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Exogenous Leptin Administered Intramuscularly
Induces Sex Hormone Disorder and Ca Loss via
Downregulation of Gnrh and PI3K Expression
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Abstract: Obesity is a public health problem that increases the risk of metabolic disease, infertility,
and other chronic health problems. The present study aimed to develop a new rat model for sex
hormone disorder with overweight and Ca loss by intramuscular injection of exogenous leptin (LEP).
Thirty female Sprague-Dawley (SD) rats (40 days old) were injected thrice intramuscularly with LEP
or keyhole limpet hemocyanin immunogen. The following analyses were performed to determine the
development of appetite, overweight, reproductive related-hormones, and calcium (Ca)/phosphorus
(Pi) in SD rats: measurement of Lee’s index, body weight, food intake; serum Ca, Pi, and hormone
tests by enzyme-linked immunosorbent analysis; histological analysis of abdominal fat; real-time
polymerase chain reaction analysis of neuropeptide Y, pro-opiomelanocortin, gonadotropin-releasing
hormone (Gnrh) mRNA, and gonadotropin-releasing hormone receptor (Gnrhr) mRNA expression;
and western blotting analysis of enzyme phosphatidylinositol-3-kinase (PI3K). Rats injected with LEP
immunogen displayed significantly increased body weight, food intake, Lee’s index, serum LEP, serum
cortisol, fat deposition in the abdomen, and decreased hormones including follicle stimulating hormone,
luteinizing hormone, estradiol, cholecystokinin, and Ca. Exogenous LEP administered intramuscularly
also downregulate Gnrh and PI3K. In conclusion, exogenous LEP administered intramuscularly is a
novel animal model for sex hormones disorder with overweight and Ca loss in SD rats. The
downregulation of PI3K and Gnrh may be involved in the development of this animal model.
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Introduction related to osteoporosis and many reproductive health
problems. Although the mechanisms mediating the influ-
Overweight/obesity is a major international problem  ence of metabolism and nutrition on fertility are cur-
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rently unclear, a strong association between metabolic
disorders and infertility is undeniable [23]. Seli E and
Wathes DC reported that obesity and overweight, which
are characterized by lipid and glucose metabolic disor-
ders, are significantly involved in the incidence of poly-
cystic ovary syndrome and impaired natural fertility
[29, 35].

Female fertility depends on adequate nutrition and
energy reserves, suggesting a correlation between meta-
bolic reserve and reproductive capacity [9, 24]. Innumer-
ous studies have described a critical role for leptin (LEP)
in the regulation of gonadal function, uterine physiology,
pregnancy, and implantation [3, 5, 10]. LEP dysfunction
in both animals and humans is associated with profound
metabolic abnormalities including obesity, dyslipidemia
and LEP resistance [27]. LEP or its receptor dysfunction
is among the answers explaining anovulation during
obesity that leads to reproductive problems such as in-
fertility [6]. A Lep-deficient (ob/ob), LEP receptor-defi-
cient (db/db), and Lep-knockout mouse induced animal
model been used in studies on obesity and metabolic
syndromes, which compromise reproductive ability and
bone mass [33].

The hypothalamic hormone gonadotropin-releasing
hormone (GNRH) plays a central role in reproduction
[11]. As the key regulator of reproduction, GNRH is
released by neurons in the hypothalamus and transport-
ed via the hypothalamohypophyseal portal circulation
to the anterior pituitary to trigger gonadotropin release
for gonadal steroid genesis and gametogenesis [14]. LEP
is essential to the hypothalamic release of GNRH and
the stimulation of reproductive activities in mammals
and birds [3, 21]. Shi et al. showed that the intramuscu-
lar injection of exogenous LEP mimicked LEP bioactiv-
ity loss in laying hens that had extra fat deposition and
lower egg production [32]. LEP is also an important
factor in the development and function of the mammary
glands in goats [17]. LEP receptor signaling inhibits
ovarian follicle development and egg laying in hens [16].
However, whether the intramuscular injection of exog-
enous LEP mimics LEP bioactivity loss and represents
a mammal model for obesity with reproductive problems
remains unknown and less evidence were shown in the
earlier studies. Moreover, the metabolic disorder of
lipid/glucose and sex hormones is responsible for the
calcium (Ca)/phosphorous (Pi) imbalance or reducing
levels of Ca/Pi [39]. In fact, the Ca/Pi disorder is respon-
sible for osteoporosis [12]. In neurons, as in a variety of

other cell types, phosphatidylinositol-3-kinase (PI3K) is
a key intermediate that is common to the signaling path-
ways of a number of peripheral metabolic cues, includ-
ing insulin and LEP, which are well known to regulate
both metabolic and reproductive functions [1].

In the present study, female Sprague-Dawley (SD) rats
were immunized thrice with the fusion proteins of LEP
on experimental Days 1,21, and 42. The effects on food
intake, body weight, reproduction-related hormones, Ca/
Pi, abdominal fat deposition, Gnrh, and gonadotropin-
releasing hormone receptor (Gnrhr) mRNA and PI3K
expression in the hypothalamus at different time points
were analyzed.

Materials and Methods

Animals and ethical approval

The present study was conducted in accordance with
the National Institutes of Health Guides for the Care and
Use of Laboratory Animals. The experimental protocol
was approved by the Institutional Animal Care and Use
Committee of the Southern Medical University of China
(R-20120928-01). Thirty female SD rats (40 days old)
were purchased from the Laboratory Animal Center of
Southern Medical University of China and used in the
experiment. Five days before the experiment, all rats
were adapted to the environment. One rat was kept per
cage and each was allowed free access to water and food.
Every rat was exposed to 12 h of indoor light each day.
Collection of orbital venous plexus blood was performed
under anesthesia (Xylazine, intramuscular injection,
0.13 mg/kg body weight). The rats were anesthetized
and euthanized by exsanguinations prior to the tissue
collection.

Preparation of immunogen

Recombinant Tibet minipig’s LEP was prepared and
purified as described previously [19]. The LEP fusion
proteins were adjusted to a concentration of 6 mg/ml and
mixed with a mineral oil adjuvant at a ratio of 1:2 (v: v)
and homogenized to produce the LEP immunogens con-
taining a final concentration of 2 mg/ml for immuniza-
tion. The immunogen for the control group was prepared
similarly but with keyhole limpet hemocyanin (KLH), a
control protein used for immune competence testing
(Sigma-Aldrich, St. Louis, MO, USA).
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Experimental design

The experimental flow chart is shown in Fig. 1A.
Thirty female SD rats 40 days of age were weighed and
randomly divided into the LEP (n=15) and KLH (n=15)
groups; the rats in each group were intramuscularly in-
jected with 1 mg of LEP or KLH immunogen on Day 1.
Booster immunizations were given on Days 21 and 42.
Lee’s index, body weight, food intake, and nose-to-anus
length were determined, and orbital venous plexus blood
(9:00 am) samples were collected on Days 0, 14, 28, 42,
and 52. After centrifugation at 2,000 x g, the serum was
separated and stored at —80°C until analyses of antibody
titer, serum Ca, Pi, cholecystokinin (CCK), sex hormone,
and other reproduction-related hormones. At Day 52, the
rats were euthanized and the abdominal fat (individual
mesenteric, inguinal, periuterus, and perirenal white tis-
sues) was removed, weighed, and preserved in 4% for-
malin and the hypothalamus was collected and stored at
—80°C for real-time polymerase chain reaction (RT-
PCR). Lee’s index was used to evaluate the degree of
obesity in each rat [15]. Lee’s index and the abdominal
fat rate were calculated as follows: Lee’s index=body
weight (g) "*/nose-to-anus length (cm) x 1,000; abdom-
inal fat rate=abdominal fat (g)/body weight (g) x 100.

Measurement of blood antibody titers

Goat anti-rat antibody and horse radish peroxidase
were purchased from Biotechs (Guangzhou, China).
Anti-LEP titer was tested as described previously [32].

Reproduction-related hormone, Ca, Pi, LEP, and CCK
levels

Sex hormones including follicle-stimulating hormone
(FSH), luteinizing hormone (LH), estradiol (E2), pro-
gesterone (P), testosterone (T), prolactin (PRL), and
other reproduction-related hormones including LEP,
insulin-like growth factor-1 (IGF1), cortisol, growth
hormone (GH),and Ca, and Pi in the serum were deter-
mined by Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). CCK levels were measured using a rat
CCK enzyme-linked immunosorbent assay (ELISA) kit
(Groundwork Biotechnology Diagnosticate, San Diego,
CA, USA). Serum LEP levels were measured using a rat
leptin ELISA kit (Millipore Corporation, Billerica, MA,
USA).

Histological analysis of abdominal fat
Abdominal fat was collected from the same position

in each group, sectioned in paraffin, and stained with
hematoxylin and eosin. Microscopic images were ob-
served, captured, and analyzed using an Eclipse Ti-U
inverted microscope (Nikon Corporation, Tokyo, Japan),
NIS-Elements software (Nikon Corporation, Tokyo,
Japan), and Image-Pro Plus version 6.0 software (Media
Cybernetics, Inc., Washington, USA).

Real-time polymerase chain reaction (PCR) analysis of
pro-opiomelanocortin (Pomc), neuropeptide Y (Npy),
Gnrh, and Gnrhr messenger ribonucleic acid (mRNA)
expression in the hypothalamus

Post-homogenization, total RNA was extracted from
the hypothalamus using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Extracted RNA were reverse tran-
scribed to synthesize first-strand complementary deoxy
ribonucleic acid (¢cDNA) using First Strand cDNA Syn-
thesis Kit (TOYOBO, Osaka, Japan). The cDNA was
stored at —20°C for subsequent analysis. Primers were
purchased from Invitrogen. The B-actin sequences in-
cluded 5'-CACCCGCGAGTACAACCTTC-3’ (forward)
and 5'-CCCATACCCACCATCACACC-3' (reverse);
Gnrh sequences were 5'- ATTCTACTGACTTGGTGC-
GTG-3' (forward) and 5'-GGAATATGTGCAACTTG-
GTGT-3' (reverse); Gnrhr sequences were 5'-GTAT-
GCTGGAGAGTTACTCTGCA-3" (forward) and
5'- GGATGATGAAGAGGCAGCTGAAG-3' (reverse);
Npy sequences were 5'-CTGACCCTCGCTCTATCC-3'
(forward) and 5'-GGTCTTCAAGCCTTGTTCT-3" (re-
verse); and Pomc sequences were 5'-CCTCCT-
GCTTCAGACCTCCA-3' (forward) and 5'- GGCT-
GTTCATCTCCGTTGC-3" (reverse). SYBR Green
real-time PCR was performed using the manufacturer’s
protocol with the following profile: 2 min at 50°C, 2 min
at 95°C, followed by 40 two-temperature cycles (15 s at
95°C and 30 s at 60°C [B-actin] or 62°C [Gnrh] or 68°C
[Gnrhr] or 63°C [Pomc] or 57°C [Npy]) (Real Time PCR
Master Mix SYBR Green; TOYOBO, Osaka, Japan).
Gene expression was normalized against B-actin [20].

Western blotting

The hypothalamic tissues were homogenized and cen-
trifuged. The supernatant was mixed with 2x Laemmli
buffer (Sigma-Aldrich, St. Louis, MO, USA), denatured,
resolved by denaturing polyacrylamide gel electropho-
resis, and transferred to nitrocellulose membranes. The
B-actin and p-PI3K primary antibodies (Cell Signaling
Technology, Inc., Boston, MA, USA) were used at a
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Fig. 1. The intramuscular injection of exogenous leptin stimulated a high immune reaction against leptin

and induced hyperleptinemia hyperleptindemiahhhyperleptin in rats. (A) Experimental flow chart.
Arrows indicate the experimental treatment and data collection time points; (a) body weight; (b)
food intake; (c) nose-to-anus length; (d-1) blood sample collection for antibody titer; (d-2) blood
sample collection for antibody titer, reproductive function-related hormone, cholecystokinin, cal-
cium, phosphorus; (e) euthanasia for weighing abdominal fat, histological analysis of abdominal
fat, real-time polymerase chain reaction analysis of gonadotropin-releasing hormone and gonado-
tropin-releasing hormone receptor in the hypothalamus, and western blotting for phosphatidylino-
sitol-3-kinase in hypothalamus. (B) Anti-leptin antibody titer. (C) Level of serum leptin at the end
of the experiment. Asterisks indicate significant differences between treatments (*P<0.05, **P<0.001).

All values (mean + standard error) were derived on a single-day basis of 15 animals per group.

1:200 dilution. The anti-rabbit secondary antibody (Cell
Signaling Technology, Inc. Boston, MA, USA) was used
at a 1:50,000 dilution. A SuperSignal West-Pico Kit
(Thermo Fisher Scientific, Waltham, MA, USA) was
used to develop the signal. The procedure was performed
as described previously [18]. PI3K expression was nor-
malized against f-actin. Image was observed, captured,
and analyzed using an BIO-RAD Gel Doc XR+ (Bio-Rad
Laboratories Co., Ltd., Hercules, CA, USA).

Statistical analysis

All values are reported as mean = SEM. All statistical
analyses were performed using SPSS 13.0 (SPSS Inc.,
Chicago, USA). RT-PCR data were analyzed by Stu-
dent’s ¢-test. Other data were analyzed by two-way
analysis of variance and the means were compared by
the least significant differences test at a significance
level of 0.05.

Results

Antibody titer and level of serum LEP

The experimental flow chart is shown in Fig. 1A. Be-
fore the first immunization, the anti-LEP antibody titers
in the blood were low in the two groups of rats. How-
ever, 7 days after the first inoculation of recombinant
LEP immunogen, the anti-LEP antibody titers were
significantly higher in the LEP -immunized rats than in
the control rats (P<0.001) (Fig. 1B), which were barely
detectable. As shown in Fig. 1C, serum endogenous cir-
culating LEP in the LEP-immunized rats (8.98 +
1.08 ng/ml) was threefold higher than that in KLH-im-
munized rats (2.88 £ 0.35 ng/ml).

Body weight, Lee’s index, histological analysis of
abdominal fat

To quantify the level of obesity, body weight and nose-
to-anus length (data not shown) were measured and Lee’s
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Fig. 2. Intramuscular injection of exogenous leptin increased body weight, Lee’s index, and abdominal fat
deposition. (A) body weight; (B) Lee’s index; (C) representative images of abdominal fat of KLH
and LEP. All values (mean = SEM) were derived on a single-day basis of 15 animals per group.
Arrows indicate immunogen inoculations; asterisks indicate significant differences between treat-

ments ("P<0.05, **P<0.001). Bar=20 um.

Table 1. Fat deposition in abdomen at the end of the experiment

KLH (n=15) LEP(@m=15)
Abdominal fat weight (g) 4.18+0.40 5.95+0.35"
Abdominal fat (%) 1.81 +£0.18 224 +0.11
Abdominal fat cell area (mm?2) 11227 +£14.97 152.44+£791"
Abdominal fat cell number 76.17£4.33 59.83 £4.09"

Data are presented as mean £ SEM. "P<0.05 vs. KLH, **P<0.001 vs.
KLH. KLH, keyhole limpet hemocyanin; LEP, leptin.

index was calculated. The average body weight of the
rats immunized with LEP was approximately 15% high-
er than that of those immunized with KLH at Day 52
(Fig. 2A). The increased body weight of the LEP-immu-
nized rats might be associated with increased daily food
consumption. Lee’s index in LEP-immunized rats was
significant higher than that in KLH-immunized rats from
Day 28 (Fig. 2B).

At the end of the experiment when the animals were
sacrificed, the LEP-immunized rats had 45% more ab-
dominal fat than the KLH-immunized rats (4.18 = 0.40 g)
(Table 1). Histological analysis revealed that the ab-
dominal adipocyte cell area of the LEP-immunized rats

was 36% larger than that of the KLH-immunized rats,
while the cell numbers under microscopic observation
were only 79% of those in the KLH-immunized rats
(P<0.005, Fig. 2C and Table 1).

Food intake, serum CCK, and Pomc/Npy ratio

The food intake of the LEP-immunized rats improved
after the first injection; moreover, the differences were
significant between the control and LEP-immunized rats
at 28 and 52 days (Fig. 3A). The CCK level was sig-
nificantly lower in the LEP-immunized rats (0.88 +
0.07 ng/ml) and only one quarter of that in the KLH-
immunized rats (3.46 + 0.56 ng/ml) (P<0.005) (Fig. 3B).
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Fig. 3. Intramuscular injection of exogenous leptin increased food intake by inhibiting chole-
cystokinin (CCK) secretion. (A) food intake; (B) level of serum CCK at the end of the
experiment; (C) pro-opiomelanocortin (Pomc) and neuropeptide Y (Npy) mRNA expres-
sion; (D) ratio of Pomc/Npy. Asterisks indicate significant differences between treatments
(*P<0.05, **P<0.001). All values (mean + SEM) were derived on a single-day basis of

15 animals per group.

Real-time PCR analysis revealed that the expression of
Pomc and Npy in the hypothalamus did not differ sig-
nificantly between groups (P>0.05) (Fig. 3C). However,
the Pomc/Npy ratio in the hypothalamus was signifi-
cantly (P<0.05) lower in the LEP-immunized rats
(0.54 £+ 0.05) than in the KLH-immunized rats (0.71 +
0.03) (Fig. 3D).

Serum sex hormones, IGF 1, cortisol, and GH

As shown in Table 2, levels of sex hormones in the
blood, including FSH, LH, P, PRL, E2, and T did not
differ significantly among groups before the first im-
munization (P>0.05). However, great changes occurred
at the end of this experiment. Sex hormones in both KLH
and LEP-immunized rats increased with age. At Day 52,
the FSH level of the LEP-immunized rats was 33%
lower than that of the KLH-immunized rats (6.22 +
0.45 mIU/ml) (P<0.05); meanwhile, the LH and E2 lev-
els of the LEP-immunized rats were 75% of those in the

KLH-immunized rats (LH, 4.42 + 0.36 mIU/ml; E2,
17.38 = 1.44 mIU/ml) (P<0.05); moreover, the T level
of the LEP-immunized rats was significantly higher
(25%, P<0.05) than that of the KLH-immunized rats
(1,148 = 119 ng/ml). There were no significant differ-
ences in the P and PRL levels in the KLH and LEP-
immunized rats (P>0.05). The serum IGF1 level in LEP-
immunized rat (1,157 = 264 ng/ml) was 27% significant
lower than that of KLH-immunized rat. The levels of
serum cortisol increased significantly with age in LEP-
immunized rats. At the end of the experiment, the serum
cortisol level in LEP-immunized rats (8.02 £+ 0.53 ng/ml)
was approximately 40% higher than that in the KLH-
immunized rats (P>0.05). The magnitude of change of
GH levels was less and there was no significant differ-
ence among groups (P>0.05).

Serum Ca and Pi
As shown in Table 3, Ca and Pi levels in the blood did
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Table 2. Levels of serum reproduction-related hormones at Days 0 and 52

KLH (n=15) LEP (n=15)
Day 0 Day 52 Day 0 Day 52

FSH (mIU/ml) 3.97+0.74 6.22 £0.45 3.55+0.57 4.14+051"
LH (mIU/ml) 3.26 £ 0.61 4.42+0.36 3.36+£0.52 3.23+0.39"
P (ng/ml) 0.73 £0.06 1.21+0.21 0.78 £0.1 1.05+0.1
PRL (ng/ml) 2.88+£0.38 5.54+0.45 2.75+043 5.11+0.5
E2 (pg/ml) 631123 17.38 £ 1.44 6.78 £0.85 13.23 £ 1.16"
T (ng/ml) 466 + 104 1,148 £ 119 478 + 62 1,517 108"
IGF1 (ng/ml) 1,160 + 239 1,241 + 405 1,574 +278 1,157 £ 264"
Cortisol (ng/ml) 435+0.48 5.67+0.85 4.06 £ 0.66 8.02+0.53"
GH (ng/ml) 6.98 £0.73 3.81+0.5 7.61 £0.64 3.61 £047

Data are presented as mean + SEM. “P<0.05 vs. KLH. KLH, keyhole limpet hemocyanin; LEP,
leptin; FSH, follicle-stimulating hormone; LH, luteinizing hormone; P, progesterone; PRL, pro-
lactin; E2, estradiol; T, testosterone; IGF1, insulin-like growth factor-1; GH, growth hormone.

Table 3. Serum Ca loss in LEP-immunized rat at the end point of the experiment

KLH (n=15) LEP (n=15)
Day 0 Day 52 Day 0 Day 52
Ca (mmol/l) 2.68 +0.42 2.18+0.42 2.74 +0.33 0.8+ 0.06"
Pi (mmol/l) 3+0.36 2.04+0.19 2.88 +0.36 1.97+0.2
Ca/Pi 091+0.1 1.13+0.25 0.96 +0.04 0.42 +0.04"
Ca x Pi 8.53+2.1 431+0.73 8.47+2.02 1.59+0.23"

Data are presented as mean = SEM. "P<0.05 vs. KLH. Ca, calcium; Pi, phosphorous.

not differ significantly between the KLH and LEP-im-
munized rats before the first immunization (P>0.05). At
Day 52, our data showed that the levels of Ca and Pi in
the two groups were lower than those of Day 0. In con-
trast with the control group, immunization against LEP
caused the blood to lose two-thirds of the Ca content (0.8
+ 0.06 mmol/l), while Pi did not differ significantly
(P>0.05) at Day 52. More importantly, a Ca/Pi imbalance
was seen. The Ca/Pi ratio in LEP-immunized rats seri-
ously decreased to 0.42 + 0.04 at the end of the experi-
ment, whereas the Ca/Pi ratio in KLH-immunized rats
remained at about 1.The change of Ca % Pi were similar
to that of the Ca/Pi ratio.

Gnrh, Gnrhir mRNA expression, and PI3K signaling
By real-time PCR, the mRNA expression of Gnrh/p-
actin in the hypothalamus was significantly lower (88%)
in the LEP-immunized rats than that in the KLH-immu-
nized rats (0.252 + 0.020, P<0.05). The mRNA expres-
sion of Gnrhr/B-actin in the hypothalamus was slightly
but non-significantly (P>0.05) lower in the LEP-immu-
nized rats (0.492 + 0.036) than in the control rats (0.541
+ 0.031) at the end of the experiment (Fig. 4A). PI3K
protein in the hypothalamus of LEP-immunized rats

significantly dropped to 0.29 + 0.1 (gray level), reducing
by nearly 11x compared to the control rats (gray level:
2.76 = 0.74) (Figs. 4B and C).

Discussion

The immunogenicity of the LEP immunogen prepared
in this study consisting of 2 mg of recombinant LEP in
1 ml of mineral oil adjuvant was appropriate and suffi-
cient to stimulate a high immune reaction against LEP
in rats as shown by the high antibody titers in the blood
28 day after the first inoculation. Subsequent repeated
inoculations in rats further increase the antibody titers.

In the present study, body weight, Lee’s index, and fat
deposition were increased during the first 14 days in the
presence of presumptive rising antibody titers against
LEP. We predicted that the LEP immunogen increases
LEP antibody formation, thereby blocking LEP bioavail-
ability. Surprisingly, the intramuscular injection of LEP
immunogen did not decrease endogenous LEP but
rather stimulated endogenous LEP secretion and led to
the excessive accumulation of endogenous LEP in the
blood. These results may be consistent with the bio-
logical dysfunction of LEP in stimulating energy expen-
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asterisks indicate significant differences between treatments (**P<0.001). All values (mean + SEM) were
derived on a single-day basis of 15 animals per group.

diture and inhibiting fat accumulation and appetite in
ob/ob mice and Lep-KO mice [7, 25, 36]. However, these
obesity models do not explain the entire pathogenesis in
obese people. Studies have reported that LEP resistance
occurred in obese people who did not have a Lep gene
mutation or deletion like ob/0b or Lep-KO mice. Defi-
cient model used by leptin antibody injection in hens
also not fully explain the process and mechanism of
mammalian metabolic diseases.

Obesity, the mechanism of which is still not com-
pletely elucidated, is a complex disease that involves
interactions among diet, environment, genetic factors,
drugs, and other diseases [30]. Hyperleptinemia or LEP
resistance is a risk factor for diabetes, hypertension, and
preeclampsia in pregnancy [34]. The bulk of the work
investigating the correlation between LEP disorder and
health risks has focused on chronic diseases; however,
we are learning more about the components of intramus-
cular injection of exogenous LEP that induce hyperlep-
tinemia, a novel mammal model for sex hormone disor-
der that links infertility and obesity.

The fact that LEP-immunized rats displayed progres-
sive obese symptoms after the intramuscular injection
of exogenous LEP may be due to overeating by inhibit-
ing CCK secretion. In this study, LEP-immunized rats
had lower serum CCK levels at the end of the experi-
ment, which may be responsible for hyperphagia. CCK,
a duodenal peptide secreted during meals that aids in
digestion, activates an ascending pathway leading to the
inhibition of food intake [37]. The mRNA expressions
of Pomc and Npy were detected by RT-PCR. POMC and
NPY antagonize each other, and their ratio is crucial in

appetite regulation; appetite increases when the ratio is
lowered and vice versa [38]. The present study showed
that the Pomc/Npy ratio decreased after the intramuscu-
lar injection of exogenous LEP. Therefore, it has a com-
plex effect on increasing appetite. The elevated daily
food consumption was responsible for the increased body
weight and Lee’s index.

Since deficient LEP signaling causes infertility via
reducing neuronal GNRH activity [31]. In our study, we
highlight the effects of LEP immunogen on the reproduc-
tive system because the abnormal changes in sex hor-
mones as well as the mRNA expression of Gnrh/B-actin
and Gnrhr/B-actin are the reasons for infertility. The
Gnrh/B-actin ratio was lower in LEP-immunized rats
than in control rats. Anti-LEP antibody, which was pro-
duced by the intramuscular injection of exogenous LEP
immunogen, may have a role as a GNRH antagonist. Our
data also showed that the levels of FSH, LH, and E2
were significantly lower, while that of T was higher in
LEP-immunized rats than in KLH-immunized rats. Pu-
bertal onset occurs only in a favorable, anabolic hor-
monal environment [26]. The pubertal period of rat is
from the age of 35 days (the beginning of the pubertal
period) to the age of 4 months (post-pubertal period)
[22]. In this study, we used 40-day-old rats. Studies have
shown that estrogen deficiency or androgen excess in-
duces delayed puberty or reproductive dysfunction [22].
The abnormal changes in sex hormones (sex hormone
disorder) after exogenous LEP immunogen administered
intramuscularly may induce delayed puberty or repro-
ductive dysfunction in SD rats.

Decreased sex hormone and IGF1 levels in the blood
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may be caused by the lower level of GNRH in the hypo-
thalamus, which is likely to lead to infertility. This find-
ing was consistent with the previous report that GNRH
induces the release of LH, FSH, and IGF1 [21]. The re-
productive system is controlled by GNRH secretion from
the brain, which is finely modulated by a number of fac-
tors including gonadal sex steroids [13]. In addition,
Gnrhr mRNA expression was decreased in LEP-immu-
nized rats, although there was no significant difference
among groups. GNRH antagonists compete with GNRH
for its receptors and have an immediate and sustained
suppressive effect on LH and FSH secretion [28].

Exogenous LEP immunogen administered intramus-
cularly induced a Ca/Pi imbalance. In this study, LEP
showed hypocalcemia and a low Ca/P ratio in the blood.
These results suggest that the intramuscular injection of
exogenous LEP immunogen may also cause the body to
lose Ca, which can lead to bone loss and osteoporosis
over time. In addition to LEP dysfunction, there may be
three reasons for hypocalcemia and low Ca/P in the
blood. First, the low level of E2 in the blood may cause
hypocalcemia and low Ca/P in the blood because E2 is
essential in the development and growth of the skeleton
and for the maintenance of bone mass and density [2, 8].
Second, the low level of GNRH in the hypothalamus
may cause hypocalcemia and low Ca/P in the blood.
Studies have reported that the treatment of precocious
puberty with a GNRH antagonist or analog (GNRHA)
reduces sex steroid levels and leads to a situation of
hypoestrogenism that may theoretically have a detrimen-
tal effect on bone mass (reduction in bone mineral den-
sity) during pubertal development [5]. Third, the intra-
muscular injection of exogenous LEP immunogen
induced an abnormally high level of cortisol in the blood.
Studies have reported that hypercortisolism can impair
reproductive processes and induce osteoporosis in fe-
males [9, 34].

Hyperleptinemia may be induced by the impairment
of PI3K signaling pathway. A link between the PI3K
signaling pathway and the regulation of Gnrh mRNA
expression was observed in this study. The weakened
PI3K signaling may be responsible for the downregula-
tion of Gnrh mRNA expression in LEP-immunized rats.
Impaired hypothalamic insulin and LEP receptor signal-
ing is thought to be at the core of reproductive disorders
associated with metabolic dysfunction [1]. Metabolic
models of LEP resistance (hyperleptinemia) that are
known to alter GNRH/LH release, such as diabetes diet-

induced obesity, and caloric restriction, are also accom-
panied by impairments of PI3K signaling in insulin- and
LEP-sensitive tissues including the hypothalamus [4].
Extensive studies will be needed to determine the mech-
anism of sex hormone disorder models that correlate
infertility and obesity by the intramuscular injection of
exogenous LEP.

In conclusion, exogenous LEP administered intramus-
cularly induced hyperleptinemia, overweight compli-
cated with sex hormone disorder, and Ca loss in SD rats.
The downregulation of PI3K and Gnri may be involved
in these effects of intramuscular injection of exogenous
LEP. This may be a novel rat model for further explor-
atory studies of obesity complicated by infertility and
osteoporosis.
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