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ABSTRACT

Leptin was originally considered as an adipocyte-derived
signaling molecule for the central control of metabolism.
However, pleiotropic effects of leptin have been identified in
reproduction and pregnancy, particularly in placenta, where it
may work as an autocrine hormone, mediating angiogenesis,
growth, and immunomodulation. Leptin receptor (LEPR, also
known as Ob-R) shows sequence homology to members of the
class I cytokine receptor (gp130) superfamily. In fact, leptin may
function as a proinflammatory cytokine. We have previously
found that leptin is a trophic and mitogenic factor for
trophoblastic cells. In order to further investigate the mecha-
nism by which leptin stimulates cell growth in JEG-3 cells and
trophoblastic cells, we studied the phosphorylation state of
different proteins of the initiation stage of translation and the
total protein synthesis by [3H]leucine incorporation in JEG-3
cells. We have found that leptin dose-dependently stimulates the
phosphorylation and activation of the translation initiation
factor EIF4E as well as the phosphorylation of the EIF4E binding
protein EIF4EBP1 (PHAS-I), which releases EIF4E to form active
complexes. Moreover, leptin dose-dependently stimulates pro-
tein synthesis, and this effect can be partially prevented by
blocking mitogen-activated protein kinase (MAPK) and phos-
phatidylinositol 3 kinase (PIK3) pathways. In conclusion, leptin
stimulates protein synthesis, at least in part activating the
translation machinery, via the activation of MAPK and PIK3
pathways.

leptin, leptin receptor, mechanisms of hormone action, placenta,
trophoblast

INTRODUCTION

Leptin is a nonglycosylated hormone of 146 amino acids
[1]. Leptin was originally considered an adipocyte-derived
signaling molecule for the central control of metabolism [2].
Within the last few years, pleiotropic effects of leptin have

been identified in reproduction and pregnancy [3], particularly
in placenta, where it may work as an autocrine hormone [4].
Possible physiological effects of placenta-derived leptin
include angiogenesis, growth, and immunomodulation. Virtu-
ally all known cytokines have been found to be expressed in
the human placenta, though their temporal pattern of
expression is still not completely understood [5, 6]. LEPR
shows sequence homology to members of the gp130
superfamily [7]. In fact, we have found that leptin may
function as a proinflammatory cytokine on human monocytes
[8] and lymphocytes [9], promoting the production of Th1-type
cytokines. Moreover, among the different hormones secreted
by the placenta, human chorionic gonadotropin (hCG) and
leptin are involved in an autocrine/paracrine loop regulating
placental function principally during the first trimester of
pregnancy. In this context, we reported that hCG up-regulates
leptin expression most likely by using the MAPK signal
transduction pathway [10]. Thus, leptin may function as a
hormone and cytokine during gestation. Moreover, leptin is a
trophic and mitogenic factor for trophoblastic cells in the sense
that it inhibits apoptosis and promotes proliferation [11]. We
have also demonstrated that leptin promotes the proliferation
and cell survival of human peripheral blood mononuclear cells
[8, 12] via MAPK activation. Moreover, deregulation of leptin
metabolism and/or leptin function in the placenta may be
implicated in the pathogenesis of various disorders during
pregnancy, such as recurrent miscarriage, gestational diabetes,
intrauterine growth retardation, and preeclampsia [13, 14].
However, the molecular mechanisms underlying these effects
of leptin on trophoblastic cells are not completely understood
[3].

On the other hand, protein synthesis is known to be
regulated by insulin and other hormones by phosphorylation of
different translation factors that are involved in the initiation
and elongation stages of translation [15]. Thus, the initiation
factor EIF4E binds to the cap structure at the 50-end of the
mRNA and mediates the assembly of the initiation-factor
complex EIF4E. The assembly of this complex is inhibited by
EIF4E-binding proteins (EIF4EBPs) such as EIF4EBP1
(PHAS-I) [16]. Phosphorylation of these EIF4EBPs releases
EIF4E from inactive EIF4EBP-EIF4E complex, allowing
EIF4E to bind to EIF4G, and EIF4A to form the active EIF4F
complex [17]. The activity of this complex is also regulated by
phosphorylation of EIF4E [16, 18]. Consistent with this
observation, our group has demonstrated EIF4E and EIF4EBP1
phosphorylation in adipocytes [19] and hepatocytes as well as
in the rat hepatoma cell line HTC [20]. Interestingly, the
intracellular signaling cascade leading to EIF4EBP1 phosphor-
ylation involves the activation of RPS6KB1 (also known as
p70S6k). Moreover, RPS6KB1 is mainly activated by PIK3
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and protein kinase C pathways [21, 22]. In this line, we have
also demonstrated that leptin stimulates MAPK and PIK3
pathways in JEG-3 cells as well as in trophoblastic cells
obtained from placenta of healthy donors [23].

These results led us to the assumption that leptin could
promote cell growth and proliferation of trophoblastic cells
triggering similar signaling pathways, as previously shown in
hepatocytes by enhancing protein synthesis [24–29]. In vitro
studies have demonstrated that leptin is capable of stimulating
placental system A amino acid transport in a time-specific
manner [30] and that this is dependent on activation of the
JAK-STAT signaling pathway [31]. In order to further
investigate the mechanism by which leptin stimulates cell
proliferation, we analyzed protein synthesis in JEG-3 cells and
trophoblastic cells. We studied the phosphorylation state of
different proteins of the initiation stage of translation and
[3H]leucine incorporation in JEG-3 cells using pharmacolog-
ical inhibitors of the major signaling pathways of the LEPR,
PI3K, and MAPK. In this study, we show that leptin stimulates
protein synthesis by activating the translation machinery via
both PI3K and MAPK pathways.

MATERIALS AND METHODS

Reagents

Human recombinant leptin was from R&D Systems. Antibodies against
phosphorylated EIF4E (Ser209) and phosphorylated EIF4EBP1 (PHAS-I) in
Thr37 or Thr46 were from New England Biolabs. Monoclonal antibodies
against EIF4E and EIF4EBP1 were from Santa Cruz Biotechnology.
[3H]leucine (162 Ci/mmol) was purchased from Amersham Pharmacia Biotech.
MEK1 inhibitor (PD98059) and PIK3 inhibitor (Wortmannin) were purchased
from Sigma-Aldrich.

Cell Culture and Treatments

The human choriocarcinoma cell line JEG-3 (generously provided by
Susana Genti-Raimondi, Universidad Nacional de Córdoba, Córdoba, Argenti-
na) was grown in DMEN-F-12 medium (Invitrogen) supplemented with 10%
fetal calf serum (FCS), 100 lU/ml penicillin, 100 lg/ml streptomycin, 2 mM
glutamine (Invitrogen), and 1 mM sodium pyruvate at 378C in 5% CO

2
.

JEG-3 cells were treated for 10 min in the absence or presence of different
concentrations of leptin, then washed with cold PBS and solubilized for 30 min
at 48C in lysis buffer containing 20 mM Tris (pH 8), 1% Nonidet P-40, 137 mM
NaCl, 1 mM MgCl

2
, 1 mM CaCl

2
, 1 mM dithiothreitol, 10% glycerol, 1 mM

phenylmethylsulfonyl fluoride, and 0.4 mM sodium orthovanadate. After
centrifugation, the soluble cell lysates were used for Western blot analysis.
Total protein levels were determined by the bicinchoninic acid method (Thermo
Scientific), using bovine serum albumin as standard.

Protein Synthesis

Cells were grown in 12-well plates (5 3 105 cells per well) in complete
medium with 10% fetal bovine serum, and 24 h before leptin treatment, cells
were starved in media supplemented with 1% FCS to lower the basal growth
rate. Cells were treated with or without leptin for 4 h in the presence or absence
of the pharmacological inhibitor wortmannin (50 nM) or PD98059 (100 lM).
Next, [3H]leucine (1 lCi/ml) was added, and incubation continued for 2 h.
Cells were then washed and solubilized in 0.03% SDS. The lysate was
precipitated with 5% trichloroacetic acid. The pellet was resuspended in 150 ll
NaOH (1M). The incorporated radioactivity was quantified by scintillation
counting. [3H]leucine incorporation was estimated as percent of effect
according to its basal protein synthesis rate.

Placental Explant Processing and Treatment

Human placentas (n¼ 9) were obtained after Caesarean section or vaginal
delivery following normal term pregnancies in the Virgen Macarena University
Hospital. The Institutional Ethical Review Board approval was obtained for the
use of the human placenta. Each placenta was immediately suspended in ice-
cold PBS and transported to the laboratory, where it was washed two to three
times in sterile PBS to remove excess blood. Villous tissue free of visible
infarct or calcification was sampled from at least five cotyledons at a distance

midway between the chorionic and basal plates. Placental explants (50 mg)
were randomly distributed in the tubes containing 1 ml of a Ham F-12 medium
(four replicates per treatment). Incubation of placental explants started in a
shaking water bath at 378C for an equilibration period of 5 min. Then, explants
were incubated during 10 min in the same incubation medium supplemented
with or without recombinant leptin (0.1–10 nM). Then they were washed twice
in PBS by centrifugation for 2 min at 2000 3 g and 48C, resuspended in 500 ll
of lysis buffer, incubated at 48C for 30 min on an orbital shaker, and then
centrifuged at 10 000 3 g for 20 min. The supernatants were transferred to new
tubes and treated as cellular lysates for Western blot assays. Total protein levels
were determined as described above. Assessment of explant viability was
routinely monitored by measuring the release of lactate dehydrogenase into
medium relative to a 1% Triton X-100 (Sigma)-lysed positive control [32].

Western Blot Analysis

Samples were denatured by adding loading buffer 53 containing 100 mM
dithiothreitol and boiled for 5 min. Samples were resolved by 8%–16% SDS-
PAGE and then electrophoretically transferred to a nitrocellulose membrane
(Amersham). Membranes were blocked by 5% nonfat milk in PBS at room
temperature for 1 h, washed, and then incubated using the appropriate
antibodies. The antibodies were detected using horseradish peroxidase-linked
anti-rabbit/anti-mouse immunoglobulin (Santa Cruz) and visualized using a
highly sensitive chemiluminescence system (Supersignal; Pierce).

Statistical Analysis

Results are reported as mean 6 SEM and were compared by Student t-test
or ANOVA for paired data, followed by a post hoc Bonferroni multiple-
comparisons test. P , 0.05 was considered significant.

RESULTS

Leptin Stimulates the Phosphorylation of EIF4EBP1
and EIF4E in JEG-3 Trophoblastic Cells

To study the stimulation of protein synthesis by the LEPR in
JEG-3 trophoblastic cells, we stimulated them with human
leptin and analyzed the phosphorylation of EIF4EBP1 by
Western blot using antibodies that specifically recognize the
tyrosine-phosphorylated form of EIF4EBP1 (Fig. 1A). The
amount of EIF4EBP1 in every sample was controlled by anti-
EIF4EBP1 immunoblot (Fig. 1A). The effect of leptin on
EIF4EBP1 phosphorylation was dose dependent. Although 0.1
nM leptin was sufficient to activate the phosphorylation of
EIF4EBP1, maximal phosphorylation of EIF4EBP1 was
observed at 10 nM leptin, the dose at which the phosphory-
lation level of EIF4EBP1 increased almost 10-fold.

Phosphorylation of EIF4EBP1 releases EF4E from the
inactive EIF4EBP-EIF4E complex, allowing EIF4E to bind to
the cap structure at the 50 end of the mRNA and activate the
translation machinery. Thus, we next decided to study the
possible activation of EIF4E by human leptin in JEG-3 cells.
As shown in Figure 1B, leptin stimulated EIF4E phosphory-
lation in a dose-dependent manner. Maximal phosphorylation
was observed at 10 nM leptin, but effects were also observed at
0.1 nM leptin. The amount of EIF4E in every sample was
controlled by anti-EIF4E immunoblot (Fig. 1B).

Leptin Stimulates the Phosphorylation of EIF4EBP1
and EIF4E in Human Trophoblastic Cells

In order to check whether leptin may activate the same
proteins in the initiation stages of translation in normal
trophoblast cells as those that we have found in the JEG-3
cells, we performed dose-response experiments using normal
placental trophoblast explants. As shown in Figure 2, A and B,
leptin stimulated the phosphorylation of EIF4EBP1 and EIF4E
in a dose-dependent manner. Maximal phosphorylation of
EIF4EBP1 by leptin was obtained at 1 nM leptin, but a
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significant effect was observed at 0.1 nM leptin (Fig. 2A).
Leptin also stimulates the phosphorylation of EIF4E (Fig. 2B),
with maximal effect at 10 nM leptin. Nevertheless, 0.1 nM
exerted an inductive effect similar to the results obtained with
JEG-3 cells. We analyzed the same samples by immunoblot
with anti-EIF4EBP1 and anti-EIF4E antibodies for loading
control.

Leptin Stimulates Protein Synthesis in JEG-3 and Human
Trophoblastic Cells

Leptin effect on protein synthesis was investigated in JEG-3
cells and human villous explants by [3H]leucine incorporation.
Cells were seeded at 50%–60% confluence in complete
Dulbecco modified Eagle medium-F12 medium (10% FCS),
and 24 h before leptin treatment, cells were starved in media
supplemented with 1% FCS. Leptin treatment was performed
in the same media for 4 h. As can be seen in Figure 3, A and B,

leptin enhanced protein synthesis in JEG-3 cells and human
trophoblastic cells in a dose-dependent manner. Maximal effect
was achieved at 1 nM leptin, which increased twice the basal
protein synthesis rate. This effect of leptin on protein synthesis
was partially (50%) prevented by pretreatment with wortman-
nin, an inhibitor from PIK3 pathway. The pretreatment with
PD98059, an inhibitor of MAPK pathway, led to 85%
inhibition of the leptin effect. As seen in Figure 4, A and B,
both the MAPK and PIK3 pathways are required to elicit the
effect of leptin on protein synthesis in JEG-3 cells and villous
explants, although the major pathway whereby leptin exerts
this effect seems to be the MAPK one.

In order to directly check the effect of the PIK3 and MAPK
pathways in the leptin activation of protein translation, we
confirmed the inhibition of the leptin-mediated phosphoryla-
tion of the translation initiation factor EIF4E and its regulatory
binding protein (EIF4EBP1) in the presence of the pharmaco-
logical inhibitors. As seen in Figure 5, PD98059 and to a lesser

FIG. 1. Leptin stimulates phosphorylation
of EIF4EBP1 (A) and EIF4E (B) in JEG-3 cells.
JEG-3 cells were incubated for 10 min with
or without leptin. Cells were lysed, dena-
tured, and subjected to SDS-PAGE. Proteins
were transferred to nitrocellulose and ana-
lyzed by immunoblot with antibodies that
recognize phosphorylated EIF4EBP1 in ei-
ther Thr37 or Thr46 and phosphorylated
EIF4E in Ser209. The amount of protein was
controlled by immunoblotting with anti-
EIF4EBP1 and anti-EIF4E. Leptin increases
the phosphorylation level of EIF4EBP1 and
EIF4E in JEG-3 cells in a dose-dependent
manner. Each experiment shown is repre-
sentative of four independent experiments.
Densitograms with standard error are
shown. *P , 0.05, **P , 0.01 versus
control. KDa, kilodalton.

FIG. 2. Leptin stimulates phosphorylation
of EIF4EBP1 (A) and EIF4E (B) in placenta
trophoblastic cells. Placenta trophoblastic
cells were incubated for 10 min with or
without leptin. Cells were lysed, denatured,
and subjected to SDS-PAGE. Proteins were
transferred to nitrocellulose and analyzed
by immunoblot with antibodies that recog-
nize phosphorylated EIF4EBP1 in either
Thr37 or Thr46 and phosphorylated EIF4E in
Ser209. The amount of protein was con-
trolled by immunoblotting with anti-EI-
F4EBP1 and anti-EIF4E. Leptin increases the
phosphorylation level of EIF4EBP1 and
EIF4E in trophoblastic cells in a dose-
dependent manner. Each experiment shown
is representative of three independent ex-
periments. Densitograms with standard er-
ror are shown. *P , 0.05, **P , 0.01 versus
control. KDa, kilodalton.
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extent wortmannin prevented the effect of leptin on phosphor-
ylation of EIF4E and EIGF4EBP1. We analyzed the same
samples by immunoblot with anti-EIF4E antibodies for loading
control.

DISCUSSION

Previously published results have suggested that leptin
might play a role in reproduction, particularly in fetoplacental
physiology. In addition to white adipose tissue, the placenta is
the second place of leptin synthesis in human pregnancy [33,
34]. The presence of LEPR in trophoblast cells indicates that
placental leptin may also have a role as an autocrine hormone
[35]. Many observations suggest that leptin could be a key
player in the regulation of the embryo implantation as well as
its maintenance. The altered leptin concentrations associated
with certain complications of gestation, such as choriocarci-
noma, hydatidiform mole, gestational diabetes, and preeclamp-

sia, suggest the physiological and pathophysiological
significance of leptin in pregnancy and in the maintenance of
the physiology of the fetoplacental unit [14, 36–38]. The
present work describes the effects of leptin on protein synthesis
in JEG-3 human choriocarcinoma cells. These cells maintain
many characteristics of human trophoblast cells and have been
widely used to study placental cellular signaling [39, 40].
Normal trophoblastic explants from healthy donors were also
studied to confirm the physiological relevance of the activation
of protein synthesis by leptin.

Leptin has been shown to induce proliferative activity in
monocytes, lymphocytes, hematopoietic progenitors, and
osteoblasts, among others [8, 9, 41, 42]. Insulin also has
growth-promoting effects in JAR placental cells [43, 44],
suggesting potential cross-talks between insulin and leptin
signaling pathways. This may be relevant for the development
of excessive placental growth in situations of hyperleptinemia
and hyperinsulinemia, such as in pregnancies complicated by
diabetes. Thus, to further understand the mechanism of action
of leptin in trophoblastic cells, we decided to assess the effect

FIG. 3. Leptin stimulates protein synthesis in JEG-3 and human villous
explants. A) JEG-3 cells grown in DMEN-F12 medium were deprived of
serum for 24 h prior to stimulation with leptin. Cells were treated with or
without leptin for 4 h and immediately after were treated with [3H]leucine
for 2 h. [3H]leucine incorporation was determined as indicated in
Materials and Methods. Leptin increases the protein synthesis rate in JEG-3
cells in a dose-dependent manner. Maximal effect was achieved at 1 nM
leptin. Results are mean 6 SEM of three independent experiments run in
triplicate. Standard errors are shown. *P , 0.05, **P , 0.01 versus
control. Protein synthesis is estimated as absolute units. B) Villous explants
(50 mg), which were randomly distributed in the tubes containing 1 ml of
a Ham F-12 medium, were treated with or without leptin for 4 h, and
immediately after were treated with [3H]leucine for 2 h. [3H]leucine
incorporation was determined as indicated in Materials and Methods.
Leptin increases the protein synthesis rate in villous explants in a dose-
dependent manner. Maximal effect was achieved at 1 nM leptin. Results
are mean 6 SEM of three independent experiments run in triplicate.
Standard errors are shown. *P , 0.05, **P , 0.01 versus control. Protein
synthesis is estimated as absolute units.

FIG. 4. Inhibition of leptin-mediated protein synthesis in the presence of
the pharmacological inhibitors wortmannin (W) and PD98059 (PD) in
JEG-3 cells and villous explants. A) JEG-3 cells grown in DMEN-F12
medium were deprived of serum for 24 h prior to stimulation with leptin.
Cells were treated with or without leptin (10nM) for 4 h in the presence or
absence of the pharmacological inhibitor wortmannin (50 nM) or
PD98059 (100 lM), and then cells were processed as described in
Materials and Methods. The effect of leptin on protein synthesis was
partially (50%) prevented by pretreatment with wortmannin. The
pretreatment with PD98059 led to 85% inhibition of the leptin effect.
Standard errors are shown. *P , 0.05 versus control. Results are mean 6
SEM of three independent experiments run in triplicate. Protein synthesis
is estimated as absolute units. B) Villous explants (50 mg) were randomly
distributed in the tubes containing 1 ml of a Ham F-12 medium and were
treated with or without leptin (1 nM) for 4 h in the presence or absence of
the pharmacological inhibitor wortmannin (50 nM) or PD98059 (100 lM),
and then explants were processed as described in Materials and Methods.
The effect of leptin on protein synthesis was partially prevented by
pretreatment with wortmannin. The pretreatment with PD98059 led to
inhibition of the leptin effect. Standard errors are shown. **P , 0.01
versus control. Results are mean 6 SEM of three independent experiments
ran in triplicate. Protein synthesis is estimated as absolute units.
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of leptin on protein synthesis that is known to be activated by
leptin and insulin in other systems. The effect of insulin in the
stimulation of protein synthesis is known to be mediated by
activation of RPS6KB1 and phosphorylation of the EIF4EBP1
[45]. Along these lines, we have recently found that leptin
stimulates phosphorylation of RPS6KB1in JEG-3 cell lines and
in human trophoblast cells [23]. In the present study, we have
found that leptin stimulates phosphorylation of EIF4EBP1 and
EIF4E in both JEG-3 and trophoblastic cells in a dose-
dependent manner. Moreover, this effect correlates with the
protein synthesis rate.

On the other hand, it has been extensively reported that
MAPK is one of the known kinases that phosphorylates
RPS6KB1, EIF4EBP1, and EIF4E [46]. RPS6KB1 also has
been shown to be activated by the PIK3-PDK pathway [21,
47]. The PIK3 pathway has been implicated in the regulation of
many cellular processes, including resistance to apoptosis, cell
motility, differentiation, and proliferation [48]. In this context,
we have recently demonstrated the leptin activation of PIK3
and MAPK in human trophoblatic cells [23]. Thus, the
activation of translation by leptin may be mediated by MAPK
and PIK3 pathway. In this regard, we have demonstrated in the
present study that the stimulation of protein synthesis by leptin
was almost completely prevented by pre-treatment with
PD98059, an inhibitor of MAPK pathway, whereas it was
partially inhibited by wortmannin, an inhibitor of PIK3
pathway. These results strongly suggest that both the MAPK
and the PIK3 pathways might be involved in the stimulation of
protein synthesis by leptin. Our results further support the
possible role of leptin in EIF4EBP1 and EIF4E phosphoryla-
tion and suggest that this mechanism might contribute to the
leptin stimulation of protein synthesis. We can not discard the
possibility that the activation of translation and the activation
of total protein synthesis may be stimulated by leptin
independently. Depending on the predominant pathway
activated by leptin, either growth or proliferation effects could
be exerted by leptin in placenta cells. On the other hand,
wortmannin inhibits all three classes of PIK3, and since

PIK3C3 (also known as hVps34, class III PI3K) was recently
reported to be critical in mediating the effects of nutrients on
MTOR signaling and protein synthesis [49], the wortmannin-
dependent component of leptin-stimulated protein synthesis
observed in the current study may be mediated not only by
classical PIK3 pathways but also by class III PI3K. Moreover,
PD 98059 is also known to inhibit cyclooxygenases 1 and 2,
the rate-limiting enzymes in the production of prostaglandins
and leukotrienes [50]. This is important since prostaglandins
activate MTOR signaling [51] and, therefore, protein synthesis.

Therefore, we have provided some evidence for the possible
role of leptin, produced by trophoblastic cells, in the
physiology of the placenta, describing the effect of leptin on
protein synthesis in trophoblastic cells, and we have pointed to
some of the signaling pathways underlying this effect.

This is the first time that leptin activation of the translation
machinery in placenta has been reported. This may be relevant
both physiologically and pathophysiologically since a decrease
in EIF4EBP1 phosphorylation has been recently found in
intrauterine growth restriction of the fetus, resulting from
impaired placental development [52].

In conclusion, leptin effect on protein synthesis in JEG-3
human choriocarcinoma cells and in human placenta seems to
be mediated mainly by MAPK, but also in part by PIK3, and
both pathways might be necessary for leptin regulation of
protein synthesis, at least in part modulating translation
machinery, i.e., the phosphorylation of the initiation factor
EIF4E and the phosphorylation of the EIF4E-binding protein,
EIF4EBP1.
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830 PÉREZ-PÉREZ ET AL.

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



Nuamah MA, Ogawa Y, Masuzaki H, Nakao K, Fujii S. Role of leptin in
pregnancy—a review. Placenta 2002; 23(suppl A):S80–S86.

4. Hauguel-De MS, Guerre-Millo M. The placenta cytokine network and
inflammatory signals. Placenta 2006; 27:794–798.

5. Bowen JM, Chamley L, Keelan JA, Mitchell MD. Cytokines of the
placenta and extra-placental membranes: roles and regulation during
human pregnancy and parturition. Placenta 2002; 23:257–273.

6. Bowen JM, Chamley L, Mitchell MD, Keelan JA. Cytokines of the
placenta and extra-placental membranes: biosynthesis, secretion and roles
in establishment of pregnancy in women. Placenta 2002; 23:239–256.

7. Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R,
Richards GJ, Campfield LA, Clark FT, Deeds J, Muir C, Sanker S, et al.
Identification and expression cloning of a leptin receptor, OB-R. Cell
1995; 83:1263–1271.

8. Santos-Alvarez J, Goberna R, Sanchez-Margalet V. Human leptin
stimulates proliferation and activation of human circulating monocytes.
Cell Immunol 1999; 194:6–11.

9. Martin-Romero C, Santos-Alvarez J, Goberna R, Sanchez-Margalet V.
Human leptin enhances activation and proliferation of human circulating T
lymphocytes. Cell Immunol 2000; 199:15–24.

10. Maymo JL, Perez PA, Sanchez-Margalet V, Duenas JL, Calvo JC, Varone
CL. Up-regulation of placental leptin by human chorionic gonadotropin.
Endocrinology 2009; 150:304–313.

11. Magarinos MP, Sanchez-Margalet V, Kotler M, Calvo JC, Varone CL.
Leptin promotes cell proliferation and survival of trophoblastic cells. Biol
Reprod 2007; 76:203–210.

12. Najib S, Sanchez-Margalet V. Human leptin promotes survival of human
circulating blood monocytes prone to apoptosis by activation of p42/44
MAPK pathway. Cell Immunol 2002; 220:143–149.

13. Bajoria R, Sooranna SR, Ward BS, Chatterjee R. Prospective function of
placental leptin at maternal-fetal interface. Placenta 2002; 23:103–115.

14. Hauguel-De MS, Lepercq J. Placental leptin and pregnancy pathologies [in
French]. Gynecol Obstet Fertil 2001; 29:534–537.

15. Proud CG, Denton RM. Molecular mechanisms for the control of
translation by insulin. Biochem J 1997; 328:329–341.

16. Lin TA, Kong X, Haystead TA, Pause A, Belsham G, Sonenberg N,
Lawrence JC Jr. PHAS-I as a link between mitogen-activated protein
kinase and translation initiation. Science 1994; 266:653–656.

17. Kleijn M, Scheper GC, Voorma HO, Thomas AA. Regulation of
translation initiation factors by signal transduction. Eur J Biochem 1998;
253:531–544.

18. Minich WB, Balasta ML, Goss DJ, Rhoads RE. Chromatographic
resolution of in vivo phosphorylated and nonphosphorylated eukaryotic
translation initiation factor eIF-4E: increased cap affinity of the
phosphorylated form. Proc Natl Acad Sci U S A 1994; 91:7668–7672.

19. Gonzalez-Yanes C, Sanchez-Margalet V. Pancreastatin, a chromogranin
A-derived peptide, activates protein synthesis signaling cascade in rat
adipocytes. Biochem Biophys Res Commun 2002; 299:525–531.

20. Sanchez-Margalet V, Gonzalez-Yanes C, Najib S. Pancreastatin, a
chromogranin A-derived peptide, inhibits DNA and protein synthesis by
producing nitric oxide in HTC rat hepatoma cells. J Hepatol 2001; 35:80–
85.

21. Chung J, Grammer TC, Lemon KP, Kazlauskas A, Blenis J. PDGF- and
insulin-dependent pp70S6k activation mediated by phosphatidylinositol-3-
OH kinase. Nature 1994; 370:71–75.

22. Pullen N, Dennis PB, Andjelkovic M, Dufner A, Kozma SC, Hemmings
BA, Thomas G. Phosphorylation and activation of p70s6k by PDK1.
Science 1998; 279:707–710.

23. Perez-Perez A, Maymo J, Duenas JL, Goberna R, Calvo JC, Varone C,
Sanchez-Margalet V. Leptin prevents apoptosis of trophoblastic cells by
activation of MAPK pathway. Arch Biochem Biophys 2008; 477:390–
395.

24. Bataller R, Nicolas JM, Gines P, Esteve A, Nieves GM, Garcia-Ramallo E,
Pinzani M, Ros J, Jimenez W, Thomas AP, Arroyo V, Rodes J. Arginine
vasopressin induces contraction and stimulates growth of cultured human
hepatic stellate cells. Gastroenterology 1997; 113:615–624.

25. Dajani OF, Sandnes D, Melien O, Rezvani F, Nilssen LS, Thoresen
GH, Christoffersen T. Role of diacylglycerol (DAG) in hormonal
induction of S phase in hepatocytes: the DAG-dependent protein kinase
C pathway is not activated by epidermal growth factor (EGF), but is
involved in mediating the enhancement of responsiveness to EGF by
vasopressin, angiotensin II, and norepinephrine. J Cell Physiol 1999;
180:203–214.

26. Kaneko A, Hayashi N, Tsubouchi H, Tanaka Y, Ito T, Sasaki Y, Fusamoto
H, Daikuhara Y, Kamada T. Intracellular calcium as a second messenger
for human hepatocyte growth factor in hepatocytes. Hepatology 1992; 15:
1173–1178.

27. Morrell NW, Upton PD, Kotecha S, Huntley A, Yacoub MH, Polak JM,
Wharton J. Angiotensin II activates MAPK and stimulates growth of
human pulmonary artery smooth muscle via AT1 receptors. Am J Physiol
1999; 277:L440–L448.

28. Piacentini L, Gray M, Honbo NY, Chentoufi J, Bergman M, Karliner JS.
Endothelin-1 stimulates cardiac fibroblast proliferation through activation
of protein kinase C. J Mol Cell Cardiol 2000; 32:565–576.

29. Sugimoto T, Kano J, Yamaguchi T, Fukase M, Chihara K. Role of
calcium/protein kinase C in the regulation of DNA synthesis by
parathyroid hormone-related peptide in osteoblastic osteosarcoma cells.
Horm Metab Res 1993; 25:608–611.

30. Jansson N, Greenwood SL, Johansson BR, Powell TL, Jansson T. Leptin
stimulates the activity of the system A amino acid transporter in human
placental villous fragments. J Clin Endocrinol Metab 2003; 88:1205–
1211.

31. von Versen-Hoynck F, Rajakumar A, Parrott MS, Powers RW. Leptin
affects system A amino acid transport activity in the human placenta:
evidence for STAT3 dependent mechanisms. Placenta 2009; 30:361–
367.

32. Miller RK, Genbacev O, Turner MA, Aplin JD, Caniggia I, Huppertz B.
Human placental explants in culture: approaches and assessments.
Placenta 2005; 26:439–448.

33. Lepercq J, Cauzac M, Lahlou N, Timsit J, Girard J, Auwerx J, Hauguel-De
MS. Overexpression of placental leptin in diabetic pregnancy: a critical
role for insulin. Diabetes 1998; 47:847–850.

34. Masuzaki H, Ogawa Y, Sagawa N, Hosoda K, Matsumoto T, Mise H,
Nishimura H, Yoshimasa Y, Tanaka I, Mori T, Nakao K. Nonadipose
tissue production of leptin: leptin as a novel placenta-derived hormone in
humans. Nat Med 1997; 3:1029–1033.

35. Challier J, Galtier M, Bintein T, Cortez A, Lepercq J, Hauguel-De MS.
Placental leptin receptor isoforms in normal and pathological pregnancies.
Placenta 2003; 24:92–99.

36. Cervero A, Horcajadas JA, Martin J, Pellicer A, Simon C. The leptin
system during human endometrial receptivity and preimplantation
development. J Clin Endocrinol Metab 2004; 89:2442–2451.

37. Kauma SW. Cytokines in implantation. J Reprod Fertil Suppl 2000; 55:
31–42.

38. Madej T, Boguski MS, Bryant SH. Threading analysis suggests that the
obese gene product may be a helical cytokine. FEBS Lett 1995; 373:13–
18.

39. Standley PR, Standley CA. Identification of a functional Naþ/Mg2þ
exchanger in human trophoblast cells. Am J Hypertens 2002; 15:565–570.

40. Zygmunt M, Hahn D, Kiesenbauer N, Munstedt K, Lang U. Invasion of
cytotrophoblastic (JEG-3) cells is up-regulated by interleukin-15 in vitro.
Am J Reprod Immunol 1998; 40:326–331.

41. Iwaniec UT, Boghossian S, Lapke PD, Turner RT, Kalra SP. Central leptin
gene therapy corrects skeletal abnormalities in leptin-deficient ob/ob mice.
Peptides 2007; 28:1012–1019.

42. Steppan CM, Crawford DT, Chidsey-Frink KL, Ke H, Swick AG. Leptin
is a potent stimulator of bone growth in ob/ob mice. Regul Pept 2000; 92:
73–78.

43. Bifulco G, Di CC, Caruso M, Oriente F, Di Spiezio SA, Formisano P,
Beguinot F, Nappi C. Glucose regulates insulin mitogenic effect by
modulating SHP-2 activation and localization in JAr cells. J Biol Chem
2002; 277:24306–24314.

44. Boileau P, Cauzac M, Pereira MA, Girard J, Hauguel-De MS. Dissociation
between insulin-mediated signaling pathways and biological effects in
placental cells: role of protein kinase B and MAPK phosphorylation.
Endocrinology 2001; 142:3974–3979.

45. Diggle TA, Moule SK, Avison MB, Flynn A, Foulstone EJ, Proud CG,
Denton RM. Both rapamycin-sensitive and -insensitive pathways are
involved in the phosphorylation of the initiation factor-4E-binding protein
(4E-BP1) in response to insulin in rat epididymal fat-cells. Biochem J
1996; 316:447–453.

46. Smith JA, Poteet-Smith CE, Malarkey K, Sturgill TW. Identification of an
extracellular signal-regulated kinase (ERK) docking site in ribosomal S6
kinase, a sequence critical for activation by ERK in vivo. J Biol Chem
1999; 274:2893–2898.

47. Li HL, Davis W, Pure E. Suboptimal cross-linking of antigen receptor
induces Syk-dependent activation of p70S6 kinase through protein kinase
C and phosphoinositol 3-kinase. J Biol Chem 1999; 274:9812–9820.

48. Vanhaesebroeck B, Leevers SJ, Panayotou G, Waterfield MD. Phospho-
inositide 3-kinases: a conserved family of signal transducers. Trends
Biochem Sci 1997; 22:267–272.

49. Gulati P, Gaspers LD, Dann SG, Joaquin M, Nobukuni T, Natt F, Kozma
SC, Thomas AP, Thomas G. Amino acids activate mTOR complex 1 via
Ca2þ/CaM signaling to hVps34. Cell Metab 2008; 7:456–465.

LEPTIN STIMULATES PROTEIN SYNTHESIS 831

D
ow

nloaded from
 w

w
w

.biolreprod.org. 



50. Borsch-Haubold AG, Pasquet S, Watson SP. Direct inhibition of
cyclooxygenase-1 and -2 by the kinase inhibitors SB 203580 and PD
98059. SB 203580 also inhibits thromboxane synthase. J Biol Chem 1998;
273:28766–28772.

51. Arvisais EW, Romanelli A, Hou X, Davis JS. AKT-independent
phosphorylation of TSC2 and activation of mTOR and ribosomal protein

S6 kinase signaling by prostaglandin F2alpha. J Biol Chem 2006; 281:
26904–26913.

52. Yung HW, Calabrese S, Hynx D, Hemmings BA, Cetin I, Charnock-Jones
DS, Burton GJ. Evidence of placental translation inhibition and
endoplasmic reticulum stress in the etiology of human intrauterine growth
restriction. Am J Pathol 2008; 173:451–462.
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