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A B S T R A C T

To explore the role of nesfatin-1 in regulating male reproductive function during energy balance variation, we
employed an obese mouse model which was first induced by a high-fat diet (HFD) and followed by interventions
of a normal diet (ND) and/or moderate exercise, and then serum reproductive hormones of male mice, hy-
pothalamic nucleobindin 2 (NUCB2)/nesfatin-1, inflammatory factors, and gonadotropin-releasing hormone
(GnRH) levels were tested. Our findings showed that both serum nesfatin-1, follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and testosterone (T) levels and hypothalamic NUCB2/nesfatin-1 and Gnrh mRNA
levels were reduced, whereas, the mRNA and protein levels of hypothalamic tumor necrosis factor-α (TNF-α),
interleukin (IL)-1β, inhibitor kappa B kinase β (IKKβ), and nuclear factor (NF)-κB were increased in obese male
mice. Diet, exercise, and diet combined with exercise interventions reversed the decreases in serum nesfatin-1,
FSH, LH, and T levels; increased hypothalamic NUCB2/nesfatin-1 and Gnrh mRNA levels; and reduced hy-
pothalamic TNF-α, IL-1β, IKKβ, and NF-κB levels. These changes were accompanied by reduced adiposity, and
these effects were more obvious in the diet combined with exercise group. Overall, our findings suggested that
the hypogonadotropic hypogonadism associated with obesity may be induced by reduced hypothalamic NUCB2/
nesfatin-1 levels, which attenuated the stimulatory effect on GnRH directly or indirectly by suppressing its anti-
inflammatory effect in the brain. Diet and/or exercise interventions were able to alleviate the hypogonadotropic
hypogonadism associated with obesity, potentially by increasing hypothalamic NUCB2/nesfatin-1 levels.

1. Introduction

Within the past four decades, the prevalence of obesity has nearly
tripled worldwide (Collaboration, 2016), and the growth rate of global
mean body mass index in men is higher than that in women
(Collaboration, 2016). Moreover, associated with the increased pre-
valence of obesity in men, the prevalence rates of oligospermia,
azoospermatism, and induced infertility in men have also increased
(Bieniek et al., 2016; Ramaraju et al., 2018). Although the underlying
mechanisms are unclear, some studies have suggested associations with
late-onset male hypogonadism, which is characterized by low levels of
serum testosterone and related symptoms, such as poor libido, erectile
dysfunction, depression, lack of motivation, lethargy, and muscle
weakness, which seriously affects quality of life (Corona et al., 2015).

Further studies have also shown that obesity not only reduces serum
testosterone levels, but also induces lower levels of serum follicle-sti-
mulating hormone (FSH) and luteinizing hormone (LH) and higher le-
vels of serum estradiol, which characterize hypogonadotropic hypogo-
nadism (Corona et al., 2013; Dandona and Dhindsa, 2011; Rabijewski
et al., 2013). Thus, hypogonadotropic hypogonadism associated with
obesity is considered a major cause of subfertility in obese men.

The mechanisms underlying hypogonadotropic hypogonadism as-
sociated with obesity are complex and have not been fully elucidated.
Recent studies have shown showed that some satiety regulators, such as
leptin and ghrelin, also act as important players in the regulation of
reproductive function (Boggio et al., 2013; Muccioli et al., 2011).
Nesfatin-1, a recently identified satiety molecule, was also found to play
important roles in the maintenance of energy balance (Chen et al.,
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2015; Oh et al., 2006) and regulation of reproductive function (Catak
et al., 2014). In vitro and in vivo studies have confirmed that nesfatin-1
administration not only increases mRNA and protein levels of gona-
dotropin-releasing hormone (GnRH), Lhβ, and Fshβ (Hatef and
Unniappan, 2017) but also promotes LH and FSH secretion in adult
male rats (Garcia-Galiano et al., 2010). These studies suggest that
nesfatin-1 could regulate male reproductive function by directly acting
on GnRH neurons in the hypothalamus and gonadotropes in the pitui-
tary, thereby stimulating the secretion of GnRH, LH, and FSH. Notably,
serum nesfatin-1 levels in obese young and adult men were found to be
significantly decreased compared with those in normal weight coun-
terparts (Abaci et al., 2013; Guo et al., 2014), and the protein level of
nesfatin-1 was also found reduced in the hypothalamus of Tsumura
Suzuki obese diabetic mice (Miyata et al., 2012). Thus, the reduced
serum nesfatin-1 level associated with obesity may induce decreases in
hypothalamic nesfatin-1 levels, which further reduce GnRH levels and
eventually impair reproductive function in obese men.

Nesfatin-1 has recently been shown to exert anti-inflammatory ef-
fects both in the brain and in the digestive system of rats or mice
(Ozturk et al., 2015; Ravussin et al., 2018; Tang et al., 2012). In con-
trast, chronic low-grade inflammation associated with obesity, parti-
cularly inflammation in the hypothalamus (Kalin et al., 2015; Nakata
et al., 2017; Tran et al., 2016), has been confirmed as a critical me-
chanism in the development of male hypogonadism (Gautier et al.,
2013). Previous studies have shown that a high-fat diet (HFD) not only
increases levels of pro-inflammatory cytokines, such as interleukin (IL)-
1β, IL-6, and tumor necrosis factor (TNF)-α, in the hypothalamus of
mice (Thaler et al., 2012) but also induces the mRNA expression and
phosphorylation of inhibitor kappa B kinase (IKKβ), and promotes the
degradation of inhibitor kappa B alpha (IκBα) in the hypothalamus
(Ropelle et al., 2010; Thaler et al., 2012), which results in activation of
the nuclear factor (NF)-κB pathway in the hypothalamus. Un-
fortunately, activation of the IKKβ/NF-κB pathway not only inhibits
GnrhmRNA expression in the mediobasal hypothalamus of mice (Zhang
et al., 2013) but also reduces hypothalamic GnRH immunopositivity
and decreases FSH, LH, and testosterone (T) levels in the plasma of
male rabbits (Filippi et al., 2009; Morelli et al., 2014). However, it is
unclear whether nesfatin-1 can promote GnRH expression and increase
reproductive hormones by inhibiting inflammation in the hypotha-
lamus of men.

Diet and/or exercise interventions are effective for reducing adip-
osity and reversing the decreases in LH, FSH, and T levels in obese male
rodents (Palmer et al., 2012; You et al., 2013); however, the mechan-
isms mediating these effects are not fully understood. Recently, findings
from studies in obese men or male mice have shown that, serum nes-
fatin-1 levels can be increased by diet intervention (Guo et al., 2014) or
exercise (Ahmadizad et al., 2015; Chaolu et al., 2011). In addition, diet
and/or exercise can reduce hypothalamic levels of pro-inflammatory
cytokines (Diane et al., 2015; Masson et al., 2015; Ropelle et al., 2010;
Yi et al., 2012), increase the expression of IκBα, and suppress the ac-
tivation of IKKβ/NF-κB in the hypothalamus of obese rats (Diane et al.,

2015; Ropelle et al., 2010).
Accordingly, in this study, we aimed to test the hypothesis that

nucleobindin 2 (NUCB2)/nesfatin-1 may promote GnRH expression
directly and/or indirectly in the hypothalamus of males during diet
and/or exercise interventions to improve the reproductive functions of
males.

2. Materials and methods

2.1. Laboratory animals and breeding environment

In this study, 55 male C57BL/6J mice (4–5weeks old) were pur-
chased from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) under permit number SCXK (Beijing) 2016-0011. Mice
were maintained in a breeding room at a temperature of 22 ± 3 °C and
a humidity of 50% ± 10% under a 12:12-h light-dark cycle, and food
and water were fed ad libitum. In each cage, there were no more than
five mice. All animal experiments in this study were carried out in ac-
cordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Animal Ethics
Committee of Shenyang Sport University.

2.2. Diet and animal grouping

After 1 week of acclimation, 10 mice were placed on a normal diet
(ND) and 45 mice were placed on an HFD. The HFD had been shown to
induce obesity in male mice in previous studies (Palmer et al., 2012; Yi
et al., 2017). The components of the two diets used in this study were
described previously (Palmer et al., 2012). Briefly, the fat and carbo-
hydrate contents were 6.0% and 30.5%, respectively, in the ND and
21.0% and 15.5%, respectively, in the HFD by weight. The digestible
energy from lipids was 13.9% for the ND and 40.0% for the HFD. The
fat content was derived from canola oil in the ND and clarified butter in
the HFD. The other components of the two diets were identical. The
total digestible energy was 3.89 kcal/g for the ND and 4.72 kcal/g for
the HFD. Diets were purchased from Jianmin Company Ltd. (Shenyang,
China). After 10 weeks, the body weights of all mice in the HFD group
were>120% of the mean body weight in the ND group, with the ex-
ception of three mice that did not develop obesity; thus, the animal
obesity model was effectively established (Chandler et al., 2005). The
three mice that did not develop obesity were excluded from the HFD
group.

After the obesity model was successfully established, mice in the
HFD group were randomly allocated into one of four groups: the obesity
control (OC) group (n=10), obesity with ND (ON) group (n=10),
obesity and moderate exercise (OE) group (n=11), and obesity with
ND and moderate exercise (ONE) group (n=11). The intervention
period lasted for 8 weeks, during which time the mice in the OC and OE
groups were fed the HFD, and mice in the ON and ONE groups were fed
the ND. The body weights of mice in the four groups did not differ
significantly at the beginning of the three interventions (p > .05). Mice

Fig. 1. Animal grouping. Mice were allocated to the
normal diet (ND; n=10) and high-fat diet (HFD;
n=45) groups at random. After 10weeks of diet
intervention, three mice that did not develop obesity
were excluded from the HFD group, and the re-
maining 42 mice were further assigned to the obesity
control (OC; n=10), obesity with ND (ON; n=10),
obesity and exercise (OE; n=11), and obesity with
ND and exercise (ONE; n=11) groups.
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that were fed the ND during the initial feeding period were designated
as the normal control (NC) group and continued to receive the ND
during the interventional period (Fig. 1). Individual body weight
measurements were performed weekly during both the initial and in-
terventional periods.

2.3. Exercise protocol

A moderate-load exercise was used in the OE and ONE groups (Lee
et al., 2015). Briefly, mice in the OE and ONE groups were acclimated
to treadmill running during the first 2 weeks, and the treadmill running
speed and duration were gradually increased from 20min/day at a
speed of 10m/min to 60min/day at a speed of 20m/min at the end of
week 2. The final exercise protocol was 60min/day at a speed of 20m/
min, 6 days/week, with 0% incline, for 6 weeks (trained at the begin-
ning of the dark cycle, from 18:00 to 19:00).

2.4. Sample collection

At 36–48 h after the last session of exercise (for washing out the
acute effects of the last session of exercise on the measurements) (Lee
et al., 2011) in the OE and ONE groups (with fasting for 12 h), mice
were anesthetized by intraperitoneal injection of sodium pentobarbital
(50mg/kg body weight; Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China). Mice were sedated, and blood was immediately
collected from the tail vein. Serum was separated for measurement of
hormones. All groups of mice were decapitated, and hypothalamus
tissues were harvested, immediately frozen in liquid nitrogen, and then
stored in a −80 °C freezer for subsequent mRNA analysis. The adipose
tissues that surrounded the testis, kidneys, and mesentery were also
collected and weighed to determine the abdominal fat content. Six mice
in each of the NC, OC, and ON groups and seven mice in each of the OE
and ONE groups were used for harvesting of serum, hypothalamus
tissues, and adipose tissues. The remaining four mice in each group
were used for immunohistochemical analysis.

2.5. Hormone measurement

Serum levels of FSH, LH, total T, and nesfatin-1 were measured
using enzyme-linked immunosorbent assay (ELISA) kits according to
the manufacturer's protocols on a Thermo Fisher Multiskan GO 1510
(Thermo Fisher Scientific, Finland). All mouse ELISA kits were obtained
from Shanghai Enzyme-linked Biotechnology Co., Ltd. The detection
limits for the three kits were as follows: FSH, 2.5–80 mIU/mL; LH,
0.25–8.0 ng/mL; T, 0.75–24 ng/mL; nesfatin-1, 12–400 pg/mL. The
intra-assay coefficient of variation (CV, %) was<10%, and the inter-
assay CV (%) was< 15% for all four ELISA kits.

2.6. Real-time polymerase chain reaction (PCR)

Total RNA was isolated from the mouse hypothalamus using RNA
Isolater Total RNA Extraction Reagent (R401-01; Vazyme Biotech Co.,
Ltd., Nanjing, Jiangsu, China). For each sample, 1.0 μg total RNA was
reverse transcribed into cDNA using a GoScript Reverse Transcription
System kit (A5001; Promega, Madison, WI, USA) according to the
manufacturer's instructions on an Applied Biosystems Veriti 96-Well
Thermal Cycler (Applied Biosystems, Singapore). Amplification was
conducted using a GoTaq qPCR Master Mix kit (A6001; Promega) on an
Applied Biosystems StepOne Real-Time PCR System (Applied
Biosystems) according to the manufacturer's instructions. The primers
used in this study were as follows: Nucb2, forward, 5′-GTC ACA AAG
TGA GGA CGA GAC TG-3′ and reverse, 5-TGG TTC AGG TGT TCA AAC
TGC TTC-3′; Gnrh 1, forward, 5′-AGG AGC TCT GGA AAG TCT GAT-3′
and reverse, 5′-AAT GTT ATA CTC GGG TGT TGT GGA T-3′; Tnf-α,
forward, 5′-ACG GCA TGG ATC TCA AAG AC-3′ and reverse, 5′-GTG
GGT GAG GAG CAC GTA GT-3′; Il-1β, forward, 5′-GCT GCT TCC AAA

CCT TTG AC-3′ and reverse, 5′-AGC TTC TCC ACA GCC ACA AT-3′; Nf-
kb p65, forward, 5′-GAC CTG GAG CAA GCC ATT AG-3′ and reverse, 5′-
CAC TGT CAC CTG GAA GCA GA-3′; Ikkβ, forward, 5′-GCC TTA TGA
ACG AGG ACG AG-3′ and reverse, 5′-CTG TCT GGG CTT CCA CTC A-3′;
and 18s ribosomal RNA (18s rRNA), forward, 5′-GGC GGC TTG GTG
ACT CTA GAT AAC-3′ and reverse, 5′-CCT GCT GCC TTC CTT GGA TGT
G-3′. All primers were designed and synthesized by Sangon Biotech
(Shanghai) Co., Ltd. All real-time PCR assays were conducted in tri-
plicate, and mRNA levels were normalized to the level of the internal
control 18s rRNA in the same sample. Data were analyzed based on the
2-△△Ct method.

2.7. Immunohistochemistry (IHC)

In this experiment, four mice in each group were used. After the
mice were anesthetized, fixation-perfusion was performed with ice-cold
4% paraformaldehyde/phosphate-buffered saline (PBS). Brains were
harvested and immersed in 4% paraformaldehyde/PBS for 24 h at 4 °C.
The brains were then dehydrated in increasing concentrations of
ethanol and embedded in paraffin blocks. Brain tissue blocks were cut
into 7-μm-thick sections at the coronal plane using a microtome (Leica
Biosystems Ltd., Germany). Sections were mounted onto slides, depar-
affinized with xylene, rehydrated with decreasing concentrations of
ethanol, and then rinsed with PBS. Slides were immersed in citrate
antigen retrieval buffer for antigen hot retrieval in a microwave oven.
For immunostaining, an Ultra Sensitive SP (Mouse/Rabbit) IHC Kit
(Maxim, Fuzhou, Fujian, China) was used. Briefly, sections were first
incubated with 3% H2O2 for 30min at room temperature to quench
endogenous peroxidase and then blocked with goat serum working
solution for 30min at room temperature. Next, tissues were incubated
overnight at 4 °C with the following primary antibodies: rabbit anti-
NUCB2 polyclonal antibodies (diluted 1:500; Bioss, Beijing, China),
rabbit anti-GnRH1 polyclonal antibodies (diluted 1:1000; ABclonal,
Wuhan, Hubei, China), rabbit anti-TNF-α polyclonal antibodies (diluted
1:1000; ABclonal), rabbit anti-IL-1β polyclonal antibodies (diluted
1:1000; ABclonal), rabbit anti-phospho-IKKβ (Tyr188) polyclonal an-
tibodies (diluted 1:500; Bioss), and rabbit anti-NF-κB p65 polyclonal
antibodies (diluted 1:500; Bioss). Antigen specificity of primary anti-
bodies was confirmed with negative controls in which primary anti-
bodies were replaced with PBS. After washing with PBS for five times,
sections were incubated with the secondary antibody (biotinylated goat
anti-rabbit immunoglobulin G) for 10min at room temperature, and a
streptavidin-peroxidase conjugate was then applied according to the
manufacturer's instructions. To visualize staining, sections were stained
with diaminobenzidine solution for 30s. Sections were then counter-
stained with hematoxylin, dehydrated with increasing concentrations of
ethanol, cleared in xylene, and mounted with neutral resins. Images
were captured by a camera connected with a light/fluorescence mi-
croscope (Leica Microsystem Ltd.) after the same exposure time.
Quantitative histological analysis of NUCB2/nesfatin-1, TNF-α, IL-1β,
phospho-IKKβ, and NF-κB p65 pixel intensities was automatically per-
formed on four successive sections from each animal using Image Pro
Plus software 6.0 (Media Cybernetics Inc., USA). For quantitative his-
tological analysis, only images captured at the mediobasal hypotha-
lamus were included, with a focus on the arcuate nucleus (Arc). The
results are shown as the average integrated optical density of images,
and the NC group was set at 1. The results in the other groups were then
determined as the fold change relative to the NC group.

2.8. Statistical analysis

All data were expressed as means ± standard errors of the means
(SEMs), and all data analyses were performed in SPSS 18.0 (SPSS,
Chicago, IL, USA). Student's t-tests were used to compare the data be-
tween the NC and OC groups, and one-way analysis of variance with
least significant difference post-hoc tests were performed for statistical
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analysis of data between the OC, ON, OE, and ONE groups. If the var-
iance was heterogeneous, Mann-Whitney U tests were used. Correlation
analysis was performed using the Pearson correlation. Results with P
values of< 0.05 were considered significant.

3. Results

3.1. Effects of diet and exercise on body weight and abdominal fat mass

At the end of week 10 on the HFD, the average body weight of the
mice on the HFD was greater than that of mice on the ND by 29.15%
(33.45 g versus 25.90 g; Fig. 2A), up to the standard of obesity model
level in mice (Chandler et al., 2005). After continuing with the HFD for
8 weeks, body weights, abdominal fat masses, and abdominal fat mass
to body weight ratios increased significantly in the OC group compared
with that in the NC group (P < .05, Fig. 2B–E). All interventions were

able to reduce body weights, abdominal fat masses, and abdominal fat
mass to body weight ratios significantly compared with those in the OC
group (P < .05, Fig. 3C–E). In addition, when compared with the OE
group, mice in the ONE group showed significantly reduced body
weights, abdominal fat masses, and abdominal fat mass to body weight
ratios (P < .05, Fig. 2B–E). In terms of weight loss effect, diet com-
bined with exercise was the most effective, and exercise alone was not
as effective as diet alone.

3.2. Effects of diet and exercise on the serum hormonal milieu

Male mice in the OC group had significantly lower levels of serum
LH, FSH, T, and nesfatin-1 than those in the NC group (P < .05,
Fig. 3A–D). Serum levels of LH, FSH, T, and nesfatin-1 were sig-
nificantly increased in all intervention groups compared with those in
the OC group (P < .05, Fig. 3A–D), except for nesfatin-1 levels in the

Fig. 2. Effects of diet and exercise on body weights, abdominal fat masses, and abdominal fat mass to body weight ratios. All data are expressed as means ± SEMs. A.
Time-dependent increases in body weight in the pre-intervention period, n=55. B. Time-dependent changes in body weight in the post-intervention period, n=52.
C. Effects of diet and exercise on body weights, n=52. D. Effects of diet and exercise on abdominal fat masses, n=32. E. Effects of diet and exercise on abdominal fat
mass to body weight ratios, n=32. ⁎P < .05 compared with the NC group. #P < .05 compared with the OC group. ■P < .05 compared with the OE group.
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OE group, which tended to increase (P > .05, Fig. 3D). In addition,
mice in the ONE group showed significantly increased LH and T levels
compared with those in the OE group (P < .05, Fig. 3A and C). Among
the three types of interventions, increases in serum reproductive

hormones and nesfatin-1 levels were the highest in the ONE group,
followed by the ON group. In all mice, serum nesfatin-1 levels were
positively correlated with FSH and T levels (P < .05, Fig. 3F and G).

Fig. 3. Effects of diet and exercise on the serum hormonal milieu. A–D. Effects of diet and/or exercise on the levels of LH, FSH, T, and nesfatin-1 in the serum. Values
are means ± SEMs; n=32. ⁎P < .05 compared with the NC group. #P < .05 compared with the OC group. ■P < .05 compared with the OE group. E–G.
Correlation of serum nesfatin-1 levels with LH, FSH, and T levels.
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3.3. Effects of diet and exercise on mRNA levels of Nucb2, Gnrh, and
inflammatory factors in the hypothalamus

Compared with the NC group, mRNA levels of Gnrh and Nucb2 were
significantly decreased (P < .05, Fig. 4A), whereas mRNA levels of
pro-inflammatory cytokines (Tnf-α and Il-1β) and inflammatory sig-
naling pathway components (Ikkβ and Nf-кb) were significantly in-
creased in the hypothalamus of male mice in the OC group (P < .05,
Fig. 4B and C). After diet and/or exercise interventions, the mRNA le-
vels of Gnrh and Nucb2 were significantly increased in the ON and ONE
groups when compared with those in the OC group (P < .05, Fig. 4A).
In contrast, mRNA levels of Tnf-a, Il-1β, Nf-κb, and Ikkβ were sig-
nificantly reduced in all intervention groups compared with those in the
OC group (P < .05, Fig. 4B and C). In addition, when compared with
mice in the OE group, mice in the ONE group showed significantly
increased Gnrh mRNA levels (P < .05, Fig. 4A), but significantly re-
duced Il-1β and Nf-κb mRNA levels (P < .05, Fig. 4B and C). In the
three intervention groups, increases in Gnrh and Nucb2 mRNA levels
were the highest in the ONE group, in which the mRNA levels of the
inflammatory factors were the lowest.

3.4. Effects of diet and exercise on protein levels of nefatin-1, GnRH and
inflammatory factors in the hypothalamus

For immunohistochemical analysis, neurons showing positive
staining for nesfatin-1, GnRH, and inflammatory factors were found to
be localized in the mediobasal hypothalamus, particularly in the Arc
(Fig. 5A–F). Moreover, levels of nesfatin-1, GnRH, inflammatory factors
(TNF-α and IL-1β), and NF-κB pathway components (phospho-IKKβ and
NF-κB p65), expressed as the fold change in average integrated optical
density compared with the NC group, were evaluated (Fig. 5G–L). The
results showed that mice in the OC group exhibited decreased levels of
nesfatin-1 and GnRH (P < .05, Fig. 5G–H), but increased levels of TNF-
α, IL-1β, phospho-IKKβ, and NF-κB p65 compared with those in the NC
group (P < .05, Fig. 5H–L). After diet and/or exercise interventions,
nesfatin-1 levels were significantly increased in the ON and ONE
groups, and GnRH levels were significantly increased in the ONE group
compared with those in the OC group (P < .05, Fig. 5G–H). Moreover,
mice in the ONE group showed significantly increased GnRH levels
compared with the ON and OE groups (P < .05, Fig. 5H). All inter-
ventions significantly reduced TNF-α, IL-1β, phospho-IKKβ, and NF-κB
p65 levels compared with those in the OC group (P < .05, Fig. 5G–J),
with the exception of TNF-α in the OE group and IL-1β in the ON and
OE groups (P > .05, Fig. 5G and H). Finally, mice in the ONE group
showed significantly decreased TNF-α and phospho-IKKβ levels com-
pared with mice in the OE group (P < .05, Fig. 5G and I) and sig-
nificantly decreased phospho-IKKβ levels compared with mice in the
ON group (P < .05, Fig. 5I).

4. Discussion

The findings in this study showed that exposure to an HFD for
18 weeks led to obesity, which was associated the hypogonadotropic
hypogonadism, reduced serum and hypothalamic NUCB2/nesfatin-1
levels, increased hypothalamic pro-inflammatory factors and NF-κB
pathway components levels, and reduced hypothalamic GnRH levels.
Diet and/or exercise interventions were effective in reducing adiposity
and improving hypogonadotropic hypogonadism-associated obesity;
moreover, decreased serum and hypothalamic NUCB2/nesfatin-1 le-
vels, increased inflammatory factors and NF-κB pathway components
levels, and reduced hypothalamic GnRH levels associated with obesity
were also reversed by diet and/or exercise interventions.

GnRH, which is mainly secreted by the neurons in the preoptic area
of the hypothalamus and in the mediobasal hypothalamus, is essential
for the normal reproductive function of mammals (Stamatiades and
Kaiser, 2018). GnRH acts on gonadotrope cells in the anterior pituitary
to increase the production and secretion of the gonadotropin hormones
LH and FSH (Stamatiades and Kaiser, 2018). In obesity, both mRNA
levels and immunopositivity of GnRH were decreased in the hypotha-
lamus of obese male rabbits (Morelli et al., 2014). Consistent with these
previous findings, we showed that GnRH positive neurons mainly lo-
cated in the mediobasal hypothalamus, particularly in the Arc. In ad-
dition, the mRNA and protein levels of GnRH in the hypothalamus of
obese male mice were significantly decreased compared with those in
normal weight male mice, accompanied by decreased serum levels of
LH, FSH, and T in obese mice. These findings indicated that the reduced
mRNA and protein levels of GnRH in the hypothalamus of obese mice
directly induced decreases in serum reproductive hormones levels, al-
though the mechanisms through which GnRH levels were reduced in
obesity are still unknown.

As was observed in previous studies, nesfatin-1 positive neurons
were distributed in many hypothalamic nuclei, particularly in the Arc,
which is located in the mediobasal hypothalamus and is implicated in
the control of energy balance and reproductive function (Chen et al.,
2015; Goebel-Stengel and Wang, 2013; Oh et al., 2006). Thus, nesfatin-
1 was first identified as a satiety peptide in many hypothalamic nuclei
and was found to play important roles in controlling appetite and en-
ergy balance (Oh et al., 2006). Later, NUCB2/nesfatin-1-positive neu-
rons were found to be co-localized with GnRH in murine hypothalamic
(GT1–7) cells and in the hypothalamic perikarya of mice, and nesfatin-1
intervention was found to increase the mRNA and protein levels of
GnRH in murine hypothalamic (GT1–7) cells and Lhβ in murine pitui-
tary (LβT2) cells (Hatef and Unniappan, 2017). In addition, nesfatin-1
administration was also found to promote the secretion of LH and FSH
in the serum of adult male rats (Garcia-Galiano et al., 2010). Moreover,
treatment of cultured testis tissues and Leydig cells with nesfatin-1 in-
creased T levels (Gao et al., 2016; Garcia-Galiano et al., 2012). These

Fig. 4. Effects of diet and exercise on mRNA levels of Gnrh, Nucb2, and inflammatory factors in the hypothalamus. mRNA levels are presented as fold changes relative
to the NC group. Values are means ± SEMs. n=32. ⁎P < .05 compared with the NC group. #P < .05 compared with the OC group. ●P < .05 compared with the
ON group. ■P < .05 compared with the OE group.

D. Chen et al. Neuropeptides 74 (2019) 34–43

39



Fig. 5. Effects of diet and exercise on the average integrated optical densities of nesfatin-1, GnRH, and inflammatory factors in the hypothalamus. A–F show
representative images of nesfatin-1, GnRH, and inflammatory factors. G–L show the average integrated optical density levels of nesfatin-1, GnRH, and inflammatory
factors and are presented as fold changes relative to those in the NC group. Values are means ± SEMs. n=20. ⁎P < .05 compared with the NC group. #P < .05
compared with the OC group. ●P < .05 compared with the ON group. ■P < .05 compared with the OE group. Scale bars, 100 μm.
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findings indicated that, nesfatin-1 could stimulate LH, FSH, and T se-
cretion in males by directly acting on all levels of the hypothalamic-
pituitary-testicular axis. In our study, serum nesfatin-1 levels in obese
mice were significantly reduced compared with that in NC group, si-
milar to previous findings in obese men (Abaci et al., 2013; Guo et al.,
2014). Notably, nesfatin-1 can cross the blood-brain barrier without
saturation (Pan et al., 2007), and cerebrospinal fluid NUCB2/nesfatin-1
is significantly positively associated with plasma NUCB2/nesfatin-1
(Tan et al., 2011). Thus, in this study, the decreases in serum nesfatin-1
levels in obesity were likely to induce changes in NUCB2/nesfatin-1
expression in the hypothalamus of obese male mice. Indeed, we found
that NUCB2/nesfatin-1-immunopositive neurons were mainly dis-
tributed in the mediobasal hypothalamus, particularly in the Arc, si-
milar to the previous description of NUCB2/nesfatin-1 distribution in
the hypothalamus of mice (Oh et al., 2006). Moreover, the mRNA and
protein levels of NUCB2/nesfatin-1 in the hypothalamus of obese mice
were decreased compared with those in NC mice. As described above,
compared with NC mice, the mRNA and protein levels of GnRH were
decreased in the hypothalamus of obese mice, and it is likely that de-
creases in serum and hypothalamic NUCB2/nesfatin-1 levels may di-
rectly attenuate stimulatory effects on GnRH expression, which could
further reduce serum LH, FSH, and T levels in obese male mice.

Nesfatin-1 exerts anti-inflammatory effects in the rat brain (Ozsavci
et al., 2011; Tang et al., 2012). Moreover, activation of the IKKβ/NF-κB
pathway could reduce mRNA levels of Gnrh in the hypothalamus of
mice (Zhang et al., 2013). Thus, levels of pro-inflammatory factors
(TNF-α and IL-1β) and IKKβ/NF-κB pathway components (IKKβ and
NF-κB) were also evaluated to determine whether the regulatory effects
of NUCB2/nesfatin-1 on GnRH were related to its anti-inflammatory
effects in the hypothalamus. The results showed that positive neurons
for TNF-α, IL-1β, phospho-IKKβ, and NF-κB were mainly distributed in
the Arc, similar to the distribution of NUCB2/nesfatin-1-positive neu-
rons in this study. After semi-quantitative analysis, we found that the
mRNA and protein levels of TNF-α, IL-1β, NF-κB, and the phosphor-
ylation of IKKβ were increased in obese mice compared with that in NC
mice. Thus, it is likely that diet-induced obesity may attenuate the anti-
inflammatory effects in the brain by decreasing hypothalamic NUCB2/
nesfatin-1 level; the IKKβ/NF-κB pathway was then activated and GnRH
mRNA and protein levels were reduced.

To further elucidate the potential mechanism of nesfatin-1 in hy-
pothalamic regulation of reproductive function, diet and/or exercise
interventions were employed in obese mice, and we examined whether
hypogonadotropic hypogonadism could be alleviated by diet and/or
exercise interventions in obese mice. As mentioned above, diet and
exercise interventions are effective in reducing adiposity, but it is still
unclear whether hypogonadotropic hypogonadism associated with
obesity could be affected by diet and/or exercise interventions. In
previous studies, the effects of dietary intervention on adiposity re-
duction and alleviation of hypogonadotropic hypogonadism associated
with obesity have been consistent; that is, a moderate reduction in
calorie intake can reverse low T levels in obese men and male mice
(Palmer et al., 2012; Schulte et al., 2013) and can increase serum sex
hormone-binding globulin levels (Khoo et al., 2013; Schulte et al.,
2013) and the T to estradiol ratio in obese men (Schulte et al., 2013). In
this study, the energy content in the diet of mice decreased from 4.72 to
3.89 kcal/g when the dietary intervention was applied, and both the
body weights and abdominal fat masses were significantly decreased,
accompanied by increases in serum productive hormone (LH, FSH, and
T) levels in obese mice after dietary intervention. These findings in-
dicated that dietary intervention alleviated hypogonadotropic hypo-
gonadism in male mice caused by obesity and effectively reduced
adiposity. However, previous studies of the effects of exercise on serum
reproductive hormones in obese men or male animals have not been
consistent; that is, although most studies have reported that exercise
can increase serum T levels in obese men or rodents (Rosety et al.,
2017; Yi et al., 2017; You et al., 2013), some studies have shown that

exercise decreases serum LH, FSH, and T levels in obese men
(Safarinejad et al., 2009), or has no effect on decreased T and increased
estradiol levels in obese men (Yi et al., 2017). These inconsistent results
may be related to variations in exercise load or volume, as the findings
in our previous study showed that moderate-volume exercise could
effectively reverse the decreased T and increased estradiol levels in
obese mice, but this effect was not found after high-volume exercise (Yi
et al., 2017). Thus, moderate load exercise was adopted in this study. In
addition, to further determine whether diet combined with exercise
intervention was more effective for alleviating hypogonadotropic hy-
pogonadism, 8 weeks of diet combined with exercise was also in-
tervened in obese male mice. After intervention, 8 weeks of exercise
and diet combined with exercise not only effectively reduced abdom-
inal fat masses and body weights in obese mice, but also reversed de-
creases in serum LH, FSH, and T levels induced by obesity, similar to
findings in previous studies (Armamento-Villareal et al., 2016; Palmer
et al., 2012; You et al., 2013). In studies of the effects of the three
interventions on hypothalamic GnRH levels, we found that diet alone
significantly increased Gnrh mRNA levels, diet combined with exercise
significantly increased GnRH mRNA and protein levels, and the effects
were more obvious in the diet combined with exercise intervention
group. However, increases in the mRNA and protein levels of GnRH in
the exercise alone group were not significant, and these results may be
related to the minor effects of this intervention on weight loss in obese
mice (weight loss induced in the exercise alone, diet alone, and diet
combined with exercise groups were 61.96%,71.84%, and 80.13%,
respectively). Interestingly, serum productive hormones and hypotha-
lamic GnRH levels affected by the three interventions were consistent
with the trends in weight loss. These findings suggested that diet alone
and diet combined with exercise could alleviate hypogonadotropic
hypogonadism associated with obesity by reversing the decreased
GnRH levels in the hypothalamus of obese mice and that diet combined
with exercise was more effective. Nevertheless, it was unclear whether
the changes in hypothalamic GnRH levels were related to changes in
serum, particularly hypothalamic NUCB2/nesfatin-1 levels. Therefore,
serum and hypothalamic NUCB2/nesfatin-1 levels in the mice of the
three intervention groups were also evaluated; the results showed that
exercise alone did not alter serum and hypothalamic NUCB2/nesfatin-1
levels, whereas diet alone and diet combined with exercise significantly
increased serum and hypothalamic NUCB2/nesfatin-1 levels, with the
most obvious effects in the diet combined with exercise group. These
findings for NUCB2/nesfatin-1 in the diet and/or exercise mice groups
were opposite those in OC group, although trends for hypothalamic
NUCB2/nesfatin-1 levels were similar to hypothalamic GnRH and
serum productive hormones levels in mice in the three intervention
groups. Based on these findings, NUCB2/nesfatin-1 may act directly on
GnRH neurons in the hypothalamus to regulate male reproductive
function.

In this study, we showed that all three interventions reduced the
mRNA and protein levels of TNF-α, IL-1β, IKKβ, and NF-κB in the hy-
pothalamus, particularly in the Arc, of obese male mice. Moreover,
mRNA and protein levels of NUCB2/nesfatin-1 and GnRH were reversed
by diet and/or exercise with the most significant effects observed in the
diet combined with exercise intervention. The trends in hypothalamic
levels of NUCB2/nesfatin-1 and GnRH were consistent with those in
serum reproductive hormones after the three treatments in mice. In
addition, long-term diet intervention has been shown to be successful
for reversing the increases in astrocyte and microglial activation in the
Arc of obese mice (Berkseth et al., 2014) and to significantly reduce the
levels of TNF-α and NF-κB in the Arc of juvenile obese rats. Moreover,
long-term exercise can markedly decrease microglial activation speci-
fically in hypothalamic Arc regions (Yi et al., 2012) and inhibit acti-
vation of the IKKβ/NF-κB pathway in the hypothalamus of mice
(Ropelle et al., 2010). Based on these previous findings, the findings in
our study indicated that nesfatin-1 may indirectly regulate male re-
productive function through its anti-inflammatory effects.
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However, because the antibody used in this study for NUCB2/nes-
fatin-1 cannot discriminate unprocessed/processed forms of the pep-
tide, nesfatin-1 protein levels in the hypothalamus of obese mice and
after diet and/or exercise interventions were not able be determined. In
addition, because nesfatin-1 is cleaved from NUCB2 by prohormone
convertase (PC) 1/3 and PC 2, and mutation of the PCSK1 gene (which
encodes PC 1/3) may also exhibit hypogonadotropic hypogonadism
(Stijnen et al., 2016), it is possible that the hypogonadotropic hypo-
gonadism associated with obesity may induced by impairment of hy-
pothalamic PC1/3 and PC 2 expression. Moreover, in this study, we
were not able to further verify the potential mechanisms underlying the
role of nesfatin-1 in regulating reproductive function by exogenous
administration of nesfatin-1 in vivo or in vitro. Thus, further studies are
needed to elucidate these mechanisms.

5. Conclusions

Taken together, the findings of this study showed that exposure to
an HFD for 18 weeks enhanced obesity, impaired hypothalamic/pitui-
tary/testicular axis activity and induced hypogonadotropic hypogo-
nadism in male mice. The underlying mechanisms may be related to
decreases in hypothalamic NUCB2/nesfatin-1 levels caused by obesity,
which attenuated the stimulatory effect on hypothalamic GnRH ex-
pression directly or indirectly by suppressing its anti-inflammatory ef-
fects in the brain. Diet and exercise interventions were able to alleviate
the hypogonadotropic hypogonadism associated with obesity, poten-
tially by increasing hypothalamic NUCB2/nesfatin-1 levels. However,
further studies are needed.
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