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Role of STAT3/mTOR pathway in chronic kidney injury
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Abstract: STAT3/mTOR pathway plays an important role in inflammation, cell growth, and proliferation. However, the
role of STAT3/mTOR pathway in chronic kidney injury remains unclear. Folic acid was used to induce kidney injury
C57BL/6 mouse model followed by analysis of serum creatinine, renal weight ratio changes, renal pathological
changes and STAT3/mTOR pathway changes. Glomerular mesangial cells were divided into control group, model
group, STAT3 inhibitor (S31-201) group followed by analysis of cell proliferation by MTT assay, cell apoptosis by flow
cytometry, formation of autophagosomes by electron microscopy, expression of STAT3/mTOR signaling proteins and
autophagy proteins LC3Il and p62 by Western blot, expression of E-cadherin and Vimentin by immunofluorescence.
The serum creatinine and renal weight ratio was increased with obvious lesions and upregulated STAT3 and p-mTOR
level. Compared with control group, the difference was statistically significant (P < 0.05). Folic acid-induced injury of
mesangial cells showed inhibited cell proliferation, promoted apoptosis, increased LC3Il expression, decreased p62
expression, increased autophagic vacuoles and expression of STAT3 and p-mTOR as well as decreased E-cadherin
expression and increased Vimentin expression. The difference was statistically significant compared with control
group (P < 0.05). All above changes were significantly reversed after treatment with STAT3 inhibitor S31-201 (P <
0.05). Activated STAT3/mTOR pathway, enhanced autophagy, promoted apoptosis of mesangial cells and inhibited
cell proliferation were found in mice with renal injury. Inhibition of STAT3/mTOR activation inhibits autophagy and

cell apoptosis and promotes cell proliferation.
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Introduction

Kidney injury is one of the common diseases
and can cause different degrees of damage to
the kidney and blood vessels, and is common
in urinary tract injuries [1, 2]. Kidney injury can
be divided into acute kidney injury and chronic
kidney injury according to the disease develop-
ment progression. Chronic kidney injury is also
more common in chronic kidney disease, which
can lead to impaired renal function after acute
kidney injury [3]. The kidney is an important
organ of the body that can be used to remove
metabolic byproducts, remove toxins, regulate
body volume, electrolytes and systemic hemo-
dynamics, and produce hormones such as
erythropoietin and active vitamins. The internal
environment of the body plays a central role in
the balance [4, 5]. In recent years, the inci-
dence of kidney injury worldwide and the mor-
tality caused by kidney damage have increased

significantly, possessing serious health and
economic problems for patients and their fami-
lies and society. Therefore, how to effectively
prevent kidney injury becomes a concern [6, 7].
The mechanism of kidney injury is very compli-
cated, involving inflammation, oxidative stress,
ischemia and hypoxia which only determine the
type of kidney injury, but also are closely related
to the anatomical parts of the nephron damage
(including glomeruli, fallopian tubes, mesan-
gial, vascular system) [8, 9]. Kidney injury leads
to tubulointerstitial damage and fibrosis, result-
ing in progressive chronic kidney disease and
end-stage renal failure [10]. Therefore, under-
standing the underlying mechanisms by which
changes can lead to kidney injury has clinical
significance to prevent and treat Kkidney
disease.

The pathogenesis of kidney injury is complex
and autophagy is of great significance in the
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process of kidney injury. Autophagy is an
important regulatory mechanism for maintain-
ing cell homeostasis. Degradation of cytosolic
macromolecules and organelles by lysosomal
enzymes is a highly conserved physiological
mechanism [11, 12]. There are many regulatory
signals in autophagy. Signal transduction and
transcriptional activator 3 (STAT3) is a highly
conserved family of transcription factors that
can be expressed in many tissues and cells
such as the heart, brain, liver, skeletal muscle,
fibroblasts, and immune cells, and participates
in several processes such as cell proliferation,
autophagy, and apoptosis [13, 14]. The rapa-
mycin target protein (mTOR) is an important
autophagy-related factor whose activation can
be involved in the process of autophagy [15,
16]. However, the role of the STAT3/mTOR sig-
naling pathway in kidney injury and whether it is
associated with autophagy has not been
reported.

Materials and methods
Experimental animals

20 healthy male C57BL/6 mice, 2 months old,
SPF grade, body weight (20 = 2) g, were pur-
chased from the experimental animal center
of the unit and fed IN SPF animal experiment
center. Feeding conditions included maintain-
ing the temperature at (21 + 1)°C and main-
taining relative humidity (50-70%) under con-
stant temperature and constant humidity
conditions, ensuring a 12/day cycle every 12
hours. Animal experiments were performed
in strict accordance with the experimental
design and performed by experienced techni-
cians to minimize animal suffering. The study
was approved by the Ethics Committee of our
hospital and all tests met the animal welfare
standards.

Reagents and instruments

Sodium pentobarbital was purchased from
Shanghai Zhaohui Pharmaceutical Co., Ltd. The
mesangial cell line is provided by my laboratory
and stored in liquid nitrogen. Folic acid and the
STAT3 inhibitor S31-201 were purchased from
Sigma, USA. Fetal bovine serum (FBS) and cyan
chain double antibody were purchased from
Hyclone Corporation of the United States.
Dimethyl sulfoxide, MTT powder was purchased
from Gibco; trypsin-EDTA digest was purchased
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from Sigma, USA. Western blot related chemi-
cal reagents were purchased from Shanghai
Biyuntian Biotechnology Co., Ltd., ECL reagents
were purchased from Amersham Biosciences,
rabbit anti-mouse RANKL monoclonal antibody,
rabbit anti-mouse STAT3/mTOR monoclonal
antibody, rabbit anti-mouse LC3Il monoclonal
antibody, rabbit anti-mouse p62 Monoclonal
antibody, rabbit anti-mouse E-Cadherin mono-
clonal antibody and rabbit anti-mouse Vimentin
monoclonal antibody, goat anti-rabbit horse-
radish peroxidase (HRP) labeled 1gG secondary
antibody were purchased from Cell signaling
Corporation of the United States. Other com-
monly used reagents were purchased from
Shanghai Shenggong Biological Co., Ltd. The
Labsystem Version 1.3.1 microplate reader
was purchased from Bio-rad Corporation of
the United States. The clean workbench was
purchased from Suzhou Purification Equip-
ment Factory in Jiangsu Province. Surgical
microscopy equipment was purchased from
Suzhou Medical Instrument Factory. The Hera
cell CO, incubator was purchased from Thermo
Company, Germany. BX43 fluorescence micro-
scope and electron microscope were pur-
chased from Olympus Corporation of Japan.
The OLYMPUSAU 2700 automatic biochemical
analyzer was purchased from Olympus Japan.

Preparation of kidney injury model

20 healthy male C57BL/6 mice were adaptively
reared for 2 weeks and randomly divided into
2 groups. The model group was intraperitone-
ally injected with folic acid at a dose of 250
mg/kg (dissolved in 150 mM NaHCO,, folic acid
concentration 24 mg/ml) for 3 consecutive
days. Normal control group: NaHCO, (150 mM,
liquid amount 0.2 ml/10 g) was intraperitone-
ally injected. After modeling, 0.2 ml of mouse
plasma was collected and the level of creati-
nine was measured by an automatic biochemi-
cal analyzer. Then mice were sacrificed and the
kidney was weighed [17].

Sample collection

After treatment, mice in each group were
weighed, and 3 ml of tail vein blood was taken
and placed in a vacuum blood collection tube
containing anticoagulant. The blood was placed
in a 37°C incubator for 1 h and centrifuged at
3000 rpm for 5 min. The supernatant was
placed in an EP tube and analyzed by fully auto-
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mated biochemical analyzer, and the rest was
stored in a -20°C refrigerator. Kidney tissues of
mice from each group were collected, weighed,
and stored in a -80°C refrigerator.

Masson staining

Tissues were fixed in deionized water at 37°C
for 30 s and washed with deionized water. Two
1.5 ml EP tubes were prepared and 0.5 ml
Sodium Nitrite Solution was added and mixed
for 20 s. The mixture was allowed to stand at
room temperature for 2 min, and the two were
mixed. The prepared staining solution was
poured into a dyeing tank, and the water
was heated to 37°C. The climbing piece was
placed in a dyeing tank and incubated at 37°C
for 1 h followed by being counterstained in
hematoxylin stain for 2 min and subsequent
rinse with alkaline tap water, dry naturally,
glycerin-sealed, and observation under the
microscope.

Culture and grouping of mesangial cell lines

Human glomerular mesangial cell strain was
stored in liquid nitrogen, thawed in 37°C water
bath until the cells were completely thawed,
centrifuged at 1000 rpm for 3 min, resuspend-
ed in 1 ml fresh culture medium, transferred to
a 50 ml cell culture flask, followed by addition
of 4 ml fresh culture solution and cultured at
37°C with 5% CO, for 24-48 hours. The mesan-
gial cells were cultured in DMEM containing
10% heat-inactivated fetal bovine serum and
10 U/mL penicillin and 10 pg/mL streptomycin
in a 37°C, 5% CO, incubator to maintain the
number of cells at 1 x 10%/culture flask. The
subcultured DMEM cells were diluted to 1 x
108/ml, inoculated in a 35 mm culture dish,
and cultured in a serum-free DMEM medium
containing 100 ng/ml PMA and 0.3% BSA
for 24 hours. The 3-8 generation logarithmic
growth phase glomerular mesangial cells were
randomly divided into 3 groups, control group
(normal cultured cells); model group (2 uM folic
acid was added to the cells to prepare the
folate induced injury model); STAT3 inhibitor
group (folate-induced injury model was treated
with 5 uM STAT3 inhibitor S31-201 [18]).

MTT assay for detecting proliferation of glo-
merular mesangial cell

The logarithmic growth phase of mesangial
cells was collected and cultured in a 96-well
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culture plate in 10% fetal bovine serum «-MEM
culture medium at a concentration of 5 x 103,
and the supernatant was discarded after 24
hours of culture. 20 ul of sterile MTT was added
and 3 replicate wells were set at each time
point. After culture for 4 h, the supernatant was
completely removed followed by addition of
DMSO 150 pl/well until the purple crystals
were fully dissolved. Then, the absorbance (A)
value was measured at a wavelength of 570
nm by a microplate reader and the proliferation
rate of each group was calculated.

Flow cytometry detection of cell apoptosis

Cells were collected after addition of 1 ml of
0.25% trypsin to digest cells. After cells were
rounded and some cells were suspended, PBS
was added to terminate the digestion. The cells
were collected in a flow tube, centrifuged at
1500 rpm for 5 min, the supernatant was
discarded and cells were completely resus-
pended in 3 ml of 4°C pre-cooled PBS, centri-
fuged at 1500 rpm for 5 min, and the superna-
tant was discarded. The pellet was resuspend-
ed in 300 pL of Binding Buffer followed by
addition of 5 yL of Annexin V-FITC and 5 pL of
Propidium lodide. The reaction was protected
from light for 5-15 minutes at room tempera-
ture followed by analysis of cell apoptosis by
flow cytometry.

Electron microscopy for autophagy

The cells were directly scraped off, centrifuged
to discard the supernatant, washed twice with
PBS, centrifuged and fixed in 2.5% glutaralde-
hyde at 4°C. Ultra-thin sectioning was then per-
formed and autophagy was observed under an
electron microscopy.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde at
room temperature for 20 minutes. The parafor-
maldehyde was aspirated and washed 3 times
with PBS for 5 min each time. 0.5% Triton X-100
(prepared in PBS) was then added and incubat-
ed for 20 min at room temperature. The Triton
X-100 was removed and washed 3 times with
PBS for 5 min each. 5% BSA was blocked for 2
hours. The blocking solution was aspirated,
and the primary antibody was added and incu-
bated overnight in a 4°C wet box. The primary
antibody was aspirated and washed 3 times
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Figure 1. Changes in kidney weight ratio and serum creatinine in mice with
kidney injury. Kidney injury mice model was established through injection
of folic acid followed by analysis of mice kidney weight ratio (A) and serum
creatinine level (B); compared with the control group, *P < 0.05.

Control Chronic kidney injury

Figure 2. Pathological changes in mice with masson-stained kidney injury
(x 100). Kidney injury mice model was established through injection of folic
acid followed by analysis of the kidney pathological changes in control mice

at 4°C overnight. After PBST
washing, 1:2000 goat anti-
rabbit secondary antibody
was added and incubated for
30 min followed by washing
with PBST, addition of chemi-
luminescence for 1 min, X-ray
exposure and development.
X-film and strip density mea-
surements were separately
scanned using protein image
processing system software
and Quantity one software.
The experiment was repeated
four times (n=4).

Statistical analysis

Data were analyzed by SPSS
16.0 statistical software. The
count data was expressed
as a percentage and a chi-
square test was performed.
Measurement data were ex-
pressed as mean + standard
deviation (SD) and comparis-
on of multiple groups of sam-
ples was performed using
one-way ANOVA. P < 0.05

and model mice.

with PBS for 5 min each time. Then, secondary
antibody at the appropriate concentration was
added and incubated at 37°C for 1 hour at
room temperature in the dark. The secondary
antibody was aspirated and washed 3 times
with PBS for 5 min each time. DAPI was added
to the slide, or Hoechst counterstained the
nuclei and incubated for 5-10 min in the dark.

Western blot analysis of STAT3/mTOR, LC3II,
and p62 protein expression

The kidney tissues of each group were ex-
tracted, ground under liquid nitrogen, and the
mesangial cell protein was extracted: the lysate
was added, and the protein was quantified
and stored at -20°C for Western blot. Proteins
were separated on 10% SDS-PAGE electropho-
resis and transferred to PVDF membrane. After
1 h of blocking, the diluted primary antibody
STAT3/mTOR, p-mTOR, LC3Il, p62 protein (dilut-
ed concentrations: 1:1000, 1:1000, 1:1000,
1:2000, 1:1000) were added and incubated
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was considered statistically
significant.

Results

Changes in serum creatinine and kidney
weight ratio in mice with kidney injury

In mice with kidney injury, serum creatinine
and kidney weight ratio was increased with
obvious lesions and increased STAT3 and p-
mMTOR expression. Compared with the control
group, the difference was statistically signifi-
cant (P < 0.05) (Figure 1).

Pathological changes in mice with kidney in-
Jjury

Pathological changes in injured mice were
analyzed by Masson staining. There were no
lesions in the kidney glomeruli, renal tubules
and renal interstitial in the control group. In
the model group, most of the glomeruli of the
kidneys showed mesangial cell proliferation
and increased matrix. Some of the glomerular
capillaries were compressed and lobulated,
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Figure 3. Analysis of STAT3/mTOR pathway changes in mice with kidney injury. The kidney tissues were collected
from control or model mice followed by western blot analysis of STAT3/mTOR signaling protein expression (A) and
subsequent statistical analysis of STAT3 expression (B) and mTOR phosphorylation level (C); compared with the

control group, *P < 0.05.
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Figure 4. Effect of STAT3/mTOR pathway on prolif-
eration of injured mesangial cells. The glomerular
mesangial cells were randomly divided into control
group (normal cultured cells); model group (2 uM
folic acid was added to the cells to prepare the fo-
late induced injury model); and STAT3 inhibitor group
(folate-induced injury model was treated with 5 uM
STAT3 inhibitor S3I-201) followed by measuring cell
proliferation by MTT assay. Compared with the con-
trol group, *P < 0.05; compared with the model
group, #P < 0.05.

and the morphology was irregular. Fibrin exu-
date was found in the Bowman’s capsule. A
small amount of inflammatory cells was infil-
trated into the tubule interstitial, the renal
tubules in the concentrated area of inflamma-
tion disappeared, the surrounding renal tubular
epithelium was swollen and vacuolated, and
the lumen was occluded (Figure 2).

Analysis of STAT3/mTOR pathway changes in
mice with kidney injury

Western blot analysis of STAT3/mTOR pathway
changes in mice with kidney injury showed that
STAT3/mTOR pathway was activated as demon-
strated by increased STAT3 expression and
p-mTOR phosphorylation in mice with kidney
injury. The difference was statistically signifi-
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cant compared with control group (P < 0.05)
(Figure 3).

Effect of STAT3/mTOR pathway on prolifera-
tion of injured mesangial cells

MTT assay was used to analyze the effect of
STAT3/mTOR pathway on the proliferation of
mesangial cells induced by folic acid. After folic
acid injury, the proliferation of mesangial cells
in the model group was inhibited. Compared
with the control group, the difference was
statistically significant (P < 0.05); Addition of
STAT3 inhibitor can promote the proliferation
of injured mesangial cells, compared with the
model group, the difference was statistically
significant (P < 0.05) (Figure 4).

Effect of STAT3/mTOR pathway on apoptosis
of injured mesangial cells

After folic acid injury, the apoptosis of glo-
merular mesangial cells in the model group
was increased, and the apoptosis rate was
increased. Compared with the control group,
the difference was statistically significant
(P < 0.05). After addition of STAT3 inhibitor,
it could inhibit the apoptosis of glomerular
mesangial cells and decrease the apoptotic
rate. Compared with the model group, the dif-
ference was statistically significant (P < 0.05)
(Figure 5).

Electron microscopic analysis of the effect of
STAT3/mTOR pathway on autophagy of injured
mesangial cells

We found that in the control group, the cell mor-
phology was normal and there were fewer
autophagosomes, while a large number of
autophagic lysosomal vesicles were found in
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Figure 5. Effect of STAT3/mTOR pathway on apoptosis of injured mesan-
gial cells. The glomerular mesangial cells were randomly divided into control
group, model group (2 uM folic acid was added to the cells to prepare the
folate induced injury model); and STAT3 inhibitor group (folate-induced injury
model was treated with 5 uM STAT3 inhibitor S31-201) and then cell apop-
tosis was measured by flow cytometry using Annexin V-FITC and Propidium
lodide (A). Quantification of cell apoptosis was shown in panel (B). Compared
with the control group, *P < 0.05; compared with the model group, #P <
0.05.

Control Model

STAT3 inhibitor

Figure 6. Electron microscopic analysis of autophagy in injured mesangial
cells. The glomerular mesangial cells were randomly divided into control
group, model group (2 uM folic acid was added to the cells to prepare the
folate induced injury model); and STAT3 inhibitor group (folate-induced injury
model was treated with 5 uM STAT3 inhibitor S31-201) followed by analysis of
autophagy of mesangial cells by electron microscopic.

the model group. In the STAT3 inhibitor group,
the damaged mesangial membrane in the
model group was significantly reduced with
decreased autophagosome formation in cells
(Figure 6).
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Alteration analysis of STAT3/
mTOR pathway in injured me-
sangial cells

Western blot analysis of STA-
T3/mTOR pathway changes in
injured mesangial cells sho-
wed that STAT3/mTOR path-
way was activated, STAT3 ex-
pression was increased, and
p-mTOR phosphorylation was
increased in the injured me-
sangial cell model group. The
difference was statistically si-
gnificant compared with con-
trol group (P < 0.05). After
addition of STAT3 inhibitor,
STAT3/mTOR pathway activa-
tion was inhibited, STAT3 ex-
pression and p-mTOR phos-
phorylation was reduced. The
difference was statistically si-
gnificant compared with mod-
el group (P < 0.05) (Figure 7).

Effect of STAT3/mTOR path-
way on autophagy protein in
injured mesangial cells

The expression of LC3Il and
the expression of p62 protein
in glomerular mesangial cells
were decreased in folic acid-
induced injury. Compared with
the control group, the differ-
ence was statistically signifi-
cant (P < 0.05). After addition
of STAT3 inhibitor, it could
inhibit the expression of LC3II
in injured mesangial cells and
promote the increase of p62
protein expression, compared
with the model group, the dif-
ference was statistically sig-
nificant (P < 0.05) (Figure 8).

Effect of STAT3/mTOR path-
way on depolarization of
injured glomerular mesangial
cells

The effect of STAT3/mTOR pathway on the
expression of depolarization-related proteins in
injured mesangial cells was analyzed by immu-
nofluorescence. The results showed that the
expression of E-cadherin was decreased and
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Figure 7. Alteration analysis of STAT3/mTOR pathway in injured mesangial cells. Total protein was isolated of cells
from control, model and STAT3 inhibitor group followed by western blot analysis of STAT3/mTOR signaling protein
expression (A) and subsequent statistical analysis of STAT3 level (B) and mTOR phosphorylation level (C); compared
with the control group, *P < 0.05; compared with the model group, #P < 0.05.
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Figure 8. Effect of STAT3/mTOR pathway on autophagy protein in injured mesangial cells. Total protein was isolated
of cells from control, model and STAT3 inhibitor group followed by western blot analysis of autophagy protein level
in injured mesangial cells (A) and subsequent statistical analysis of LC3Il expression (B) and p62 expression (C);
compared with control group, *P < 0.05; Comparison, #P < 0.05.

E-cadherin Vimentin DAPI Merge 201 reversed the kidney inju-

Control ry, increased the expression
of E-cadherin and decreased
the expression of Vimentin
(Figure 9).

) . » . “
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Activation of STAT3 can lead
to abnormal cell proliferation

Figure 9. Immunofluorescence assay for the effect of STAT3/mTOR pathway and apoptosis and evasion

on loss of mesangial cells EMT. Cells from control, model and STAT3 inhibitor [19]. Mammalian mTOR is also

group were fixed in 4% paraformaldehyde and permeabilized by 0.5% Triton present in the cytoplasm and

X-100 followed by immunofluorescence analysis of depolarization of injured
glomerular mesangial cells.

Discussion

STAT3 and tyrosine phosphor-
ylation signal pathways are
coupled to form a bifunctional
protein and participate in the
regulation of the expression
of several functional proteins
which are associated with cell
proliferation and apoptosis.

belongs to the silk threonine
protein kinase. Different stim-
ulation signals can activate or
the expression of Vimentin was increased after block mTOR activation [20]. The STAT3/mTOR
folic acid-induced injury. The addition of S3I- pathway can cause inflammation and damage
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in the body [21]. This study confirmed that the
mouse model of chronic kidney injury prepared
by folic acid can cause an increase in the kid-
ney weight ratio of injured mice and elevated
serum creatinine in most glomeruli of the kid-
ney. It is confirmed that the kidney injury model
was successfully prepared, and further studies
have shown that during kidney injury process,
the STAT3/mTOR pathway was activated, sug-
gesting that the STAT3/mTOR pathway might
be involved in the kidney injury process.

Mesangial cells are an important part of the
kidney. The kidney is a high-energy and high-
metabolizing organ. Mesangial cell is a highly
differentiated cell and susceptible to various
diseases such as hypoxia and metabolic disor-
ders. Many studies have found that chronic
Kidney injury-induced mall mesangial cell dam-
age is an important cause of chronic fibrosis
[22]. At the time of injury, after glomerular
mesangial cells are damaged, proliferation is
reduced, apoptosis is increased, depolariza-
tion occurs, and typical epithelial proteins
such as E-cadherin are lost, while vimentin
(Vimentin) expression is increased which can
promote the occurrence of renal interstitial
fibrosis [23]. This study confirmed that folic
acid-induced kidney injury leads to increased
apoptosis of mesangial cells, inhibited cell
proliferation, decreased expression of E-cad-
herin, and increased expression of Vimentin,
suggesting that glomerular mesangial cells are
depolarized during kidney injury, resulting in
the appearance of interstitial cell phenotype,
causing kidney damage. After adding STAT3
inhibitor, the degeneration of mesangial cells
caused by kidney injury can be reversed.
Further studies have shown that a large num-
ber of autophagic lysosomal vesicles are pres-
ent in the mesangial cells caused by kidney
injury, and the expression of LC3Il is increas-
ed and the expression of p62 protein is
decreased. In the STAT3 inhibitor group, the
damaged kidneys in the model group can be
significantly reduced. The formation of auto-
phagosomes in the mesangial cells and LC3lI
level was decreased, and the expression of
p62 protein was increased, suggesting that
STAT3/mTOR pathway is involved in the auto-
phagy process of kidney injury. The reduction
in the clearance of misfolded proteins and
damaged organelles due to defects in auto-
phagy eventually leads to a decrease in the
number of mesangial cells and aggravation of
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depolarization, which in turn causes kidney
damage [24, 25]. The STAT3/mTOR pathway
affects autophagy, which in turn affects depo-
larization and proliferation of mesangial cells,
thereby delaying kidney damage.

Conclusion

STAT3/mTOR pathway is activated in mice with
Kidney injury and addition of STAT3 inhibitor
S31-201 inhibits STAT3/mTOR pathway activa-
tion, inhibits autophagy and apoptosis and pro-
motes cell proliferation.
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