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Incremental load training improves renal fibrosis by regulating
the TGF-p1/TAK1/MKK3/p38MAPK signaling pathway
and inducing the activation of autophagy in aged mice
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Abstract. Recent studies have confirmed that kidney tissue
fibrosis is closely linked to the natural aging of organs. One
of its major characteristics is the reduction of autophagic
activity. However, to date, few studies have assessed whether
incremental load training is able to improve the occurrence
of renal fibrosis caused by natural aging and the underlying
mechanisms. In the present study involving male C57/BL
mice, an elderly exercise group (OY group) was subjected to
progressive load-increasing rotary-bar training (5 days/week,
lasting for 6 weeks), with an elderly control group (OC group)
and a young control group (YC group) used as controls. Renal
fibrosis and autophagy-associated indicators were assessed
by Masson's staining, reverse transcription-quantitative PCR
analysis, western blotting, immunofluorescence and transmis-
sion electron microscopy. The results suggested that collagen
deposition in the basal part of the renal tubular epithelium
and glomeruli in the OY group was significantly lower than
that in the OC group. In the OC group, the protein expres-
sion levels of E-cadherin, Beclin 1 and light chain 3 were
significantly decreased, and increases in a-smooth muscle
actin-positive signals were observed in the glomerular
matrix and renal capsule wall. Furthermore, the expression
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of transforming growth factor (TGF)-f1 and its downstream
signaling molecules TGF-f-activated kinase 1 (TAK1),
mitogen-activated protein kinase (MAPK) kinase (MKK3)
and p38MAPK were downregulated following training.
The present study confirmed that incremental load training
may improve renal fibrosis in aged mice by regulating the
TGF-B1/TAK1/MMK3/p38MAPK signaling pathway and
inducing the activation of autophagy to reduce the synthesis
of extracellular matrix and delay the epithelial-mesenchymal
transition. The present study provides a novel experimental
basis for the intervention of incremental load training to
prevent senile renal fibrosis.

Introduction

Aging has become a research interest in the field of medicine.
Aging is an unavoidable process in the increase of lifespan.
In general, the functions of various organs of the body exhibit
gradual decreases in this process. The kidney, as an active
metabolic and major excretory organ, is one of the organs to
experience rapid tissue aging, which is frequently accompa-
nied by renal fibrosis (1,2). Studies have indicated that exercise
is an important means of rehabilitation, which may effectively
improve myocardial fibrosis (3). Whether exercise is able to
improve the renal fibrosis caused by natural aging requires
further investigation.

A large number of studies have suggested that aging of
the kidneys is accompanied by interstitial fibrosis (4), which
mainly manifests as an accumulation of extracellular matrix
(ECM). The epithelial-mesenchymal transition (EMT) of
renal tubular epithelial cells is considered to be one of the
major reasons for the marked accumulation of ECM (5,6).
EMT occurs in renal tubular epithelial cells and induces
changes in epithelial surface markers, including E-cadherin
and a-smooth muscle actin (a-SMA), a myofibroblast surface
marker of the tubulointerstitium (7).

Autophagy is a catabolic degradation system used to
digest the unnecessary or damaged components of a cell. The
decrease of autophagic activity caused by aging is closely
linked to the occurrence and development of fibrosis (8).
Previous studies have shown that transforming growth
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factor (TGF)-f1 is the most critical factor in promoting the
occurrence of EMT (9,10). In addition, TGF-B1 serves an
important role in regulating autophagy. Ding et a/ (11) found
that the deletion of light chain (LC)3B [LC3(-/-)] resulted
in increased collagen deposition and increased mature
profibrotic factor TGF-f levels in the obstructed kidneys of
mice. Beclin 1 heterozygous (Beclin 1+/-) mice also exhib-
ited increased collagen deposition in the obstructed kidneys
after UUO. Signaling downstream of the TGF-f receptor
complexes is regulated by the Smads family, a canonical
pathway (12,13). TGF-f1 signaling via the non-Smads path-
ways is also involved in the development of fibrosis. Previous
reports have demonstrated that TGF-f1-activated kinase 1
(TAK1), a member of the mitogen-activating protein (MAP)
kinase kinase (MKK) kinase family, is involved in TGF-p
signaling in the non-canonical pathway (14,15). The decreased
autophagic activity of the ECM is closely linked to the occur-
rence and development of fibrosis, and in a fibrosis model, the
expression levels of autophagic proteins Beclin 1 and LC3
were decreased (16). Furthermore, Kim ef al (17) indicated
the involvement of the TGF-f1/TAK1/MKK3/p38MAPK
signaling pathway in the induction of autophagy. Therefore,
it may be hypothesized that TGF-B1 improves renal fibrosis
by regulating the TAK1/MKK3/p38MAPK signaling pathway
and inducing autophagic activation.

A number of basic and clinical studies have shown that
exercise is able to delay the aging of skeletal muscle and
brain tissue (18,19) and improve cardiopulmonary exercise
function. Therefore, the purpose of the present study was to
subject aged mice to incremental load training, to compare
and observe whether such incremental load training leads
to an improvement of renal fibrosis in aged mice, and to
further clarify whether the underlying mechanisms include
the TGF-p1/TAK1/MMK3/p38AMPK signaling pathway and
induction of autophagic activation. The results may provide an
experimental basis for the development of novel interventions
to prevent and treat renal fibrosis.

Materials and methods

Experimental animals. A total of 36-healthy male C57/BL mice
(19-month-old, n=24; weight, 26-28 g; and 2-month-old, n=12;
weight, 14-16 g) were purchased from the Laboratory Animal
Breeding and Research Center, Army Medical University
(Chongqing, China; license no. SYXK-PLA-20170002). All
surgical and care procedures were approved by the Laboratory
Animal Welfare and Ethics Committee of the Third Military
Medical University (Chongqing, China). All mice were housed
in cages in a constant environment with 55+10% humidity, a
temperature of 20+5°C and a 12-h light/dark cycle. Food and
water were provided ad libitum.

Animal grouping and exercise training. The 36 healthy male
C57/BL mice were divided into three groups: Young control
group (YC group, n=12), elderly control group (OC group,
n=12) and elderly exercise group (OY group, n=12). The OC
group received free food and water. Exercise training was
performed 5 days/week in the same room in which the animals
were housed, for a duration of 6 weeks in which the load was
gradually increased (low-intensity activity, referring to a
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movement speed <10 m/min, and exercise intensity of 30-40%
VO, max) (20,21). At the end of the exercise training period,
the mice were sacrificed by cervical dislocation. Certain
kidney tissues were fixed with neutral formaldehyde and the
remaining tissues were rapidly frozen in liquid nitrogen. The
exercise protocol is shown in Table I (22).

Reverse transcription-semiquantitative PCR (RT-sqPCR)
analysis. The synthesis of primers was performed by Shanghai
Bioengineering Co, Ltd. The purity and concentration of
RNA were detected with a nucleic acid protein analyzer
following extraction with TRIzol reagent. The RT of RNA
into complementary (c)DNA was performed (cat. no. T2240;
Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature. The total volume of the PCR mixture was 25 ul,
which consisted of 15 pl 2X GO Tap Green Mix (Takara Bio,
Inc.), 2 ul forward primer, 2 ul reverse primer, 1 ul cDNA and
5 ul DEPC. The PCR amplification protocol was as follows:
Pre-denaturation at 95°C for 5 min, denaturation at 95°C for
30 sec and renaturation at 55°C for 30 sec (35 cycles) (C1000
Touch™ Thermal Cycler; Bio Rach Laboratories, Inc.).
Amplification products were separated via agarose gel electro-
phoresis (Sigma-Aldrich; Merck KGaA). Image-Pro Plus 6.0
image analysis software (Media Cybernetics, Inc.) was used
to automatically analyze the images and calculate the gray
scale values. The sequences of the primers of the target genes
were as follows: Beclin 1, forward 5-ATGGAGGGGTCT
AAGGCGTC-3" and reverse 5-“-TGGGCTGTGGTAAGTA
ATGA-3"; LC3II forward 5'-GACCGCTGTAAGGAGGTG-3'
and reverse 5'-AGAAGCCGAAGGTTTCTTG-3"; p-actin,
forward primer 5'-GTGACGTTGACATCCGTA-3' and reverse
5'-GTAACAGTCCGCCTA-3.

Masson's staining. The 4-uym-thick kidney tissue slices were
dehydrated through a graded series of ethanol. According to the
protocol of the Masson's staining kit (cat. no. G1340; Beijing
Solarbio Science and Technology, Co., Ltd.), the procedure was
as follows: Tissues were stained with Weigert's hematoxylin in
acid solution for 5 min, replaced with Masson's blue solution and
incubated for 3 min, followed by rinsing in distilled water for
1 min, staining for 5 min with Ponceau acid fuchsin, differen-
tiation in phosphomolybdic acid solution for 2 min, rinsing in
distilled water for 1 min, immediately stained with aniline blue
solution for 5 min and mounted with neutral gum sealant (all steps
at room temperature). Pathological changes in the kidney tissues
and collagen fibers in mice were observed under an inverted
microscope. The percentage of fibrosis was determined as the
blue area divided by the area of the entire field.

Immunohistochemical staining. The kidney tissue sections
were deparaffinized and antigen retrieval was performed
using a microwave oven at high temperature (300 W) for
30 min. Following the exhaustion of endogenous peroxidase
with methanol and hydrogen peroxide for 30 min at room
temperature, the slides were blocked with 0.5% bovine
serum albumin (Sigma-Aldrich; Merck KGaA) for 60 min
at 37°C and incubated with TAK1 antibody (1:200 dilution;
cat. no. ab109526; Abcam) overnight at 4°C. The SABC
staining kit (cat. no. SA1026; Boster Biological Technology)
was used to perform the chromogenic reaction. Following
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Table I. Exercise training protocol.

Week  Session time (min)  Rotations/min  Length (m)
1 15 16 48
2 30 16 96
3 30 20 120
4 45 20 180
5 60 20 240
6 60 24 288

rinsing in PBS, the samples were incubated with the mouse
anti-rabbit antibody (cat. no. SA1026; Boster Biological
Technology) at 37°C for 30 min, followed by rinsing in PBS
three times for 5 min. The samples were covered in a drop
of DAB developing solution, cell nuclei were stained with
hematoxylin at room temperature for 5 min, following dehy-
dration with an alcohol gradient, the samples were cleared
with dimethylbenzene xylene and mounted with neutral gum
sealant. Photomicrographs of different fields of view were
captured using an Olympus DSX100 optical microscope
(Olympus Corporation; magnification, x400). and the average
optical density (OD) was calculated using Image-pro plus 6.0
analysis software (Media Cybernetics, Inc.).

Immunofluorescence staining. The immunohistochemical
staining steps were followed until incubation with the primary
antibodies. The samples were incubated with Beclin 1 (1:100
dilution; cat. no. 3738; Cell Signaling Technology, Inc.) or
LC3 (1:100 dilution; cat. no. 3868; Cell Signaling Technology,
Inc.) overnight at 4°C. Following thorough washing with
PBS, the samples were incubated with fluorescently labeled
mouse anti-rabbit (1:2,000 dilution; cat. no. sc-516248; Santa
Cruz Biotechnology, Inc.) at 37°C for 3 h (protected from
light) and then rinsed in PBS three times for 5 min. The cell
nuclei were stained with Hoechst (cat. no. sc-200908; Santa
Cruz Biotechnology, Inc.) at room temperature for 5 min,
and following mounting with a drop of antifade solution,
images were captured with a laser scanning confocal micro-
scope. Image-pro plus 6.0 image analysis software (Media
Cybernetics, Inc.) was used to automatically analyze the
images and calculate the average optical density.

Western blot analysis. The kidney tissues were obtained by
homogenization in a tissue protein extraction reagent supple-
mented with complete protease and phosphatase inhibitors.
The lysate was centrifuged (12,000 x g) at 4°C for 5 min and
the supernatant was used. The total protein concentrations
were determined using a bicinchoninic acid protein assay
kit (Thermo Fisher Scientific, Inc). Protein buffer and 8%
glycerin were added to degenerate the protein for 10 min,
and equal quantities of protein (40 pug/lane) were resolved by
10% SDS-PAGE, followed by transferred onto polyvinylidene
difluoride (PVDF) membranes with a transfer apparatus
(Bio-Rad Laboratories, Inc.). The PVDF membranes were
incubated in 5% nonfat milk containing Tris-buffered saline
containing Tween-20 (TBST) for 3 h at room temperature. The
PVDF membranes were sequentially incubated with primary
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antibodies against MKK3 (cat. no. 8535; Cell Signaling
Technology, Inc.), phosphorylated (p)-MKK3 (cat. no. 12280;
Cell Signaling Technology, Inc.), p38 MAPK (cat. no. ab31828;
Abcam), p-p38MAPK (cat. no. ab4822; Abcam) and GAPDH
(cat. no. AF0006; Shanghai Boyun Biotech Co., Ltd.) at a dilu-
tion of 1:1,000 overnight at 4°C. Following incubation with
primary antibody, the membranes were washed in a TBST
four times for 10 min and incubated in mouse anti-rabbit IgG
(H&L)-horseradish peroxidase conjugate (1:1,500 dilution;
cat. no. sc2357; Santa Cruz Biotechnology, Inc.) for 3 h at
room temperature. The blots were visualized using Enhanced
Chemiluminescence Western Blotting Luminol Reagent
(GE Healthcare) and were semi-quantified using Image-Pro
Plus 6.0 image analysis software (Media Cybernetics, Inc.).

Transmission electron microscopy. The kidney tissue was
evaluated by autophagosome screening under a JEM-1010
transmission electron microscope (Matsunaga Manufacturing,
Co., Ltd., Gifu, Japan). The tissue samples were fixed with 1%
0s0, in PBS (pH 7.0) for 2 h and washed three times in PBS,
and were then dehydrated with a series of ethanol concentra-
tions for 15-min intervals. The kidney tissues were infiltrated
with propylene oxide, and embedded in a mixture of pure
Araldite 502 resin and acetone at room temperature for 24 h,
48°C for 48 h and 60°C for 48 h, and then cut into 50-60 nm
sections. Finally, the sections were cut into ultrathin sections,
and observed with a transmission electron microscope.

Statistical analysis. Statistical analysis of experimental
results was performed using GraphPad Prism 5 (GraphPad
Software, Inc.), ImageJ 1.8.0 (National Institutes of Health),
Image-Pro Plus 6, and SPSS 22.0 (IBM Corp.) statis-
tical software. All data are expressed as the mean + SD.
Differences among groups were analyzed by one-way
analysis of variance followed by Tukey's post hoc test using
SPSS 22.0. P<0.05 was considered to indicate a statistically
significant difference.

Results

Incremental load training ameliorates pathological changes
of kidney tissue and reduces collagen deposition in aged
mice. Masson's staining is the most classical method of
collagen fiber staining, with regions of blue staining repre-
senting collagen fiber. Microscopic observation revealed
normal glomerular morphology and tubular structure in
the YC group; furthermore, almost no collagen fibers were
produced. In the OC group, glomerular atrophy, an increased
level of cytolysis, decreased gaps between the junctions of
renal tubular epithelial cells, thickening of the renal tubular
wall and deposition of collagen fibers were observed. In
the OY group, glomerular atrophy was observed, although
the renal tubule walls were not thickened and there was no
obvious tubulointerstitial fibrosis (Fig. 1A). Collagen deposi-
tion was significantly increased in the OC group compared
with that in the YC group (P<0.01) and, compared with
that in the OC group collagen deposition was significantly
decreased following incremental load training (P<0.01)
(Fig. 1B). The above results demonstrated that natural aging
may significantly increase the deposition of collagen fibers in
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Figure 1. Morphological changes of kidney tissues observed using Masson's staining. (A) Masson staining was used to determine the deposition of collagen
in the three groups (magnification, x200; scale bar=20 pm). The blue staining represents collagen fibers. (B) Quantitative results showing the degree of
fibrosis between the groups. The values represent the mean + standard deviation (n=5). “P<0.01. YC, young control group; OC, elderly control group;

0OY, elderly exercise group.

kidney tissues and that incremental load training may reduce
the deposition of collagen fibers.

Incremental load training postpones EMT changes in aged
mice. E-cadherin and a-SMA are markers of mesenchymal
changes in renal tubular epithelial cells, therefore, their expres-
sion in renal tissue reflects the degree of fibrosis. Western blot
analysis was used to assess the protein levels of E-cadherin
and a-SMA (Fig. 2A). The bar graph suggests that the expres-
sion levels of E-cadherin in the OC group were lower than
those in the YC group (P<0.01), whereas the expression levels
of a-SMA in the OC group were significantly higher than
those in the YC group (P<0.01). Following incremental load
training, the expression levels of E-cadherin in the OY group
were significantly higher (P<0.05; Fig. 2B) and the expression
levels of a-SMA were significantly lower than those in the OC
group (P<0.01; Fig. 2C).

The analysis of immunofluorescence under confocal
laser scanning microscopy indicated that, in the YC group,
E-cadherin-positive signals were present in the renal tubular
epithelium and vascular wall, and a lower level of expression
was observed in the renal tubular junction; in the OC group,
only a slight E-cadherin-positive signal was present in the renal
tubular epithelium. In the OY group, the E-cadherin-positive
signals were weaker than those in the YC group but higher
than those in the OC group (Fig. 3A). The quantitative analysis
suggested that the OD value of the E-cadherin-positive signal in
the OC group was significantly lower than that in the YC group
(P<0.01), and incremental load training significantly increased
the OD value of the E-cadherin-positive signal, which differed
significantly compared with that in the OC group (P<0.01;
Fig. 3B), indicating that incremental load training increased
epithelial cell surface markers. However, a-SMA exhibited an
opposite trend, in the YC group, a-SMA was only expressed
at low levels in the renal tubular epithelium and vascular wall.
In the OC group, the a-SMA-positive signal was high; there
were uniform, strong positive signals in the renal tubular
epithelium and vascular wall, and a-SMA was also expressed
at low levels in the renal tubular junctions and the wall of the
renal capsule. In the OY group, the a-SMA-positive signals in
the above-mentioned regions were weaker than those in the
OC group, but stronger than those in the YC group (Fig. 3A).
The quantitative analysis suggested that the OD value of the

a-SMA-positive signal was significantly higher than that in the
YC group (P<0.01), and incremental load training significantly
reduced the OD value of the a-SMA-positive signal, which
differed significantly from that in the OC group (P<0.01),
indicating that incremental load training reduced fibroblast
surface markers (Fig. 3C).

According to the above experimental results, it can
be concluded that incremental load training inhibits the
EMT of renal tubular epithelial cells by increasing the
expression of epithelial surface marker E-cadherin and
decreasing the expression of fibroblast surface marker
a-SMA. Subsequently, the specific molecular mechanisms
were investigated. Previous studies have suggested that the
TGF-p1/TAK1/MKK3/p38MAPK pathway is closely linked
to the occurrence and development of EMT. Changes in the
expression of these signaling molecules reflect the development
of renal fibrosis.

Incremental load training decreases the activity of the
TGF-B1/TAKI/MKK3/p38 MAPK signaling pathway. Western
blot analysis was used to assess the protein levels of TGF-f1
and TAKI1 (Fig. 4A). The quantitative analysis suggested that
the expression levels of TGF-f1 and TAK1 in the OC group
were higher than those in the YC group (P<0.01). Following
incremental load training, the expression levels of TGF-f1 and
TAKI1 in the OY group were significantly lower than those in
the OC group (P<0.05; Fig. 4B and C). Immunohistochemical
staining indicated that the TAK1-positive signal was weak
in the YC group. In the OC group, the TAK1-positive signal
was strong and was located in the mesangial cells and renal
tubular epithelial cells. In the OY group, the TAK1-positive
signals in the above-mentioned regions were weaker than
those in the OC group, but were stronger than those in the YC
group (Fig. 4D). The OD value of the TAK1-positive signal
was significantly higher than that in the YC group (P<0.01).
Incremental load training significantly reduced the OD value
of the TAKI1-positive signal, which differed significantly
compared with that in the OC group (P<0.01; Fig. 4E).
Western blot analysis of MKK3, p-MKK3, p38MAPK and
p-p38MAPK was then performed (Fig. 5A). The quantitative
analysis indicated that the levels of p-MKK3/MKK3 (P<0.01)
and p-p38 MAPK/p38 MAPK (P<0.05) in the OC group
were significantly higher than those in the YC group, whereas
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Figure 2. Effects of incremental load training on the expression of E-cadherin and a-SMA in kidney tissues of aged mice. (A) Western blot analysis was used to
determine the protein expression of E-cadherin and a-SMA in the three groups. Bar graphs show the relative quantification of (B) E-cadherin and (C) a-SMA.
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Figure 3. Effects of incremental load training on the expression of the E-cadherin and a-SMA in the kidney tissues of aged mice. (A) Expression of E-cadherin
and o-SMA were identified by immunofluorescence staining (magnification, x400; scale bar=20 ym). The red color represents a positive signal; cell nuclei
were counterstained with Hoechst (blue). Relative OD values of (B) E-cadherin and (C) a-SMA staining are shown in bar graphs. Values are expressed as
the mean = standard deviation (n=3). “P<0.01. YC, young control group; OC, elderly control group; OY, elderly exercise group; OD, optical density; a-SMA,

a-smooth muscle actin.

incremental load training significantly reduced the levels of
p-MKK3/MKK3 and p-p38MAPK/p38MAPK compared with
those in the OC group (P<0.05; Fig. 5B and C).

Incremental load training enhances autophagy markers
Beclin 1 and LC3. The results of the RT-sqPCR analysis
suggested that the mRNA expression levels of Beclin 1
(P<0.01) and LC3 (P<0.05) in the OC group were lower than
those in the YC group, whereas incremental load training
significantly increased the mRNA levels of Beclin 1 (P<0.01)
and LC3 (P<0.05) compared with those in the OC group
(Fig. 6A-C). The immunofluorescence staining indicated that,
in the YC group, the signal of Beclin 1 was high and uniform,
and positive signals were observed in the basal region of the
renal tubular epithelium in addition to the renal capsule wall
and vascular wall. In the OC group, the positive signal of
Beclin 1 was weak, and Beclin 1 was uniformly expressed at

low levels in the renal tubular epithelium. In the OY group,
the overall expression in the above-mentioned regions was
higher than that in the OC group (Fig. 6D). The quantitative
analysis indicated that the OD value of the Beclin 1-positive
signal in the OC group was significantly lower than that in
the YC group (P<0.01; Fig. 6E), whereas incremental load
training significantly increased the OD value of the Beclin
1-positive signal compared with that in the OC group (P<0.01;
Fig. 6E). In the YC group, the LC3-positive signals were
observed in the renal tubular epithelium and vascular wall,
and a low level of positive expression was present in the renal
tubular junction; in the OC group, LC3 was only expressed
at low levels in the renal tubular epithelium. In the OY group,
the LC3-positive signals were weaker than those in the YC
group, but stronger than those in the OC group (Fig. 6D).
The quantitative analysis suggested that the OD value of the
LC3-positive signal in the OC group was significantly lower
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than that in the YC group (P<0.01), whereas incremental = was observed by transmission electron microscopy. The
load training significantly increased the OD value of the numbers of intracellular autophagosomes in the OY group
LC3-positive signal compared with that in the OC group  was increased compared with that in the OC group, indi-
(P<0.01; Fig. 6F). In the YC group, an increased number of cating that incremental load training increased autophagic
autophagosomes with typical bilayer membrane morphology  activity (Fig. 6G).
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Figure 6. Effects of incremental load training on autophagic markers Beclin 1 and LC3 in the kidney tissues of aged mice. (A) Comparison of the effect of
incremental load training on the relative mRNA expression of Beclin 1 and LC3 in kidney tissues. Bar graphs show the relative quantification of (B) Beclin 1
and (C) LC3 mRNA. (D) Expression of Beclin 1 and LC3 was assessed by immunofluorescence staining (magnification, x200; scale bar=20 ym). The green
color indicates the positive signal; cell nuclei were counterstained with DAPI (blue). Bar graphs show the relative OD values of (E) Beclinl and (F) LC3
staining. Values are expressed as the mean + standard deviation (n=3). "P<0.05, “P<0.01. (G) Assessment of autophagic activity by transmission electron
microscopy (magnification, x6,000 and x15,000; scale bars, 2 and 1 ym). The arrows indicate autophagic vacuoles. YC, young control group; OC, elderly
control group; OY, elderly exercise group; OD, optical density; LC3, light chain 3.

Discussion

The present study indicated the presence of slight pathological
structural changes and collagen deposition in naturally aged
kidney tissues. Decreases in the epithelial surface marker
E-cadherin and the autophagic markers Beclin 1 and LC3,
and an increase of the fibroblast surface marker a-SMA were
also observed. Incremental load training was shown to inhibit
the TGF-f1/TAK1/MKK3/P38MAPK signaling pathway and
enhance autophagic activity, to further reduce collagen deposi-
tion, and to indirectly upregulate E-cadherin and downregulate

a-SMA, thereby improving renal fibrosis induced by collagen
deposition in aged mice.

With the advent of an aging population, health problems
caused by aging and age-related diseases have become
increasingly prominent. The results of an epidemiological
survey indicated that diseases linked to renal aging have
become a threat to the health and life of middle-aged and
elderly individuals (23). A large number of studies have
shown that aged kidney tissues exhibit notable fibrosis (24,25).
Sangaralingham et al (26) performed Sirius red staining on the
renal tissues of rats of different ages, and the results indicated
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that, as age increased, the deposition of collagen fibers in the
cortex and medulla increased significantly. Ning et al (27)
performed Masson's staining and PAS staining to reveal that,
compared with a young age group, the glomerular basement
membrane and renal tubular wall in an older age group were
thickened and fibrosis was present. In the present study,
Masson's staining was used to observe 2-month-old and
19-month-old mice, and the results suggested the presence of
glomerular atrophy, increased cytolysis and marked deposition
of collagen fibers in the aged mice, indicating fibrosis in the
kidney tissues of the aged mice, which is consistent with the
results of previous studies.

Exercise is one of the effective rehabilitation methods to
delay aging, which may delay the aging of skeletal muscle
and brain tissue (28-30). Previous studies have indicated that
exercise may also improve glomerular filtration function and
glomerulosclerosis in obese individuals (31). Furthermore,
the effect of exercise on improving renal fibrosis caused by
disease in models has been demonstrated. Peng et al (32)
subjected rats with chronic kidney disease to swimming
exercise and revealed that this exercise reduced the expres-
sion of a-SMA, matrix metalloproteinase-2 and CD34,
inhibited the process of epithelial cell transdifferentiation
and reduced the deposition of ECM, thereby improving renal
fibrosis. However, whether exercise is able to improve the
renal fibrosis caused by natural aging has not been reported
previously. In the present study, 12 aged mice were trained
using rotarod treadmill incremental load training for 6 weeks,
and the results demonstrated that the level of cytolysis in the
kidney tissues of the exercise group was lower than that in
the non-training group and the level of collagen fiber deposi-
tion was significantly lower than that in the control group,
suggesting that incremental load training is able to delay
renal fibrosis in aged mice.

Renal fibrosis is mainly characterized by the excessive
deposition of ECM components, and EMT is an important
factor leading to renal fibrosis. In this process, epithelial
cells initiate the reprogramming of gene expression, which
is manifested by a decrease in epithelial surface marker
E-cadherin and increase in fibroblast surface marker
a-SMA. In a rat model of renal fibrosis, El-Wakeel et al (33)
demonstrated that the expression of E-cadherin decreased
and the expression of a-SMA increased significantly.
Similar results were also obtained in rat models of natural
aging-associated renal fibrosis and of ureteral occlusion
renal fibrosis (34,35). The results of the immunofluores-
cence analysis in the present study also indicated that the
positive signals of a-SMA in the YC group were weak, and
that a-SMA was uniformly expressed at low levels in the
renal tubular epithelium; furthermore, the positive signal of
o-SMA in the OC group was strong, and numerous positive
signals were observed in the renal tubular epithelium, also
being expressed in the wall of the renal capsule. However,
the positive signal of E-cadherin exhibited an opposite
trend, suggesting that incremental load training may delay
EMT, reduce the deposition of collagen fibers and improve
renal fibrosis in aged mice.

Autophagy is a conserved process of cell component
degradation and cycling depending on lysosomes that elimi-
nates damaged organelles and abnormal proteins to maintain
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a stable intracellular environmental and stress response (36).
To date, numerous basic and clinical studies have reported on
the critical function of autophagy in the occurrence and devel-
opment of fibrosis (37,38). Ceylan-Isik et al (37) indicated that
aging-induced cardiac interstitial fibrosis is closely linked to
the decrease of autophagic activity. Histological examination
revealed that interstitial fibrosis in aged mice was signifi-
cantly aggravated, with a reduction of autophagic markers
Beclin-1, autophagy related (Atg)7, Atg5 and LC3. TGF-p1 is
a multipotent cytokine that has been established as a central
mediator of kidney fibrosis (39). TGF-f1 is closely linked to
the occurrence and development of autophagy, which results
in a decrease of autophagic flux (40). TAK1 is one of the
MKK kinases that is involved in TGF-f signal transduction
in TGF-PBl-induced type I collagen and fibronectin expres-
sion through the activation of MKK?3/p38 (41). Kim et al (42)
demonstrated that the TAK1/MKK3/p38 signaling pathway
mediated the induction of autophagy by TGF-p1, control-
ling the level of type I collagen. In the present study, the
immunohistochemical analysis of TAKI1 indicated that
numerous positive signals were present in the renal tubular
epithelium in the OC group, and TAK1 was also expressed
in the wall of the renal capsule; however, in the YC group,
limited positive signals were observed in the renal tubular
epithelium. The results of the western blot analysis indicated
that the levels of TGF-p1, TAKI, p-MKK3 and p-p38MAPK
in the OC group were significantly higher than those in the
YC group. Furthermore, the levels were decreased following
incremental load training. The above results suggest that
incremental load training is able to improve renal fibrosis
in aged mice by regulating the TGF-$1/TAK1/MKK3/p38
MAPK signaling pathway, enhancing autophagic activity
and the expression of Beclin 1 and LC3, increasing the
expression of E-cadherin, downregulating the expression of
a-SMA and reducing collagen deposition, thus improving
aging-associated renal fibrosis.

In conclusion, the present study first indicated that
incremental load training, as an important rehabilita-
tion intervention, was able to delay renal fibrosis in aged
mice, and its mechanism is may linked to inhibition of
the TGF-B1/TAK1/MKK3/p38MAPK signaling pathway,
increases in the expression of Beclin 1 and LC3, the
downregulation of a-SMA and the upregulation of
E-cadherin. However, the direct effects of incremental
load training on the TGF-f1/TAK1/MKK3/p38MAPK
signaling pathway in delaying renal fibrosis in aged mice
remains uncertain. In particular, the further use of TGF-p1
inhibitors is required to determine the direct effect of the
TGF-p1/TAK1/MKK3/p38MAPK signaling pathway on renal
fibrosis in aged mice.
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