metabolism and production of inflammatory mediators, and increased numbers of LD were observed
in human colon cancer. Leptin induces the formation of LD in macrophages in a PI3K/mTOR pathway-dependent
manner. Moreover, the mTOR is a serine/threonine kinase that plays a key role in cellular growth and is frequently
altered in tumors. We therefore investigated the role of leptin in the modulation of mTOR pathway and regulation of
lipid metabolism and inflammatory phenotype in intestinal epithelial cells (IEC-6 cells). We show that leptin promotes a
dose- and time-dependent enhancement of LD formation. The biogenesis of LD was accompanied by enhanced CXCL1/
CINC-1, CCL2/MCP-1 and TGF-b production and increased COX-2 expression in these cells. We demonstrated that
leptin-induced increased phosphorylation of STAT3 and AKT and a dose and time-dependent mTORC activation with
enhanced phosphorilation of the downstream protein P70S6K protein. Pre-treatment with rapamycin significantly
inhibited leptin effects in LD formation, COX-2 and TGF-b production in IEC-6 cells. Moreover, leptin was able to
stimulate the proliferation of epithelial cells on a mTOR-dependent manner. We conclude that leptin regulates lipid
metabolism, cytokine production and proliferation of intestinal cells through a mechanism largely dependent on
activation of the mTOR pathway, thus suggesting that leptin-induced mTOR activation may contribute to the obesity-
related enhanced susceptibility to colon carcinoma.

Introduction

The incidence of obesity and its associated disorders is increas-
ing markedly worldwide. Numerous results from epidemiological
studies have concluded that people with obesity are at increased
risk of developing several types of cancer, including adenocarci-
noma of the esophagus, colon cancer, endometrial and breast
cancer.1 Colon cancer is complex, multifactorial disease that
involves the interaction of genetic and environmental factors.
Obesity and high-fat diet intake may predispose to the develop-
ment of colorectal cancer in humans,1,2 a phenomenon also

shown in animal models reinforcing the existence of a link
between obesity and colorectal cancer.3,4 Different players and
interconnected mechanisms are believed to contribute to obesity-
driven cancer, including altered levels of adipokines, increased
release of hormones, growth-factors and free fatty acids, as well as
microbiotal dysbiosis.1,5,6 However, the molecular mechanisms
involved in obesity-related tumors are not fully understood.

Adipose tissue is no longer considered to be an inert tissue
functioning solely for energy storage, but is emerging as an
important player in the regulation of many pathological pro-
cesses.7 It is also important in the regulation of energy balance

© Narayana PB Fazolini, Andr�e LS Cruz, Miriam BF Werneck, Jo~ao PB Viola, Clarissa M Maya-Monteiro, and Patrícia T Bozza
*Correspondence to: Clarissa M Maya-Monteiro; Email: clarissa@ioc.fiocruz.br, Patrícia T Bozza; Email: pbozza@ioc.fiocruz.br
Submitted: 11/18/2014; Revised: 04/07/2015; Accepted: 04/11/2015
http://dx.doi.org/10.1080/15384101.2015.1041684

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The
moral rights of the named author(s) have been asserted.

www.tandfonline.com 2667Cell Cycle

Cell Cycle 14:16, 2667--2676; August 15, 2015; © 2015 Taylor & Francis Group, LLC
REPORT

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


and lipid metabolism through the release of adipokines such as
leptin, adiponectin, resistin and tumor necrosis factor-a
(TNFa).7,8 Leptin is an adipocyte-derived cytokine that links
nutritional status with neuroendocrine and immune functions.9

Leptin was the first adipocyte-derived hormone/cytokine
described, and the plasma leptin concentration is directly propor-
tional to the amount of adipose tissue.7,10 Studies in cellular and
animal models indicate that leptin can potentiate the growth of
cancer cells (breast, esophageal, gastric, pancreatic, colorectal,
prostate, ovarian and lung carcinoma cell lines).11 Brandon and
cols demonstrated that leptin may accelerate tumor growth while
leptin deficiency in the absence of obesity attenuates tumor
growth.12 Furthermore, the leptin receptor is important for the
progression of aberrant crypt foci to colonic tumors, mediated by
activation of STAT3 signaling.13

Our group has established that mTOR activity is an impor-
tant intracellular player in the activation and regulation of lipid
metabolism of macrophages induced by leptin.14,15 The mTOR
is a serine/threonine kinase that regulates cellular growth by mod-
ulating many processes, including protein synthesis, ribosome
biogenesis and autophagy.16 mTORC1 pathway, that is inhibited
by rapamycin, regulates growth through downstream effectors,
the regulators of translation 4EBP1 (eukaryotic translation initia-
tion factor 4E binding protein 1) and S6K1 (ribosomal S6 kinase
1).17 Rapamycin forms a complex with FK506-binding protein
(FKBP)12 and mTOR, resulting in potent inhibition of mTOR
signaling.18,19 Recently was demonstrated that the mTORC1
complex induce the genes important for glycolysis, the pentose
phosphate pathway, and sterol and lipid biosynthesis.20

It is now well established that upregulated lipogenesis is a
common phenotype to numerous human carcinomas and has
been associated to poor prognosis in breast, prostate and colon
cancer.21-23 In different cell systems, including adipocytes and
macrophages, intracellular lipids are stored and metabolized in
hydrophobic organelles called lipid bodies/lipid droplets (LD).
Of note, increased lipid droplet accumulation in liver, macro-
phage and skeletal muscle is a common feature in obesity and
alterations in the regulation of lipid droplet physiology and
metabolism has been associated with the pathophysiology of met-
abolic disease.24 The mechanisms that regulate lipid droplet for-
mation and their functional significance to the cellular biology of
inflammation and tumorigenesis are under investigation.25

Recent studies have described increased numbers of LD in several
neoplastic processes including adenocarcinoma of colon,26 inva-
sive squamous cervical carcinoma,27 human brain tumor28 and
hepatocarcinoma.29 Human colon adenocarcinoma cell lines and
colon cancer biopsies from patients have been shown to exhibit
an increase in adipose differentiation-related protein (ADRP),
that is a major structural protein associated with LD. The
increase in ADRP in those cells is accompained by COX-2-
enriched LD. Furthermore, inhibition of LD formation inhibits
PGE2 production and correlates with diminished cancer cell pro-
liferation in vitro.26

Nevertheless, the effects and signaling pathways triggered
by leptin in intestinal epithelial cell lipid metabolism and pro-
liferation has not been fully investigated. Here we evaluate the

ability of leptin to trigger LD biogenesis and the inflammatory
microenvironment in epithelial cells. Leptin effects on LD for-
mation, COX-2 expression and cell proliferation are strictly
dependent on the mTOR pathway. Our results demonstrate
new activities of leptin in inflammation and lipid metabolism
in epithelial cells.

Results

Leptin triggers lipid droplets biogenesis within rat epithelial
cells

Lipid droplets are emerging as dynamic organelles involved in
lipid metabolism and inflammation. Our group demonstrated
that leptin directly activates macrophages to form adipose differ-
entiation-related protein (ADRP)-enriched lipid droplets.14

Increased lipid droplet numbers have been described in colon
cancer cells where it was shown to be centrally involved in PGE2
synthesis. Inhibition of lipid droplet formation by fatty acid syn-
thase inhibitors diminishes cancer cell proliferation, suggesting
that lipid droplets might potentially have implications to the
pathogenesis of colon adenocarcinoma.25,26 We hypothesized a
role for leptin in regulating epithelial cell lipid droplet biogenesis.
As shown in Figure 1A, B, leptin induced a time and concentra-
tion-dependent lipid droplet biogenesis in epithelial cells as
quantified by counting the lipid droplets in osmium (OsO4)
stained cells. Fig. 1C shows the fluorescence microscopy of lipid
droplets staining by oil red O (ORO). The increase in lipid drop-
lets was significant at 1 h and maintained for 24 h after leptin
stimulation (Fig. 1B). In addition, we analyzed the lipid droplet
biogenesis after 6 hours of stimulation with 10, 20, 50 and
100 nM of leptin. Leptin induced an increase in the number of
lipid droplets in intestinal epithelial cells at all concentrations
used, with an optimal dose of 20 nM. This induction was already
significant at the 10 nM dose. Taken together, our results suggest
that leptin induced lipid accumulation in epithelial cells and have
a role in regulation of lipid metabolism in these cells.

Leptin-induced production of inflammatory mediators
Inflammation is a critical player in the development of both

colitis-associated and sporadic colon cancers. Even in cases of
sporadic colon cancer, inflammatory mediators have been associ-
ated with tumor promotion within the tumor microenviron-
ment.22,30 We investigated the role of leptin in regulating
chemokine/cytokine production by epithelial cells. As observed
in Figure 2, leptin (20 nM) was able to trigger the release of
CXCL1/CINC-1 and CCL2/MCP-1, chemokines involved in
neutrophil and monocyte recruitment, respectively. Leptin also
lead to increased production of TGFb, but not TNF, IL-6 or
CCL5/RANTES, by intestinal epithelial cells within 6 h (Fig. 2
and not shown).

Intracellular Signaling triggered by leptin in epithelial cells
The signaling pathways activated by leptin in intestinal epi-

thelial cells were investigated. As show in Fig. 3A, leptin
(20 nM, 20 min) induced increased phosphorylation of STAT3
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and AKT. The role of mTOR in leptin-
induced effects on epithelial cell func-
tion has never been addressed. mTOR is
a serine/threonine kinase that control
translation of specific transcripts by reg-
ulating key translational mechanisms
and is activated downstream of the PI 3-
kinase pathway.31 Several stimuli,
mainly signals from the cell environment
and nutrient availability contribute to
the activation of mTOR. Insulin and
other growth factors can activate mTOR
by activation of AKT downstream PI3K
with subsequent phosphorylation and
inhibition of TSC1 and TSC2 (tuberous
sclerosis complex 1 and 2), which is an
inhibitor of mTOR.22 We have demon-
strated that leptin regulates macrophage
lipid metabolism and inflammation in a
PI3K/mTOR pathway dependent man-
ner.14 Of note, mTOR is a kinase that
plays a key role in cellular growth and is
frequently overexpressed and activated
in tumors.18 As shown in Fig. 3B and
C, leptin induced a time- and concentra-
tion-dependent phosphorylation of
p70S6K in epithelial cells in vitro.
p70S6K and 4EBP1 are the main down-
stream protein targets of mTORC1
phosphorylation and activate the transla-
tion initiation by activation of the S6
protein and release of the eIF4E, respec-
tively.32 Maximum effects of leptin on
p70S6K phosphorylation was observed
at 20nM of leptin for 20 min. We
employed rapamycin and everolimus,
specific inhibitors of mTOR activity.
FK-506, that binds to FKBP12 but does
not inhibit mTOR activity, was used as
a negative control. Rapamycin and ever-
olimus were able to inhibit the

Figure 1. Effects of Leptin on IEC cells lipid
droplet formation. IEC-6 cells were treated
with different leptin concentrations for 6 h
(A) or with 20 nM leptin for different times
(B). After incubations the cells were stained
with Osmiun tetroxide and the lipid droplets
counted. (C) IEC-6 cells were stimulated with
20 nM of leptin in 6 h and the lipid droplets
were labeled with Oil Red O and wide field
fluorescence images were taken. The results
are representative of at least 3 experiments.
The symbols (*, ** ;***) represent significant
differences from controls according to the
Student’s T test when p<0.05.

Figure 2. Leptin induces inflammatory mediator production. Measurents of CXCL1/CINC-1, CCL2/MCP-
1, TGFb, IL-6 and TNF after 6 hours of incubation with leptin (20 nM) in the culture supernatants. (*)
represent significant differences from controls; according to the Student’s T test when p < 0.05.
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phosphorilation of the p70S6K induced by leptin (Fig. 4A and
data not shown).

To investigate the functional role of mTOR activation in
leptin-induced epithelial cell activation we employed the pre-
treatment with rapamycin. Rapamycin significantly inhibited
lipid droplet formation in epithelial cell stimulated by leptin
in vitro, as shown in Figure 4B. The fluorescent area of
ORO-labeled lipid droplets were determined, confirming the
mTOR dependent effect of leptin in lipid droplet biogenesis
(Fig. 4C). Collectively, these results indicate that leptin-
induced alterations in lipid metabolism were largely depen-
dent on mTOR activation, providing novel links between

nutrient regulatory pathways and epi-
thelial cell responses and lipid
metabolism.

Leptin modulates COX-2
expression and inflammatory mediator
production in mTOR-dependent and
independent fashion in IEC-6 cells

Next, we investigated the effects of
leptin in COX-2 expression. Different
products of arachidonic acid (AA)
metabolism are also implicated in carci-
nogenesis. As much as 80% to 90% of
colon carcinomas shown enhanced
COX-2 (prostaglandin H synthase 2)
expression compared with normal intes-
tinal mucosa.33-35 Several evidences
suggest that the inflammatory microen-
vironment and COX-2 overexpression
have a central role in colorectal carcino-
genesis and accumulating evidence have
established a role for leptin in prosta-
glandin and leukotriene synthesis by
leukocytes and suggest physiological
activities for leptin in inflamma-
tion.36,37 We demonstrated that leptin
induces increased COX-2 expression
(Fig. 5A). Rapamycin was able to
inhibit COX-2 expression induced by
leptin in epithelial cells, as can be
observed by COX-2 immunofluores-
cence (Fig. 5B). The effect of leptin on
TGF-b, but not CCL2/MCP-1, pro-
duction was also significantly inhibited
by rapamycin (Fig. 5C).

We can, therefore, conclude that
leptin may participate in tumor micro-
enviroment inflammatory modulation
through COX-2 overexpression and
inflammatory cytokine release in a
mTOR-dependent and independent
fashion, and as such may contribute to
the altered tumor-proned microenvi-
ronment observed in obesity.

In vitro leptin-induced epithelial cell proliferation depends
on mTOR downstream signaling

We next examined the effect of leptin on epithelial cell prolif-
eration by staining treated cells with crystal violet. For these
experiments, epithelial cells were serum-starved for 16 h followed
by treatment with 20 nM of recombinant murine leptin for dif-
ferent time intervals (0, 24, 48, 72 and 96 h or 120 h). In Fig-
ure 6A, images from clonogenic assays after 120 h of incubation
is shown. Leptin induced increased colony progression compared
to control, whereas rapamycin lead to reduction in the area of
cell colonies, which suggest impaired growth. Leptin treatment

Figure 3. The leptin effects on IEC cells are dependent on mTOR pathway. (A) IEC cells were incubated
with leptin (20nM) for 20 minutes and the westerns blots for the p-STAT3, total STAT3, p-AKT, total AKT
and of the cell extracts are shown. (B) IEC cells were incubated with 10, 20, 40 e 100 nM of leptin for
20 minutes (upper panel) and with leptin (20nM) for 0, 5, 10, 20 and 40 minutes (lower panel). After
incubations the cells were harvested and Western blottings for phosphorilated P70S6K (p-P70S6K) and
total P70S6K were performed. In (C), it is shown the respective densitometries of blots in B.
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stimulated the proliferation of epithe-
lial cells in a time dependent manner
when compared to non treated IEC-6
cells. Significant stimulation was
observed 72h and 96h after treatment
of cells with leptin (Fig. 6B). Treat-
ment with rapamycin, significantly
decreased IEC-6 cell proliferation
(Fig. 6A and B). To gain insight into
the cell-transforming potential of lep-
tin, IEC-6 cells were plated in semi-
solid agarose medium, an assay where
there is no solid substratum for cell
adhesion to occur. Neither control nor
leptin treated IEC6 cells were able to
establish colonies under this condition
(not shown). Together, this data sug-
gest that although leptin lead to
increased cell proliferation, it is not suf-
ficient to trigger mechanism of cell
transformation in epithelial intestinal
cells.

Cellular expansion depends on a
balance between cell death and prolifer-
ation. Since we observed an important
increase in total cell number upon
treatment of IEC-6 with leptin
(Fig. 6), we decided to evaluate cell
cycle progression. IEC-6 cells were cul-
tured as described in the materials and
methods and the distribution of cells
along the phases of the cell cycle
assayed by propidium iodide (PI) stain-
ing and FACS analysis. We detected an
accumulation of cells at the S phase
upon treatment with leptin (Fig. 7)
and the treatment with rapamycin leads
to an important G0/G1 cell cycle
arrest. We also evaluate if rapamycin
induces apoptosis of leptin-treated IEC-6 cells. To test if the
treatment could induce apoptosis cells were stained with PI and
analyzed by FACS. We did not observe significant cell death
induced by any of the treatments in the time points tested (not
shown). These results indicate that leptin-induced activation of
the mTOR pathway play a role in the increase of colon epithelial
cell proliferation, and therefore may contribute to the promotion
of obesity-related colon cancer.

Discussion

Obesity is an important risk factor for several chronic diseases,
including hypertension, dyslipidemia, insulin resistance, diabetes
mellitus and many cancers.1,38-40 Leptin is a hormone/cytokine
secreted from adipocytes that is involved with appetite control
and energy metabolism through its effects on the hypothalamus.

In the non-obese state, higher leptin levels result in decreased
appetite through neuroendocrine changes, but during obesity
there is the establishment of chronic high leptin plasma levels
with hypothalamic resistance.41 The characterization of leptin
function in regulating lipid metabolism, inflammatory mediator
production and lipid droplet biogenesis in epithelial cells is of
importance for understanding its role in the pathogenesis of
colon adenocarcinoma and other obesity-related tumors. Here
we show that leptin directly activates epithelial cells to form lipid
droplets and enhance inflammatory mediator production, in a
mechanism dependent on activation of the mTOR pathway.
This is the first demonstration that leptin directly regulates the
accumulation of lipids within lipid droplets in epithelial cells,
thus suggesting that leptin has roles in regulating the lipid metab-
olism in these cells. We also demonstrated that, in IEC-6 cells,
leptin treatment leads to enhanced CCL2/MCP-1,CXCL1/
CINC-1 production, as well as COX-2 expression and TGF-b

Figure 4. Leptin-induced epithelial cell lipid droplet formation is requisitely dependent on mTOR activ-
ity. The IEC cells were incubated with leptin (20 nM, 20 min) in the absence or presence of mTOR inhib-
itor, rapamycin (20nM). (A) After incubations the cells were harvested and Western blottings for
phosphorilated P70S6K (pP70S6K) and total P70S6K were performed. (B) Lipid droplet counting in IEC-
6 cells after in vitro incubation for 6h with leptin (20 nM) alone or in the presence of rapamycin
(20 nM). (C) The fluorescent area of ORO-labeled lipid droplets were measured with FiJi/ImageJ after
incubation for 6h with leptin (20 nM) alone or in the presence of rapamycin (20 nM).*, statistically sig-
nificant differences between leptin and control; C, statistically significant difference between rapamy-
cin-treated and leptin stimulated groups. (Ct: control; Rapa: Rapamycin; Lep: Leptin; LepCRap: Leptin
plus rapamycin)
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production, that may contribute to the recruitment of inflamma-
tory cells and establishment of an inflammatory tumor
microenvironment.

mTOR’s major functions include activation by phosphoryla-
tion of S6Kinase and activation of eIF4E by inhibition of 4E-
BP1 (4E binding protein). These effects result in protein transla-
tion, metabolic regulation and cell proliferation.18 It has been
described that mutations that enhance the PI3K/mTOR path-
way, the signaling pathway activated upon nutrient sensing, con-
tribute to tumorigenesis of epithelial cells, which include colon
carcinoma.42 Leptin signals through the PI3K/Akt in different
cell types, including macrophages. Our group demonstrated that
leptin activates the PI3K/mTOR pathway in macrophages, lead-
ing to lipid droplet formation and LTB4 generation that are

strictly dependent on PI3K and
mTOR.14 Moreover, leptin-induced
hypothalamic effect on food intake is
dependent on the mTOR pathway.43

Leptin has also been shown to activate
Src kinase and PI3K in the colon cancer
cells LS174T and HM744 and promotes
invasiveness of the epithelial cells via
PI3K-Rho-Rac.45 Recently, Wang et al.
showed that leptin receptor is present in
colon carcinoma biopsies and correlates
with tumor severity.46 During obesity
leptin levels are enhanced long before
the tumor development, therefore, we
hypothesized that leptin might modu-
late also the non tumor epithelial cell
responses through the mTOR pathway.
Indeed, in IEC-6 cells, leptin induced a
time and concentration-dependent
phosphorylation of p70S6K in a rapa-
mycin-sensitive mechanism. Moreover,
we show, for the first time, that the
mTORC1 inhibitor rapamycin drasti-
cally inhibited the lipid droplet forma-
tion induced by leptin in epithelial cells,
suggesting that mTOR activity, down-
stream of PI3K, is crucial for leptin
effects on the epithelial lipid metabo-
lism. In addition, the sterol-regulatory
element-binding proteins, which induce
the expression of a large number of
genes involved in de novo lipid and ste-
rol biosynthesis, have emerged as major
effectors of mTORC1 signaling, and
mTORC1 activation stimulates lipo-
genesis.47,48 Nevertheless, we can not
exclude a participation of mTORC2
complex in the lipid droplet accumula-
tion under leptin stimuli, since it has
been demonstrated that mTORC2 reg-
ulates hepatic lipogenesis and partici-
pates on early adipocyte differentiation

in different settings48 and prolonged rapamycin inhibition may
also inhibit the mTORC2 complex.49 Further studies will be
necessary to determine the contributions of mTORC1 and
mTORC2 in leptin-induced effects in epithelial cells. The altered
cholesterol phenotype was induced by loss of tumor suppressor
PTEN, upregulation of PI3K/AKT/mTOR pathway, and conse-
quent activation of sterol regulatory element-binding protein
(SREBP) and low-density lipoprotein receptor (LDLr) in pros-
tate cancer. Inhibition of cholesterol esterification significantly
suppressed cancer proliferation, migration, invasion, and tumor
growth in vivo.12 Cellular proliferation, a common feature of all
cancers, requires fatty acids for synthesis of membranes and sig-
naling molecules and most cells store fatty acids in triacilglycerois
in the cytosolic lipid droplets. Thus, fatty acids are essential for

Figure 5. Leptin stimulates COX-2 overexpression and TGF-b production in a mTOR dependent fash-
ion. (A) IEC-6 cells were incubated with leptin (20nM) for 6 h and the westers blot for COX-2 was per-
formed and quantified. (B) Cells were incubated with leptin (20 nM) in the absence or presence of
rapamycin (20 nM). After incubations, cells were processed for Imunofluorescence detection. The cells
were labeled with anti-COX-2 antibody and a secondary dylight 488 labeled antibody. (C) The super-
natants from incubations with leptin (20nM) treated or not with rapamycin (20 nM) were obtained
after 6 h. TGF-b and CCL2/MCP-1 were measured in cell-free supernatants by ELISA. The results are
representative of at least 3 experiments; (*) represent significant differences from controls; (C) or (#)
represent signifficant differences from leptin treated samples. (Ct: control; Rapa: Rapamycin; Lep: Lep-
tin; LepCRap: Leptin plus rapamycin)
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cancer cell proliferation and limiting their availability could be a
new therapeutic strategy.50 Recently, our group demonstrated
that lipid droplets in colon cancer cells are dynamic and func-
tional organelles centrally involved in eicosanoid synthesis. In
addition, lipid droplets have been described as sites to where
enzymes involved in prostaglandin synthesis are localized, includ-
ing cPLA2 and COX-2.26,51 Proteins with well-established roles
in oncogenic cell transformation, tumorigenesis, and metastasis,
including PI3K, extracellular signal-regulated kinase 1 (ERK1),
ERK2, p38 and PKC, were shown to localize to lipid droplets in
a variety of cell types.52-54 Moreover, the increase in lipid droplet
density stimulates proliferation of colon cancer cells, mainly by
loss of FOXO3.55 Together, emerging evidence suggest roles of

lipid droplets in cell signaling and metabolism and as such induc-
tion of these organelles may contribute to the proliferation-
proned phenotype observed in epithelial cells stimulated by
leptin.

Cellular transformation and cancer progression depends on
dysregulations not only in cell’s physiology but also on the inter-
actions with the tissue microenvironment. Accordingly, obesity
leads to a state of low grade chronic inflammation that is believed
to contribute largely to the mechanisms associated with can-
cer.1,6,56 Our data show that leptin was able to induce COX-2
increased expression in IEC-6 cells. This data is in agreement
with previous data that leptin increases arachidonic acid availabil-
ity, increases phospholipase A2 protein expression and activity,
and induces COX-2 expression in macrophages and other cell
types.10,37 Overexpression of COX-2 is observed in different epi-
thelial human tumors, and both genetic and pharmacological
inactivation of COX-2 has been shown to protect from the devel-
opment of colon cancer.57 Our data also indicate that leptin may
regulate tumor microenvironment through the induced expres-
sion of chemokines and cytokines by epithelial cells. The adipo-
kines that are secreted by adipose tissue may activate epithelial
cells, macrophages and other inflammatory cells. It has been
demonstrated that tumor-associated macrophages and neutro-
phils (TAM and TAN) have key roles in cancer development and
behavior, including in colon cancer.58 TAMs are believed to con-
tribute to tissue invasion,59 angiogenesis60 and metastasis.61

Thus, it is possible that the recruitment and polarization of mac-
rophages or other inflammatory cells in the setting of obesity
may contribute to increased tumorigenesis. Leptin triggered the
increased production of both the neutrophil (CXCL1/CINC1)
and monocyte/macrophage (CCL2/MCP-1) chemoatractants by
the epithelial cells. Increased CCL2/MCP1 and CXCL1 has
been proposed as predictors of early relapse, poor prognosis and
metastasis in human colon and breast.61,62,63 Leptin also induced
increased expression of TGF-b that has been associated with dif-
ferantiation of macrophages into a M2-like phenotype.63 The
pretreatment with the mTOR inhibitor rapamycin blocked
TGF-b but not CCL2/MCP-1 production, suggesting that lep-
tin modulates tissue environment through mTOR dependent
and independent pathways.

Accumulating evidence indicate a mitogenic effect of leptin
on gastric,64 breast,65 ovarian,66 prostate,67 and endometrial68

cancer cells. However, the mecanisms involved in leptin
induced cell proliferation are not completely understood.
Ogunwobi and Beales reported that leptin stimulates prolifera-
tion through activation of the Epidermal Growth Factor
Receptor (EGFR) system.69 Moreover, Leptin promotes hepa-
tocellular carcinoma growth, invasiveness, and migration and
implicate the JAK/STAT pathway as a critical mediator of lep-
tin action.70 Here, we demonstrated that leptin stimulates the
proliferation of nontransformed epithelial intestinal cells
through mechanisms largelly dependent on mTOR signaling.
In agreement to our findings of a role of leptin in obesity-asso-
ciated colon cancer development, recent findings demonstrate
that obese Lepob mice did not exhibit increased risk of colonic
cancer.71

Figure 6. Leptin stimulates IEC-6 cell proliferation in a mTOR dependent
manner. Cells were incubated with leptin (20 nM) in the absence or pres-
ence of rapamycin (20nM). After incubations the cells were incubated
with Crystal Violet. (A) Image of the plate wells of cells treated for 120 h.
(B) Quantification of the Crystal Violet stain absorbance after extracting
it from the culture plates in different time points. (*) represent significant
differences between leptin treated and control; and (C) represent signifi-
cant differences between leptin treated and leptin plus rapamycin
groups; according to the Student’s T test when p < 0.05.
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In conclusion, our results add to the current knowledge that
mTOR is critically involved in the leptin signaling to activation
of epithelial cells, leading to intracellular lipid accumulation,
inflammatory mediator production and cell proliferation. Such
alterations in lipid metabolism and inflammatory mediator pro-
duction induced by leptin may provide a favorable microenviron-
ment for increased cell proliferation. Taken together, our results
suggest that leptin-induced mTOR activation may contribute to
the obesity-related enhanced susceptibility to colon carcinoma by
altering the intracellular lipid metabolism and inflammatory
environment.

Materials and Methods

Cell culture and in vitro stimulation
IEC-6 cells were also grown in DMEM containing 10% FBS

supplemented with 0.1 U/mL of insulin at 37�C in a humidified
5% CO2 incubator. Rat intestinal epithelial cells, IEC-6, were
stimulated with leptin (20 nM) for 20 min or 6 h in DMEM
medium with 2% fetal bovine serum. In designated groups, cells
were pretreated with everolimus (10 nM), FK-506 (10 nM) or
rapamycin (20 nM) for 30 min before the addition of the stim-
uli. Cell viability was always greater than 90%, as determined by
trypan blue dye exclusion at the end of each experiment.

Lipid droplet staining and enumeration
Cells (5£105 per well) were stimulated with leptin (20 nM)

and untreated or treated with rapamycin (20 nM), everolimus
(10 nM) or FK-506 (10 nM) for 6 h. Lipid droplets were stained
as previously described in each triplicate well. In brief, cells
(5£105 cells/mL) were fixed in 3.7% formaldehyde in calcium/
magnesium-free HBSS (pH 7.4), rinsed in 0.1 mol/L cacodylate
buffer, stained in 1.5% OsO4 (30 min), rinsed in distilled water
(dH2O), immersed in 1.0% thiocarbohydrazide (5 min), rinsed
in 0.1 mol/L cacodylate buffer, restained in 1.5% OsO4

(3 min), rinsed, and then dried and mounted. The morphology
of fixed cells was observed, and lipid droplets were enumerated
by light microscopy with 100x objective lens in 50 consecutively
scanned cells. Alternatively cells were stained with Oil Red O
(lipid fluorescent stain) and Dapi for the analyses of epithelial
cell lipid droplet formation in vitro performed 6 h after leptin
(20 nM) stimuli and treatment with rapamycin (20 nM). The
area of fluorescence was analyzed with the use of FiJi/ImageJ
public domain software.

Western Blotting
Cell lysates were prepared in reducing and denaturing condi-

tions and subjected to SDS-PAGE. Samples were submitted to
electrophoresis on polyacrylamide gel. After transfer onto nitro-
cellulose membranes, nonspecific binding sites were blocked with
5% bovine serum albumin in Tris-buffered saline-Tween
(TBST; 50 mM Tris- HCl, pH 7.4, 150 mM NaCl, 0.05%
Tween 20). Membranes were probed with anti-phospho-
p70S6K, anti-p70S6K monoclonal antibody, anti-phospho-
STAT3 and anti-STAT3 (Cell Signaling, Danvers, MA), or anti-
COX2, anti-AKT and anti-phospho-AKT (Santa Cruz Biotech-
nology, Dallas, TX) in TBST;. Proteins of interest were then
identified by incubating the membrane with horseradish peroxi-
dase conjugated specific secondary antibody in TBST, followed
by detection of antigen-antibody complexes by Supersignal
chemiluminescence (Pierce).

Immunolocalization
IEC-6 cells (1£105) were stimulated with leptin (24 h) and

treated with rapamycin and fixed in 3% formaldehyde at room
temperature for 10 min. After permeabilization in 0.2% Triton
X-100 for 20 min at room temperature, slides were washed in
PBS. The unspecific sites were blocked with 1% normal donkey
serum for 10 min. The cells were incubated overnight with goat
polyclonal antibody anti-COX-2 (C-20; Santa Cruz Biotechnol-
ogy). Then, cells were blocked with 1% donkey serum for

Figure 7. Leptin stimulates cell cycle entrance and progression of IEC cells in a mTOR dependent manner. Cells were incubated with leptin (20 nM) in the
absence or presence of rapamycin (20nM) for 48 hours. After incubation, cell cycle progression was evaluated by propidium iodide staining and flow
cytometry analysis. The percentages of cells in each stage of the cell cycle (G0/G1, S, and G2/M) are indicated.
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10 min before simultaneous incubation with Dylight 488 don-
key anti-goat (Jackson ImmunoResearch Laboratories) for 1 h.
Then, cells were washed several times with PBS, mounted with
an aqueous mounting medium with DAPI (Prolong Gold anti-
fade reagent; Life technologies). Slides were viewed by both
phase-contrast and fluorescence microscopy, and digital images
were obtained using a Hoper Scientific digital camera with the
Image-Express software.

Cell proliferation assay
Cells (5£104 per well) were stimulated with leptin (20 nM)

and untreated or treated with rapamycin (20 nM) for 24, 48, 72,
and 96 h. After treatment, cell proliferation was assayed in each
triplicate well. Briefly, cells were fixed with ethanol for 10 min,
stained with 0.05% violet crystal in 20% ethanol for 10 min, the
crystal was extracted with methanol, and the absorbance was
quantified in a spectrometer at 595 nm.

Cell cycle analysis
IEC-6 cells were stimulated with leptin (20 nM) and

untreated or treated with rapamycin (20 nM) for 48 hours. After
treatment, cells were washed and stained with propidium iodide
staining solution (4 mM Tris-HCl pH 7.6, 10 nM NaCl, 0.1%
NP-40, 700 U/L Ribonuclease A, 0.075 mM propidium iodide).

DNA content analysis was performed by flow cytometry in a
FACScalibur equipment (BD Biosciences).

Statistical analysis
Statistical analysis of values from control and treated groups

was determined using an unpaired Student’s t test for single com-
parison or an ANOVA followed by the Student-Newman-Keuls
for multiple comparisons. P < 0.05 was considered to be statisti-
cally significant.
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