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Abstract
This study aimed to investigate the regulatory effect of soy isoflavones on the
leptin-mediated Janus kinase (JAK)/signal transducer and activator of tran-
scription (STAT) signaling pathway in the intestine of obese rats and to explore
the intervention mechanism of soy isoflavones in obese rats. Eighty 5-week-old
Sprague-Dawley (SD) male rats were acclimated for 1 week and then randomly
divided into a basal diet group (12 rats) and a high-fat diet group (68 rats),
which were fed basal diet and high-fat diet, respectively. After 9 weeks of feed-
ing, the high-fat diet group successfully established a diet-induced obese rat
model. Forty obese rats were randomly assigned to low-, medium-, and high-
dose soy isoflavone intervention groups and an obese control group, with 10
rats per group. Rats in the low-, medium-, and high-dose groups were intragas-
trically administered 50, 150, and 450 mg/kg BW of SIF extract, respectively,
while the basal diet group and obese control group were administered vehicle
without SIF extract. Soy isoflavones were continuously administered to obese
rats for 5 weeks, during which body weight was monitored. Immunohistochem-
ical SABC staining was used to investigate the expression and distribution of
long-form leptin receptor (OB-Rb), Janus kinase 2 (JAK2), phosphorylated
signal transducer and activator of transcription 3 (p-STAT3), suppressor of cy-
tokine signaling 3 (SOCS3), and neuropeptide Y (NPY) in the rat intestine.
The results showed that at all experimental time points, the body weight of
rats in the basal diet group was extremely significantly lower than that in the
obese control group (P ＜ 0.01). After 5 weeks of SIF intervention, compared
with the obese control group, the body weight of rats in each SIF interven-
tion group decreased in a dose-dependent manner, with the medium- and high-
dose groups being extremely significantly lower than the obese control group
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(P<0.01). OB-Rb, JAK2, p-STAT3, SOCS3, and NPY were expressed in the
duodenum, jejunum, ileum, colon, and rectum of rats in all groups. Compared
with the basal diet group, the expression levels of these five factors in each in-
testinal segment of obese control group rats were significantly decreased (P ＜
0.05). In the soy isoflavone intervention groups, the expression levels of OB-Rb,
JAK2, p-STAT3, and NPY in each intestinal segment were increased compared
with the obese control group, showing an overall dose-dependent pattern. It was
concluded that soy isoflavones could exert a weight-reducing effect by increasing
OB-Rb expression in the intestine, activating JAK, accelerating STAT phospho-
rylation, improving energy metabolism, and attenuating the leptin resistance
state in obese rats.
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Abstract: This study investigated the regulatory effects of soybean isoflavone
(SIF) on the leptin-mediated Janus kinase (JAK)/signal transducer and activa-
tor of transcription (STAT) signaling pathway in the intestine of obese rats to
explore the intervention mechanism of SIF on obesity. Eighty 5-week-old male
SD rats were randomly divided into a basal diet group (12 rats) and a high-fat
diet group (68 rats) after a one-week acclimation period. The rats were fed ei-
ther a basal diet or high-fat diet for 9 weeks, after which the high-fat diet group
successfully established a diet-induced obesity model. Forty obese rats were
then randomly assigned to low, medium, and high-dose SIF intervention groups
and an obesity control group, with 10 rats per group. The intervention groups
received oral administration of SIF extract at doses of 50, 150, and 450 mg/kg
body weight (BW), respectively, while the basal diet and obesity control groups
received the vehicle without SIF extract. After 5 weeks of continuous SIF in-
tervention, rat body weight was monitored, and the expression and distribution
of long-form leptin receptor (OB-Rb), Janus kinase 2 (JAK2), phosphorylated
signal transducer and activator of transcription 3 (p-STAT3), suppressor of cy-
tokine signaling 3 (SOCS3), and neuropeptide Y (NPY) in the intestine were
examined using immunohistochemical SABC staining.

The results showed that at all time points, the body weight of the basal diet
group was significantly lower than that of the obesity control group (P < 0.01).
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After 5 weeks of SIF intervention, all SIF intervention groups exhibited reduced
body weight compared to the obesity control group in a dose-dependent manner,
with the medium and high-dose groups showing extremely significant differences
(P < 0.01). OB-Rb, JAK2, p-STAT3, SOCS3, and NPY were expressed in the
duodenum, jejunum, ileum, colon, and rectum of all groups. Compared with
the basal diet group, the expression levels of these five factors were significantly
decreased in the obesity control group across all intestinal segments (P < 0.05).
In the SIF intervention groups, the expression levels of OB-Rb, JAK2, p-STAT3,
and NPY were increased compared to the obesity control group, showing an
overall dose-dependent trend. These findings suggest that SIF can attenuate
leptin resistance and reduce body weight in obese rats by increasing intestinal
OB-Rb expression, activating JAK, accelerating STAT phosphorylation, and
improving energy metabolism.

Keywords: soybean isoflavones; immunohistochemical SABC staining; OB-Rb;
JAK2; p-STAT3; SOCS3; NPY; obese rat

Obesity is a nutritional and metabolic disorder resulting from the interaction of
genetic and environmental factors, which increases the risk of type 2 diabetes,
atherosclerosis, hypertension, and fatty liver disease [1]. However, the incidence
of obesity and related diseases is relatively low in Asian countries, possibly due
to higher consumption of soybeans and soy products in Asian diets [2]. Studies
have shown that daily isoflavone intake among Asians ranges from 25 to 40 mg,
significantly higher than that in Americans [3-4]. Soy isoflavone (SIF) is a plant-
derived estrogen with a molecular structure and weight similar to estrogen that
can bind to estrogen receptors and exert weak estrogen-like effects. Through
multiple signaling pathways, SIF can reduce preadipocytes and improve lipid
and glucose metabolism [5-7], thereby achieving weight loss and lipid-lowering
effects [8]. Previous studies have confirmed that SIF can significantly improve
leptin levels and regulate energy metabolism [9-10].

Leptin is a functional polypeptide secreted by adipocytes that senses and reg-
ulates the body’s energy status [11], with primary physiological functions of
regulating food intake and energy expenditure. When leptin binds to the long-
form leptin receptor (OB-Rb), it phosphorylates and activates endogenous ty-
rosine kinase Janus kinase 2 (JAK2). Activated JAK2 phosphorylates specific
tyrosine residues (Tyr985 and Tyr1138) on the receptor, with p-Tyr1138 serv-
ing as the docking site for phosphorylated signal transducer and activator of
transcription 3 (p-STAT3). Upon phosphorylation, p-STAT3 forms dimers that
translocate to the nucleus to regulate specific gene transcription and protein
synthesis [12-13], influencing membrane potential and action potential firing
frequency, altering neurotransmitter and neuropeptide Y (NPY) release, and
thereby regulating obesity. In mammalian cell lines, overexpression of suppres-
sor of cytokine signaling 3 (SOCS3) inhibits leptin action by binding to JAK2
and blocking JAK-induced autophosphorylation and receptor phosphorylation.
In the peripheral system, the intestine is undoubtedly an important site for
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leptin action.

Therefore, to investigate the changes in OB-Rb and JAK/STAT signaling
pathway-related factors in the intestine of obese rats regulated by SIF and
to explore the intervention mechanism of SIF on obesity, this study utilized
immunohistochemical streptavidin-biotin-peroxidase complex (SABC) staining
to detect the distribution and expression changes of OB-Rb, JAK2, p-STAT3,
SOCS3, and NPY in the intestine of rats under different doses of SIF inter-
vention, aiming to regulate lipid metabolism, attenuate leptin resistance, and
improve body weight through SIF modulation.

1.1.1 Experimental Animals

Eighty 5-week-old male SD rats weighing (140 ± 10) g were purchased from the
Laboratory Animal Institute of Sichuan Provincial People’s Hospital [License
No. SCXK (Chuan) 2013-15].

1.1.2 Experimental Materials and Reagents

The basal diet, high-fat diet, and bedding materials for the experimental rats
were purchased from Sichuan Pulaimi Biotechnology Co., Ltd. The composi-
tion and nutrient levels of the experimental diets are shown in Table 1 . SIF
extract was purchased from Xi’an Tianfeng Biotechnology Co., Ltd. (Batch
No. NF-20140806), with a purity of 80% as determined by high-performance
liquid chromatography. Rabbit anti-mouse OB-Rb, JAK2, p-STAT3, SOCS3,
and NPY antibody kits were purchased from Beijing Biosynthesis Biotechnol-
ogy Co., Ltd. Ready-to-use SABC-AP kits and diaminobenzidine (DAB) chro-
mogenic reagents were purchased from Wuhan Boster Biological Engineering
Co., Ltd.

1.1.3 Experimental Instruments and Equipment

Leica cryostat (Leica Microsystems, Germany), Nikon 50i-BF fluorescence bio-
logical digital microscope (Nikon Corporation, Japan), Jiangsu Jieda 801 mor-
phological analysis software (Jiangsu Jieda Technology Development Co., Ltd.),
and clean bench, among others.

1.2 Experimental Methods

1.2.1 Animal Treatment The 80 rats were randomly housed in cages under
natural light with a 12-hour light-dark cycle, with free access to water and food.
The room temperature was maintained at (20 ± 2)°C and humidity at 50%-60%
throughout the experimental period. After one week of acclimation, the rats
were randomly divided into a basal diet group (12 rats) and a high-fat diet group
(68 rats) and fed accordingly. After 9 weeks of feeding, rats in the high-fat diet
group whose body weight exceeded the average weight of the basal diet group
plus 1.4 times the standard deviation were selected (40 rats total) and randomly
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assigned to four groups: low, medium, and high-dose SIF intervention groups
and an obesity control group, with 10 rats per group. The SIF intervention
groups received oral administration of SIF extract at low, medium, and high
doses (50, 150, and 450 mg/kg BW, respectively) dissolved in 0.5% sodium
carboxymethyl cellulose solution. The basal diet and obesity control groups
received the vehicle (0.5% sodium carboxymethyl cellulose solution without SIF
extract) at a dosage of 2 mL/kg BW. SIF intervention lasted for 5 weeks, during
which body weight changes were recorded weekly. All animal procedures com-
plied with the Guidelines for the Care and Use of Laboratory Animals issued
by the Ministry of Science and Technology of the People’s Republic of China.

At the end of week 13, rats were euthanized by intraperitoneal injection of 4%
pentobarbital sodium. The intestinal segments were rapidly isolated and fixed
in 4% paraformaldehyde solution. The fixed tissues were rinsed overnight in run-
ning water, then subjected to gradient alcohol dehydration, paraffin embedding,
sectioning (4-5 µm thickness), and baking for subsequent use.

1.2.3 Sample Staining and Analysis Five conventional paraffin sections
were selected from each rat for hematoxylin-eosin (HE) staining to observe tis-
sue structure under an optical microscope. Additional intestinal tissue paraffin
sections from each rat were subjected to immunohistochemical SABC staining
to detect the distribution and expression of OB-Rb, JAK2, p-STAT3, SOCS3,
and NPY. The immunohistochemical SABC staining procedure was as follows:
after conventional deparaffinization, sections were incubated in freshly prepared
3% hydrogen peroxide (H�O�) for 30 minutes in the dark, washed three times
with phosphate-buffered saline (PBS), subjected to antigen retrieval at 95°C
for 15 minutes, blocked with 10% goat serum at 37°C for 30 minutes, washed
three times with PBS, incubated with primary antibody diluted in PBS (1:200)
overnight at 4°C (negative controls omitted primary antibody), washed three
times with PBS, incubated with secondary antibody diluted in PBS (1:100) for
1 hour, washed three times with PBS, incubated with SABC at 37°C for 20
minutes, washed four times with PBS, developed with DAB with reaction time
controlled under microscope, terminated with double-distilled water, washed
four times with double-distilled water, and finally dehydrated, cleared, mounted,
and examined. Negative controls were included in all experiments.

1.2.4 Image Acquisition and Data Processing Tissue sections were ob-
served under an optical microscope and photographed using a Nikon 50i-BF
fluorescence biological digital microscope. Five sections were selected per tissue,
with five random fields photographed per section. The positive expression area
and average optical density of each intestinal factor were measured within a
200× field area (4,000 µm²) under light microscopy. Positive expression area
and average optical density were compared among different groups. Data were
analyzed using one-way ANOVA with SPSS 17.0 statistical software. Data in
bar graphs are presented as mean ± standard deviation (±SD), with P < 0.05
considered statistically significant.
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2 Results and Analysis
2.1 Establishment of the Obese Rat Model

From week 4 onward, the body weight of rats in the high-fat diet group began
to exceed that of the basal diet group. By the end of week 8, the average body
weight of the high-fat diet group exceeded the average weight of the basal diet
group by ±1.4 standard deviations, meeting the criteria for obese rat classi-
fication [14], indicating successful establishment of the diet-induced obese rat
model.

2.2 Effects of SIF on Body Weight of Diet-Induced Obese Rats

As shown in Table 2 , at the beginning of SIF intervention (week 9), there was no
significant difference in body weight between the SIF intervention groups (low,
medium, and high dose) and the obesity control group (P > 0.05). At all time
points, the body weight of the basal diet group was significantly lower than that
of the obesity control group (P < 0.01). Over time, the rate of body weight gain
in all SIF intervention groups was markedly lower than in the obesity control
group. After 5 weeks of SIF intervention (week 13), all SIF intervention groups
showed reduced body weight compared to the obesity control group in a dose-
dependent manner, with the medium and high-dose groups showing extremely
significant differences (P < 0.01).

Table 2 Body weight of rats at each period of SIF administration (g)

Group Week 9 Week 10 Week 11 Week 12 Week 13
Obesity
control

363.00±6.43 385.00±8.61 405.67±11.57 420.86±12.50 437.57±14.71

Low
dosage

366.11±6.11 384.25±6.36 397.56±6.06 414.33±6.60 432.33±6.64

Middle
dosage

361.22±3.66 370.98±3.49**378.71±3.93**390.00±4.58**399.63±5.19**

High
dosage

364.90±4.41 367.29±5.14* 373.50±3.57**370.33±9.05**372.87±8.54**

Basal
diet

273.00±5.37**292.45±6.42**294.89±10.33**306.87±6.82**322.83±6.90**

• and ** indicate significant (P < 0.05) and extremely significant differences
(P < 0.01) compared with the obesity control group, respectively.

2.2 HE Staining Results

After HE staining, optical microscopy revealed clear intestinal tissue structures
in all groups, with brightly stained nuclei and intact, uniform tissue sections.
No obvious pathological abnormalities were observed in any group (Figure 1
[Figure 1: see original paper]).
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2.3.1 Expression of OB-Rb in the Intestine

Microscopic observation revealed that OB-Rb-positive cells appeared yellowish-
brown, with OB-Rb-positive substances primarily expressed in the cytoplasm
(Figure 2 [Figure 2: see original paper]; as all groups showed consistent patterns,
only the medium-dose group is shown). Among the intestinal layers from outer
to inner, the lamina propria of the mucosal layer showed the most abundant
expression, particularly in the duodenum.

As shown in Figure 3-A, the expression of OB-Rb in all intestinal segments was
significantly higher in the basal diet group than in the obesity control group (P
< 0.05). OB-Rb expression in the duodenum and rectum increased significantly
with SIF dose (P < 0.05). In the jejunum and ileum, the high-dose group showed
significantly higher expression than the medium and low-dose groups (P < 0.05),
while in the colon, both the high and medium-dose groups showed significantly
higher expression than the low-dose group (P < 0.05).

2.3.2 Expression of JAK2 in the Intestine

Microscopic observation revealed JAK2 expression throughout the entire intes-
tine (Figure 4 [Figure 4: see original paper]; as all groups showed consistent
patterns, only the medium-dose group is shown), with positive JAK2 staining
appearing brownish-brown or brownish-yellow. JAK2 was positively expressed
in intestinal glands and villi, with expression also observed in the submucosal
layer.

As shown in Figure 3-B, JAK2 expression in all intestinal segments was sig-
nificantly higher in the basal diet group than in the obesity control group (P
< 0.05). In the duodenum, JAK2 expression was significantly higher in the
low and medium-dose groups than in the high-dose group (P < 0.05). In the
jejunum, the high-dose group showed significantly higher expression than the
medium and low-dose groups (P < 0.05), while in the ileum, colon, and rectum,
expression increased significantly with SIF dose (P < 0.05).

2.3.3 Expression of p-STAT3 in the Intestine

Microscopic observation revealed that p-STAT3-positive cells appeared
brownish-brown or brownish-yellow (Figure 5 [Figure 5: see original paper]; as
all groups showed consistent patterns, only the medium-dose group is shown).
p-STAT3 was expressed in all intestinal segments, with positive products
predominantly distributed in intestinal glands, villi, and the submucosal layer.

As shown in Figure 3-C, except for the jejunum, p-STAT3 expression in all
intestinal segments was significantly higher in the basal diet group than in the
obesity control group (P < 0.05). In the duodenum, p-STAT3 expression was
significantly higher in the low-dose group than in the medium and high-dose
groups (P < 0.05). In the jejunum, the medium-dose group showed significantly
higher expression than the low and high-dose groups (P < 0.05), with the low-
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dose group also significantly higher than the high-dose group (P < 0.05). In the
ileum, the medium and high-dose groups showed significantly higher expression
than the low-dose group (P < 0.05). In the colon, the high-dose group showed
significantly higher expression than the low and medium-dose groups (P < 0.05),
with the low-dose group also significantly higher than the medium-dose group
(P < 0.05). In the rectum, expression increased significantly with SIF dose (P
< 0.05).

2.3.4 Expression of SOCS3 in the Intestine

Microscopic observation revealed that SOCS3-positive staining appeared
brownish-brown or brownish-yellow, primarily localized in the cytoplasm (Fig-
ure 6 [Figure 6: see original paper]; as all groups showed consistent patterns,
only the medium-dose group is shown). SOCS3-positive expression products
were present throughout the intestine, concentrated in the lamina propria of
the mucosal layer.

As shown in Figure 3-D, SOCS3 expression in all intestinal segments was signif-
icantly higher in the basal diet group than in the obesity control group (P <
0.05). In the duodenum, SOCS3 expression was significantly higher in the high
and medium-dose groups than in the low-dose group (P < 0.05). In the jejunum,
the low and medium-dose groups showed significantly higher expression than the
high-dose group (P < 0.05). In the ileum, the low-dose group showed signifi-
cantly higher expression than the medium and high-dose groups (P < 0.05). In
the colon, the low and medium-dose groups showed significantly higher expres-
sion than the high-dose group (P < 0.05). In the rectum, the high-dose group
showed significantly higher expression than the low and medium-dose groups (P
< 0.05).

2.3.5 Expression of NPY in the Intestine

Microscopic observation revealed that NPY-positive staining appeared brownish-
brown or brownish-yellow (Figure 7 [Figure 7: see original paper]; as all groups
showed consistent patterns, only the medium-dose group is shown). Thick NPY-
positive nerve fibers were present from the serosa to the submucosal layer and
in the duodenal region, while NPY-positive nerve fibers began to decrease in
the ileal region. The distribution density of NPY-positive nerve fibers appeared
directly related to the distribution of nerve plexuses, with NPY-positive nerve
fibers accompanying almost all small blood vessels.

As shown in Figure 3-E, NPY expression in all intestinal segments was signif-
icantly higher in the basal diet group than in the obesity control group (P <
0.05). In the duodenum and colon, NPY expression was significantly higher in
the high-dose group than in the medium and low-dose groups (P < 0.05). In the
jejunum, ileum, and rectum, expression increased significantly with SIF dose (P
< 0.05).
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3 Discussion
3.1 Effects of SIF on Body Weight of Diet-Induced Obese Rats

In recent years, the prevalence of obesity and related diseases has increased
rapidly, particularly in Western countries, making obesity a significant public
health risk factor. Therefore, effective strategies for weight reduction and obe-
sity prevention are of great importance. This study demonstrated that SIF
intervention significantly reduced body weight in obese rats, consistent with
findings by Ali et al. [9] and Ørgaard et al. [15]. The dose-dependent reduction
in body weight indicates that SIF possesses weight-loss effects. Research has
shown that SIF can significantly reduce triglycerides, total cholesterol, and low-
density lipoprotein while increasing high-density lipoprotein content and the
ratio of low-density to high-density lipoprotein [15-16]. Therefore, in animal
husbandry applications, SIF could be used as a feed additive to improve obesity
status by inhibiting adipocyte differentiation [17], reducing adipocyte size [18],
decreasing fat deposition [19], and attenuating leptin resistance.

3.2 Effects of SIF on Intestinal Expression of OB-Rb, JAK2, p-STAT3,
SOCS3, and NPY in Obese Rats

El-Haschimi et al. [20] reported that most obese patients exhibit significantly
higher serum leptin levels than normal individuals, a condition known as hyper-
leptinemia. However, elevated serum leptin does not lead to weight reduction,
indicating leptin resistance, which is considered a fundamental cause of obesity.
Leptin resistance is currently thought to involve both central and peripheral
mechanisms [21-25]. Data suggest that in diet-induced obesity, leptin resis-
tance primarily occurs at two stages: blood-brain barrier defects and receptor
signaling pathway defects [26].

This study demonstrated that OB-Rb, JAK2, p-STAT3, SOCS3, and NPY were
all expressed in the intestine of SIF-treated obese rats, consistent with the find-
ings of Cammisotto et al. [26]. Research indicates that SIF is a relatively potent
estrogen receptor agonist with potential anti-adipogenic effects, and its obesity-
reversing action is related to leptin [27]. Since adipose tissue is the primary
source of leptin, which can cross the blood-brain barrier to provide information
about body fat stores to the brain for negative feedback regulation [28], adipose
tissue also interferes with leptin, OB-Rb, and NPY. As the main functional re-
ceptor for leptin, OB-Rb is distributed in both central and peripheral systems,
primarily in the hypothalamus [29], where it controls satiety, energy expendi-
ture, and other neuroendocrine functions [30]. The JAK/STAT pathway is the
primary signaling pathway for leptin’s biological actions [31], and in rodents,
hypothalamic STAT phosphorylation and STAT transcription binding levels are
commonly used as markers of leptin signaling.

This study found that in diet-induced obese rats, the expression levels of OB-Rb,
JAK2, p-STAT3, and NPY were significantly lower in all intestinal segments
compared to the basal diet group, which may be closely related to increased
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adiposity in obese rats. Since leptin is a functional polypeptide secreted by
adipocytes that senses and regulates the body’s energy status, increased body
fat content accelerates leptin secretion, thereby activating the JAK/STAT sig-
naling pathway for negative feedback regulation of adipose tissue. After SIF
intervention in obese rats, increased intestinal OB-Rb expression accelerated
JAK2 activation and STAT phosphorylation, thereby inhibiting intestinal diges-
tive juice secretion and nutrient absorption and attenuating leptin resistance,
resulting in appetite suppression and weight reduction. The role of SOCS3 in in-
ducing leptin resistance has been extensively studied, and it has been confirmed
that brain-specific SOCS3 deficiency can inhibit obesity to some extent [32-34].
In this study, SOCS3 expression varied across intestinal segments with no clear
dose-dependent differences, suggesting that as a negative regulator of leptin,
SOCS3’s inhibitory effect on the JAK/STAT signaling pathway in the intestine
was not significant, thereby attenuating leptin resistance and alleviating obesity
symptoms. NPY, as an appetite-stimulating neuropeptide, plays an important
role in regulating food intake and energy expenditure, and its overexpression can
induce weight gain in rats [35]. In this study, increased OB-Rb expression did
not suppress NPY expression; instead, NPY showed dose-dependent increases
without causing weight gain. This may be because although NPY expression in-
creased, its effect was less potent than the regulation of intestinal digestion and
absorption mediated by the OB-Rb/JAK/STAT signaling pathway. However,
whether OB-Rb participates in SIF’s regulatory effects and whether interac-
tions exist among OB-Rb, JAK2, p-STAT3, SOCS3, and NPY in the intestine
require more detailed and in-depth investigation.

In summary: (1) SIF can increase intestinal OB-Rb expression, activate the
JAK/STAT signaling pathway, improve energy metabolism, and attenuate lep-
tin resistance in obese rats. (2) SIF exhibits weight-reducing effects on diet-
induced obese rats in a dose-dependent manner within the range of 50–450
mg/kg BW.
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