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Renal Failure
2024, VOL. 46, NO. 1, 2286330

Aerobic exercise attenuates high-fat diet–induced renal injury through 
kidney metabolite modulation in mice

Yingzhe Xionga,b, Yisheng Luanb, Lingfeng Yuanb, Weihao Hongb, Bin Wanga, Hua Zhaoa and  
Bing Zhangb

aSchool of Physical Education and Sports, Central China Normal University, Wuhan, China; bDivision of Sports Science and Physical 
Education, Tsinghua University, Beijing, China

ABSTRACT
Purpose:  To investigate the preventive effect of aerobic exercise on renal damage caused by 
obesity.
Methods:  The mice in the Control (Con) and Control + Exercise (Con + Ex) groups received a 
standard chow diet for the 21-week duration of the study, while the High-fat diet (HFD) group 
and High-fat diet + Exercise (HFD + Ex) group were fed an HFD. Mice were acclimated to the 
laboratory for 1 week, given 12 weeks of being on their respective diets, and then the Con + Ex and 
HFD + Ex groups were subjected to moderate intensity aerobic treadmill running 45 min/day, 
5 days/week for 8 weeks.
Results:  We found that HFD-induced obesity mainly impacts kidney glycerin phospholipids, 
glycerides, and fatty acyls, and aerobic exercise mainly impacts kidney glycerides, amino acids and 
organic acids as well as their derivatives. We identified 18 metabolites with significantly altered 
levels that appear to be involved in aerobic exercise mediated prevention of HFD-induced obesity 
and renal damage, half of which were amino acids and organic acids and their derivatives.
Conclusion:  Aerobic exercise rewires kidney metabolites to reduce high-fat diet-induced obesity 
and renal injury.

1.  Introduction

High-fat diet-induced obesity is typically accompanied by 
complicated metabolic abnormalities and can be coincident 
with multiple chronic diseases, including renal dysfunction 
and kidney diseases [1]. Despite the prevalence of kidney 
diseases across the globe, the lack of awareness, limited 
access to treatment, and high medical cost seriously threaten 
the health and lives of many people [2]. Concurrently, obe-
sity is a global epidemic phenomenon growing at an 
increased rate every year, which accelerates the morbidity of 
kidney diseases [3]. Aerobic exercise has been shown to 
enhance metabolism, control body weight, and improve 
chronic kidney disease, diabetes, and hypertension-related 
kidney disease [4–6]. However, there has been few researches 
on the effects of aerobic exercise in preventing obesity-related 
renal dysfunction or injury. Additionally, few studies have 
been conducted on the detection and identification of 
metabolites in kidney tissues because most studies have ana-
lyzed urine and blood or focused on specific regulatory 
pathways.

This study aims to use metabolomics analysis, specifically 
liquid chromatography electrospray ionization-tandem mass 
spectrometry (LC–ESI–MS/MS), to determine how aerobic 
exercise affects kidney metabolites in obese mice. We hypoth-
esized that aerobic exercise could be a prevention strategy 
for obesity-related renal injury and attempted to identify sev-
eral important metabolites that contribute to its effective-
ness. This is a necessary first step in trying to elucidate the 
mechanism of how complicated metabolic pathways interact 
in obesity and renal function. Ultimately, our work will pro-
vide useful data for the future prevention and treatment of 
kidney diseases.

2.  Materials and methods

2.1.  Animals and exercise arrangement

Wild-type C57BL/6 male mice (n = 28, 3 weeks old) were 
purchased and raised in the Laboratory Animal Research 
Center at Tsinghua University (Beijing, China). This study 
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was conducted under oversight and with the approval of 
the Institutional Animal Care and Use Committee of 
Tsinghua University (F16-00228 (A5916-01)). Mice were 
randomly divided into four groups after adapting to the 
laboratory environment for 1 week while being and were 
given ad libitum access to water and food. Then, the high 
fat diet (HFD) group was given a diet consisting of 
45–60% fat for 12 weeks, which has been previously 
established as an HFD-induced model of obesity [7, 8]. In 
this study, the Control (Con) group and Control + Exercise 
(Con + Ex) group were fed a standard chow diet (CD) with 
12% kcal fat. The HFD group and HFD + Exercise (HFD + Ex) 
group were fed a diet with 60% kcal fat (n = 7 mice/
group). The Con + Ex and HFD + Ex groups were familiar-
ized with treadmill running for 1 week without training 
and then were subjected to 8 weeks of aerobic exercise 
(Figure 1A). Adaptive training was 5 m/min and 0° incline, 
10–15 min/day. Aerobic exercise was 14 m/min in the first 
week, increased by 0.5 m/min each week, reaching 17.5 m/
min in the eighth week, and the exercise intensity was 
maintained within 50%–60% of VO2max intensity [9]. The 
aerobic training schedule was 45 min/day, 5 days/week 
after warming up at 5 m/min for 10 min/day. All mice 
were sacrificed and samples were harvested at the end of 
the 21-week duration.

2.2.  Biological parameter measurements

The body weights of the mice were recorded every week. 
At the end of 8 weeks of aerobic exercise, the mice were 
anesthetized after fasting for 12 h. Blood samples were 
obtained through cardiac puncture until the mice died. 
Kidneys were harvested at the same time. Left kidney sam-
ples were fixed in 4% paraformaldehyde and prepared for 
periodic acid-Schiff (PAS) staining, and three sections were 
observed for each sample at 400x. The PAS-stained sections 
were visualized by Pannoramic DESK (3D Histech, Hungary) 
and analyzed by Image-Pro Plus 6.0 software. Right kidney 
samples were stored at −80 °C. Serum total cholesterol (TC), 
triglyceride (TG), high density lipoprotein cholesterol (HDL), 
and low-density lipoprotein cholesterol (LDL) were mea-
sured by an automated chemistry analyzer (Kehua ZY 
KHB1280, China). Serum cystatin-C (Cys-C) and neutrophil 
gelatinase-associated lipocalin (NGAL) were analyzed using 
ELISA kits (MEIMIAN, China).

2.3.  Kidney sample preparation and extraction

From the frozen right kidneys, for hydrophilic compounds, a 
50 mg sample was whirled for 5 min with 1 mL 70% metha-
nol and then centrifuged at 12000 rpm for 10 min at 4 °C. 

Figure 1. I mpact of aerobic exercise on obesity. (A) Experimental design, (B) body weight, (C) serum TC, (D) serum TG, (E) serum HDL, (F) serum LDL. [n = 7; 
mean ± SEM, compared to Con, * p < 0.05, ** p < 0.01, *** p < 0.001; compared to HFD, △△△ p < 0.001].
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After centrifugation, 400 µL of supernatant was stored at 
−20 °C overnight. Then, the samples were centrifuged at 
12000 rpm for 3 min at 4 °C, and 200 µL of supernatant was 
used for onboard analysis. For hydrophobic compounds, a 
20 mg sample was whirled for 15 min with a 1 mL solution 
of methyl-tert-butyl ether (MTBE), methanol, and an internal 
standard mixture. After adding 200 µL water, the samples 
were whirled for 1 min, and then centrifuged at 12000 rpm 
for 10 min at 4 °C. Next, 300 µL of supernatant was extracted 
and concentrated. Finally, the powder was dissolved 200 µL 
of mobile phase B and stored at −80 °C. The dissolving solu-
tion was taken into the sample bottle for LC–MS/MS 
analysis.

2.4.  LC–ESI–MS/MS conditions

LC–ESI–MS/MS system (ExionLC AD UPLC-QTRAP, SCIEX, 
USA) and Analyst 1.6.3 software (AB SCIEX, USA) were used 
to analyze kidney sample extracts. Hydrophilic compounds 
were subject to a UPLC column temperature of 40 °C, 
0.4 mL/min flow rate, T3 UPLC C18 column and Amide UPLC 
Amide column. Hydrophobic compounds were subject to a 
UPLC column of temperature 45 °C, 0.35 mL/min flow rate, 
C30 column.

2.5.  Statistical analysis

Experimental data are presented as the mean ± SEM and 
were analyzed using GraphPad Prism 8.0 software. Metabolite 
analyses used the multivariate statistical method orthogonal 
projections to latent structures discriminant analysis 
(OPLS-DA) based on values of fold-change (FC) and variable 

importance in projection (VIP). We screened the metabolites 
using screening criteria FC ≥ 2 or ≤ 0.5 and VIP > 1. The 
metabolite analysis diagrams were generated using R soft-
ware. Comparisons between groups were performed using 
one-way ANOVA followed by Tukey’s multiple comparison 
tests or Student’s t test, and p < 0.05 was considered statisti-
cally significant.

3.  Results

3.1.  Aerobic exercise prevented HFD-induced obesity

The body weights of HFD-fed mice have been reported to 
increase from the second week, while metabolic and pheno-
typic characteristics of obesity develop over a period of 10 to 
12 weeks with HFD [10, 11]. In our study, mice fed an HFD 
exhibited a significantly greater body weight than CD-fed 
mice at the end of 12 weeks (Figure 1B). The HFD + Ex and 
Con + Ex groups both showed a significant reduction in body 
weight compared to the HFD and Con groups, respectively. 
These data indicate that aerobic exercise can effectively reg-
ulate body weight in HFD and CD mice.

Serum TC, TG, HDL, and LDL have been reported to be 
higher in obese mice [12]. To test the effects of aerobic exer-
cise on obesity, we measured these serum parameters at the 
conclusion of our 21-week regimen. Serum TC, HDL, and LDL 
levels were significantly higher in the HFD group than in the 
Con group and had a decreasing trend in the HFD + Ex group 
compared to the HFD group (Figure 1C, E, F). However, there 
was no significant change in serum TG levels as a result of 
diet or exercise (Figure 1D). These data indicate that 8 weeks 
of aerobic exercise has the potential to reduce serum choles-
terol in obese mice.

Figure 2. I mpact of aerobic exercise on the kidney. (A) PAS staining of glomerulus, (B) glomerular area, (C) glomerular circumference, (D) serum Cyc-C level, 
(E) serum NGAL level. [mean ± SEM, ** p < 0.01].
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3.2.  Aerobic exercise prevented HFD-induced renal injury

We then examined the impact of aerobic exercise on kidneys 
under normal and obesity-inducing conditions. Glomerular 
hypertrophy is one of the pathological changes in 
obesity-related glomerulopathy [13]. Therefore, we used PAS 
staining to visualize the glomerulus. Histological results 
showed that glomerular areas and circumferences increased 
after HFD feeding, suggesting that the glomerulus was 
enlarged in these mice (Figure 2A–C). This obesity-related 
glomerular hypertrophy was prevented by aerobic exercise 
(Figure 2A–C).

Serum Cyc-C and NGAL are related to renal injury [14, 15], 
and our data show that obese mice demonstrated signifi-
cantly increased levels in comparison to CD-fed mice. Notably, 
aerobic exercise resulted in a reduction in serum Cyc-C and 
NGAL levels in obese mice (Figure 2D, E). Collectively, these 
results demonstrate that HFD-induced obesity is related to 
renal injury, which can be averted by aerobic exercise.

3.3.  Effects of HFD and aerobic exercise on kidney 
metabolites

To investigate the link between obesity-associated early kid-
ney injury and aerobic exercise, we performed a metabolite 
analysis of kidney tissues using LC–ESI–MS/MS. We then com-
pared the data between the Con and HFD groups (Figure 3) 
as well as between the HFD and HFD + Ex groups (Figure 4). 
The OPLS-DA model clearly separated the Con group from 
the HFD group (Figure 4A) and the HFD group from the 
HFD + Ex group (Figure 4A). We confirmed that these were 
effective models based on Q2 > 0.5 from 200 permutation 
tests (Figure 3B). For the Con vs. HFD group, our screening 
process identified 272 differentially abundant metabolites, 
including 136 that were increased and 136 that were 
decreased (Figure 3C). For the HFD vs. HFD + Ex group, we 
found 64 differentially abundant metabolites, with 53 being 
increased and 11 being decreased (Figure 4C). To identify the 
pathways that could be involved in these changes, we 

Figure 3.  Metabolite analysis of the Con group compared to the HFD group. (A) OPLA-DA score chart for the Con (orange) and HFD (purple) groups, (B) 
OPLS-DA model validation plot (R2X = 0.472, R2Y = 0.997, Q2 = 0.959 and p < 0.005), (C) volcano plot of differentially abundant metabolites, (D) KEGG path-
way enrichment analysis.
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performed Kyoto Encyclopedia of Genes and Genomics 
(KEGG) analysis. For HFD-induced obesity, we found that 
glycerophospholipid metabolism, autophagy, ovarian ste-
roidogenesis, fatty acid biosynthesis, and steroid biosynthesis 
pathways were mainly involved (Figure 3D). For aerobic exer-
cise, we identified fat digestion and absorption, cholesterol 
metabolism, vitamin digestion and absorption, thermogene-
sis, insulin resistance, regulation of lipolysis in adipocytes, 
glycerolipid metabolism, retinol metabolism, and steroid bio-
synthesis as involved pathways (Figure 4D).

3.4.  Aerobic exercise reconstructed kidney metabolites in 
obese mice

Finally, we analyzed differentially abundant metabolites in 
the Con group compared to the HFD group and the HFD 
group compared to the HFD + Ex group, and found that 24 
codifferential metabolites (Figure 5A). Hierarchical clustering 

analysis based on these 24 codifferential metabolites 
revealed that Con, HFD, and HFD + Ex were distinguishable 
groups, and HFD + Ex and Con shared similar metabolomic 
profiles (Figure 5B). The metabolomic profiling data showed 
that HFD-induced obesity primarily affected glycerin phos-
pholipids, followed by glycerides and fatty acyls; aerobic 
exercise primarily influenced glycerides, followed by amino 
acids and its derivatives, and organic acids and its deriva-
tives (Table 1). We found that six metabolites were either 
increased or decreased by HFD and then showed a further 
change in the same direction when challenged with exer-
cise (Table 2). The remaining 18 metabolites are primarily 
affected amino acids and its derivatives, and organic acids 
and its derivatives, which could be involved in preventing 
obesity-associated renal injury (Table 2, top 18). Collectively, 
our findings suggest that aerobic exercise restored the 
metabolomic profile of the kidney in obese mice to a nor-
mal state.

Figure 4.  Metabolite analysis of the HFD group compared to the HFD + ex group. (A) OPLA-DA score chart for the HFD (purple) and HFD + ex (green) 
groups, (B) OPLS-DA model validation plot (R2X = 0.365, R2Y = 0.975, Q2 = 0.767 and p < 0.005), (C) volcano plot of differentially abundant metabolites, (D) 
KEGG pathway enrichment analysis.
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4.  Discussion

This study investigated the effects of aerobic exercise on kid-
ney metabolites in obese mice using LC–ESI–MS/MS and we 
found that aerobic exercise could prevent and ameliorate 
high-fat diet–induced renal injury through kidney metabolite 
modulation in mice.

HFD and aerobic exercise had no effect on TG in this 
study (Figure 1D), which is supported by a previous study 
that used an automated chemistry analyzer [16]. However, 

another study reported that increased TG levels were 
detected by assay kits in obese mice [17]. It is difficult to 
reconcile this discrepancy, but it could be due to assay 
method or experimental conditions. Although HDL levels are 
generally thought to be reduced with obesity, we and others 
reported that HDL levels appear to be increased (Figure 1F) 
[12, 16]. One possible explanation for this is that the HFD 
induces an increase in the total concentration of lipoprotein 
to transport lipids in serum, including both LDL and HDL.

Five of the 18 major kidney metabolites that we identified 
have previously been reported to be correlated with 
obesity-related metabolic dysregulation through previous 
studies [18–24]: indoleacrylic acid, azelaic acid, N-acetylglycine, 
4-methylcatechol, and desoxycortone (Table 2, top 5). The 
first four of these were increased in the HFD-Ex group com-
pared to the HFD group. Indoleacrylic acid is reported to 
lower LDL levels and improve immune-inflammatory 
responses, and it has been reported to be increased during 
the recovery of kidney diseases [18]. Patients with renal func-
tion decline show a decrease in azelaic acid [18, 19]. Azelaic 
acid has been shown to positively rebalance plasma glucose, 
triglycerides, insulin, and markers for liver and kidney func-
tion to near normal levels as well as decrease the levels of 
lipid peroxidation markers in mice fed an HFD [20]. Evidence 
shows that N-acetylglycine can serve as a potential bio-
marker in regulating body weight and may have an associa-
tion with adipose-tissue immunity and lipid metabolism [21]. 
The level of N-acetylglycine increases during weight loss, 
which is consistent with our findings that aerobic exercise 
may increase its levels. Moreover, the function of 
N-acetylglycine in the kidney has rarely been reported. 
4-Methylcatechol could respond to exercise to reduce depres-
sion [22]. In the kidney, 4-methylcatechol promotes renal 
function through modulating NGF/TrkA and ROS-related Akt/
GSK3β/β-catenin pathways and could reduce depression 
when exercising [23], which could be involved in the mech-
anism through which exercise improves kidney metabolism. 

Table 1.  Overview of annotated metabolites.

Class

Con vs. HFD HFD vs. HFD + Ex

Number
Percentage 

(%) Number
Percentage 

(%)

Amino acids and its 
derivatives

16 5.88 10 15.63

Benzene and its 
derivatives

6 2.21 3 4.69

Alcohol and amine 1 0.37 0 0.00
Bile acid 1 0.37 0 0.00
Coenzymes and 

vitamins
1 0.37 1 1.56

Glycerin 
phospholipids

117 43.01 6 9.38

Glycerides 55 20.22 26 40.63
Nucleotide and its 

derivatives
2 0.74 0 0.00

Hormones and 
related 
substances

2 0.74 1 1.56

Sphingolipids 13 4.78 2 3.13
Aldehydes, ketones, 

esters
2 0.74 0 0.00

Tryptamine, choline, 
pigment

2 0.74 0 0.00

Carbohydrates and 
its derivatives

4 1.47 0 0.00

Organic acids and 
its derivatives

16 5.88 8 12.50

Heterocyclic 
compounds

3 1.10 1 1.56

Sterol lipids 4 1.47 1 1.56
Fatty acyls 27 9.93 5 7.81
Total 272 100 64 100

Figure 5.  Correlation analysis in the Con, HFD, and HFD + ex groups. (A) Venn diagram of differentially abundant metabolites between Con compared to 
HFD and HFD compared to HFD + ex, (B) Clustering and heatmap of 24 codifferential metabolites in each sample.
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Desoxycortone, was reduced in the HFD + Ex group compared 
to the HFD group. It has been used to induce hypertension 
in animal models associated with oxidative stress and inflam-
mation, but could also promote renal inflammation and 
injury [24]. An examination of the causal relationship between 
these five key metabolites and the preventive effects of aer-
obic exercise on obesity-related renal injury is warranted in 
the future. In addition, 3-hydroxyglutaric acid is a known 
metabolite of the kidney [25, 26] (Table 2, metabolites 
22–24), which we found to be affected by HFD and further 
changed in the same direction by exercise. We speculated 
that these may be metabolites of a stress response to obe-
sity and aerobic challenge and should be further investi-
gated. Together, our KEGG analysis and data from previous 
studies suggest that exercise-induced improvements in the 
kidney based on these metabolites could be involved in 
insulin resistance, regulation of lipolysis in adipocytes, glycer-
olipid metabolism, and inflammatory responses.

In this study, we focused on the metabolomic profiling of 
mouse kidneys under HFD-induced metabolic stress and aer-
obic exercise training, but we note that there are clear limita-
tions in our work. First, our study lacked urinalysis, such as 
urine albumin and urine protein to creatinine ratio, to assess 

renal function, which was an enormous regret. While serum 
NGAL has been suggested to be correlated with renal injury, 
it is a primary marker of metaflammation or metabolic endo-
toxaemia due to factors such as leaky gut, which may be 
present in our model due to HFD. Urinalysis could provide an 
idea of tubular injury because it is considerably produced by 
injured renal tubules. Second, we found that exercise main-
tains body weight rather than inducing weight loss (Figure 1B),  
which may be due to the mice having ad libitum access to 
food, and future studies should investigate the effects of lim-
iting caloric intake. Third, we were not able to identify previ-
ously reported relationships among metabolites 6–22 in Table 
2 related to kidney function and exercise, and future studies 
should investigate the roles of these metabolites in 
obesity-related kidney diseases and the effects of aerobic 
exercise, which may provide novel insights into the patho-
genesis of obesity-related kidney diseases.

All in all, our results are summarized below: (1) HFD- 
induced obesity might associated with renal injury, and aer-
obic exercise could effectively prevent HFD-induced obesity. 
(2) HFD-induced obesity mainly impacts kidney glycerin 
phospholipids, glycerides, and fatty acyls; aerobic exercise 
mainly impacts kidney glycerides, amino acids and its 

Table 2.  Overview of 24 codifferential metabolites.

Compounds Class

Con vs. HFD HFD vs. HFD + Ex

Type VIP FC Type VIP FC

1 Indoleacrylic acid Organic acids and its 
derivatives

down 1.72 0.18 up 2.00 2.33

2 Azelaic Acid Organic acids and its 
derivatives

down 1.58 0.25 up 1.84 2.67

3 N-Acetylglycine Amino acids and its 
derivatives

down 1.56 0.39 up 2.10 2.40

4 4-Methylcatechol Benzene and its 
derivatives

down 1.04 0.33 up 1.34 2.81

5 Desoxycortone Hormones and related 
substances

up 1.57 4.83 down 1.41 0.48

6 N-Propionylglycine Amino acids and its 
derivatives

down 1.69 0.37 up 2.05 2.18

7 Lys-Leu Amino acids and its 
derivatives

down 1.59 0.41 up 1.95 2.11

8 N-Cinnamylglycine Amino acids and its 
derivatives

down 1.67 0.09 up 1.13 2.48

9 2-((3-Oxo-3-phenylpropyl) amino) 
acetic acid

Amino acids and its 
derivatives

down 1.63 0.02 up 1.11 10.12

10 3-Methylcrotonyl Glycine Organic acids and its 
derivatives

down 1.67 0.43 up 1.96 2.16

11 Sebacate Organic acids and its 
derivatives

down 1.70 0.12 up 1.94 3.04

12 DL-3,4-Dihydroxyphenyl glycol Benzene and its 
derivatives

down 1.62 0.20 up 1.93 3.54

13 Cer (d18:2/21:0) Sphingolipids down 1.56 0.43 up 1.95 2.22
14 Methotrexate Heterocyclic compounds down 1.25 0.11 up 1.31 3.57
15 TG (10:0_16:2_18:2) Glycerides down 1.11 0.06 up 1.41 4.78
16 LPE (17:0/0:0) Glycerin phospholipids down 1.36 0.37 up 1.37 2.23
17 PC (16:0/16:0) Glycerin phospholipids up 1.29 2.60 down 1.50 0.44
18 CE (20:4) Sterol lipids up 1.67 8.08 down 1.35 0.48
19 PE (O-18:2_22:5) Glycerin phospholipids up 1.56 3.44 up 1.98 2.44
20 DG (16:1_16:2) Glycerides up 1.24 4.93 up 1.69 2.26
21 DG (18:1_22:5) Glycerides up 1.68 5.43 up 1.85 2.20
22 3-Hydroxyglutaric acid Organic acids and its 

derivatives
up 1.63 3.17 up 1.45 2.39

23 3-Hydroxyhippuric Acid Amino acids and its 
derivatives

down 1.19 0.33 down 1.77 0.45

24 Carnitine C9:1-OH Fatty acyls down 1.34 0.03 down 1.04 0.12

Dark grey bands: key metabolites involved in aerobic exercise that have been suggested to attenuate HFD-induced renal injury; light grey bands: metab-
olites that could have functions related to attenuating HFD-induced renal injury, but with no sufficient references; no bands: metabolites that were 
altered by HFD and accelerated by exercise.
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derivatives, and organic acids and its derivatives. (3) Aerobic 
exercise mitigates the onset of obesity-related kidney dis-
eases through reshaping kidney metabolism.
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