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Aerobic Endurance Exercise Ameliorates Renal Vascular
Sclerosis in Aged Mice by Regulating PISK/AKT/mTOR
Signaling Pathway

Chuncha Bao,' Zhong Yang,? Qian Li' Qiyan Cai?® Hongli Li®" and Bin Shu™”

Renal vascular sclerosis caused by aging plays an important role in the occurrence and development of chronic
kidney disease. Clinical studies have confirmed that endurance exercise is able to delay the aging of skeletal
muscle and brain tissue. However, to date, few studies have assessed whether endurance exercise is able to
improve the occurrence of renal vascular sclerosis caused by natural aging and its related mechanisms. In this
study, we investigated the protective effect of aerobic endurance exercise on renal vascular sclerosis in aged
mice and its effect on the phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin
(PI3K/AKT/mTOR) pathway. The results suggested that aerobic endurance exercise preserved kidney mor-
phology and renal function. Glomerular basement membrane thickness was evidently increased, podocyte foot
processes were effaced in aged mice, and aerobic endurance exercise significantly ameliorated the overall lesion
range. The protein expression of vascular endothelial growth factor (VEGF) and JG12 was lower in the senile
control group (OC group). The protein expression of VEGF and JG12 was significantly increased after aerobic
endurance exercise. Furthermore, aerobic endurance exercise resulted in downregulation of Bax, Caspase 3, IL-6,
and senescent cells and upregulation of Bcl-2. The upregulation of PI3K and its downstream signal molecules
AKT and mTOR after aerobic endurance exercise was further observed. Our observations indicated that aerobic
endurance exercise may inhibit renal vascular sclerosis in aged mice by regulating the PI3K/AKT/mTOR

signaling pathway.
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Introduction

INCREASING EVIDENCE HAS confirmed that renal vascular
sclerosis caused by aging plays an important role in the
occurrence and development of chronic kidney disease
(Osullivan et al., 2017). Previous studies have indicated that
the viability of microvascular endothelial cells in senile
kidney tissue decreased, suggesting that there might be
disorder in the angiogenesis of renal tissue with age (Satoh
et al., 2013; Barton, 2014). Therefore, it is of great signif-
icance to study the capillary structure of the kidney and the
role of vascular endothelial cells in the progression of kid-
ney disease for the prevention and treatment of chronic
kidney disease. At this time, there is no effective pharma-
cological intervention that prevents or attenuates the oc-
currence and development of chronic kidney disease.
However, studies have indicated that aerobic exercise
training is an important means of rehabilitation, which may

effectively prevent chronic diseases and delay aging (Vifia
et al., 2016; Yuho et al., 2017). Meanwhile, previous studies
have demonstrated that exercise is able to improve vascular
function (Nyberg et al, 2012; Gliemann et al., 2018).
However, whether exercise may improve the vascular func-
tion caused by natural aging requires further investigation.
In the process of aging, the function of vascular endo-
thelial cells disorders, progressively reduces, and loses. The
loss of microvascular endothelial cells is mainly linked to
the decrease of endothelial cell repairability, the decrease of
proliferation, and the increase of apoptosis (Collett et al.,
2017; Papazova et al., 2018). The angiogenesis is mainly
dependent on vascular endothelial growth factor (VEGF), an
important survival factor of endothelial cells, which is clo-
sely linked to renal microangiogenesis and has an important
role in the proliferation, differentiation, and survival of
endothelial cells (Ferrara et al., 2001, 2003; Majumder and
Advani, 2016). JG12 is considered to be a good marker of
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vascular endothelial cells (Li, 2012). Bragana et al.
(de Braganca, 2018) demonstrated that the process of
moderate chronic kidney disease in five of six nephrectomy
rats (Nx) is followed with renal vascular sclerosis and lower
expression of JG12 protein.

Apoptosis, a well-studied programmed cell death and
catabolic system, is critical for tissue development and ho-
meostasis. A growing body of evidence supported that ele-
vated vascular dysfunction is based on increased cellular
inflammatory response and apoptosis (Pope et al., 2016;
Ghosh et al., 2017). High levels of diverse proinflammatory
cytokines such as interleukin-6 (IL-6) (Arida et al., 2018)
were observed consistently in human-associated athero-
sclerotic study. Another study has demonstrated that apo-
ptosis of human umbilical vein endothelial cells is closely
related to the upregulation of Bax/Bcl-2 and Caspase 3
expression levels (Wu et al., 2016). Notably, the phospha-
tidylinositol 3-kinase/protein kinase B/mammalian target of
rapamycin (PI3K/AKT/mTOR) signaling pathway is closely
linked to various cell activities, including cell metabolism,
growth, migration, and proliferation (Chen et al., 2017; Ye
et al., 2018; Zhang et al., 2018). Furthermore, the PI3-
K/AKT/mTOR signaling pathway plays an important role in
regulating apoptosis. For instance, Shao et al. (2017) found
that the PI3K inhibitor is able to decrease the expression of
pro-apoptotic proteins (Caspase 3, Bax).

In addition, the activation of the PI3K/AKT/mTOR/sig-
naling pathway is closely linked to the upregulation of
VEGF for angiogenesis (Wang et al., 2014; Zhu et al.,
2016). For instance, the silencing of VEGF inhibits cell
proliferation and promotes cell apoptosis by downregulating
the PI3K/AKT signaling pathway (Yan et al., 2019). To
date, the study by Schnell et al. (Schnell, 2008; Karar, and
Maity, 2011) confirmed that NVP-BEZ235, which is a dual
PI3K and mTOR inhibitor, blocked VEGF-induced neo-
vascularization in rats. Wang et al. (2011) demonstrated that
the VEGF/Flt-mediated migration of AGI1-G1-Fltl cells
(hemangioma endothelial cells were established from a
human angioma) occurred mainly via the activation of the
PI3K/AKT pathway. Therefore, these prior studies indicated
that the PI3K/AKT/mTOR signaling pathway is related to
the renal vascular dysfunction caused by apoptosis.

This research, for the first time, studied the effects of
aerobic endurance exercise on renal vascular sclerosis in
aged mice and its related mechanisms. Therefore, the pur-
pose of the present study was to compare and observe
whether aerobic endurance exercise leads to an improvement of
renal vascular aging through subjecting aged mice to aerobic
endurance exercise. In addition, it further clarifies whether the
underlying mechanisms include the P13K/AKT/mTOR sig-
naling pathway and induction of apoptotic protein activation. In
a broader context, our findings will provide molecular experi-
mental evidence for aerobic endurance exercise to prevent and
treat renal vascular sclerosis.

Materials and Methods
Experimental animals

A total of 45 healthy male C57/BL mice (19-month-old,
n=30 and 2-month-old, n=15) were purchased from the
Laboratory Animal Breeding and Research Center, Army
Military Medical University, China (license no. SYXK-

311

PLA-20120031). All surgical procedures were approved by
the Laboratory Animal Welfare and Ethics Committee of the
Third Military Medical University. All animals were housed
in standard rodent cages at a temperature 20+ 5°C, ventila-
tion- and light-controlled (12:12h light—dark cycle) envi-
ronment, and fed with a standard diet of pellets and clean tap
water. Laboratory animal bedding materials were renewed
once a week; the drinking bottles were sterilized daily.

Animal groups and exercise training

The 45 healthy male C57/BL mice were divided into
three groups: young control group (YC group, 2-month-old,
n=15), senile control group (OC group, 19-month-old, n=
15), and senile exercise group (OY group, 19-month-old,
n=15). Aged mice underwent the rotatable treadmill train-
ing in the same room where the animals were kept. Con-
ducting a week of adaptability training, animals have an
interval of a week before the beginning of training program,
at the end of which we do it according to the training pro-
gram, 5 day/week, and lasted for 6 weeks. The load was
gradually increased (low-intensity activities refers to the
movement speed within 10 m/min and training intensity of
30—40% VO2 max) (Marcaletti and Feige, 2011; Roof et al.,
2015). Within 24 h after the end of exercise training, all mice
were euthanized by cervical dislocation. Some kidney tissues
were fixed with neutral formaldehyde, and the rest were frozen
rapidly in liquid nitrogen. The training program is shown in
Table 1 (Bellafiore et al., 2007; Chimenti et al., 2007).

Detection for renal function

Within 24h after the end of exercise training, blood
samples were obtained from the tail veins, centrifugations of
blood samples were performed, and the serums were stored at
—20°C. The blood urea nitrogen (BUN), uric acid (UA), and
serum creatinine (Scr) were measured by an AutoAnalyzer
with BUN (cat. no. JL20491; Jianglai Biological Technology,
Shanghai, China), UA (cat. no. JL20492; Jianglai Biological
Technology), and Scr test kits (cat. no. JL20633; Jianglai
Biological Technology) (Zhu et al., 2016).

Hematoxylin and eosin staining

Samples of kidney tissues were sectioned by 4 um. Then,
the sections were dewaxed with xylene and dehydrated
through a graded series of alcohol. The sections were stained
with hematoxylin (CAT Hematoxylin) for 5 min. After rins-
ing in distilled water three times for 5 min, the sections were

TABLE 1. WEEKS OF EXERCISE, SESSION TIME,
RoTATIONS, LENGTH, AND SPEED USED
FOR TRAINING PROGRAM

Session time Rotations Length Speed

Week (min) (/min) (m) (m/min)
1 15 16 48 32

2 30 16 96 32

3 30 20 120 4

4 45 20 180 4

5 60 20 240 4

6 60 24 288 4.8
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stained with eosin for 3min. The sections were observed
under a light microscope at X200 magnification.

Periodic acid—-Schiff staining

The kidney tissue slices were dehydrated through a gra-
ded series of ethanol. The sections were incubated with
oxygenant for 8 min and then washed in distilled water three
times for Smin per wash. The sections were stained with
Schiff’s solution for 20 min. After rinsing in distilled water
for 10min, dye cell nucleus with hematoxylin and gradient
dehydration were applied before mounting with neutral
gum. Pathological changes of the kidney tissues in mice
were observed under an inverted microscope (BX60;
Olympus, China). The percentage of renal vascular sclerosis
was determined as the red area divided by the area of the
entire field, and the average optical density (OD value) was
calculated using Image-Pro Plus 6.0 image analysis software
(version 6.0; Media Cybernetics, Inc., MD).

Transmission electron microscope

The kidney tissues were diced into proper size (1 mm?)
and fixed by immersion in 3% buffered glutaraldehyde for
10-12h at 4°C. Then, tissue specimens were fixed in 1%
osmium tetroxide in cacodylate buffer (pH 7.2) for 90 min at
30°C. The dehydration of fixed tissues was carried out with
ascending grades of ethanol, and then, the tissues were
transferred to epoxy resin via propylene oxide. Semi-thin
sections were prepared for the purpose of tissue orientation
and stained with toluidine blue. Ultra-thin sections (60 nm)
were cut on an ultra-microtome and stained with uranyl
acetate and lead citrate. Stained sections were observed
under the transmission electron microscope (TEM, HT7800;
Hitachi, Japan).

Senescence-associated B-galactosidase assay

Kidney specimens were embedded in optimum cutting
temperature compound, frozen in acetone dry ice mixture,
and cut into 10 pm sections on a cryostat. Sections were
socked and fixed in 1 mL beta-galactosidase staining sta-
tionary solution at room temperature for 30 min. Then, the
kidney tissues were washed three times with phosphate-
buffered saline (PBS) for 5 min per wash. The kidney tissues
were incubated overnight with appropriate amount of dyeing
working liquid at 37°C. Senescent-positive products of the
kidney tissues in mice were observed under an inverted
microscope (BX60; Olympus). The average OD value was
calculated using Image-Pro Plus 6.0 image analysis software
(version 6.0; Media Cybernetics, Inc.).
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Reverse Transcription PCR

Total RNA of the kidney tissues was shattered by ultra-
sonic crusher after adding TRIzol reagent (Life Technology,
Carlsbad, CA) (Zhao et al., 2015). The purity and concen-
tration of extracted RNA were detected by micronuclei acid
protein analyzer. The extracted RNA was reverse transcribed
into cDNA using a PrimeScript™ RT-PCR Kit (Takara, To-
kyo, Japan) according to the manufacturer’s instructions.
PCR amplification was performed using Ex Taq (Takara) in a
final reaction volume of 20puL (C1000 Touch™ Thermal
Cycler; Bio-Rad). The amplification protocol was as follows:
predenaturation at 94°C for 5 min, denaturation at 94°C for
30s, and renaturation at 55°C for 30s (35 cycles). The am-
plified products were detected in agarose gel electrophoresis.
Then, the gray scale of PCR band was calculated (normalized
with those of B-actin) via Image-Pro Plus image analysis
system (version 6.0; Media Cybernetics, Inc.). The primers
used for examining the expression were shown in Table 2.

Immunohistochemical staining

The kidney tissue sections were deparaffinized with xylene
and dewaxed, and then, heat-mediated antigen retrieval was
performed by microwaving for 20min in sodium citrate.
After rinsing in PBS three times for 5 min and exhaustion of
endogenous peroxidase with methanol and hydrogen peroxide
for 30 min at room temperature, the sections were blocked
with 0.5% bovine serum albumin for 1h at 37°C and incu-
bated with JG12 (cat. no. sc-65390; Santa Cruz Biotechnol-
ogy, CA) overnight at 4°C. The sections were washed three
times with PBS for 5 min per wash and then incubated with
the rabbit anti-mouse antibody (cat. no. SA1026; Boster
Biological Technology, China) at 37°C for 1h. Diamino-
benzidine (DAB) was used for visualization (Cai et al., 2014).
The specimens were then counterstained with hematoxylin,
xylene transparent. The neutral resin sealing was used for
sealing. Lung tissue sections used as positive controls were
put through the same procedure. The positive controls refer to
the antibody manual; there are positive reactions in the pos-
itive controls. Negative controls were put through the same
procedure after PBS was used to replace the primary anti-
body; all negative controls lacked a positive reaction. Tissue
sections were observed and photographed with a microscope
(BX60; Olympus). Image-Pro Plus 6.0 image analysis soft-
ware was used to automatically analyze the images and cal-
culate the OD value.

Immunofluorescence staining

The kidney tissue sections were incubated with VEGF (cat.
no. AF0312; Shanghai Beyotime Biotech, China), p-AKT
(cat. no. ab81283; Abcam), and p-mTOR (cat. no. ab84400;

TABLE 2. PRIMER SEQUENCES UTILIZED IN THIS STUDY

Gene name Forward primer (5-3') Reverse primer (5'-3’)

Caspase 3 5’-GAAACTCTTCATCATTCAGGCC-3’ 5-GCGAGTGAGAATGTGCATAAAT-3’
1IL-6 5’-CTCCCAACAGACCTGTCTATAC-3’ 5-CCATTGCACAACTCTTTTCTCA-3’
Bax 5-CCGCCGTGGACACAGAC-3’ 5-CAGAAAACATGTCAGCTGCCA-3’
Bcl-2 5-TCCGATCAGGAAGGCTAGAGTT-3’ 5-TCGGTCTCCTAAAAGCAGGC-3’

B-Actin 5-GTGACGTTGACATCCGTA-3’

5-GTAACAGTCCGCCTA-3’
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Abcam) overnight at 4°C. The PBS buffer was washed
thoroughly three times for 5min per wash and then incu-
bated with fluorescently labeled mouse anti-rabbit IgG-
FITC (sc-2359; Santa Cruz Biotechnology) at 37°C for 2h
(protection from light) (Cai et al., 2014). After rinsing in
PBS three times for Smin per wash, the cell nuclei were
stained with the Hochest (cat. no. sc-200908; Santa Cruz
Biotechnology). The positive controls of VEGF, p-AKT,
and p-mTOR correspond to lung carcinoma tissue, cervical
carcinoma tissue, and hippocampus tissue. All the above
positive controls refer to the antibody manual. Positive
controls were put through the same procedure; there are
positive reactions in the positive controls. Negative controls
were put through the same procedure after PBS was used to
replace the primary antibody; all negative controls lacked a
positive reaction. The images were taken by laser scanning
confocal microscope (FluoView™ FV1000; Shanghai, Chi-
na). Image-Pro Plus 6.0 image analysis software was used to
automatically analyze and calculate the OD value.

Western blot

The total kidney tissues were obtained by homogenization in
a tissue protein extraction reagent (Radio Immunoprecipitation
Assay lysis buffer [RIPA] lysis buffer; Millipore, Billerica,
MA) supplemented with complete protease inhibitors. The ly-
sate was centrifuged (12,000x g) at 4°C for 10 min and the
supernatant was used. Total protein concentrations were de-
termined using a Bicinchoninic Acid Protein Assay Kit
(Thermo Fisher Scientific). After boiling for 10 min in loading
buffer, the protein tissue lysates were separated by electro-
phoresis on 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), followed by transfer of proteins
to polyvinylidene difluoride (PVDF) membranes. The PVDF
membranes were blocked with 1% nonfat dried milk in 10 mM
tris-buffered saline (TBS) with 0.05% Tween-20 (TBST) for
1 h. The PVDF membranes were sequentially incubated with
the following primary antibodies: JG12 (cat. no. sc-65390;
Santa Cruz Biotechnology), VEGF (cat. no. AF0312; Shanghai
Beyotime Biotech), AKT (cat. no. ab81283; Abcam), p-AKT
(cat. no. ab38449; Abcam), mTOR (cat. no. ab2732; Abcam),
p-mTOR (cat. no. ab131538; Abcam), Cleaved-Caspase 3 (cat.
no. ab2302; Abcam), and GAPDH (cat. no. AF0006; Shanghai
Beyotime Biotech) at a dilution of 1:1000 overnight at 4°C. The
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membranes were washed with TBST three times for 10 min per
wash and incubated with mouse anti-rabbit immunoglobulin-
Horseradish peroxidase [IgG-HRP] labeling (cat. no. sc2357;
Santa Cruz Biotechnology) and rabbit anti-mouse IgG-HRP
(cat. no. sc358914; Santa Cruz Biotechnology) for 2 h at room
temperature. The protein blots were visualized using Enhanced
Chemiluminescence Western Blotting Luminol Reagent
(GE Healthcare). All protein blots were quantified using Image-
Pro Plus 6.0 image analysis software (Media Cybernetics, Inc.).

Statistical analysis

All data from experiments are expressed as the mean=
standard deviation. We used one-way analysis of variance to
analyze differences among groups. Tukey’s post hoc test
was performed using SPSS 22.0 (IBM, Armonk, NY). The
positive areas were evaluated by integrated OD value and
analyzed using Image-Pro Plus 6.0. A p-value <0.05 was
considered to be statistically significant.

Results

Aerobic endurance exercise improves renal function
parameters in aged mice

The results from kidney function demonstrated that the
BUN (p<0.01), Scr (p<0.01), and UA levels (p<0.05)
were significantly increased in the OC group compared with
those in the YC group. Aerobic exercise training reduced the
BUN, Scr, and UA levels (p <0.05) compared with those in
the OC group (Fig. 1A-C).

Aerobic endurance exercise improves pathological
morphology of kidney tissues in aged mice

Hematoxylin and eosin (H&E) staining suggested that in
the OC group, reduction of glomerular volume and unclear
glomerular structure were observed. The number of epi-
thelial cells in glomeruli and tubules decreased significantly.
In the YC group, the glomerular structure was clear, base-
ment membrane was intact, and cell morphology was nor-
mal. The number of epithelial cells in glomeruli and tubules
increased significantly. In the OY group, normal glomerular
structure was observed, and there was no obvious glomer-
ular atrophy (Fig. 2A). In periodic acid—Schiff (PAS)
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FIG. 1.

BUN, Scr, and UA levels were detected using vein blood samples in three groups. (A—C) BUN, Scr, and UA

levels were increased in renal artery of aged mice compared with young mice. Aerobic exercise decreased BUN, Scr, and
UA levels of renal artery in the senile control group (OC group). The values represent the mean*SD (n=5). *p <0.05,
**p<0.01. BUN, blood urea nitrogen; Scr, serum creatinine; SD, standard deviation; UA, uric acid.
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FIG. 2. Effect of aerobic endurance exercise on kidney histological morphology changes. (A) Kidney stained with
hematoxylin and eosin and periodic acid-Schiff from the young control group (YC group), the senile control group
(OC group), and the senile exercise group (OY group) (400X ), scale bar, 50 um. (B) The quantitative results showing the
degree of damage between different groups. The values represent the mean+SD (n=35). *p<0.05, **p<0.01.
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FIG. 3. Effect of aerobic endurance exercise on podocyte ultrastructural alterations. (A) Representative TEM photomi-
crographs showing the GBM thickness, foot processes open slit pores, and mitochondrial cristae (arrows); magnifica-
tion, X 6k, x 12k; scale bar, 1 um. (B, C) Quantifications of the mean GBM thickness and the mean foot processes width in
podocytes from the three groups. The values represent the mean*SD (n=35). *p<0.05, **p<0.01. GBM, glomerular
basement membrane; TEM, transmission electron microscope.
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staining, the regions of purple-red staining represent gly-
cogen. The positive products increased significantly in the
OC group compared with those in the YC group (p<0.01),
and compared with those in the OC group, the positive
products decreased significantly after aerobic endurance
exercise (p<0.05) (Fig. 2B).

The results from TEM demonstrated that within the YC
group, the glomerular basement membrane (GBM) thickness
was normal and the structure was clear, in which the dense
layer and transparent layer were also clear. The podocyte
foot processes were arranged neatly, and mitochondrial
cristae of proximal tubular epithelial cells were apparent.
Within the OC group, the GBM thickness was evidently
increased and the podocyte foot processes were effaced. The
gap between the two podocyte foot processes was signifi-
cantly widened, and proximal tubular epithelial cells mito-
chondrial cristae were not apparent or disappeared. In
contrast, aerobic endurance exercise significantly amelio-
rated the overall lesion range (Fig. 3A). Specifically, the
GBM thickness and foot process width were increased in the
OC group compared with those in the YC group (p<0.01)
(Fig. 3B, C). After aerobic endurance exercise, the GBM
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thickness (p <0.01) and podocyte foot processes (p<0.05)
were decreased compared with those in the OC group.

Effects of aerobic endurance exercise
on the expression of glomerular vascular endothelial
cell markers in aged mice

Analysis of western blot indicated that the protein expres-
sion levels of VEGF and JG12 in the OC group were signifi-
cantly lower than those in the YC group (p <0.01). In addition,
aerobic endurance exercise increased the protein expression
levels of VEGF and JG12 compared with those in the OC
group (p <0.05) (Fig. 4A—C). In the OC group, there were only
slight VEGF- and JG12-positive signals in glomeruli, whereas
there were higher expression levels of VEGF and JG12 in the
YC group compared with those in the OC group. In the OY
group, the VEGF- and JG12-positive signals were weaker than
those in the YC group but higher than those in the OC group
(Fig. 4D). The results suggested that the expression levels of
VEGF and JG12 were significantly lower in the OC group
compared with those in the YC group (p <0.01). After aerobic
endurance exercise, the expression levels of VEGF and JG12

109 ™=+
r 04 £ *
0.8 ¢ T
2o 0.3
0.6 £3
S0
0 < ol
0.4 ax %
g
0.2 5801
&%
0.0- 0.0-
YC oc oY
E 2
£ 20+
g ok *
‘u __'_I'_l rm
= 154
o
g
o 104
g
5 o
w
]
w 0
= YC OC oY
F 2 2.
£ 26
5 ke -
-] 20_ _r_l_ll_l
=
2
3 15-
o
@
310-
@
& 51
o~
=
9
YC OC oY

FIG. 4. Effects of aerobic endurance exercise on the expression of the VEGF and JG12 in the kidney tissues of aged mice.
(A) Western blot analysis showed VEGF and JG12 protein expression changes in the three groups. (B) Relative quanti-
fication of VEGF and (C) JG12 is depicted in bar graphs. The values represent the mean £ SD (n=3). *p <0.05, **p<0.01.
(D) VEGF and JG12 expression was identified by immunofluorescence staining; magnification, X 400; scale bar, 50 pm;
represent positive signal. (E) Relative OD value of VEGF and (F) JGI12 staining is depicted in bar graphs. The values
represent the mean+SD (n=35). *p<0.05, **p<0.01. OD, optical density; VEGF, vascular endothelial growth factor.
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in glomeruli of the OY group were significantly higher than
those of the OC group (p <0.05) (Fig. 4E, F). Therefore, our
results reinforced the important role of aerobic endurance
exercise on the amelioration of endothelial function.

Effects of aerobic endurance exercise on the activity
of the PIBK/AKmTOR signaling pathway
in aged kidney

Senescence and apoptosis of vascular endothelial cells in-
volve the activation of the PI3K/AKT/mTOR pathway. The
results of western blot analysis indicated that the expression
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levels of PI3K, p-AKT/AKT, and p-mTOR/mTOR were
significantly lower in the OC group compared with those in
the YC group (p<0.01) and were markedly upregulated
in the OY group compared with those in the OC group
(p<0.05) (Fig. 5C-E). Immunofluorescence revealed that the
OD value of the p-AKT- and p-mTOR-positive signals was
significantly higher in the YC group compared with those in
the OC group (p<0.01), and aerobic endurance exercise
significantly increased the OD value of the p-AKT- (p <0.05)
and p-mTOR (p<0.01)-positive signals, which differed sig-
nificantly from those in the OC group (Fig. S5F, G).
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FIG. 5. Effects of aerobic endurance exercise on expression of the PI3K/AKT/mTOR pathway in the kidney tissues of aged
mice. (A) Western blot analysis showed PI3K, p-AKT/AKT, and p-mTOR/mTOR protein expression changes in the three
groups. (B) p-AKT and p-mTOR expression was identified by immunofluorescence staining; magnification, X 400; scale bar,
50um. (C-E) Relative quantification of PI3K, p-AKT/AKT, and p-mTOR/mTOR is depicted in bar graphs. The values
represent the meant SD (n=3). *p<0.05, **p <0.01. (F) Relative OD value of p-AKT staining are depicted in bar graphs.
The values represent the mean£SD. (n=5). *p <0.05, **p <0.01. (G) Relative OD value of p-mTOR staining are depicted in
bar graphs. The values represent the mean+SD. (n=5). **p <0.01. PI3K/AKT/mTOR, phosphatidylinositol 3-kinase/protein

kinase B/mammalian target of rapamycin.
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FIG. 6. Senescence B-galactosidase staining to observe senescence in the kidney tissues of aged mice. (A) Senescence
[B-galactosidase staining of the three groups; magnification, x 400; scale bar, 50 um. (B) The quantitative results showing the
percentages of senescence between different groups. The values represent the mean+SD (n=35). **p<0.01.

Aerobic endurance exercise delays kidney
tissue senescence

To determine the role of aerobic endurance exercise on
kidney tissue senescence, we measured senescence-associated
B-galactosidase (SA-B-gal) activity of kidney tissue, a rep-
resentative feature of senescence. The blue-positive products
were significantly increased in the OC group compared with
those in the YC group. Compared with the OC group
(p<0.01), the positive products were significantly decreased
after aerobic endurance exercise, but the ratio was still higher
than those in the YC group (p<0.01) (Fig. 6A, B).

Effects of aerobic endurance exercise
on the expression of apoptotic and inflammatory
markers in aged kidney

Reverse Transcription (RT)-PCR results showed that
Caspase 3 mRNA, IL-6 mRNA, and Bax mRNA expression
levels were significantly increased in the OC group com-
pared with those in the YC group (p<0.01). After aerobic
endurance exercise, the Caspase 3 mRNA, IL-6 mRNA, and
Bax mRNA expression levels were lower than those in the
OC group (p<0.05) (Fig. 7TA-D). However, Bcl-2 mRNA
showed an opposite trend; the Bcl-2 mRNA expression level
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FIG. 7. Effects of aerobic endurance exercise on Caspase3, IL-6 mRNA, Bax mRNA, and Bcl-2 mRNA expression in the
kidney tissues of aged mice. (A) RT-PCR analysis showed Caspase3 mRNA, IL-6 mRNA, Bax mRNA, and Bc/-2 mRNA
expression changes in the three groups. (B-D) Relative quantification of Caspase3 mRNA, IL-6 mRNA, and Bax mRNA is
depicted in bar graphs. The values represent the mean+ SD (n=3). *p <0.05, **p <0.01. (E) Western blot analysis showed
Cleaved-Caspase3 protein expression changes in the three groups. (F) Relative quantification of Bcl-2 is depicted in bar
graphs. The value represent the mean £ SD (n=3). *p<0.05, **p <0.01. (G) Relative quantification of Cleaved-Caspase3 is
depicted in bar graphs. The values represent the mean+SD (n=3). *p <0.05.
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in the OC group was significantly lower than that in the YC
group (p <0.01). After aerobic endurance exercise, the Bcl-
2 mRNA expression level was higher than that in the OC
group (p<0.05) (Fig. 7F). In addition, the protein expres-
sion level of Cleaved-Caspase 3 in the OC group was sig-
nificantly higher than that in the YC group (p <0.05). After
aerobic endurance exercise, the protein level of Cleaved-
Caspase 3 was decreased compared with that in the OC
group (p<0.05) (Fig. 7G).

Discussion

Aging is both a natural and ineluctable biological process.
With advancing age, the kidneys undergo physiological and
pathological changes, such as interstitial fibrosis, tubular
atrophy, glomerular vascular sclerosis, basement mem-
branes thickening, and cells aging (Glassock and Rule,
2012; Denic et al., 2016; Hommos et al., 2017). To better
understand the relationship between aging and renal vas-
cular sclerosis, in the present study, detection for renal
function was used to observe 2-month-old and 19-month-old
mice, and the results demonstrated that aging damages renal
function as evidenced by increased levels of BUN, UA, and
Scr. H&E and PAS staining further revealed glomerular
atrophy, increased cytolysis, and massive deposition of
glycogen in aged mice, indicating obvious glomerulo-
sclerosis in the kidney tissues of aged mice, which were
consistent with the results of previous studies. Furthermore,
the results from TEM demonstrated that GBM thickness was
significantly increased, as well as podocyte foot processes
were effaced in the OC group compared with those in the
YC group, indicating that renal vascular sclerosis of aged
mice is consistent with the results of previous studies.

Exercise is an effective rehabilitation method for delaying
aging, which may improve the function of the brain and
kidney tissues in aging rats (Garatachea et al., 2015; Banks,
2016; Rzechorzek, 2017). Luan et al. (Ji et al., 2018) in-
dicated that aerobic exercise induced upregulation of Klotho
to extend life span by attenuating the excess production of
reactive oxygen species in the brain and kidney. At the same
time, studies have demonstrated that exercise is able to
improve endothelial function in the elderly patients with
chronic kidney disease (Martens, 2016). Whether exercise
may improve renal vascular sclerosis caused by natural
aging is rarely studied. In this study, 15 aged mice were
trained with rotarod treadmill endurance exercise for 6
weeks, and the results of H&E and PAS staining demon-
strated that aerobic endurance exercise improves patho-
logical morphology of kidney tissues in aged mice.
Additionally, TEM indicated that aerobic endurance exer-
cise significantly ameliorated the overall lesion range of
kidney, GBM thickness was decreased, there was less fading
of the podocyte foot processes, and the number of open slit
pores was increased compared with those in the OC group,
suggesting that aerobic endurance exercise is able to im-
prove renal vascular sclerosis of aged mice.

The development of glomerulosclerosis is closely linked
to the loss of glomerular capillaries; one of the important
features of vascular aging is endothelial dysfunction
(Brodsky et al., 2004). An in vitro and preclinical data
supported that the aging-induced oxidative stress results in
the decrease of NOS expression and the impairment of
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endothelium-dependent vasodilation (Bhayadia et al., 2016).
VEGEF is an important angiogenic factor, which is able to
stimulate the proliferation of vascular endothelial cells, in-
crease the permeability of endothelial cells, and participate
in angiogenesis (Del et al., 1999). JG12 is a specific marker
for the vascular endothelium, which is only expressed on the
surface of the capillary endothelium. In this study, the re-
sults suggested that the positive signals of VEGF and JG12
in the YC group were strong and were uniformly expressed
at high levels in glomerulus. Furthermore, the positive sig-
nal of VEGF and JG12 in the OC group was weak. How-
ever, the expression of VEGF and JG12 protein in glomeruli
of the endurance exercise group was higher than that of the
non-exercise group, suggesting that aerobic endurance ex-
ercise is able to improve the function of vascular endothelial
cells in the kidney tissues of aged mice.

Blood vessel aging is closely linked to senescence and
apoptosis of endothelial cells. In the current study, SA-B-gal
staining revealed that senescent cells in aged kidney were
reduced after aerobic endurance exercise. In addition, apo-
ptosis usually involves increasing apoptotic proteins (such
as Bax and Caspase 3) and decreasing the expression of anti-
apoptotic proteins (Bcl-2) (Tian et al., 2016). Preclinical
studies have indicated that the expression of Bax, Caspase 3,
and IL-6 was increased after renal capillary injury induced
by diabetes mellitus, suggesting that IL-6, Caspase 3, and
Bax play an important role in renal vascular aging (Yu et al.,
2017). Our results also revealed that the mRNA levels of
Caspase 3 and Bax in the OC group were significantly
higher than those in the YC group. The expression of Bcl-2
showed an opposite trend. Furthermore, the mRNA levels
were decreased significantly after aerobic endurance exer-
cise. Inflammation has been closely related to apoptosis,
which is acknowledged to play a crucial role in the patho-
genesis of inflammatory diseases (Oyinloye et al., 2015).
We found that aerobic endurance exercise significantly
downregulated the mRNA expression levels of IL-6. In
addition, the protein levels of Cleaved-Caspase 3 in the OC
group were significantly higher than those in the YC group.
After aerobic endurance exercise, the protein levels de-
creased significantly. Together, these data suggest that aer-
obic endurance exercise improves aging of renal vessels in
the elderly and is closely related to apoptosis of vascular
endothelial cells.

Studies have illustrated that the PI3K/AKT/mTOR path-
way is generally considered to be the key signaling pathway
to control metabolism and oxidative stress, involvement in
angiogenesis, and regulation of endothelial cell apoptosis
(Gerber et al., 1998; Cheng et al., 2017). To date, accu-
mulating data from biological studies demonstrated that the
P13K/AKT/mTOR pathway plays a prominent role in cell
survival, metabolism, growth, and proliferation by directly
regulating apoptotic proteins, such as Bcl-2, caspase-3, and
Bax (Pathania et al., 2013; Hui et al., 2014). In the present
study, the immunofluorescence analysis of p-AKT and p-
mTOR indicated that numerous positive signals were pres-
ent in glomerulus of the OC group. However, in the YC
group, limited positive signals were observed in glomerulus.
The results of the western blot analysis indicated that the
levels of PI3K, phosphorylated AKT, and mTOR in the
OC group were significantly higher than those in the YC
group. Furthermore, the levels were decreased after aerobic
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endurance exercise. Given these findings, we infer that
aerobic endurance exercise improves vascular aging in aged
kidney tissue and is closely related to the PI3K/AKT/mTOR
signaling pathway. The expression of phosphorylated AKT
and mTOR may inhibit the release of Bax, as well as other
downstream pro-apoptotic protein caspases, resulting in the
lower levels of apoptotic cells in the OY group.

In conclusion, the results of the present study suggested
that the aging of glomerular vessels in aged kidney tissues is
closely linked to the apoptosis of vascular endothelial cells.
Aerobic endurance exercise, as an important rehabilitation
intervention, significantly inhibited the decrease in senes-
cence and apoptosis and enhanced the PI3K/AKT/mTOR
activation, thereby improving the renal vascular sclerosis
caused by aging. The present findings provided a novel
approach for the prevention and treatment of aerobic exer-
cise in the elderly patients with renal vascular sclerosis.
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