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INTRODUCTION 
 

The noticeable feature of aging is the degradation of 

various physiological functions with increasing age and 

eventually leading to lifespan. Aging is not just 

determined by a single but a variety of factors, including 

the neuroendocrine. Factors affecting the synthesis, 

secretion, and regulation of the neuroendocrine system 

contribute to aging. Recent studies have confirmed that 

the hypothalamus, as a neuroendocrine and autonomous 

regulatory center, plays a fundamental role in aging 

development and lifespan control. Hypothalamic 

inflammation is considered to be the common basis of 

metabolic syndrome and aging. 

 

Diet and exercise are the key factor of aging. High-

energy diets and sedentary lifestyles promote aging  

[1]. Studies have been showing that intake of a  

high-energy diet would induce metabolic disturbances 

and inflammation in the hypothalamus [2]. The 

hypothalamic inflammation is manifested by the 

activation of inflammatory pathways and glial  

cells, which are related to aging process [3]. The 

activation of NF-κB and inflammation in hypothalamus 

increased along with aging. Inhibition of NF-κB 

activation promoted the release of gonadotropin-

releasing hormone (GnRH) in the hypothalamus, which 

played a crucial role in aging. Treatment with GnRH  

for 5-8 weeks accelerated neurogenesis and mitigated 

aging [4]. 

 

Aerobic exercise is a healthy lifestyle for regulating 

metabolism and inflammation, reducing the risk of 

chronic diseases and aging-related diseases [5, 6]. 

Studies have proved that aerobic exercise is essential for 

neural regeneration, apoptosis, inflammation and energy 

metabolism in the hypothalamus [7–9]. It is reported 

that aerobic exercise alleviates hypothalamus 

inflammation and has an anti-aging effect, of which the 

mechanism has not yet been clarified [10]. 
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ABSTRACT 
 

A high-fat diet and sedentary lifestyle could accelerate aging and hypothalamic inflammation. In order to 
explore the regulatory mechanisms of lifestyle in the hypothalamus, swimming exercise and diet control were 
applied in the high-fat diet ApoE-/- mice in our study. 20-week-old ApoE-/- mice fed with 12-week high-fat diet 
were treated by high-fat diet, diet control and swimming exercise. The results showed that hypothalamic 
inflammation, glial cells activation and cognition decline were induced by high-fat diet. Compared with the diet 
control, hypothalamic inflammation, glial cells activation and learning and memory impairment were 
effectively alleviated by swimming exercise plus diet control, which was related to the increasing expression of 
SIRT1, inhibiting the expression of NF-κB and raising secretion of GnRH in the hypothalamus. These findings 
supported the hypothesis that hypothalamic inflammation was susceptible to exercise and diet, which was 
strongly associated with SIRT1-NF-κB-GnRH expression in the hypothalamus. 
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Silent Information Regulator 1 (SIRT1) is a longevity 

gene that linked to the extension of lifespan in many 

organisms. SIRT1 has various physiological functions 

by regulating some key targets via deacetylation, such as 

NF-κB and peroxisome proliferator-activated receptor γ 

(PPARγ) [11]. Chen WK et al. [12] demonstrated that 

long-term aerobic exercise facilitated SIRT1 protein 

expression and enhanced SIRT1-related anti-aging 

signals. Aerobic exercise induced the expression of 

SIRT1 which inhibited the NF-κB pathway. SIRT1-NF-

κB was involved in the process of aging and 

neurodegenerative diseases [11, 13]. Swimming is one 

of the ideal ways for aerobic exercise [9, 14, 15]. It is 

estimated that swimming exerts neuroprotection and 

alleviates hypothalamic inflammation [9]. We therefore 

hypothesized that swimming exercise may have the 

effect of anti-aging by inhibiting the inflammation of the 

hypothalamus, which was associated with the regulation 

of SIRT1-NF-κB pathway and expression of GnRH. 

This study aimed to investigate the effects of swimming 

exercise on the peripheral and central inflammatory 

response and to explore the relationship between SIRT1-

NF-κB-GnRH in the hypothalamus and aging. 

 

RESULTS 
 

Swimming exercise and diet control improved 

physiological conditions 
 

Mice were fed with a high-fat diet at 20 weeks of age, 

and then started swimming exercises and/or diet control 

interventions at 32 weeks of age. The specific 

experimental protocol is illustrated in Figure 1. The 

body weight of the mice was recorded weekly 

throughout the experiment. ApoE-/- mice were fed with 

a high-fat diet for 12 weeks. There was no significant 

difference in body weight among the high-fat diet (HFD) 

group, diet control (DC) group, and swimming exercises 

(EX) group. HFD group were fed with a high-fat diet 

continually and gradually gained weight with age. After 

diet control and swimming training for 8 weeks, both 

DC and EX group gradually lost the body weight 

compared to the HFD group (35.42 ± 2.70, 31.22 ± 1.64 

vs. 43.38 ± 3.25; p < 0.01) (Figure 2A). The EX group 

had the lowest body weight among three groups (31.22 ± 

1.64; p < 0.01) (Figure 2A). Gastrocnemius HE staining 

showed that high-fat diet induced inflammatory cell 

infiltration into muscle and muscle fibers irregularly 

distributed, which were improved by swimming exercise 

and diet control (Figure 2B). Same results were seen in 

the liver HE staining. Swimming exercise and diet 

control relieved the lipids deposit and inflammatory cells 

infiltration of the liver, reversed the degeneration of 

hepatocyte vacuoles, improved the integrity of liver 

lobular structure after high-fat diet feeding (Figure 2C). 

It indicates that swimming exercise and diet control are 

effective ways to maintain physiological functions. 

 

Assay kits were used to evaluate the levels of TC, TG, 

LDL, HDL and glucose. The results showed that levels 

of TC, TG, LDL and glucose in the HFD group  

were significantly higher than those in the control group 

(p < 0.01) (Figure 2D–2F, 2H), and HDL levels in the 

HFD group were significantly lower than those in the 

 

 
 

Figure 1. Experimental design. ApoE-/- mice were fed with a high-fat diet (HFD) at 20 weeks of age for 12 weeks, and then randomly 
divided into HFD group, DC group and EX group. The HFD group continued to have a high-fat diet, the DC group changed to a normal 
diet(ND), and the EX group performed an eight-week swimming exercise based on the normal diet. C57BL/6J mice with the same genetic 
background at the age of 20 weeks were used as a control group, and they continued to be fed with a normal diet throughout the 
experiment. At the end of the protocol, mice were deeply anesthetized with isoflurane and then decapitated. 
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Figure 2. Swimming exercise and diet control improved physiological conditions. (A) The changes in body weight of mice at 20-40 
weeks of age, respectively. There was no difference in body weight among groups at 32 weeks of age. It was significantly different in the body 
weight at the end of the intervention (40 weeks) among groups, EX group had the lowest body weight (p < 0.01); (B) HE staining of mouse 
gastrocnemius muscle. Scale bar = 200μm. (C) HE staining of mouse liver tissue. Scale bar = 200μm. (D–H) Serum TC, TG, LDL, HDL and glucose 

levels. vs control group, ▲▲p < 0.01. vs HFD group, *p < 0.05, ** p < 0.01. vs DC group, #p < 0.05, ## p < 0.01. 
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control group (0.87 ± 0.32 vs. 4.18 ± 0.53; p < 0.01) 

(Figure 2G). Compared with the HFD group, the TC, 

LDL and glucose levels in the DC group were 

significantly reduced (TC: 70.54 ± 17.76 vs. 46.09 ± 

13.04; p < 0.01. LDL: 15.89 ± 2.28 vs. 11.53 ± 3.98;  

p <0.05. glucose: 19.52 ± 2.32 vs.14.79 ± 2.61; p < 0.01) 

(Figure 2D, 2F, 2H), the TC, TG, LDL and glucose 

levels in the EX group were dramatically decreased 

(TC: 36.79 ± 8.14; TG: 1.52 ± 0.18; LDL: 9.64 ± 2.38; 

glucose: 13.22 ± 2.25; p < 0.01) (Figure 2D, 2E, 2H), 

and the HDL levels were significantly increased (1.97 ± 

0.32; p < 0.01) (Figure 2G). There was significant 

difference of TG and HDL levels between the DC group 

and EX group (TG: 2.22 ± 0.40 vs. 1.52 ± 0.18;  

p < 0.05. HDL: 1.11 ± 0.27 vs. 1.97 ± 0.32; p < 0.01) 

(Figure 2E, 2G). It suggests that diet control and 

swimming exercise can suppress the serum levels of 

TC, TG, LDL and glucose, swimming exercise adds 

further benefits on top of those provided by the diet 

control. 

 

Serum SIRT1, IL-1β, TNFα, MMP-2, MMP-9 levels 

in the ApoE-/- mice 
 

We hypothesized that swimming alleviated the 

inflammatory mediators in peripheral blood through 

SIRT1 regulation. High-fat diet induced the over-

expression of IL-1β, TNFα, MMP-2, and MMP-9 and 

significantly inhibited the SIRT1 expression as opposed 

to the control group (p < 0.01. Figure 3). Compared with 

the HFD group, the levels of TNFα, MMP-2, and MMP-

9 decreased in the DC group (TNFα:132.42 ± 4.44 vs. 

152.62 ± 8.69; MMP-2: 309.38 ± 19.90 vs. 365.43 ± 

25.29; MMP-9:418.10 ± 36.47 vs. 518.59 ± 48.01; p < 

0.01) (Figure 3B–3D), the levels of IL-1β, TNFα, MMP-

2 and MMP-9 in the EX group decreased (IL-1β: 292.91 

± 18.15; TNFα:123.38 ± 4.03; MMP-2: 288.89 ± 44.77; 

MMP-9: 363.19 ± 35.05; p < 0.01) (Figure 3A–3D), and 

SIRT1 levels in the EX group increased (644.20 ± 50.89; 

p < 0.01) (Figure 3E). Compared with the DC group, 

TNFα and MMP-9 decreased in the EX group (TNFα: 

123.3 ± 4.03 vs. 132.42 ± 4.44; p<0.05. MMP-9: 363.19 

± 35.05 vs. 418.10 ± 36.47; p < 0.05) (Figure 3B, 3D), 

and SIRT1 increased significantly (644.20 ± 50.89 vs. 

529.68 ± 46.74; p < 0.01) (Figure 3E). The data showed 

that diet control plus swimming exercise could better 

elevate SIRT1 expression and reduce the levels of TNFα 

and MMP-9 than diet control alone. 

 

Immunoblotting to detect hypothalamic protein 

expression 

 

It is demonstrated that exercise and diet are the main 

factors of hypothalamic inflammation during aging. 

SIRT1 is a longevity gene and has the function of 

lifespan extension. It is believed that SIRT1 exerts a 

crucial role in aging-related hypothalamic dysfunction. 

To explore the effects of diet and swimming exercise on 

 

 
 

Figure 3. Serum IL-1β, TNFα, MMP-2, MMP-9 and SIRT1 expression. (A) The levels of IL-1β in serum. (B) The levels of TNFα in serum. 

(C) The levels of MMP-2 in serum. (D) The levels of MMP-9 in serum. vs control group, (E) The levels of SIRT1 in serum. ▲▲p < 0.01. vs HFD 
group, *p < 0.05, **p < 0.01. vs DC group, #p < 0.05. 



 

www.aging-us.com 11089 AGING 

hypothalamic inflammation related to SIRT1 mediated 

pathways, western blot was used to detect the 

expression of SIRT1, NF-κB, TNFα, and IL-1β proteins 

in the hypothalamus (Figure 4A). The results showed 

that HFD group had the lower SIRT1 expression than 

control group (0.19 ± 0.02 vs. 0.36 ± 0.02; p <0.01) 

(Figure 4B), the levels of SIRT1 expression in DC and 

EX group increased gradually (0.25 ± 0.01, p <0.01; 

0.33 ± 0.01, p <0.01) (Figure 4B). The expression of 

NF-κB raised dramatically in HFD group (1.00 ± 0.08 

vs. 0.47 ± 0.07; p <0.01), DC group and EX group 

significantly inhibited the expression of NF-κB (0.80 ± 

0.07, p <0.01; 0.60 ± 0.06, p <0.01) (Figure 4C), the 

NF-κB expression in EX group was lower than that in 

DC group (0.60 ± 0.06 vs. 0.80 ± 0.07, p <0.05)  

(Figure 4C). The same tendency was observed in the 

expression of TNFα and IL-1β (p < 0.05)(Figure 4D, 

4E). Compared with the DC group, EX group had the 

higher SIRT1 expression (p <0.01) (Figure 4B) and the 

lower NF-κB, TNFα and IL-1β expression (p < 0.05,  

p < 0.01 and p < 0.01) (Figure 4C–4E). It indicates that 

the NF-κB expression may be mediated by SIRT1 and 

affect inflammation of the hypothalamus. The data is 

consistent with the benefits of diet and swimming 

exercise on the hypothalamic inflammation. 

 

Immunohistochemical assay for activation of 

microglia and astrocytes in the hypothalamus 

 

Since microglial activation can promote inflammation 

and activate A1-reactive astrocytes. It is believed that 

the activation of microglia and astrocytes is involved in 

the hypothalamic inflammation and aging process. 

Immunohistochemical assay was applied to analyze the 

expression of Iba1 and GFAP in the hypothalamus 

(Figure 5A, 5B). The expression of Iba1 and GFAP in 

the hypothalamus was higher in the HFD group than the 

control group (Iba1: 8.26 ± 1.13 vs. 1.48 ± 0.50, p < 

0.01; GFAP: 9.50 ± 1.00 vs. 3.05 ± 0.68, p < 

0.01)(Figure 5C, 5D), and the expression of Iba1 and 

GFAP in the DC group were lower than the HFD group 

(Iba1: 5.29 ± 0.38 vs. 8.26 ± 1.13, p<0.01; GFAP: 7.03 

± 0.68 vs. 9.50 ± 1.00, p < 0.01)(Figure 5C, 5D). The 

expressions of Iba1 and GFAP in the EX group were 

lower than the DC group (Iba1: 2.05 ± 0.83 vs. 5.29 ± 

0.38, p < 0.01. GFAP: 3.90 ± 0.16 vs. 7.03 ± 0.68, p < 

0.01) (Figure 5C, 5D). It suggests that microglia and 

astrocytes act synergistically in the hypothalamic 

inflammatory response. Swimming exercise and diet 

control can effectively suppress the activation of glial 

cells in the hypothalamic inflammation. 

 

Immunohistochemical assay for GnRH expression in 

hypothalamus 
 

It is estimated that hypothalamic inflammation is 

associated with the aging process. We assumed that the 

SIRT1-NF-κB pathway could affect the GnRH secretion 

in the hypothalamus and improve the physiological 

conditions during aging. Thus, the expression of GnRH 

in the hypothalamic arcuate nucleus was detected 

(Figure 6A). The average optical density value of 

 

 
 

Figure 4. The expression of SIRT1, NF-κB, TNFα, and IL-1β proteins in the hypothalamus. (A) Western blot to detect the expression 
of SIRT1, NF-κB p65, TNF-α and IL-1β of the hypothalamus. (B) The expression of SIRT1 in the hypothalamus. (C) The expression of NF-κB p65 
in the hypothalamus. (D) The expression of TNF-α in the hypothalamus. (E) The expression of IL-1β in the hypothalamus. vs control group, 
▲▲p < 0.01. vs HFD group, *p < 0.05, ** p < 0.01. vs DC group, #p < 0.05, ## p < 0.01. 
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GnRH in the HFD group decreased significantly 

compared with the control group (0.10 ± 0.03 vs. 0.30 ± 

0.05, p < 0.01) (Figure 6B). The average optical density 

value of GnRH in the DC group increased slightly 

compared with the HFD group (Figure 6B). The levels 

of GnRH expression in the EX group was higher than 

the DC group and HFD group (0.16 ± 0.01 vs. 0.11 ± 

0.02, p < 0.05. 0.16 ± 0.01 vs.0.10 ± 0.03, p < 0.05) 

(Figure 6B). 

 

Object recognition test (ORT) for learning and 

memory capabilities 

 

Since the hypothalamic inflammation and GnRH levels 

may exert an effect on cognition, ORT was used to 

detect the learning and memory capabilities. The 

trajectory chart of mice during ORT was showed in the 

Figure 7A. The HFD group had the lower 

discrimination index (DI 1 h) than the control group  

(p < 0.01), 1 h DI of the DC and EX group increased 

gradually (p < 0.01), the EX group had higher 1 h DI 

than the DC group (p < 0.01) (Figure 7B). The similar 

results were observed in the ORT 24h test (Figure 7C). 

The results show that swimming and diet control can 

significantly improve the learning and memory ability 

of ApoE-/- mice that is associated with the inhibition of 

hypothalamic inflammation and promotion of GnRH 

release. 

 

DISCUSSION 
 

The hypothalamus is the crucial center for the 

integration of peripheral signals with brain 

physiological functions [1, 16]. Accumulating evidence 

suggest that hypothalamus dysfunction is linked to 

aging metabolism, especially with early manifestations 

of Alzheimer's disease (AD) [17]. Do K et al. reported 

that metabolic abnormalities early occurred in the AD 

mice, which were tied to the over-expression of 

inflammation-related genes in the hypothalamus [18]. 

Diet and exercise are the crucial factors in aging and are 

closely interrelated to the inflammation of the 

hypothalamus [1, 3, 5]. The long-term high-fat diet can 

promote inflammation of the hypothalamic arcuate 

 

 
 

Figure 5. The activation of microglia and astrocytes in the hypothalamus. (A) Iba1 expression levels in hypothalamic microglia. The 
statistics analysis of the expression of Iba1 positive cells. (B) The expression levels of GFAP in hypothalamic astrocytes. (C) The statistics 
analysis of the expression of Iba1 positive cells. (D) The statistics analysis of the expression of GFAP positive cells. The scale bar is shown in 
the figure. vs control group, ▲▲p < 0.01. vs HFD group, ** p < 0.01. vs DC group, ## p < 0.01. 
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Figure 6. The GnRH expression levels in the hypothalamic arcuate nucleus. (A) GnRH positive expression in the brown area. The 
scale bar = 100 um. (B) The statistics of the GnRH average optical density value of each group. Image-Pro Plus 6.0 software was used to 

calculate the average optical density of GnRH. vs control group, ▲▲p < 0.01. vs HFD group, * p < 0.05, ** p < 0.01. vs DC group, #p < 0.05, ## p < 

0.01. 
 

 
 

Figure 7. ORT was used to detect the learning and memory ability of mice. (A) Experimental trajectory map of mice exploring “A” 
and “B” objects in ORT device. (B) Comparison of 1 h identification index of mice in each group. (C) Comparison of 24 h identification index of 

mice in each group. vs control group, ▲▲p < 0.01. vs HFD group, ** p < 0.01. vs DC group, ## p < 0.01. 
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nucleus and induce systemic inflammation [19]. It is 

demonstrated that the activation of astrocytes and 

microglia could participate in the hypothalamic 

inflammation and exert an important role in systemic 

aging [9]. Astrocytes and microglia interact 

synergistically and are involved in neuro -inflammation 

[20]. A high-fat diet and sedentary lifestyle can activate 

microglia, influence hypothalamic inflammation and 

aging process, causing cognitive decline [21, 22]. Our 

experiments showed that a high-fat diet could increase 

peripheral inflammation and hypothalamic 

inflammation in ApoE -/- mice, activate glial cells and 

inhibit GnRH secretion, and lead to poor learning and 

memory. Swimming exercise and diet control can 

alleviate systemic inflammation and metabolism, 

improve dysfunction of the hypothalamus, promote 

GnRH secretion, and ameliorate cognition. However, 

the mechanism of swimming and diet improving 

hypothalamic inflammation and aging has not been 

elucidated. 

 

SIRT1 is a Nicotinamide Adenine Dinucleotide (NAD) 

dependent deacetylase and known as a longevity gene. 

It has been linked to the prolongation of life span in 

many organisms and participation in neurodegenerative 

diseases [23]. Kumar et al. reported that the serum 

concentrations of SIRT1 steadily declined with age and 

dementia progression, indicating that serum SIRT1 may 

be a biomarker for the cognitive disease [24]. There 

were a low serum concentrations and gene expression of 

SIRT1 in overweight subjects, and calorie restriction 

could significantly increase serum SIRT1 

concentrations [25]. Elevated SIRT1 activity can 

prevent endothelial cell from death and delay 

endothelial cell senescence [26]. SIRT1 activated the 

forkhead box O, PPARγ and Liver X receptor (LXR), 

regulated lipids metabolism and inhibited cholesterol 

deposit [11, 27]. It is estimated that the PPARγ-LXR-

ATP binding cassette transporter A1(ABCA1) pathway 

is involved in promoting HDL synthesis and cholesterol 

efflux [28]. Several studies have shown that SIRT1 can 

activate PPARγ, SREBP-1c, LXR and ABCA1, and 

exert a key role in lipid metabolism [29–31]. It has been 

proved that exercise and calorie restriction could raise 

SIRT1 expression [11, 32, 33]. Our study found that the 

HFD group had lower level of SIRT1 expression, the 

peripheral level of SIRT1 expression was increased 

gradually in DC and EX group. Both DC and EX 

groups reduced the levels of TC, TG, LDL and glucose, 

and raised the levels of HDL gradually compared with 

HFD group. The results showed that swimming exercise 

plus diet control was more effective than diet control in 

improving peripheral SIRT1 expression, decreasing TG 

levels and increasing HDL levels. It indicates that 

swimming exercise plus diet control exerts an important 

role in lipid metabolism through SIRT1-LXR-ABCA1 

pathways and promotes reverse cholesterol transport, 

elevates HDL generation and induces TG degradation 

[27–31]. SIRT1 exerts beneficial roles in regulating 

hepatic lipid metabolism through reverse cholesterol 

transport, relieving inflammation and lipids deposit in 

the liver [34]. Our results showed that the swimming 

and diet raised the SIRT1 expression and protected 

against the progression of lipids deposit in the liver. The 

higher SIRT1 expression means younger physiological 

conditions. Increased Sirt1 expression in the 

hypothalamus prevents neuromuscular junctions in 

skeletal muscle from age-related changes [35]. In the 

present study, we showed that a high-fat diet induced 

inflammatory cell infiltration into muscle, swimming 

exercise and diet control could relieve the inflammation 

of skeletal muscle (gastrocnemius). 

 

Swimming exercise relieves the peripheral and central 

inflammation, but the mechanism has not been 

investigated extensively to date. It is reported that 

SIRT1 can inhibit nuclear factor kappa B (NF-κB) 

signaling pathway and suppress the systemic 

inflammation [11, 12, 31]. The NF-κB is composed of 

two subunits, P50 and P65, and is activated by various 

inflammatory cytokines. Activated NF-κB gets into the 

nucleus and promotes the transcription and translation 

of downstream factors like TNFα, IL-1β and apoptosis-

related genes [32]. SIRT1 repressed the matrix metallo -

proteinases (MMPs) expression by directly regulating 

the NF-κB signaling pathway or LXR-NF-κB pathway 

[31, 36]. Therefore, the results of our experiment 

showed that the EX group had the highest levels of 

SIRT1 expression and lowest levels of inflammatory 

cytokines (IL-1β, TNFα, MMP-2 and MMP-9) among 

groups. Our results further confirmed that swimming 

exercise plus diet control elevated SIRT1 expression 

and repressed the TNFα and MMP-9 expression more 

significantly than diet control. It suggests that 

swimming exercise plus diet control suppress peripheral 

inflammation that is linked to activation of SIRT1-LXR 

expression and inhibition of NF-κB activation. 

 

Zhang et al. reported that NF-κB pathway in the 

hypothalamus was associated with systemic aging [4]. 

The overexpression of TNF-α and NF-κB were found in 

the activation of microglia of hypothalamus, which was 

involved in the aging process [4, 21, 22]. SIRT1 

deacetylated the NF-κB subunit RelA/p65, resulted in 

low-expression of NF-κB, prevented the occurrence of 

inflammation [13]. Moderate training activated SIRT1 

and inhibited NF-κB signal transmission [37]. SIRT1 

overexpression and SIRT1 agonists dramatically 

inhibited the NF-κB pathway and have strong 

neuroprotective effects [38]. SIRT1 agonists resveratrol 

was recognized as anti-aging compounds, ameliorating 

aging-related progressive disease [39]. Activation of 
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microglia and inflammation was suppressed by SIRT1 

agonists [40]. Until now, the SIRT1-related 

hypothalamic molecular mechanism of swimming has 

not been investigated. In our study, high-fat diet 

repressed the expression of SIRT1 in the hypothalamus 

of ApoE-/- mice. The EX group had the highest levels 

of SIRT1 expression and lowest levels of NF-κB p65 

expression in the hypothalamus. Arcuate nucleus of the 

hypothalamus which lacks of an integrated blood-brain 

barrier is easily disturbed by excess circulating free 

fatty acids and cytokines, causing inflammation and 

microglia activation of the hypothalamus [41]. 

Microglial activation induced interleukin-1 and TNF-α 

expression, then activated A1-reactive astrocytes and 

released neurotoxins and cytokines to promote 

apoptosis of neurons and oligodendrocytes [18, 20, 42]. 

Nogueira et al. showed that swimming could protect the 

synapses and reduce astrogliosis in the hypothalamus of 

high-fat diet animals [43]. We confirmed that the over-

expression of TNF-α, IL-1β, MMP-2 and MMP-9 

induced by high-fat diet in the hypothalamus could be 

suppressed by swimming exercise and diet control. 

High-fat diet initiated the activation of microglia and 

astrocytes in the hypothalamus of ApoE-/- mice. 

Swimming exercise and diet control mitigated the glial 

cells activation. These data indicates that swimming 

plus diet is more effective than diet control in 

suppressing inflammation and glial cells activation, 

which is associated with SIRT1-NF-κB pathway. NF-

κB pathway in astrocyte is involved in the hypothalamic 

inflammation [44]. Hypothalamic astrocyte 

inflammation is linked to weight gain through activating 

of NF-κB signaling [45]. Our results showed that ApoE-

/- mice gained body weight dramatically after high-fat 

diet feeding and swimming exercise plus diet could 

restrict more body weight gain than diet control, which 

may be related to hypothalamic astrocyte inflammation 

via NF-κB pathway. However, the phenotypic 

transformation of microglia and astrocytes in the 

hypothalamus has not been detected. The mechanism of 

glial cells in different polarization states deserves 

further research. 

 

The SIRT1-NF-κB signaling pathway usually takes part 

in neurodegenerative and inflammatory diseases [46]. 

Inflammation is an important risk factor for age-related 

diseases [5]. A series of evidence suggest that aging is 

susceptible to dysfunction of the hypothalamus. Age-

related inflammatory reaction can initiate activation of 

microglia [7, 8, 42]. The expression of SIRT1 in 

astrocytes contributes to reproductive regulation, which 

affects the GnRH secretion and action [47]. It has been 

demonstrated that inhibition of NF-κB in the 

hypothalamus increases the release of GnRH, extends 

the lifespan of mice [4]. Elevated GnRH levels in mice 

partially altered aging process and repressed 

hypothalamic inflammation [48]. GnRH improved 

various of aging effects and functional outcome 

measures, e.g. body weight, liver, muscle, skin, bone 

[48]. Our study found GnRH expression was down-

regulated by high-fat diet in the hypothalamus. 

Swimming exercise plus diet control raised the 

expression of GnRH in the hypothalamus in high-fat 

diet ApoE-/- mice. Swimming and diet reduced the 

levels of lipids and glucose, reversed body weight gain 

and improved the morphology of liver and muscle in the 

high-fat diet ApoE-/- mice. It suggests that swimming 

and diet induce the secretion of GnRH in the 

hypothalamus against the aging related physiological 

changes, which is closely associated with the expression 

of SIRT1-NF-κB-GnRH. 

 

Since GnRH levels is involved in aging and related with 

learning and memory ability, we detected the learning 

and memory performance of the mice by object 

recognition test (ORT). ORT can examine different 

stages of learning and memory (i.e. acquisition, merger 

or recall) to evaluate different types of memory, 

including spatial memory, short-term memory and long-

term memory [49]. A decrease in the discrimination 

index (DI) suggests that the mice's spatial memory and 

learning ability are impaired [50]. This study found that 

the DI of 1 and 24 h was significantly decreased in the 

high-fat diet mice, indicating that learning and memory 

abilities were impaired. The DI in the diet control group 

and swimming exercise group increased gradually and 

the cognitive ability gradually improves. Swimming 

exercise plus diet control significantly enhanced the 

learning and memory abilities compared with diet 

control alone. High-fat diet induces the hypothalamic 

inflammation and inhibits the GnRH expression, 

altering hypothalamic outputs to hippocampus, 

amygdala, and reward-processing centers, which is 

disruption to cognitive function [41]. Swimming 

exercise and diet control improved the cognitive 

function in the high-fat diet mice, which may be linked 

to the expression of SIRT1-NF-κB-GnRH in the 

hypothalamus. 

 

In summary, our experiments showed that a high-fat 

diet disturbed the lipids metabolism, induced systemic 

inflammation, activated glial cells and inhibited GnRH 

secretion in the hypothalamus of ApoE-/- mice. 

Swimming exercise and diet control reduced the 

peripheral and hypothalamic inflammation, suppressed 

glial cells activation, elevated GnRH secretion and 

improved the cognition, which was strongly related to 

the SIRT1-NF-κB expression in the hypothalamus. 

Taken together, our data identified that swimming and 

diet could improve the aging related physical 

conditions, and promote recovery of cognitive function, 

which is related to the expression of SIRT1-NF-κB-
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GnRH. It provides a new basic notion on diet and 

exercise for hypothalamus dysfunction during aging. 

 

MATERIALS AND METHODS 
 

Experimental animals 

 

Adult Specific pathogen-free (SPF) ApoE-/- male mice 

(Nanjing Biomedical Research Institute of Nanjing 

University, Limited in Nanjing, China). The animal 

license number is SCXK (Su) 2015-001. All mice were 

placed in standard cages of SPF Laboratory of 

Experimental Animal Center of Fujian University of 

Traditional Chinese Medical (Fuzhou, China). Animals 

were free to get food and water in a 12/12 h light/dark 

cycle under a temperature control of 23 ± 2°C. The 

animal experiments were carried out by the approval of 

the Animal Management System and Use Committee of 

Fujian University of Traditional Chinese Medicine. 

 

Reagents 
 

GnRH antibody (ab16216) and IL-1β antibody (ab9722) 

were purchased from Abcam (Cambridge, UK). NF-κB 

p65(D14E12, Catalog number:8242) was purchased  

from Cell Signaling Technology, Inc (Boston, USA). 

Iba1 antibody (Catalog number: 10904-1-AP), GFAP 

antibody (Catalog number:16825-1-AP), SIRT1 antibody 

(Catalog number:13161-1-AP), TNF-α antibody (Catalog 

number:17590-1-AP), GAPDH (Catalog number:60004-

1-Ig) were purchased from Proteintech Group Inc 

(Wuhan, China). Total cholesterol assay kit (Catalog 

number:A111-1-1), Triglyceride assay kit (Catalog 

number:A110-1-1), Low-density lipoprotein cholesterol 

assay kit (Catalog number:A113-1-1), High-density 

lipoprotein cholesterol assay kit (Catalog number:A112-

1-1) and Glucose assay kit (Catalog number:F006-1-1) 

were purchased from Nanjing Jiancheng Bioengineering 

Institute (Nanjing, China). ELISA Kits of mouse MMP-

2, MMP-9, TNF-α and IL-1β (The catalog numbers: 

EK0460, EK0466, EK0527, EK0394) were purchased 

from BOSTER Biological Technology.co.ltd (Wuhan, 

China). High-fat diet (MD12015) was purchased from 

Jiangsu Medison Biomedical Co., Ltd (Yangzhou, 

China). Elisa kit of SIRT1 was purchased from Enzyme-

free Biotechnology Co., Ltd (Jiangsu, China). 

 

Instrument 

 

LEICA ordinary optical microscope (Leica 

Microsystems Co. Ltd., Germany); Tecan Infinite M200 

Multifunctional Microplate Reader (Tecan Trading AG, 

Switzerland); Bio-Rad ChemiDoc XRS + ultra-high 

sensitivity chemiluminescence imaging system (Bio-

Rad Laboratories, Inc., USA). Tecan Infinte M200 

Microplate Reader (Switzerland). Object Recognition 

Test instrument (Shanghai Xinruan Information 

Technology Co., Ltd, China). 

 

Grouping of experimental animals 
 

Thirty-six ApoE-/- mice (age 20weeks) were randomly 

divided into three groups: high-fat diet group (HFD), 

diet control group (DC), swimming group (EX). All of 

the mice were fed with high-fat diet (21% fat, 0.15% 

cholesterol) for 12 weeks and had free access to water. 

12 wild-type mice of the same age and genetic 

background were randomly chosen as a control group 

and fed with normal diet. 

 

Intervention methods 

 

After 12 weeks of high-fat or normal diet feeding, the 

HFD group continued to receive a high-fat diet. The DC 

group and the EX group were replaced with the normal 

diet. The EX group were subjected to swimming 

exercise at the same time. The swimming protocol is 

based on the research of Pellegrin’s [15]. The first week 

is the adaptation phase. The mice swam 10 minutes on 

the first day, then add 10 minutes each day. The mice 

swam for 50 minutes on the fifth day and again for 50 

minutes on the sixth day. The formal training phase 

started from the second week. The mice swam for 50 

minutes, once a day, 6 days a week for 7 weeks. The 

size of the swimming pool is 100cmx80cmx60cm with 

a 50cm water depth and the 30 ± 2°C water 

temperature. Mice were weighed weekly. The mice in 

the same cage swam in the same pool. During the 

swimming process, wooden rods were used to drive 

away floating mice that were not swimming. When the 

mice sink to the surface for more than 5 seconds and do 

not float up, training suspended. After each swimming 

training session, wipe off the water from the mice as 

soon as possible, dry the fur, clean the swimming pool, 

and return them to the original cage. 

 

Detection of serum lipids, SIRT1 and cytokines in 

serum 
 

Animal tissue sample were collected after the 

intervention. Blood was removed from the eyeballs. The 

blood samples were placed in an ultra-low temperature 

high-speed centrifuge, centrifuged at 3000 rpm for 10 

minutes at 4 °C, and the top serum was collected. 

Adding serum and standards to a 96-well plate that was 

incubated at 37 °C for 10 minutes according to the 

instructions in the total cholesterol (TC) assay kit 

(single-reagent GPO-PAP method).The absorbance 

value of each well was measured by a microplate reader 

at a wavelength of 510 nm. The concentration of total 

cholesterol in serum was calculated according to the 

formula. Each sample was repeated 3 times to calculate 
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the average value. The same method was used to detect 

serum triglyceride (TG), low density lipoprotein (LDL), 

and high density lipoprotein (HDL) concentrations. 

Glucose was measured according to manufacturer 

protocol. Interleukin-1β (IL-1β), tumor necrosis factor-α 

(TNF-α), matrix metalloproteinase-2 (MMP-2), matrix 

metalloproteinase-9 (MMP-9) in serum was measured 

by the Elisa kits. Sirtuin (SIRT1) levels in serum was 

detected according to the instructions. 

 

Western blot (WB) analysis 
 

An appropriate amount of lysate was added to the tissue. 

The protein supernatant was extracted after ultrasonic 

grinding and centrifugation. BCA method was used to 

detect the concentration of protein supernatant, and 

denatured in a metal bath at 100 °C. Configure 10%, 12% 

separation gel and 5% concentrated gel according to the 

instructions of the electrophoresis gel kit. After the 

sample was loaded, electrophoresis was performed, and a 

band corresponding to the molecular weight was cut 

according to the Marker position to transfer the 

membrane. Then, the specific site was blocked with 

BSA, and the membrane was incubated with primary 

antibodies GAPDH (1:10000), SIRT1 (1:800), NF-κB 

p65 (1:1000), TNFα (1:1000), and IL-1β (1:1000) 

overnight at 4 °C. ECL was developed after secondary 

antibody (1:5000) was shaken at room temperature for 1 

h. The software calculates the band gray value to analyze 

the protein expression. 

 

Immunohistochemical staining 
 

The brain was fixed by cardiac perfusion with 4% 

paraformaldehyde and removed for paraffin embedding. 

A 5 μm paraffin section of brain tissue was dewaxed. 

Antigen recovery was performed with sodium  

citrate repair solution. Then, according to the 

immunohistochemical assay, endogenous peroxide was 

added for 10 min and non-specific stain blocking agents 

were added. Primary antibodies Iba1, GFAP, and GnRH 

were added overnight. Biotin-labeled secondary 

antibodies were added. Then observe under the 

microscope for DAB staining to control the time, 

counterstain with hematoxylin, and seal with neutral 

resin after washing with water, observe under the 

microscope, and take pictures. 

 

HE staining for the morphological changes of liver 

and gastrocnemius 
 

Paraffin embedding of the liver and gastrocnemius 

muscle was performed in the same way as the brain 

tissue. The tissue was cut into 5 µm sections. The 

cutting rack was immersed in hematoxylin staining 

solution. The remaining hematoxylin solution was 

rinsed under running water and immersed in eosin 

staining solution. The staining time of hematoxylin and 

eosin staining solution was checked under a 

microscope. After the slides are dried, neutral resin 

gasket. Randomly select the field of view under the 

light microscope and capture images. 

 

ORT detection learning and memory capabilities 

 

Behavioral testing was conducted according to the 

manufacturer's protocol. In brief, three objects 

numbered “a”, ”A” and “B” were prepared. Object “a” 

is the same with “A”, different from “B”. The mice 

were placed in the test room and adapted to the 

environment before the test. Place the same objects “a” 

and “A” on the left and right sides. The mice were 

placed in the field with the back of the two objects. The 

test lasted ten minutes. The exploration trajectory and 

the contact with the two objects of mice were recorded. 

Recorded as “Ta” and “TA”. Next step, replace the 

object in the field with the “B” object, “TA” and “TB” 

were recorded. The observation of mice on the new 

object “B” was mainly observed and marked with the 

discrimination index, the discrimination index = TB / 

(TA + TB). 

 

Statistical analysis 

 

The experimental data were statistically analyzed using 

IBM SPSS software version 20.0 (SPSS, Chicago, IL, 

USA). And the data were expressed using mean ± SD. 

The statistical analysis was performed by t-test and one-

way analysis of variance, followed by the LSD test 

when necessary. p<0.05 was considered to indicate 

statistical significance. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Table 
 

Supplementary Table 1. Comparison of serum lipid levels (mmol / L; means ± SD). 

Group n TC TG LDL HDL 

ApoE-/- normal diet 6 34.86±4.08 1.02±0.07 9.17±0.81 2.52±0.57 

ApoE-/- High fat diet 6 59.87±14.66** 1.80±0.44** 19.94±1.89** 1.51±0.38** 

P  <0.01 <0.01 <0.01 <0.01 

12 weeks old ApoE-/- mice fed with high-fat diet for 6 weeks. Compared with ApoE-/- normal diet group, ** p < 0.01. 
(Chinese Pharmacological Bulletin 2020 Apr;36(4)). 


