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Leptin is a multifunctional hormone encoded of the ob gene, plays an important role in food intake and 
energy homeostasis. Recent studies indicated that the role of leptin is much broader, such as the regulation 
of reproduction and hibernation. But so far the limited study of leptin and its receptor has investigated 
in Chinese alligator, Alligator sinensis. Therefore, we reported the presence and location of leptin and 
its receptor in different tissues of Chinese alligator by immunohistochemistry analysis. This study aims 
to access the possible effect of leptin in Chinese alligator. The results showed that immunoreactivity of 
leptin was observed in the adipocyte of white adipose tissue, the gastric gland of the stomach, the lamina 
propria of the intestine and the interstitial cell and seminiferous tubule of testis, leptin receptor staining 
was detected in the adipocyte of white adipose tissue, the gastric gland and submucosa of the stomach, the 
submucosa, muscular layer and intestine villi of the intestine, the granulose cell and follicular membrane 
cell of the ovary and the interstitial cell and seminiferous tubule of the testis. Moreover, we investigated 
seasonal changes of leptin in plasma of Chinese alligator by radioimmunoassay method. Our results 
demonstrated circulating leptin levels varied significantly over the season. Therefore, we hypothesize that 
leptin is involved in nutrient stores, absorption and utilization, and reproductive behavior of the Chinese 
alligator.

INTRODUCTION

Leptin is a 16 kDa hormone, product of the ob gene. 
The precursor form of leptin contains 167 amino 

acids and it circulates as a 146 amino acid peptide. When 
leptin was secreted in blood, whose amino-terminal 
signal sequence containing 21 amino acid residues 
are cleaved (Zhang et al., 1994). Recently, leptin was 
considered as the regulator of food intake and body 
weight homeostasis (Zhang et al., 1994; Fischer et al., 
2019), and other various functions such as reproduction, 
immune response, and hematopoiesis (Cioffi et al., 1996; 
Loffreda et al., 1998). Besides, the source of leptin has 
also been demonstrated in different tissues, including 
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adipocytes, placenta (Masuzaki et al., 1997), mammary 
glands (Smith-Kirwin et al., 1998), brain and pituitary 
(Morash et al., 1999), stomach (Irena et al., 2019), ovary 
(Sarkar et al., 2010), testis (Shklyaev et al., 2003), liver 
(Paolucci et al., 2001), skeletal muscle (Wang et al., 
1998), olfactory (Baly et al., 2007), and nose (Taildeman 
et al., 2010). As a leptin binding protein, the leptin receptor 
(LR) was also discovered in various tissues, such as the 
hypothalamus (Leshan et al., 2006), pancreas (Paolucci 
et al., 2006), liver (Paolucci et al., 2006), thyroid gland 
(Sciarrillo et al., 2005), olfactory (Baly et al., 2007), nose 
(Taildeman et al., 2010), and ovary (Sarkar et al., 2010). 
LR was expressed in six isoforms, including LR-a, LR-b, 
LR-c, LR-d, LR-e and LR-f (Lee et al., 1996). According 
to the structural differences, the leptin receptor’s isoforms 
were divided into two classes: long (LR-b) and short (LR-
a, LR-c, LR-d, LR-e, LR-f). Among all LR isoforms, LR-a 
and LR-b are considered to be functional, and they involved 
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in the control of leptin signalling and the transport and 
degradation of leptin. The leptin receptor could modulate 
its leptin synthesis in rat adipose tissue (Zhang et al., 
1997). Leptin could also exert a control on the expression 
of its receptor by a differential way in the hypothalamic- 
pituitary-ovarian axis (Di Yorio et al., 2008).

Leptin plays an important role in the regulation 
of body weight, food intake and energy expenditure 
(Stephens et al., 1995). The synthesized leptin is secreted 
into the blood, and into the brain through the blood-brain 
barrier, presumably by a soluble transporter (Banks et al., 
1996), to bind to leptin receptors in the hypothalamus 
(Tartaglia et al., 1995). Finally, leptin administration 
stimulates or inhibits the release of neurotransmitters, such 
as neuropeptide Y, cocaine and amphetamine-regulated 
transcript, and proopiomelanocortin, resulting in decreased 
food intake and increased activity in rodents (Ahima 
et al., 2000). And then increased fat mass and changes 
in endocrine system signals exert negative feedback on 
leptin synthesis and secretion (Ahima and Flier, 2000). 
The rate of leptin secretion and its plasma concentration is 
correlated with total mammalian adipose depots (Klein et 
al., 1996). Therefore, this hormone circulates through the 
organism as an internal signal indicating the size of body 
fat depots.

Recent studies have demonstrated that leptin acted 
evidently as one of the important regulators of puberty and 
reproduction (Cunningham et al., 1999; Díaz-Torga et al., 
2001; Ahmadi et al., 2016). Leptin was implicated that can 
regulate the hypothalamic-pituitary axis, mainly through 
effects on the GnRH neuronal system. Additional study 
revealed the ability of intrahypothalamic infusion of leptin 
can stimulate GnRH release in vivo and the normalization 
of pulsatile GnRH/LH secretion after central leptin 
administration in fasted rats (Watanobe, 2002). Leptin 
plays an important role in regulating reproduction in 
the infertile ob/ob mouse (Ahima et al., 2000). In mice, 
testicular weights and diameters of seminiferous tubules 
were significantly increased in the leptin injected group, 
and the present findings indicate that testicular functions 
and synthesis of testosterone increase after administration 
of leptin (Kus et al., 2005). Leptin can bring about a delay 
in testis summer regression in Podarcis sicula, playing a 
regulatory role in reproduction in this species (Putti et al., 
2009). In the lizard, leptin levels in plasma, liver, and fat 
bodies fluctuated during the reproductive cycle, indicated 
that leptin might regulate reproductive function (Paolucci 
et al., 2001; Sun et al., 2018). Several pieces of evidience 
suggest that leptin can regulate the onset of puberty. 
Initiation of puberty in girls may occur when sufficient 
leptin concentrations are reached (Palmert et al., 1998). 
In female mice, leptin acts as a signal triggering puberty 
to influence the reproductive tract (Chehab et al., 1997).

Recently, the studies of leptin and its receptors 
mainly focus on mammalian species, and a few lizard 
and snake species in reptile (Denver et al., 2011; Putti 
et al., 2009; Paolucci et al., 2001, 2006; Spanovich et 
al., 2006; Sciarrillo et al., 2005; Muruzábal et al., 2002; 
Niewiarowski et al., 2000; Sun et al., 2018). However, the 
limited study of leptin and its receptor was investigated 
in the Chinese alligator (Alligator sinensis). Here, we 
reported the distribution of leptin and its receptors in 
several different tissues of the Chinese alligator by 
immunohistochemical analyses and seasonal fluctuations 
on circulating leptin in alligators by radioimmunoassay 
method. The aim is to discover the source and the target 
organ of leptin in different tissues, seasonal changes of 
leptin in the plasma of Chinese alligator, and to discuss 
the possible involvement of leptin in reproduction, energy 
homeostasis and hibernation.

MATERIALS AND METHODS

Immunohistochemistry
The testis, the spermaduct and the epididymis were 

removed from adult male alligators. The ovary, oviduct, 
stomach, intestines and white adipose tissue were 
collected from female alligators. All samples were fixed in 
Bouin’s fixative for 24 h. Then these tissues were stored in 
70% ethanol until embedded in paraffin by conventional 
methodology, after which sections of 5μm were obtained 
with a rotary microtome. After dewaxing and rehydration, 
endogenous peroxidase was quenched with 3% hydrogen 
peroxide for 10 min. Antigen retrieval was achieved 
through heat exposure of sections immersed in 0.01M 
citric acid buffer solution (pH 6.0) for 10 min at 95°C 
followed by a wash in phosphate-buffered saline at PBS 
pH 7.4. To prevent non-specific binding of antibodies, 
segments were incubated with 5% normal goat serum for 
20 min. Segments were then incubated with the primary 
antibodies overnight at 4°C. Negative controls were 
designed by replacing primary antibodies with PBS. After 
the incubation period with primary antibodies and wash 
in PBS, the sections were incubated with the secondary 
antibody for 20 min and immunostained by SABC 
method (SA1022, Boster Company, China), finally, DAB 
(AR1022, Boster Company, China) was visualized. Tissues 
were counterstained with hematoxylin. After the sections 
were dehydrated, all slides were covered with the neutral 
balsam. Stained sections were examined under a light 
microscopic (Olympus BX61). The following antibodies 
were used in this study: rabbit polyclonal anti-human 
leptin antibody (BA1231, Boster Company, China, diluted 
1:100 in antibody diluent), rabbit polyclonal anti-human 
Leptin receptor antibody (BA1233, Boster Company, 
China, diluted 1:100 in antibody diluent).

H. Zhang et al.
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Radioimmunoassay
Twenty adult Chinese alligators (ten females and ten 

males) were captured and kept alone in a pond. Blood 
samples were collected each two months from the vein of 
the tail. Plasma was obtained by 5000r/min centrifugation 
for 10 min at 4°C (5804R) and stored at -40°C until use. 
All samples were sent to Yi Ji Shan Hospital to measure 
leptin concentration in plasma by professional workers. 
Leptin Radioimmunoassay Kit was bought from the 
Beijing North Institute of Biological Technology. The data 
were analyzed by an oneway ANOVA method with SPSS 
25.0 programme.

RESULTS

Location of the leptin and its receptor in different tissues
Immunoreactivity of leptin in Chinese alligator was 

presented in Figure 1. Immunoreactivity of leptin was 
observed in the white adipose tissue (Fig. 1A). The study 
of gastric sections of the stomach immunostained for 
leptin showed immunoreactivity on the gastric gland of 
the mucosa (Fig. 1B). Moreover, immunohistochemistry 
of the intestine revealed leptin staining localized to 
lamina propria (Fig. 1C). In addition, leptin staining 
was detected in the interstitial cell, the supporting cell, 
spermatogonium, primary spermatocyte, secondary 

spermatocyte and spermatid of the testis (Fig. 1D, E), 
whereas the immunoreactivity was not observed in 
spermaduct, epididymis, ovary and oviduct. 

Figure 2 shows immunoreactivity of the leptin 
receptor. Leptin receptor staining was detected in the 
adipocytes (Fig. 2A). The universal presence of the 
leptin receptor was observed in the intestine (Fig. 2B, C). 
Moreover, immunohistochemistry of the ovary revealed 
leptin staining localized to the granular cell and the 
membrane cells of the follicular (Fig. 2D). In addition, 
leptin receptor staining was presented in the gastric gland 
of the mucosa and submucosa of the stomach (Fig. 2E, F). 
The leptin receptor showed intense immunoreactivity 
on testis (Fig. 2F), such as the interstitial cell, the 
supporting cell, spermatogonium, primary spermatocyte, 
secondary spermatocyte and spermatid. However, the 
immunoreactivity was not examined in spermaduct, 
epididymis and oviduct.

The seasonal changes of leptin in the plasma
The seasonal changes of leptin in plasma of 

female and male Chinese alligators were listed in 
Table I. In A. sinensis, Leptin concentration in plasma 
ranged between 0.01 and 1.53 ng ml-1. The mean 
concentrations of leptin levels were 0.3796±0.04817 ng 
ml-1 in females and 0.5644±0.06723 ng ml-1 in males. 

Fig. 1. Immunohistochemical localization of leptin in different tissues of Chinese alligator: A, adipocyte; B, gastric gland (GG) 
of the stomach; C, lamina propria of the intestine; D, interstitial cell (IC) of the testis; E, supporting cell (SC), spermatogonium 
(SP), primary spermatocyte (PS), secondary spermatocyte (SS), and spermatid (S) of the testis. Magnification: A, B, C = X400; 
D, E = X200.

Localization of Leptin and Leptin-Receptor Proteins in Chinese Alligator 3
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Fig. 2. Immunohistochemical localization of leptin receptor in different tissues of Chinese alligator: A, adipocyte; B, submucosa 
(SUI) and muscular layer (ML) of the intestine; C, intestine villi (IV) of the intestine; D, granulosa cell (G) and follicular 
membrane cell (FM) of the ovary; E, submucosa (SUS) of the stomach; F, gastric gland (GG) of the stomach; G, interstitial cell 
(IC), seminiferous tubule (ST) of the testis. Magnification: A, C, E = X400; B, D, F, G = X200.

Circulating leptin levels varied significantly over the 
season in females (df=5, F=12.286, P<0.01) and in males 
(df=5, F=25.144, P<0.01) (Table I). Leptin concentrations 
in plasma of female Chinese alligator showed two peaks: 
one occurs in November, coinciding with the maximum 
fat accumulation with hibernation, whereas the second 
shorter peak occurs in July, coinciding with ovulatory 
period. Leptin concentrations decreased in May to the 
lowest level, however, its concentration in plasma of 
male Chinese alligators showed only one peak in January, 
which is consistent with the maximum fat accumulation 
with hibernation, and decreased in September to the lowest 
level (Fig. 3). Circulating leptin levels did not show the 
significant change between females and males in the same 
month except for May. In May, leptin concentration in 
plasma of the males was higher than that of the females. 

No statistical difference between the males and the females 
was observed in the others.

Table I.- Leptin concentration in plasma of male and 
female Chinese alligator in different months.

Months Leptin concentration (ng/ml) (Mean ± SE)

January 0.83±0.10

March 0.67±0.10

May 0.23±0.10

July 0.24±0.04

September 0.14±0.03

November 0.61±0.09

All 0.47±0.04

H. Zhang et al.
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Fig. 3. The difference in leptin of male and female Chinese 
alligator in different months. (values are expressed as 
mean ± SE).

DISCUSSION

In this study, we reported the presence of leptin 
and its receptor in different tissues of Chinese alligator. 
Immunoreactivity of leptin was observed in the white 
adipose tissue. In the mammal, although the presence of 
immunoreactive leptin was reported in several fish tissues 
such as heart, brain and blood, surprisingly not in adipose 
tissue (Johnson et al., 2000; Fischer et al., 2019), leptin 
was mainly secreted in adipose tissue. The first description 
of leptin (mRNA and protein) was performed in the 
stomach of rat (Bado et al., 1998). In addition, the study 
of gastric sections of Chinese alligator immunostained 
for leptin showed intense immunoreactivity on the 
gastric gland of the mucosa. Immunoreactivity for leptin 
was found in the secretory granules of chief cells and 
an especial type of endocrine cell (Cinti et al., 2000). 
Leptin has been detected leptin in the human stomach 
(Sobhani et al., 2000). Recently, the presence of leptin was 
examined in the stomach of non-mammalian vertebrates, 
such as cartilaginous fish, teleost fish (Oncorhynchus 
mykiss, Dicentrarchus labrax and Carassius auratus), 
frog (Xenopus laevis), lizard (Podarcis hispanica), snake 
(Natrix maura) and chicken (Muruzábal et al., 2002; 
Gambardella et al., 2010; Russo et al., 2010). Moreover, 
immunohistochemistry in the intestine of Chinese alligator 
revealed leptin staining localized to lamina propria. Leptin 
was detected in the intestine of the fishes (Gambardella et 
al., 2010; Russo et al., 2010). In addition, leptin was detected 
in the interstitial cell, supporting cell, spermatogonium, 
primary spermatocyte, secondary spermatocyte and 
spermatid of the testis. In the pig, leptin was observed in 
Leydig cells and within seminiferous tubules of the mature 

testis (Rago et al., 2009). The presence of leptin mRNA 
was detected in the testis of Holstein cattle (Abavisani 
et al., 2009). The immunoreactivity was not observed in 
the spermaduct, the epididymis, the ovary or the oviduct, 
but was detected in all regions of mature epidilymides in 
the pig (Rago et al., 2009), in the bovine ovary (Sarkar 
et al., 2010), and in rat oviduct (Archanco et al., 2007). 
Using the Immunohistochemistry method, we found leptin 
synthesized locally in the white adipose tissue, stomach, 
intestine and testis. 

Leptin receptor staining was detected in the adipocytes. 
As we all know, the adipose tissue is in charge of energy 
stores. Leptin receptor staining was presented in the gastric 
gland of the mucosa and submucosa of the stomach. In the 
human stomach, it existed in the basolateral membranes of 
fundic and antral gastric cells (Sobhani et al., 2000), and the 
extensive presence of leptin receptor was observed in the 
intestine. The expression of long form leptin mRNA was 
detected in the intestine of the pig (Lin et al., 2000). The 
stomach and intestine are in charge of energy absorption. 
Therefore, the present results implied that leptin may act 
as the directly regulator of energy depots and nutrient 
absorption area. Moreover, immunohistochemistry of the 
ovary revealed leptin staining localized to the granular cell 
and the follicular membrane cell. In Japanese black bear, 
the expression of leptin receptor protein was examined 
in ovary (Nakamura et al., 2009). Leptin receptor was 
detected in the bovine ovary (Sarkar et al., 2010). The 
secretion of sex steroids was regulated by granular cell 
and the follicular membrane cell in ovary. Our results 
showed that leptin has a direct effect in the modulation 
of ovarian steroidogenesis. The study of leptin receptor 
showed that intense immunoreactivity in different cells 
of the testis, including interstitial cell and seminiferous 
tubule (supporting cell, spermatogonium, primary 
spermatocyte, secondary spermatocyte and spermatid). 
In the pig, leptin receptor was detected in Leydig cells 
and within seminiferous tubules of mature testis (Rago et 
al., 2009). Sex steroids were mainly secreted in testicular 
interstitial cell. Supporting cell plays an important role in 
the development of sperm. Therefore, leptin may directly 
exert a control in proliferation, differentiation of germ 
cell and secretion of testicular steroidogenesis. However, 
immunoreactivity was not observed in the spermaduct, the 
epididymis or the oviduct. Leptin receptor was detected 
in all the epithelial cells of mature epididymides (Rago et 
al., 2009) and oviduct of the laying hen (Grzegorzewaka 
et al., 2008).

In summary, our results showed that adipose tissue, 
stomach, intestine, ovary and testis were the target organ 
of leptin, suggesting that leptin may directly regulate 
the functions of these organs, including nutrient stores, 
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absorption and utilization, and the reproduction behavior, 
using both autocrine and paracrine mechanisms.

Additionally, leptin concentration in the plasma of 
the Chinese alligator was assessed by a RIA method, and 
displayed pronounced seasonal variations. Circulating 
leptin levels varied significantly over the season in female 
(df=5, F=12.286, P<0.01) and in male (df=5, F=25.144, 
P<0.01). In A. sinensis, the average circulating leptin 
levels were 0.3796±0.04817 ng ml-1 in females and 
0.5644±0.06723 ng ml-1 in males. The value was distinctly 
lower than the average leptin level in plasma in the fence 
lizards (Sceloporus undulatus) (Spanovich et al., 2006), 
Italian wall lizards (Podarcis sicula) (Paolucci et al., 
2001), free-living European starlings (Sturnus vulgaris) 
(Kordonowy et al., 2010), normal weight human subjects 
(Sinha et al., 1998) and the adult rhesus monkey (Macaca 
mulatta) (Bodkin et al., 1996). In mammals, leptin is 
synthesized and secreted in the adipocytes. Circulating 
leptin levels are positively consistent with the amount of 
body fat (Florant and Porst, 2004). Leptin concentrations 
in plasma of female decreased to the lower level and in 
male decreased to the lowest level in September. When 
leptin levels decrease, food intake increases, metabolic 
rates reduce, energy consumption decreases and the final 
aim is to recovery body weight. Therefore, high levels of 
leptin may be responsible for the suppression of feeding 
behavior in Chinese alligator before winter. Before 
entering into hibernation in Chinese alligator, a lot of fat 
was stored to help Chinese alligator throughout the whole 
winter. Our result suggests that the autumn may represents 
the period of energy storage in Chinese alligator. And then 
the leptin rose rapidly to highest levels. In A. sinensis, the 
period of hibernation is from late October to mid-April. In 
early hibernation, the fat storage of Chinese alligator is to 
high levels. After entering winter hibernation, metabolic 
rates decrease rapidly. This is the period of hibernation, 
the fat accumulated in the autumn was used in the principal 
metabolic fuel (Chen et al., 2003). It implied that high levels 
of leptin may be responsible for the entering hibernation 
in Chinese alligator. During hibernation season, the 
Chinese alligator must reallocate finite energy stores. At 
this moment, the high plasma leptin concentrations may 
contribute to the maintenance of hypophagia, low exigent 
energy utilization and behavioral inactivity. The result is 
consistent with results of recent studies of leptin variation 
in seasonal vertebrates in raccon dog (Nyctereutes 
procyonoides) (Nieminen et al., 2002; Kitao et al., 2011). 
In mammals, leptin can control the amount of fat stored 
via inhibiting appetite which is secreted by adipocytes into 
the bloodstream and carried to the hypothalamic area by 
the Blood-Brain Barrier to inhibit the NPY release. NPY is 
known to stimulate appetite. Hence, the final leptin effect 

is to decrease food intake (Stephens et al., 1995).
Animals usually emerge from hibernation late in 

March or early in April when the temperature is over 
16.4°C, but do not forage until the temperature is over 20°C 
(Zhang et al., 2009). Foraging rate is associated positively 
with temperature (Wang et al., 1998). The peak time for 
egg laying occurs in early to mid-July (Chen et al., 2003). 
The increase of leptin concentration on July may be closely 
related to the spawning behavior of Chinese alligator. 
After laying eggs, the female alligator will protect the 
eggs and stop eating and moving. Animals stop foraging 
and enter hibernation in October to early November when 
the temperature falls below 18°C. At the end of the winter 
dormancy of Chinese alligator, sexual glands develop 
quickly. In this period, the nutrition of the organism 
storage was transformed into the requirement of sexual 
glands development (Chen et al., 2003). After rising to the 
highest levels, leptin levels decreased gradually due to the 
consumption of the stored adipocytes. High leptin levels 
may play an important role in this event. In A. sinensis, the 
amount of lipid stored in the fat bodies increases during 
the winter dormancy, and may make leptin concentrations 
increase and the final effect is to increase energy 
consumption, providing for sexual glands development. In 
May, the courtship period of the Chinese alligator, leptin 
concentrations in plasma of the males decreased to the 
lower levels, was higher than the females. In this period, 
the males took up most of the time to courtship. The higher 
leptin levels can inhibit food intake, leptin therefore may 
play an important role in the courtship of the males. Hence 
most of the consumed nutrition providing for the courtship 
of the males may be supplied by the stored nutrition before 
the winter dormancy. However, Circulating leptin levels 
in the females reduced to the lower levels in the courtship 
period. When leptin levels decrease, food intake increases, 
metabolic rates reduce energy consumption decreases. 
Hence, sufficient nutrition was deposited to afford the 
necessary nutrition for reproduction in this period. After 
decreasing to the lower levels in May, leptin concentrations 
in plasma of female Chinese alligator rose to a short peak 
in July. Although the increase in males was not observed, 
circulating leptin concentrations was higher in July than 
that in September. It is well established that reproduction 
capacity depends on adequate nutrition and is associated 
with energy metabolism (Kirkwood and Aherne, 1985; 
Van der Spuy, 1985; Armstrong et al., 1987). Additionally, 
leptin serves to signal nutritional status to the nervous 
system and peripheral organs (Zhang et al., 1994). In the 
Chinese alligator, nutrition is one of the most important 
factors influencing reproductive capacity (Chen et al., 
2003; Sun et al., 2018). In September, circulating leptin 
levels in the males decreased to the lowest levels, and in 
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the females, it reduced to the lower levels. The results 
demonstrated that more adipocytes was stored in the 
males than that in the females, throughout the whole 
winter and was used by the reproduction behavior over 
the hibernation. Therefore, circulating leptin levels in the 
females increased to the highest levels in November, and 
in the males, it increased to the highest levels in January. 
Our results indicated that leptin may act as a regulator of 
reproduction behaviour. In mammals, malnourishment is 
related to hypogonadism and infertility (Brown, 1994). 
When animals with a deficit in food intake were injected 
with leptin, reproductive functions are restored (Barash et 
al., 1996; Chehab et al., 1996). Leptin was implied that 
it can regulate the hypothalamic-pituitary axis, mainly 
through effects on the GnRH neuronal system in mammals. 
In rats, leptin plays a role in gonadotropin secretion, and 
the infusion of leptin can stimulate GnRH release in vivo 
of fasted rats (Watanobe, 2002). The nutritional deficit 
in female inhibits GnRH release, and caused to decrease 
in the secretion of LH and finally led to anovulation 
and anestrus (Scaramuzzi et al., 2008). In the results of 
RIA and immunohistochemistry analysis, a high level of 
circulating leptin in the female of Chinese alligator during 
the reproduction period could be attributed to the gonadal 
action. Besides, leptin has a similar physiological function 
in endotherms and ectotherms. Our ultimate goal is to use 
leptin to manipulate age at maturity and to test fundamental 
questions in the evolution of life-history strategies. 
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