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Leptin enhances porcine preimplantation embryo development in vitro
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Abstract

Recent studies have suggested that leptin plays an important role in reproduction. Ob-R is expressed in the murine embryo, and is suggested
to play a role in embryo development, although contradictory results have been reported. In the present study, Ob-R expression was observed
both at the mRNA and protein levels in porcine early embryos. We have also demonstrated that leptin is produced in the porcine oviduct, making
it spatially available to interact with its receptor during preimplantation development. When included at 10 ng/ml in embryo culture medium,
leptin significantly increased the proportion of cleaved embryos (P < 0.01). At day 7 of in vitro culture, leptin at 10 and 100 ng/ml increased
the proportion of embryos reaching the blastocyst stage (P < 0.01). We have previously observed that leptin increases oocyte maturation in
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itro, and here we report that inclusion of leptin in both IVM and embryo culture medium further increased blastocyst developmP <
.05), compared to when leptin was included in the embryo culture alone, suggesting leptin has a synergistic role on both oocyte
nd preimplantation embryo development.
2004 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The leptin hormone, encoded by theobese(ob) gene is
roduced primarily in adipose tissue (Zhang et al., 1994),
nd is acknowledged to play an important role in nutritional
ontrol (reviewed inHouseknecht et al., 1998). Recently, the

mportance of leptin in reproductive function has also be-
ome evident (Holness et al., 1999; Gonzalez et al., 2000).
bese mice exhibiting a congenital leptin deficiency (ob/ob)
re sterile (Ingalls et al., 1950; Jones and Harrison, 1957).
owever, this sterility can be reversed by exogenous lep-

in administration, but not by the restriction of food intake
Barash et al., 1996), indicating that infertility is directly re-
ated to the deficiency of this hormone. In addition, return
o reproductive competence ofob/obmice is associated with
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increased ovarian and uterine weight, increased serum
enizing hormone (LH) concentrations and an increased
ber of primary and Graafian follicles (Barash et al., 1996). In
women, serum leptin concentrations are correlated with
strual cycle and ovulation; leptin levels are lowest in the e
follicular phase and are elevated during luteal phase (Hardie
et al., 1997; Lukaszuk et al., 1998), suggesting leptin ma
play a role during early embryo development.

The timely requirement of leptin for conception and e
pregnancy has recently been demonstrated (Malik et al.,
2001). When leptin-null mice were given the minimum da
doses of leptin required to maintained normal body we
and sexual maturation until at least 6.5 days post co
(dpc), pregnancies were retained and carried to term. H
ever, pregnancy was disrupted if exogenous leptin adm
tration was stopped at 0.5 or 3.5 dpc (Malik et al., 2001), indi-
cating that leptin is essential for either early embryo deve
ment or implantation. In wild-type mice, leptin is expres
in both the oviduct and uterus during early pregnancy,
is thus temporally and spatially available for early emb
development (Kawamura et al., 2002). Moreover, the huma
NSERC) studentship. endometrium secrets leptin and secretion is influenced by the
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blastocyst (Gonzalez et al., 2000), suggesting that the ac-
tions of leptin may be important during the preimplantation
and implantation time window.

Recent reports of leptin’s influence on early embryo de-
velopment in mice have been controversial (Kawamura et al.,
2002; Fedorcsak and Storeng, 2003). At concentrations rang-
ing from 10 to 1000 ng/ml, leptin significantly promoted the
development of murine 56 h expanded blastocysts and 72 h
hatched blastocysts (Kawamura et al., 2002). In contrast, it
has been reported that at 16 ng/ml, leptin decreased the pro-
portion of embryos reaching the hatched blastocyst stage at
day 5 of in vitro culture, and increased the rate of DNA frag-
mentation (Fedorcsak and Storeng, 2003). In light of these
contradictory results, we thought it important to perform ad-
ditional studies to understand the role of leptin during embryo
preimplantation development in vitro. Here we report that the
leptin receptor is expressed in the porcine embryo at differ-
ent stages of early development. Embryo development was
stimulated when cultured in the presence of leptin, and devel-
opment was further enhanced when leptin was present during
both oocyte maturation and embryo development.

2. Materials and methods
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plemented with 4 mg/ml BSA and overlayed with light min-
eral oil for 7 days in the presence (10, 100 ng/ml) or absence
of leptin to evaluate preimplantation embryo development
(day 2 cleavage rate, day 7 blastocyst rate). Day 7 blastocysts
were stained with 1�g/ml Hoechst 33342 to visualize cell
nuclei. The total cell number of each blastocyst was counted
under UV light. Over 150 embryos were analyzed per treat-
ment group over six independent experiments.

2.3. In vitro fertilization and embryo culture

Denuded MII oocytes were washed three times in PBS
containing 10% FBS, and once in fertilization medium con-
taining 60�M glucose, 34�M sodium citrate, 12.4�M
EDTA, 17�M citric acid, 54�M trizma base and 1 mM
caffeine-sodium benzoate (Sigma). The semen was collected
from a boar, washed twice in PBS containing 10% FBS,
and resuspended in fertilization medium. Approximately 50
oocytes were incubated in NCSU-23 (as described byLee
et al., 2003) with sperm at 38.5◦C for 10 min. Oocytes and
attached sperm were then transferred to NCSU-23 supple-
mented with 4 mg/ml BSA and covered with light mineral
oil. Embryos were cultured for 7 days in vitro as described
above. Over 150 embryos were analyzed per treatment group
over six independent experiments.
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.1. Oocyte collection and in vitro maturation (IVM)

Porcine ovaries were collected from 100 to 150 kg g
t a local abattoir and transported to the laboratory in×
BS at 35◦C. Cumulus–oocyte complexes (COC) were

ated from antral follicles between 3 and 6 mm diamete
ng a 21-gauge needle. COCs were washed three times

aturation medium [Tissue Culture Medium-199; TCM1
Gibco) supplemented with 5 IU/ml follicle stimulating h
one (FSH; Sioux Biochemicals), 5 IU/ml LH (Sioux B

hemicals), 0.1 mg/ml cysteine (Sigma), 10 ng/ml epide
rowth factor (EGF; Sigma)] and incubated at 38.5◦C for
2–44 h.

.2. Parthenogenetic embryo activation and culture

After 42–44 h maturation, cumulus cells were remo
rom COCs by gentle vortexing in 0.1% hyaluronid
Fisher) in TCM199. Metaphase II (MII) status was c
rmed by the presence of the first polar body, and was
istently reached by 75–80% of oocytes. Denuded oo
DO) were washed three times in TCM199 containing 1
BS (fetal bovine serum), placed between two platin
lectrodes (0.5 mm apart) and overlaid with 50�l of fu-
ion medium consisting 297 mM mannitol (CalB), 0.001 m
aCl2 (Sigma), 0.05 mM MgCl2 (Sigma), 0.1% BSA (Frac

ion V, Sigma). Two electrical pulses were applied to
ocytes at 2.6 kV/cm, generated by a BTX ElectroCell 2
anipulator to activate the MII oocytes as parthenoge
mbryos. Following activation, embryos were cultured
CSU-23 (North Carolina State University medium-23; s
.4. Superovulation and in vivo produced embryo
ollection

Selected Yorkshire gilts between 70 and 80 kg were
erovulated by intramuscular injection of 10 mg PGF2�, fol-

owed 48 h later by 2000 IU of pregnant mare’s gonadotr
PMSG, Ayerst Veterinary Laboratories). An amount
000 IU human chorionic gonadotropin (hCG, Ayerst V
rinary Laboratories) was administered 72 h later to in
vulation. Gilts were artificially inseminated twice on the
ollowing onset of estrous using semen from a Yorkshire b
ilts were slaughtered the next morning, reproductive t

ecovered, and one cell embryos flushed from the ovi
mbryos were washed three times in TCM199 plus 1
BS, once in NCSU-23 and then cultured in NCSU-23
lemented with 4 mg/ml BSA. Embryos were collected

he 2-, 4-, 8-cell, morula and blastocyst stages for real
T-PCR in lysis buffer as described below.

.5. RNA isolation and RT-PCR

Single embryos were lysed in 10�l lysis buffer contain
ng 2 U/�l porcine RNase Inhibitor (Amersham) and 5 m
ithiothreitol (DTT; Invitrogen) by boiling followed by vo

exing for 1 min each. Cell lysates were DNase I treated
ording to manufacturer’s directions (Invitrogen). RT-P
as performed in a total volume of 25�l containing 10�l of
Nase-treated cell lysate, 1× RT-PCR buffer, 2 U/�l MMLV-
T, (Moloney Murine Leukemia Virus Reverse Transc

ase; Invitrogen), 2.5�M random hexamer primers (Applie
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Table 1
Primers used for PCR and nested PCR for detection of leptin, Ob-R, HPRT and H2A

Transcript PCR round Primer sequence (5′–3′) Product size (bp) Primer location Gene Bank accession no.

Leptin 1 Sense ttg gcc cta tct gtc cta cg 277 Exon 1 AF102856
Antisense gag gtt ctc cag gtc att cg Exon 3

2 Sense caa gac gat tgt cac cag ga 184 Exon 1
Antisense ttg gat cac att tct gga agg Exon 2

Ob-R 1 Sense ctc ttg cct gct gga atc tc 250 Exon 4 AF092422
Antisense ttc cag ttt gca cct gtt tg Exon 5

HPRT 1 Sense cca gtc aac ggg cga tat aa 130 Exon 4 U69731
Antisense ctt gac caa gga aag caa gg Exon 6

H2A 1 Sense gtg gca aac aag gag gaa ag 226 BP459633
Antisense atg cgg gtc ttc ttg ttg tc

Biosystems), and 0.2 mM dNTP. The RT reaction was car-
ried out at 25◦C for 10 min, and 37◦C degrees for 50 min,
followed by 15 min at 75◦C to inactivate MMLV.

RNA was isolated from the oviducts of day 3–4 pregnant
sows using Trizol reagent according to manufacturer’s direc-
tions (Invitrogen). Up to 1�g RNA was incubated in a final
volume of 10�l containing DNase I (1 U) and DNase buffer
(1×), and DNase treatment and RT-PCR were performed as
described above.

Real time RT-PCR was performed using SYBR Green (Qi-
agen) and the Smart Cycler thermocycler (Cepheid). Briefly,
12.5�l SYBR Green 2× mix (contains HotStarTaqDNA
polymerase, QuantiTect SYBR Green PCR buffer, dNTP
mix, SYBR Green 1, ROX and 5 mM MgCl2), 0.3�M each of
forward and reverse primer (Table 1) and 2.5�l cDNA was in-
cluded in a 25�l PCR reaction. To detect the presence of lep-
tin expression in oviduct tissue, nested PCR was performed.
Reverse transcription and PCR was performed as described
above, followed a second round of PCR using nested primers
(Table 1). Melt curve analysis was preformed to confirm the
specificity of the products amplified. All PCR products were
sequenced to confirm their identity. Negative controls were
performed in which water was substituted for cDNA, or re-
verse transcription was not performed prior to PCR.
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2.7. Immunohistochemistry

Oviduct tissue was obtained from day 3 to 4 pregnant
sows and fixed with 10% formalin for 20–24 h. Paraffin-
embedded tissue was sectioned at 5�M and sections were
adhered to glass slides. Tissue sections were defaraffinized
by passage through three consecutive Xylene (Fisher) washes
and were rehydrated in decreasing concentration of ethanol.
Tissue sections were treated with sodium borohydrate (0.2%;
Sigma) for 20 min, followed by blocking for 1 h in 5% FBS.
Samples were incubated with primary antibody (1:100 rab-
bit anti-leptin, Santa Cruz Biotechnology) overnight at 4◦C.
After two washes with 1× PBS, secondary antibody (1:500;
goat anti-rabbit IgG conjugated FITC; Sigma) was added to
the samples for 1 h at room temperature in the dark. Fol-
lowing two washes in 1× PBS, cell nuclei were stained with
DAPI and coverslips were mounted using fluorescent mount-
ing medium (DakoCytomation). For negative controls, con-
trol slides were subjected to the same method, except for
the primary antibodies were omitted. Fluorescence was ex-
amined under UV light using an Olympus BX-UCB micro-
scope and MetaMorph Image Analysis software (Universal
Imaging Corporation).

2.8. Statistical analysis
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.6. Immunocytochemistry

Embryos were fixed in 4% paraformaldehyde in PBS
0 min, followed by permeabilization in 0.1% Tween 20
0 min, and 0.1% TritonX-100 for 20 min. Embryos w

hen blocked in PBS supplemented with 1% skim milk
% goat serum. Primary antibody (1:100; rabbit anti-Ob
anta Cruz Biotechnology) was incubated with the bloc
ocytes overnight at 4◦C, followed by goat anti-rabbit FIT
fluorescein isothiocyanate) secondary antibody incub
1:500; Sigma) for 1 h at room temperature. Embryos w
ounterstained with DAPI (4′,6-diamidino-2-phenylindole
nd mounted on glass slides with fluorescent moun
edium (DakoCytomation). Fluorescence was examine

ng an Olympus BX-UCB microscope and MetaMorph im
nalysis software (Universal Imaging Corporation). Ove
mbryos at each of the 2-, 4-, 8-cell, morula and blasto
tages were analyzed for expression of Ob-R.
Cleavage and blastocyst rates, as well as total cell nu
er embryo, were analyzed by ANOVA. Significant res
ere further analyzed by Tukey test. Results were consid
ignificant atP < 0.05 for all tests. Each experiment w
epeated at least three times, and data represents the a
f all repeats.

. Results

.1. Ob-R is expressed in the porcine preimplantation
mbryo

We first studied whether Ob-R is expressed in the por
reimplantation embryo, using RT-PCR. To ensure am
ation of all isoforms of Ob-R, primers were designed
ween exons 4 and 5, which are common to all isoform
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Fig. 1. The leptin receptor is expressed in the porcine preimplantation em-
bryo. Total RNA was isolated from in vivo produced porcine embryos, re-
verse transcribed and 10% of cDNA used as template in real time PCR. (A)
Representative real time PCR amplification, (B) melt curve analysis showing
specificity of the product amplified, (C) agarose gel image to confirm the size
of amplified products (Ob-R: 250 bp, H2A: 226 bp), lane 1: 100 bp marker,
lane 2: lung (positive control), lane 3: 2-cell embryo, lane 4: 4-cell embryo,
lane 5: 8-cell embryo, lane 6: morula stage embryo, lane 7: blastocyst stage
embryo. H2A was amplified from each sample to confirm presence of RNA
in the reaction.

the receptor (Chua et al., 1997). As shown inFig. 1, Ob-R
mRNA was detected in 4-, 8-cell, morula and blastocyst stage
embryos, but was not detectable at the 2-cell stage. Histone
2A (H2A) was amplified to confirm the presence of RNA in
each sample. The expression of Ob-R at the protein level was
also studied. As shown inFig. 2, Ob-R protein was detected
in embryos from the 2-cell stage through to the blastocyst
stage.

3.2. Leptin is expressed in the porcine oviduct

To exert a physiological influence on the preimplantation
embryo, leptin must be spatially available in the oviduct.
To investigate whether leptin protein is indeed present in
the oviduct, immunohistochemistry was performed using
oviduct tissue from day 3 to 4 pregnant pigs. As shown in
Fig. 3D, the epithelium of the mucosal folds was strongly
stained, as well the muscularis layer also showed staining.
No staining was detected in negative control slides that were
not exposed to primary antibody (Fig. 3E). To further in-
vestigate whether leptin is expressed in the oviduct or if

Fig. 2. Representative image of detection of leptin receptor protein in
porcine embryos during preimplantation development. Individual embryos
were fixed in 4% paraformaldehyde, and immunocytochemistry was per-
formed. Ob-R was detected using an anti-Ob-R antibody, and anti-IgG con-
jugated FITC. (A, C, E, G, I) 2, 4, 8, morula and blastocyst stage embryos, (B,
D, F, H, J) negative control embryos where primary antibody was omitted.
Fluorescence images were obtained using an Olympus BX-UCB microscope
and MetaMorph software (Universal Imaging Corporation).

the leptin protein had migrated to the oviduct from another
source, real time RT-PCR was performed. Leptin mRNA
was detected in RNA isolated from oviducts of day 3–4
pregnant sows, but not in oviducts from non-pregnant sows
(Fig. 3C).

3.3. Leptin promotes porcine preimplantation
development

The influence of leptin on preimplantation in vitro embryo
development was also studied. Following in vitro fertiliza-
tion, embryos were cultured in NCSU-23 supplemented with
leptin (10, 100 ng/ml) for 7 days to evaluate preimplanta-
tion development. Cleavage of embryos was significantly in-
creased in the presence of 10 ng/ml leptin (85%;Fig. 4A; P<
0.01) compared to embryos cultured without leptin (70.7%).
Interestingly, a higher concentration of leptin (100 ng/ml) did
not increase cleavage rates (71.9%). Blastocyst development
was also influenced by leptin. Following culture for 7 days
in the presence or absence of leptin, starting at 10 ng/ml lep-
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Fig. 3. Expression of leptin in the porcine oviduct. RNA was isolated from
sow oviducts, reverse transcribed and 10% of the cDNA was used as a tem-
plate for nested PCR. (A) Representative real time amplification curve, (B)
melt curve showing specificity of produce, (C) agarose gel image confirm
the size of amplified products (leptin: 184 bp, HPRT: 130 bp). Lane 1: 100 bp
marker, lane 2: fat (positive control), lane 3: day 3–4 pregnant pig, lane 4:
non-pregnant pig, lane 5: liver (negative control). (D) Immunofluoresence
staining of leptin in the oviduct of a day 3–4 pregnant pig. Paraffin embedded
tissue sections were deparaffinized, blocked, and incubated overnight with
anti-leptin antibody, followed by anti-rabbit IgG conjugated to FITC. Im-
ages were obtained with an Olympus BX-UCB microscope and MetaMorph
Software (Universal Imaging Corporation), (E) negative control in which
primary antibody was omitted.

tin, significantly more embryos reached the blastocyst stage
(Fig. 4B; P < 0.01).

3.4. Synergistic influence of leptin on oocyte maturation
and embryo development

We have previously reported that leptin enhanced oocyte
cytoplasm and nuclear maturation. To investigate whether
there is a synergistic influence of leptin on oocyte maturation
and embryo development, we investigated preimplantation
development of embryos derived from oocytes matured in the
presence or absence of leptin, and cultured in the presence
of leptin during preimplantation development. As shown in

Fig. 4. Preimplantation development of IVF embryos cultured in the pres-
ence or absence of leptin. Cumulus–oocyte complexes isolated from large
antral follicles (>3 mm) were in vitro matured for 48 h, fertilized and cultured
for 7 days, in the presence (10, 100 ng/ml) or absence of leptin. Cleavage rate
(A) was evaluated at day 2 of culture, blastocyst rate (B) was determined at
day 7 of culture. Data is the mean± S.E.M. of six independent experiments
and over 150 embryos were analyzed per treatment.∗P < 0.05,∗∗P < 0.01.

Fig. 5, consistent with what we found previously, presence of
leptin during oocyte maturation alone enhanced both cleav-
age and blastocyst formation (20 and 23.2% increase over
control without leptin,P < 0.05;Fig. 5). The stimulation of
blastocyst formation was further enhanced if leptin was in-
cluded in both IVM and embryo culture (EC) medium (40.5%
increase over control,P< 0.05 compared leptin in IVM group
alone), although no further improvement on cleavage was ob-
served. This data suggests a synergistic influence of leptin on
IVM and EC. In addition, the total cell number per blastocyst
was increased in the presence of leptin (31%) compared to
control embryos not exposed to leptin during either IVM or
EC (31% versus 23% control;P < 0.01), however there was
no difference between IVM and EC treated groups (30.7,
31.2%, respectively).

4. Discussion

The present study has demonstrated that (1) the leptin re-
ceptor is expressed in the porcine preimplantation embryo,



146 J.A. Craig et al. / Molecular and Cellular Endocrinology 229 (2005) 141–147

Fig. 5. Synergistic influence of leptin on oocyte maturation and embryo
development when present during both IVM and EC. Oocytes were cultured
in the presence (10 ng/ml) or absence of leptin and were electro-activated.
Embryos were cultured in the presence (10 ng/ml) or absence of leptin and
cleavage was evaluated at day 2 (A), while blastocyst rate (B) and total
cell number per blastocyst (C) were evaluated at day 7. Solid bar: control,
horizontal lined bar: leptin in IVM, vertical lined bar: leptin in both IVM and
EC. Data is the mean± S.E.M. of six independent experiments, with over
150 embryos analyzed per treatment. Different letters indicate significant
differences.

(2) leptin is spatially available to the embryo within the
oviduct, and (3) leptin has a positive influence on preim-
plantation embryo development in vitro.

Ob-R mRNA was detected in the porcine embryo from
the 4-cell stage through to the blastocyst stage. Previously,
we have shown expression of Ob-R in the porcine oocyte
(Craig et al., in press). The inability to detect Ob-R mRNA
transcripts in the 2-cell stage embryo may suggest that ma-
ternal transcripts are being degraded at this stage. In the
pig, genome activation occurs at the 4-cell stage (Jarrell et
al., 1991), suggesting that Ob-R transcripts observed from

the 4-cell stage onwards are embryonic in origin. In a pre-
vious study in mice, Ob-R expression was detected at the
2-cell, morula and blastocyst stage embryo (Kawamura et
al., 2002). Genome activation occurs at the 2-cell stage in
the mouse, suggesting Ob-R expression from the embryonic
genome is not activated until the morula stage of develop-
ment. The earlier expression of Ob-R from the embryonic
genome in the pig may reflect the earlier involvement of lep-
tin during preimplantation development in this species. In
the present study, Ob-R protein was detectable in embryos
from the 2-cell stage onwards. The presence of Ob-R pro-
tein at the 2-cell stage is likely to be derived from maternal
transcripts.

To study the spatial availability of leptin for the develop-
ing embryo, the presence of leptin in the oviduct was inves-
tigated via immunohistochemistry. Strong staining of leptin
was detected in the luminal epithelium of the oviduct of pigs
3–4 days pregnant, a time which corresponds to the presence
of preimplantation embryos in the oviduct, thus indicating
the spatial availability of leptin during early embryo devel-
opment. To determine whether leptin protein is indeed pro-
duced in the oviduct, or transported from elsewhere, RT-PCR
was performed. As shown inFig. 3, while leptin mRNA tran-
scripts were not detectable in the oviducts of non-pregnant
pigs, leptin transcripts were detected in oviduct RNA iso-
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viduct during early pregnancy was also reported in m
Kawamura et al., 2002). Interestingly, leptin expression h
een observed to be up-regulated in cultured endometri
othelial cells by the presence of blastocyst stage em
Gonzalez et al., 2000).

To further study whether leptin plays a role in preimpla
ion development, in vitro produced embryos were cultu
n the presence or absence of leptin. Enhanced preim
ation development was observed in the presence of l
tarting at 10 ng/ml, as indicated by increased cleavag
lastocyst rates, as well as increased total cell numbe
ay 7 blastocysts. Thus, our findings lend further suppo

he report of a beneficial role of leptin in murine preimpl
ation development (Kawamura et al., 2002). Our study als
rovides in vitro evidence to support the finding that le

s important for the early implantation time window (Malik
t al., 2001). We have previously shown that leptin has

nfluence on cytoplasmic maturation of the oocyte, wh
nhances implantation embryo development (Craig et al.

n press). Leptin is present in porcine follicular fluid and th
ocytes are exposed to leptin in the follicle during matura
Craig et al., in press), and embryos are exposed to leptin d
ng preimplantation development in the oviduct in vivo (
urrent finding andKawamura et al., 2002). We therefore
ypothesized that the inclusion of leptin in both oocyt
itro maturation medium and embryo culture medium wo
urther enhance preimplantation embryo development.
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sistent with our previous observations, inclusion of leptin in
oocyte in vitro maturation medium enhanced preimplantation
development (Craig et al., in press). Interestingly, preimplan-
tation development was further enhanced by the inclusion
of leptin in the embryo culture medium in addition to IVM
medium, suggesting a synergistic effect of leptin on these two
processes.

Leptin is known to be capable of activating both the
JAK/STAT and MAPK signal transduction pathways in many
cell types (Hegyi et al., 2004). In the oocyte, leptin enhances
the maturation of oocyte via the MAPK pathway (Craig
et al., in press). It is possible that leptin may also activate the
MAPK pathway in the preimplantation embryo. Although
the role of MAPK in the oocyte has been extensively stud-
ied, comparatively little is known about the role of MAPK in
the early embryo. Activation of this pathway in the embryo
may contribute to enhance preimplantation development via
increased cell proliferation, as MAPK signal transduction is
a key regulator of cell proliferation (reviewed inRoux and
Blenis, 2004). Indeed, we observed that exposure of ei-
ther oocytes or embryos to leptin increased the total cell
number of day 7 blastocysts, suggesting enhanced prolifera-
tion.

The JAK/STAT pathway has also been suggested to be
activated by leptin in the murine embryo (Fedorcsak and
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