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Improvement of hyperlipidemia 
by aerobic exercise in mice 
through a regulatory effect 
of miR‑21a‑5p on its target genes
Jinfeng Zhao1, Yicun Song1, Yu Zeng1, Longchang Chen1, Feng Yan1, Anping Chen1, 
Baoai Wu1* & Yaxin Wang2*

Hyperlipidemia is a risk factor for cardiovascular disease, and miR‑21a‑5p plays an important role 
in the occurrence and progression of hyperlipidemia. Here, we aimed to investigate the mechanism 
of aerobic exercise improved hyperlipidemia through enhancing miR‑21a‑5p expression. In this 
study, high‑fat/high‑cholesterol diet mice received 8 weeks of aerobic exercise intervention, then 
we collected plasma and liver samples, we found that there had a notable improvement in weight 
gain, blood lipid level, and liver steatosis in hyperlipidemia mice after 8 weeks of aerobic exercise 
intervention. Besides, aerobic exercise significantly up‑regulated the expression of miR‑21a‑5p and 
provoked favorable changes in the expression of target genes. Knockdown of miR‑21a‑5p resulted in 
dysregulation of lipid metabolism and increased expression of FABP7, HMGCR, ACAT1, and OLR1. 
While aerobic exercise could alleviate miR‑21a‑5p knock‑down induced lipid metabolism disorder. 
Taken together, these results demonstrated that aerobic exercise improved hyperlipidemia through 
miR‑21a‑5p‑induced inhibition of target genes FABP7, HMGCR, ACAT1, and OLR1.

Hyperlipidemia is characterized by elevated levels of plasma triglycerides and cholesterol. However, disorders 
of lipid metabolism are risk factors for cardiovascular diseases such as atherosclerosis, stroke, and coronary 
heart  disease1.

A growing body of evidence suggests that non-coding RNAs, such as Long non-coding RNAs (lnc-RNAs), 
microRNAs (miRs), contribute to the development of hyperlipidemia. MiRs as important targets for regulat-
ing lipid metabolism and homeostasis have been a hot topic in recent  years2. MiRs are small non-coding RNAs 
consisting of 20–22 nucleotides (nt) that interact with short motifs in the 3’ untranslated region (UTR) of target 
genes, causing translational repression and/or mRNA  destabilization3. MiR-21a is one of the first mammalian 
microRNAs identified, which involves many physiological processes and relates to a variety of diseases, one of 
its most representative roles is to regulate lipid  metabolism4. Many types of research have demonstrated that the 
expression of miR-21a-5p was downregulated in nonalcoholic fatty liver patients or high-fat-fed mice and miR-
21a-5p knock-out can lead to hepatic steatosis, which accelerated atherosclerosis, plaque necrosis, and vascular 
inflammation. Thus, miR-21a-5p is a potential target for lipid metabolism  regulation5.

MiR-21a-5p affects lipid metabolism mainly by regulating the expression of genes related to lipid homeostasis. 
A single miRNA has multiple targets and simultaneously regulates target mRNAs involved in a physiological 
 pathway6. In many studies, we have found that the target genes of miR-21a-5p involved in lipid metabolism, 
including fatty acid-binding protein 7 (FABP7)7, 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)5, 
peroxisome proliferator-activated receptor α (PPARα)8 and phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN)9. Also, bio-informatic prediction using TargetScan, miRTarBase revealed acetyl-CoA acetyl-
transferase 1 (ACAT1) and oxidized low-density lipoprotein receptor 1 (OLR1) are potential targets of miR-
21a-5p and closely relate to cholesterol metabolism.

As a non-pharmaceutical intervention, aerobic exercise can effectively prevent obesity, improve diabetes and 
cardiovascular disease, and many studies have demonstrated that aerobic exercise can reduce the pathogenesis 
and progression of hyperlipidemia through different processes. Maxi Meissner et al. suggested that voluntary 
wheel running ameliorates cholesterol metabolism, mainly by promoting its conversion into bile acids or decreas-
ing intestinal cholesterol  absorption10. Other researches showed that aerobic exercise can inhibit cholesterol 
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synthesis by reducing the expression and activity of HMGCR 11. In addition, our previous studies showed that 
aerobic exercise reduced the expression of PCSK9, an important gene for cholesterol metabolism, and enhanced 
LDLR  expression12. Now some studies confirm that exercise could exert its beneficial effects in the improve-
ment of lipid metabolism by the regulation of miRNA  biology13,14, but the underlying mechanism of miRNA in 
mediating the protective effect of exercise against lipid accumulation remains largely unclear.

In this study, we focused on the role of miR-21a-5p in regulating lipid metabolism by affecting its target genes 
FABP7, PPARα, PTEN, HMGCR, ACAT1, and OLR1. And we want to know whether aerobic exercise can affect 
the expression of miR-21a-5p, to change the expression of its target genes, and achieve the goal of lowering lipid 
accumulation.

Materials and methods
Animal study. SPF 8-week-old male C57BL/6J mice (n = 30) were provided by Beijing vital river laboratory 
animal technology biotech (Beijing, China) and fed in China institute for radiation protection (CIRP), the ani-
mal license number was SCXK (Beijing) 2016-0006, weighing 21.4 ± 0.92 g. After one week of adaptive feeding, 
the mice were randomly divided into 3 groups, 10 in each group. Mice in the normal control group (NC) were 
fed a chow diet, the high-fat/high cholesterol diet group (HH) were fed a high-fat/high-cholesterol diet, and 
the high-fat/high cholesterol diet plus aerobic exercise group (HHE) received aerobic exercise intervention for 
8 weeks based on a high-fat/ high-cholesterol diet (Fig. 1). Raising condition: the temperature was 20–26 °C, the 
humidity was 40–60%, light and dark cycle every 12 h, all mice had free access to tap water and food. After the 
final exercise, the mice fasted overnight and were then sacrificed. Blood samples were collected in tubes contain-
ing EDTA and centrifuged at 3500 rpm at 4 °C for 15 min, and the plasma was transferred to new tubes, stored 
at − 80 °C. Mice livers were quickly removed, snap-frozen in liquid nitrogen after washed with cold phosphate-
buffered saline (PBS), stored at − 80 °C for future analysis.

Anti-miR-21a-5p adeno-associated virus vector (AAV9) driven by TBG promoter (100 μL, 1.95 ×  1012 vg/ml) 
(Sangon Biotech, Shanghai, China) was injected into the tail vein to specifically inhibit the expression of miR-
21a-5p in the liver (n = 10), and an empty vector was served as negative control (n = 10). Five weeks after injection, 
miR-21a-5p KD mice on a chow diet or high-fat diet were given a 5 weeks aerobic exercise intervention, then 
mice were sacrificed after the last exercise. All animal studies were conducted following the Ethics Committee 
of Scientific Research in Shanxi University, experiments conformed to local and international guidelines on the 
ethical use of animals, and this study adhered to the ARRIVE guidelines.

Exercise program. After 4 weeks of high fat/high cholesterol feeding, HHE groups underwent a 1-week 
treadmill exercise training, followed by 8 weeks of formal aerobic exercise. The intensity of aerobic exercise was 
determined to be 18 m/min × 45 min, 6% slope, 6 days/week, and each exercise had a 5-min warm-up, a total of 
8 weeks.

Lipid Profile. Serum total cholesterol (TC), triglyceride (TG), LDL cholesterol (LDL-C), HDL cholesterol 
(HDL-C) was assayed by spectrophotometer (UV-6100  s, Mapada, Shanghai, China) according to the kit’s 
instructions (Nanjing Jian cheng biotech, China). The content of TG and TC were measured at 510 nm, LDL-C 
and HDL-C were measured at 546 nm.

Histologic analysis. Liver tissues were fixed in 10% neutral buffered formalin, then sections were stained 
with standard hematoxylin–eosin (H&E), the degree of liver steatosis was observed under a microscope.

Figure 1.  Design of the experiment.
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Real‑time quantitative RT‑PCR. Total RNA was isolated from mice liver samples using a spin column 
animal total RNA purification kit (Sangon Biotech, Shanghai, China) under the manufacturer’s instructions. 
M-MuLV first-strand cDNA synthesis kit was used for reverse transcription into cDNA with total RNA as a 
template. MiRNA was isolated with a miRNeasy Mini kit and reverse transcription was performed using the 
Tail-added reverse transcription kit (Sangon Biotech, Shanghai, China). Quantitative PCR was performed on 
a LightCycler480 system (Roche, Switzerland) using TB Green premix Ex Taq II mix (TaKaRa, Dalian, China), 
gene-specific primers were listed in Table 1, β-actin and U6 small nuclear RNA (snRNA) was used as an internal 
control.

Western blot. Mice liver tissues were lysed in RIPA lysis buffer, the total soluble protein was quantified 
using the BCA Protein Assay kit (Beyotime, Shanghai, China). Proteins (40 μg) were separated by sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), then cropped and transferred to PVDF membranes, 
blocked for 1 h with 5% nonfat milk. After overnight incubation with primary antibody (1:1000 anti-FABP7, 
anti-HMGCR, anti-PTEN, anti-PPARα, anti-ACAT1, anti-OLR1) (Proteintech Group Inc, Wuhan, China), 
membranes were washed and incubated with HRP-conjugated secondary antibody (1:5000) (Boster Biotech, 
Wuhan, China). Then the signals were detected using an ECL detection kit (Applygen Technologies Inc, Beijing, 
China) and imaged in a chemiluminescence-measuring instrument (ChemiDoc XRS + , Bio-Rad, USA).

Statistical analysis. All the experimental data were presented as mean ± standard error (SD). Comparisons 
were performed with one-way,  two-way ANOVA or Student’s t-test. The analysis program used SPSS (25.0). 
P-values were considered significant at < 0.05.

Results
Aerobic exercise beneficially affect body weight and plasma lipoprotein profile. A high-fat/ 
high-cholesterol diet-induced hyperlipidemia mouse model was used to evaluate the lipid-lowering effects of 
aerobic exercise. As can be clearly seen from Fig.  2a, the weight of HH group mice showed a rapidly rising 
trend, significantly higher than that of the NC group at the end of the experiment(P < 0.05). However, from 6 to 
13 weeks of aerobic exercise intervention, the bodyweight of the HHE group was significantly diminished than 
HH group. Consistently, the liver weight of the HH group was also significantly higher and decreased signifi-
cantly after exercise, but there was no significant difference in the liver-to-body weight ratio (Fig. S1). Besides, 
after 12 weeks of a high-fat /high-cholesterol diet, fasting plasma lipids were significantly increased in HH mice 
than NC group, representing prominent serum lipids accumulation. While the serum lipid levels of HH group 
mice recovered significantly when underwent the aerobic exercise intervention for 8 weeks, indicated that aero-
bic exercise provoked favorable changes in plasma lipid level (Fig. 2b).

Table 1.  Gene-specific primers.

Gene Direction Sequence (5’–3’)

FABP7
Forward GAA ACC AGC ATA GAT GAC AGAA 

Reverse TAA CAG CGA ACA GCA ACG ATA 

PPARα
Forward TAC TGC CGT TTT CAC AAG TGC 

Reverse AGG TCG TGT TCA CAG GTA AGA 

HMGCR 
Forward TCT GGC AGT CAG TGG GAA CTATT 

Reverse CCT CGT CCT TCG ATC CAA TTT 

PTEN
Forward TGG ATT CGA CTT AGA CTT GACCT 

Reverse GCG GTG TCA TAA TGT CTC TCAG 

ACAT1
Forward CAG GAA GTA AGA TGC CTG GAAC 

Reverse TTC ACC CCC TTG GAT GAC ATT 

OLR1
Forward CAA GAT GAA GCC TGC GAA TGA 

Reverse ACC TGG CGT AAT TGT GTC CAC 

Dicer1
Forward GGT CCT TTC TTT GGA CTG CCA 

Reverse GCG ATG AAC GTC TTC CCT GA

miR-21a-5p Forward CCG CGT AGC TTA TCA GAC TGA TGT TGA 

miR-33a Forward GTG CAT TGT AGT TGC ATT GCA 

miR-34 Forward AAT CAG CAA GTA TAC TGC CCT 

miR-29a Forward TAG CAC CAT CTG AAA TCG GTTA 

miR-27 Forward AGT TCA CAG TGG CTA AGT TCCGC 

miR-200c Forward CCG TAA TAC TGC CGG GTA ATG ATG GA

miR-122 Forward TGG AGT GTG ACA ATG GTG TTTG 
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Aerobic exercise improved steatosis of high fat/high cholesterol diet mice. The livers of the 
NC group were bright red with smooth surface and sharp edges by visual inspection, while the livers of the HH 
group were yellowish-brown with dull edges, we can make a preliminary  judgment  that the livers were cov-
ered with lipids after the high-fat/high cholesterol diet (Fig. 2c). Histologic analysis by H&E staining displayed 
that the liver of hyperlipidemia mice revealed severe histopathological alterations described as numerous small 
cytoplasmic vacuoles associated with punctate necrosis of liver cells and infiltration of inflammatory cells. In 
contrast, we found that after aerobic exercise intervention, the number of liver lipid droplets were decreased and 
the size became smaller, the arrangement of liver cells was neat. (Fig. 2d).

Aerobic exercise beneficially regulated the expression miR‑21a‑5p and its target 
genes. Numerous miRNAs have been reported to involve in lipid regulation. In our previous experiment, we 
have detected the expression of miR-33, miR-34a, miR-21a, miR-29a, miR-27a, miR-200c, miR-122, the results 
showed that these miRNAs had a significantly different expression in the HH group, and there was a notable 
diminished of miR-21a-5p (p < 0.01) (Fig. 3a), which was consistent with other studies that miR-21a-5p expres-
sion was decreased in patients with NAFLD or mice on a high-fat diet. Whereas, after 8 weeks of aerobic exer-
cise intervention, miR-21a-5p was significantly elevated (p < 0.05) (Fig. 3b). Also, we detected the expression 
of Dicer1, an enzyme for miRNA processing, was decreased in the HH group, but highly elevated in the HHE 
group (Fig. 3c).

Figure 2.  Protective effect of aerobic exercise on lipid metabolism disorders. (a) The trend of body weight 
change of mice in each group. (b) Serum lipids of mice in each group. (c) Visual observation of mice liver tissue. 
(d) HE staining to observe liver steatosis grade. *P < 0.05 VS NC group, # P < 0.05 VS HH group.
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Figure 3.  Effects of aerobic exercise on the expression of miR-21a-5p and its target genes. (a) Relative levels 
of miRNAs in the liver of mice fed a high-fat diet. (b) qPCR was used to detect the expression of miR-21a-5p 
in NC, HH, and HHE groups. (c) The mRNA levels of Dicer1. (d) Schematic diagram of miR-21a-5p seed 
sequence with the 3′-UTR binding site of target genes. (e) The mRNA levels of miR-21a-5p targets were detected 
by QPCR. (f) The protein levels of miR-21a-5p targets were determined by western blot, original western blot gel 
figures are presented in Supplementary data. *P < 0.05 VS NC group, # P < 0.05 VS HH group.
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Previous studies have confirmed that FABP7, HMGCR, PPARα, and PTEN are direct targets of miR-21a-5p. 
In addition, we predicted other target genes of miR-21a-5p by TargetScan and found that ACAT1 and OLR1 
have a putative binding site in its 3′untranslated region (UTR) (Fig. 3d). To determine whether the target genes 
of miR-21a-5p responded to aerobic exercise, we measured their mRNA levels after aerobic exercise. Dates 
revealed that the expression of PPARα, PTEN declined in the HH group, but significantly increased after exercise 
intervention. On the contrary, the mRNA levels of FABP7, HMGCR, ACAT1, and OLR1 elevated significantly 
in the HH group, but at 8 weeks post-exercise intervention, all downregulated (P < 0.05) (Fig. 3e). And we also 
detected the protein levels of miR-21a-5p targets, which were consistent with mRNA levels (Fig. 3f).

Among them, FABP7, PPARα, and PTEN are closely related to fat metabolism, and HMGCR, ACAT1, and 
OLR1 can regulate cholesterol synthesis and metabolism. Thus, we believed that one of the mechanisms that aero-
bic exercise improves hyperlipidemia maybe by influencing the expression of genes related to lipid metabolism.

miR‑21a‑5p regulated the expression of genes involved in lipid metabolism. To further exam-
ine the impact of miR-21a-5p on hepatic steatosis and measure the effect of miR-21a-5p on its target genes, we 
specifically inhibited miR-21a-5p in mice liver using an AAV9 encoding anti-miR-21a-5p. In order to detect the 
specific inhibitory effect, we examined the expression of miR-33, miR-34, miR-27, miR-29a and miR-21a-5p, 
and found that compared with the control group, miR-27, miR-33, miR-34a miR-29 had no obvious changes, the 
expression of miR-21a-5p decreased significantly (Fig. 4a).

MiR-21a-5p KD mice on a chow diet or high-fat diet showed increased body weight and serum lipid levels 
(P < 0.05) (Fig. 4a,b), these results indicated the mechanisms of lipid metabolism in vivo were impaired, resulting 
in lipid accumulation. Next, we verified the relationship between the expression of FABP7, PPARα, HMGCR, 
PTEN, ACAT1, OLR1, and miR-21a-5p through quantified the expression of these targets in miR-21a-5p KD 
mice. We can see that inhibition of miR-21a-5p significantly increased the FABP7, HMGCR, ACAT1, and OLR1 
mRNA levels, while PPARα, PTEN had no significant changes (Fig. 4c). Therefore, we believed that miR-21a-5p 
regulates lipid metabolism mainly by affecting the expression of FABP7, HMGCR, ACAT1, and OLR1.

Rescue effect of aerobic exercise on miR‑21a‑5p KD mice. The fact that aerobic exercise can effec-
tively reduce lipid accumulation has been proved, and the relationship between miR-21a-5p and lipid metabo-
lism was well established, hence, it was essential to focus on whether the increased miR-21a-5p levels induced 
by aerobic exercise affect lipid accumulation, we conducted a five-week aerobic exercise intervention on miR-
21a-5p KD mice with chow diet or high-fat diet and found that the expression of miR-21a-5p was regained after 
aerobic exercise (Fig. 5a). Moreover, we found that the blood lipid level and liver steatosis of miR-21a-5p KD 
mice were significantly improved (Fig. 5b,c), indicating that aerobic exercise could alleviate the lipid accumula-
tion caused by the loss of miR-21a-5p, these results strongly verified that the involvement of miR-21a-5p in the 
improvement of hyperlipidemia by aerobic exercise. Additionally, we found that aerobic exercise can reduce 
the mRNA levels of FABP7, HMGCR, ACAT1, and OLR1 in miR-21KD mice (P < 0.05) (Fig. 5d). Therefore, we 
showed that one of the mechanisms by which aerobic exercise regulates lipid metabolism was to up-regulate the 
expression of miR-21a-5p, thereby suppressing the expression of its target genes FABP7, HMGCR, ACAT1, and 
OLR1.

Discussion
In our experiment, the weight gain, plasma lipid levels, and liver pathology of high fat/high cholesterol diet mice 
had a favorable shift after 8 weeks of aerobic exercise. And we think one of the mechanisms by which aerobic 
exercise improved hyperlipidemia was to up-regulate the expression of miR-21a-5p, thus inhibited the expression 
of target genes FABP7, HMGCR, ACAT1, and OLR1, which were closely related to lipid metabolism.

MiR-21a-5p plays a key role in suppressing the occurrence and development of hyperlipidemia. In our study, 
when we specifically suppressed the expression of miR-21a-5p, in which other miRNAs did not show significant 
changes, we found that the expression of FABP7, HMGCR, ACAT1, and OLR1 was decreased. The expression of 

Figure 3.  (continued)
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Figure 4.  Knock-down of miR-21a-5p led to lipid metabolism disorder. (a) The expression of miR-27, miR-34a, 
miR-33, miR-29a, miR-21a-5p after injected anti-miR-21a-5p AAV 5 weeks. (b) The body weight and serum 
lipid levels of miR-21a-5p KD mice on chow diet or high fat diet. (c) mRNA levels of target genes in miR-21a-5p 
KD mice. *P < 0.05 VS Control or HFD group.
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Figure 5.  Improvement effects of aerobic exercise on miR-21a-5p KD mice with a chow diet or high-fat diet. (a) 
The expression of miR-21a-5p (b) The serum lipid levels (c) H&E staining to assess liver steatosis (d) The mRNA 
levels of target genes in miR-21a-5p KD mice after exercise intervention. *P < 0.05 VS Control group, # P < 0.05 
VS anti-miR-21a-5p group.
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multiple genes could be regulated by one microRNA, and the combination of several microRNAs could regulate 
one gene. FABP7, HMGCR, ACAT1, and OLR1 are all direct targets of miR-21a-5p, of course, it is undeniable that 
they are also regulated by other miRNAs, like miR-29a. Exercise can upregulate the expression of miR-21a-5p, 
thereby inhibiting its target gene and exerting a regulatory effect on lipid metabolism. The protective effect of 
exercise may also act on other miRNAs, which requires further study. Xiao et al. provided compelling evidence 
suggesting that miR-212 might be a novel therapeutic target mimicking the benefit of exercise in the treatment 
of  NAFLD14. Besides, aerobic exercise and statins can induce the expression of miR-146a, thereby reducing the 
TRAF and TLR4 signaling pathways and vascular inflammatory damage in atherosclerosis, confirming the pro-
tective effect of aerobic exercise on vascular  diseases15. Furthermore, exercise could effectively reduce the tumor 
volume, lower levels of proinflammatory cytokines TNFα, increase the anti-inflammatory cytokine IL-10 by 
regulating miR-21a-5p  expression16. Taken together, these researches indicated that aerobic exercise could play 
a variety of physiological regulatory roles through miRNA, and miR-21a-5p is an important target for exercise 
to improve lipid metabolism.

As we all know Dicer1 is essential for miRNA maturation, the disruption of the Dicer1 results in the loss 
of mature miRNAs. Ming-Xia LIU et al. have shown that the expression of Dicer1 was significantly reduced in 
the NASH mice model and inversely associated with hepatic FC level. Through further research, they found 
that serum lipid disorder caused by Dicer1 deletion may be due to the decreased expression of miR-29, which 
improves nonalcoholic fatty liver disease by suppressing HMGCR  expression17. This study made us wonder 
aerobic exercise increased the expression of miR-21a-5p may be through the enhancement of Dicer1 expres-
sion. Interestingly, Aaron P Russell et al. have found that after 60 min acute endurance exercise, miRNA pro-
cessing complex, including Drosha, Dicer, and Exportin-5, were significantly up-regulated by 35, 35 and, 30%, 
 respectively18. And our study also showed that Dicer1 expression decreased in the HH group, while increased 
after exercise intervention, which may be one of the reasons why exercise promoted miR-21a-5p expression.

Researches on the mechanism of miRNAs regulate target genes expression are generally believed that miRNA 
is to induce post-transcriptional gene silencing through mRNA degradation or translation repression. Mihnea 
et al. summarized seven unconventional ways in which miRNAs can exert regulatory  functions19, and recently 
the function of miRNA has been extended to transcriptional levels, either directly or  indirectly20. In our study, 
the expression of FABP7, HMGCR, ACAT1, and OLR1 were increased in miR-21a-5p KD mice, indicated that 
miR-21a-5p played a negative regulatory role on these target genes, whether this negative regulatory effect is at 
the post-transcriptional level or the transcriptional level still needs further in-depth study. Importantly, recent 
studies have indicated that miRNAs have a dual role. When it is located in the cytoplasm, miRNAs inhibit gene 
expression, when it is in the nucleus, it can activate gene expression by binding to the target gene  enhancer21. If 
the miRNA is distributed in both the cytoplasm and the nucleus, then it is likely to perform multiple functions 
on the target genes. And researches have revealed that miR-21a-5p could be detected both in the cytosol and in 
the  nucleus22, so we will pay more attention to how miR-21a-5p regulates the expression of target genes in the 
nucleus in the future.

There are some limitations to our study, which should be acknowledged. Firstly, our animal procedures were 
informed by other  studies17, but one point worth discussing is the duration of fasting on the last day. Many articles 
on lipid metabolism mention overnight fasting followed by the sacrifice of mice to collect samples for subsequent 
analysis, but fasting is a key factor affecting energy metabolism, so further studies are needed to determine 
whether 12 h of fasting at night affects the metabolic capacity of the liver and whether there is an appropriate time 
to elute the effect of the diet on blood lipids. Then, in our study, it was found that there was no significant change 
in PTEN and PPARα in miR-21a-5p KD mice, we thought the result might reflect a compensatory mechanism of 
the organism under the stimulation of pathological stress of dyslipidemia after the miR-21a-5p knockdown. And 
there may be other pathways were implicated in the regulation of aerobic exercise on the expression of PTEN 
and PPARα other than miR-21a-5p23, this need requires further in-depth study.

In conclusion, this study provided new insights into the mechanism of aerobic exercise regulated lipid metab-
olism through miRNA. Our work identified miR-21a-5p as a potential regulator of aerobic exercise affecting 
lipid metabolism, achieved the favorable goal in hyperlipidemia by synergistically inhibiting the expression of 
target genes FABP7, HMGCR, ACAT1, and OLR1.

Received: 20 December 2020; Accepted: 25 May 2021

References
 1. Navar-Boggan, A. M. et al. Hyperlipidemia in early adulthood increases long-term risk of coronary heart disease. Circulation 131, 

451–458. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 114. 012477 (2019).
 2. Bartel, D. P. MicroRNAs: Target recognition and regulatory functions. Cell 136, 215–233. https:// doi. org/ 10. 1016/j. cell. 2009. 01. 

002 (2009).
 3. Churov, A., Summerhill, V., GrechKD, A., Orekhova, V. & Orekhov, A. MicroRNAs as potential biomarkers in atherosclerosis. Int. 

J. Mol. Sci. 20, 5547. https:// doi. org/ 10. 3390/ ijms2 02255 47 (2019).
 4. Krichevsky, A. M. & Gabriely, G. MiR-21: A small multi-faceted RNA. J. Cell Mol. Med. https:// doi. org/ 10. 1111/j. 1582- 4934. 2008. 

00556.x (2009).
 5. Sun, C. Z. et al. MiR-21 regulates triglyceride and cholesterol metabolism in non-alcoholic fatty liver disease by targeting HMGCR. 

Int. J. Mol. Med. 35, 847–853. https:// doi. org/ 10. 3892/ ijmm. 2015. 2076 (2015).
 6. Hanin, G. et al. MiRNA-132 induces hepatic steatosis and hyperlipidemia by synergistic multitarget suppression. Gut 67, 1124–

1134. https:// doi. org/ 10. 1136/ gutjnl- 2016- 312869 (2018).
 7. Ahn, J., Lee, H., Jung, C. H. & Ha, T. Lycopene inhibits hepatic steatosis via microRNA-21 induced downregulation of fatty acid-

binding protein 7 in mice fed a high-fat diet. Mol. Nutr. Food Res. 56, 1665–1674. https:// doi. org/ 10. 1002/ mnfr. 20120 0182 (2012).

https://doi.org/10.1161/CIRCULATIONAHA.114.012477
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.3390/ijms20225547
https://doi.org/10.1111/j.1582-4934.2008.00556.x
https://doi.org/10.1111/j.1582-4934.2008.00556.x
https://doi.org/10.3892/ijmm.2015.2076
https://doi.org/10.1136/gutjnl-2016-312869
https://doi.org/10.1002/mnfr.201200182


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11966  | https://doi.org/10.1038/s41598-021-91583-8

www.nature.com/scientificreports/

 8. Rodrigues, P. M. et al. MiR-21 ablation and obeticholic acid ameliorate nonalcoholic steatohepatitis in mice. Cell Death Dis. 8, 
e2748. https:// doi. org/ 10. 1038/ cddis. 2017. 246 (2017).

 9. Liu, H. F. et al. Long noncoding RNA GAS5 suppresses 3T3-L1 cells adipogenesis through miR-21a-5p-5p/PTEN signal pathway. 
DNA Cell Biol. 37, 767–777. https:// doi. org/ 10. 1089/ dna. 2018. 4264 (2018).

 10. Meissner, M. et al. Voluntary wheel running increases bile acid as well as cholesterol excretion and decreases atherosclerosis in 
hypercholesterolemic mice. Atherosclerosis 218, 323–329. https:// doi. org/ 10. 1016/j. ather oscle rosis. 2011. 06. 040 (2011).

 11. Li, J. W., Shang, Y., Ma, H. & Ye, X. L. The effect of aerobic exercise combined with rhizoma coptidis capsules on the hypercholes-
terolemia induced by as high-fat and high-cholesterol diet in Syrian golden hamsters. Invest. Clin. 60, 126–135 (2019).

 12. Zhao, J. F. et al. Aerobic exercise combined with samara oil can improve hyperlipidemia by reducing PCSK9 and increasing LDLR. 
Int. J. Clin. Exp. med. 12, 5191–5197 (2019).

 13. Soci, U. P. et al. MicroRNAs 29 are involved in the improvement of ventricular compliance promoted by aerobic exercise training 
in rats. Physiol. Genom. 43, 665–673. https:// doi. org/ 10. 1152/ physi olgen omics. 00145. 2010 (2011).

 14. Xiao, J. J. et al. MiR-212 downregulation contributes to the protective effect of exercise against non-alcoholic fatty liver via targeting 
FGF-21. J. Cell. Mol. Med. 20, 204–216. https:// doi. org/ 10. 1111/ jcmm. 12733 (2015).

 15. Wu, X. D. et al. Effect of aerobic exercise on miRNA-TLR4 signaling in atherosclerosis. Int. J. Sports Med. 35, 344–350. https:// doi. 
org/ 10. 1055/s- 0033- 13490 75 (2014).

 16. Isanejad, A. et al. MicroRNA-206, Let-7 and microRNA-21 pathways involved in the anti-angiogenesis effects of the interval 
exercise training and hormone therapy in breast cancer. Life Sci. 151, 30–40. https:// doi. org/ 10. 1016/j. lfs. 2016. 02. 090 (2016).

 17. Liu, M. X. et al. Dicer1/miR-29/HMGCR axis contributes to hepatic free cholesterol accumulation in mouse non-alcoholic stea-
tohepatitis. Acta Pharmacol. Sin. 38, 660–671. https:// doi. org/ 10. 1038/ aps. 2016. 158 (2017).

 18. Russell, A. P. et al. Regulation of miRNAs in human skeletal muscle following acute endurance exercise and short-term endurance 
training. J. Physiol. 591, 4637–4653. https:// doi. org/ 10. 1113/ jphys iol. 2013. 255695 (2013).

 19. Dragomir, M. P., Knutsen, E. & Calin, G. SnapShot: Unconventional miRNA functions. Cell 174, 1038–1038. https:// doi. org/ 10. 
1016/j. cell. 2018. 07. 040 (2018).

 20. Pu, M. F. et al. MiR-1254 suppresses HO-1 expression through seed region-dependent silencing and non-seed interaction with 
TFAP2A transcript to attenuate NSCLC growth. Plos Genet. 13, e1006896. https:// doi. org/ 10. 1371/ journ al. pgen. 10068 96 (2017).

 21. Xiao, M. et al. MicroRNAs activate gene transcription epigenetically as an enhancer trigger. RNA Biol. 14, 1326–1334. https:// doi. 
org/ 10. 1080/ 15476 286. 2015. 11124 87 (2017).

 22. Meister, G. et al. Human Argonaute2 mediates RNA cleavage targeted by miRNAs and siRNAs. Mol. Cell. 15, 185–197. https:// doi. 
org/ 10. 1016/j. molcel. 2004. 07. 007 (2004).

 23. Wang, D. W. et al. MicroRNA-20a participates in the aerobic exercise-based prevention of coronary artery disease by targeting 
PTEN. Biomed. Pharmacother. 95, 756–763. https:// doi. org/ 10. 1016/j. biopha. 2017. 08. 086 (2017).

Acknowledgements
This research was supported by the National Natural Youth Science Foundation of China (Grant number 
31500962).

Author contributions
J.Z.: conceptualization, methodology, investigation, formal analysis, writing—original draft, writing-review & 
editing. Y.S.: methodology, writing-review & editing. Y.Z.: investigation, writing-review & editing. F.Y.: inves-
tigation, writing-review & editing. L.C.: investigation, writing-review & editing. A.C.: writing-review & edit-
ing. B.W.: conceptualization, formal analysis, writing-review & editing. Y.W.: conceptualization, methodology, 
investigation, writing—original draft, editing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 91583-8.

Correspondence and requests for materials should be addressed to B.W. or Y.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/cddis.2017.246
https://doi.org/10.1089/dna.2018.4264
https://doi.org/10.1016/j.atherosclerosis.2011.06.040
https://doi.org/10.1152/physiolgenomics.00145.2010
https://doi.org/10.1111/jcmm.12733
https://doi.org/10.1055/s-0033-1349075
https://doi.org/10.1055/s-0033-1349075
https://doi.org/10.1016/j.lfs.2016.02.090
https://doi.org/10.1038/aps.2016.158
https://doi.org/10.1113/jphysiol.2013.255695
https://doi.org/10.1016/j.cell.2018.07.040
https://doi.org/10.1016/j.cell.2018.07.040
https://doi.org/10.1371/journal.pgen.1006896
https://doi.org/10.1080/15476286.2015.1112487
https://doi.org/10.1080/15476286.2015.1112487
https://doi.org/10.1016/j.molcel.2004.07.007
https://doi.org/10.1016/j.molcel.2004.07.007
https://doi.org/10.1016/j.biopha.2017.08.086
https://doi.org/10.1038/s41598-021-91583-8
https://doi.org/10.1038/s41598-021-91583-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improvement of hyperlipidemia by aerobic exercise in mice through a regulatory effect of miR-21a-5p on its target genes
	Materials and methods
	Animal study. 
	Exercise program. 
	Lipid Profile. 
	Histologic analysis. 
	Real-time quantitative RT-PCR. 
	Western blot. 
	Statistical analysis. 

	Results
	Aerobic exercise beneficially affect body weight and plasma lipoprotein profile. 
	Aerobic exercise improved steatosis of high fathigh cholesterol diet mice. 
	Aerobic exercise beneficially regulated the expression miR-21a-5p and its target genes. 
	miR-21a-5p regulated the expression of genes involved in lipid metabolism. 
	Rescue effect of aerobic exercise on miR-21a-5p KD mice. 

	Discussion
	References
	Acknowledgements


