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Rapamycin protects against aristolochic acid
nephropathy in mice by potentiating mammalian
target of rapamycin-mediated autophagy
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Abstract. Autophagy serves a crucial role in the etiology of
kidney diseases, including drug-induced renal impairment,
inherited kidney disease, diabetic nephropathy and aristolochic
acid nephropathy (AAN) and is, therefore, a potential target for
treatment. We previously demonstrated that rapamycin could
attenuate AAN in mice; however, the underlying mechanism
remains to be elucidated. Therefore, whether the renal protec-
tive effect of rapamycin (an autophagy activator) is related
to autophagy in aristolochic acid (AA)-treated mice was of
particular interest. The pathophysiological roles of rapamycin
were investigated in AA-induced nephrotoxicity in mice and
the mechanisms of rapamycin action were explored by evalu-
ating the modulation of autophagy in rapamycin-treated mice
and cultured renal tubular epithelial cells. Supplementation
with rapamycin reversed AA-induced kidney injury in mice
and improved AA-induced autophagy damage in vivo and
in vitro. Mechanistically, rapamycin inhibited the renal expres-
sion of phosphorylated (p-)ymammalian target of rapamycin
(mTOR) and p-ribosomal S6 protein kinase 1, which in turn
activated renal autophagy and decreased apoptosis, probably by
removing AA-elicited damaged mitochondria and misfolded
proteins. The findings of the present study demonstrated
that rapamycin protects against AA-induced nephropathy
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by activating the mTOR-autophagy axis and suggested that
rapamycin may be a promising pharmacological target for the
treatment of AAN.

Introduction

Aristolochic acid nephropathy (AAN) is a progressive renal
tubular interstitial disease caused by the ingestion of Chinese
herbal medicines or plants containing aristolochic acid
(AA) (1). In Southeast Asia and other countries or regions
where traditional Chinese medicine is popular, herbal medi-
cines and plants containing AA are still widely used (2). A
multicenter retrospective cohort study in China showed that
the incidence of acute renal injury was 11.6% among nearly
660,000 hospitalized patients, of which 40% was drug-induced
and 16% may have been caused by Chinese herbal medicine
and plants containing AA (3). A considerable proportion of
patients with AAN have impaired renal function and progress
to end-stage renal disease (ESRD) (4). Patients with ESRD
require long-term renal replacement therapy, which neces-
sitates a large number of medical resources. Therefore, an
in-depth understanding of the pathogenesis of AAN as well as
the development of effective prevention and treatment
measures is important.

Rapamycin, a specific inhibitor of mammalian target
of rapamycin (mTOR), is a novel and effective immunosup-
pressant that has a protective effect on the kidney in the state
of transplantation (5,6). Rapamycin is reported to improve
renal function and renal tissue ultrastructure in a rat renal
ischemia-reperfusion injury model by inhibiting renal tubular
epithelial cell apoptosis (7). The results of our previous study
demonstrated that rapamycin could effectively attenuate
AAN (8). However, the mechanism underlying the regulation
of AAN by rapamycin remains to be elucidated.

Autophagy is initiated by lysosomes and can be defined as
the process by which intracellular fragments, which are widely
present in eukaryotic cells, are degraded (9). In this process,
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damaged organelles and misfolded proteins are phagocytized
to form autophagosomes, which then fuse with lysosomes
to form autolysosomes. These degrade autophagosomes and
ensure dynamic cell balance (10). Autophagy is indispensable
for maintaining intracellular homeostasis and adapting to stress
states (including hunger, energy deprivation, oxidative stress
and hypoxia) and ensures cell survival (11). Similarly, AAN
leads to organelle dysfunction, including mitochondrial and
endoplasmic reticulum stress and induces specific autophagy,
resulting in the clearance of damaged organelles (12). However,
this is a compensatory mechanism; when stimulation persists
or increases, cellular homeostasis is disrupted, leading to
apoptosis (13,14). A previous study showed that enhanced
renal autophagy can inhibit the apoptosis of kidney cells and
serve a protective role in AAN (15). mTOR is a serine-threo-
nine protein kinase that belongs to the phosphatidylinositol 3
kinase protein kinase family (16). It serves a key regulatory
role in many biological processes, such as cell proliferation,
survival, differentiation and autophagy (17-19). Studies have
shown that inhibition of phosphorylated (p-)mTOR can
activate autophagy and promote phagocytosis of damaged
organelles and misfolded proteins, thereby protecting cells
from death (20,21). Nevertheless, as a specific mTOR inhibitor,
rapamycin can activate autophagy to maintain A A-stimulated
renal cell homeostasis and may, therefore, inhibit apoptosis
and exert a protective effect in AAN.

The present study investigated the underlying molecular
mechanism of action of rapamycin against AAN. The findings
suggested that rapamycin attenuated AAN by blocking the
expression of p-mTOR and its downstream substrate p-S6K1,
thereby activating autophagy in a mouse model of AAN and
in AA-treated renal tubular epithelial cells in vitro, which was
associated with the inhibition of cell apoptosis and improved
AA-induced renal damage.

Materials and methods

Animal models. Animal experiments were approved by
the Animal Ethics Committee of Shenzhen University
(approval no. SUGH-A-02104). A total of 30 six-week-old
C57BL/6 male mice weighing 20-25 g were purchased from
the Shanghai SLAC Laboratory Animal Co. Ltd. All mice
were housed in a room maintained at moderate temperature
(20£2°C) and humidity (40-60%) and were subjected to a
12-h light/dark cycle. Mice were provided free access to
food and water for the duration of the present study. They
were adaptively fed for 7 days and randomly divided into
three groups as follows: A control group (Ctrl group, n=10),
an aristolochic acid-induced group (AAI group, n=10) and
a rapamycin-treated group (RAP group, n=10). Mice in the
control group were administered 0.9% normal saline at a
volume equivalent to that of the injected drug in the other
two groups. The AAI and RAP groups were intraperitoneally
injected with aristolochic acid (AA; Sigma-Aldrich; Merck
KGaA) at a dose of 2.5 mg/kg/day for 6 weeks. After 2 h,
mice in the RAP group were intraperitoneally injected with
rapamycin solution (Sigma-Aldrich; Merck KGaA) at a dose
of 1 mg/kg/day. After 6 weeks, all mice were anesthetized
with isoflurane (3% for induction and 2% for maintenance).
Subsequently, 1 ml of arterial blood was quickly drawn from

the abdominal aorta. Mice were euthanized by the immediate
removal of the heart after exsanguination and death of mice
was confirmed by the lack of breathing and reflexes of paw
withdrawal. Arterial blood and kidney tissues were collected
for subsequent studies.

Serum creatinine and blood urea nitrogen. The superna-
tant obtained after centrifuging the arterial blood (300 x g
for 20 min at 4°C) of each mouse was stored at -80°C until
further analysis. Serum creatinine and urea nitrogen levels
were detected using enzyme-linked immunosorbent assay
kits (Serum creatinine, cat. no. MM-44455M1; serum urea
nitrogen, cat. no. MM-0692M1; Jiangsu Baolai Biotechnology
Co., Ltd.) according to the manufacturer's protocols.

Hematoxylin and eosin (H&E) staining. Kidney tissues were
fixed in 4% (v/v) paraformaldehyde for 48 h at room tempera-
ture, then placed in ethanol solution for gradient dehydration
(75, 85, 95 and 100%) and made transparent in xylene for
30 min. Finally, the transparent kidney tissues were embedded
in paraffin and sliced into 5-ym thick sections. The slices
were incubated overnight in an oven at 65°C, then dewaxed in
xylene for 30 min and rehydrated in fractionated ethanol series
for histological examination. Next, the sections were stained
with H&E (Beijing Solarbio Science & Technology Co.,
Ltd.) according to the standardized H&E staining procedure
with Hematoxylin for 10 min and Eosin for 15 sec at room
temperature and observed under a bright field using a DP73
microscope (Olympus Corporation; magnification, x400).

Periodic acid-Schiff (PAS) staining. Sections of renal tissues
(5-pm thick) were stained using the PAS staining kit (Muto
Pure Chemicals Co., Ltd.) following the manufacturer's
instructions. Briefly, sections were treated with 1% (w/v) peri-
odic acid for 10 min at room temperature. Then, the sections
were treated with Schiff's reagent for 30 min at 37°C after
washing three times with distilled water. The staining reac-
tion was terminated using three treatments with sulfurous
acid solution. The samples were dried and observed under a
bright field using a DP73 microscope (Olympus Corporation;
magnification, x400).

Cell culture. HK-2 cells were purchased from Kunming Cell
Bank, Chinese Academy of Sciences and cultured in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO,
incubator at 37°C. HK-2 cells were used for in vitro experi-
ments and were divided into three groups as follows: Untreated
group (Control group), HK-2 cells induced with 10 pzg/ml AA
for 24 h (AAI group) and HK-2 cells pre-treated with 50 mM
rapamycin for 2 h and then stimulated with 10 yg/ml AA for
24 h (RAP group).

Western blotting. RIPA lysis buffer was used to lyse renal
tissues and HK-2 cells. After lysis, total proteins were
extracted and quantified using a protein assay kit (cat.
no. PO0O06C; Beyotime Institute of Biotechnology). Proteins
(40 ug/lane) were separated using 10% sodium dodecyl
sulfate-polyacrylamide gels and transferred onto polyvi-
nylidene difluoride membranes, which were blocked with
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Figure 1. Rapamycin improves A A-induced renal dysfunction and histopathological abnormalities in mice. (A) Levels of blood urea nitrogen and (B) serum
creatinine in each group detected using ELISA (n=6/group). (C) Representative microscopic images showing H&E and PAS staining in the kidney tissues of
mice in all groups (scale bar=50 ym; n=6/group). Results are presented as the mean + standard deviation. ‘P<0.05; “P<0.01. All experiments were performed
three times. AA, aristolochic acid; H&E, hematoxylin and eosin staining; PAS, Periodic acid-Schiff staining; Ctrl, control group; AAI, AA-induced group;

RAP, rapamycin treatment group.

5% fat-free milk for 2 h at room temperature. The membranes
were incubated with primary antibodies against p-mTOR
(phospho S2448; cat. no. ab109268; 1:1,000; Abcam), mTOR
(cat. no. ab32028; 1:1,000; Abcam), p-ribosomal S6 protein
kinase (p-S6K1; phospho T252 for mouse and phospho T229
for human; cat. no. ab59208; 1:1,000; Abcam), S6K1 (cat.
no. ab32359; 1:1,000; Abcam), p62 (cat. no. 13121; 1:1,000;
Cell Signaling Technology, Inc.), Beclin-1 (cat. no. 3738;
1:1,000; Cell Signaling Technology, Inc.), light chain 3 (LC3;
cat. no. 4108; 1:1,000; Cell Signaling Technology, Inc.), Bcl-2
(cat. no. 3498; 1:1,000; Cell Signaling Technology, Inc.) and
Bax (cat. no. 2772; 1:1,000; Cell Signaling Technology, Inc.)
at 4°C overnight and then washed with buffer (TBS with
0.1% Tween-20). Then, a horseradish peroxidase-conjugated
antibody (cat. no. A25012; 1:5,000; Abbkine Scientific Co.)
was added to the membranes and samples were incubated
at room temperature for 1 h. Lastly, the protein bands were
visualized using an enhanced chemiluminescence system.
Western primary and secondary antibody removal solution
(cat. no. P0025; Beyotime Institute of Biotechnology) was used
for re-probing the PVDF membranes. Protein expression levels
were normalized to that of GAPDH (cat. no. 5174; 1:10,000;
Cell Signaling Technology, Inc.) and quantified with ImageJ
software (version 1.46; National Institute of Health).

Flow cytometry. HK-2 cells apoptosis in each group were
evaluated by flow cytometry using Annexin V-FITC
Apoptosis Detection kit (Dojindo Molecular Technologies,
Inc.), following the manufacturer's protocol. Briefly, the

cells were washed twice with PBS at room temperature,
and then re-suspended in 200 gl 1X AnnexinV Binding
Solution and the cell concentration was adjusted to 1x10%/ml.
Then, 100 pl cell suspension was added to a new tube, then
Annexin V-FITC (5 ul) and PI (5 ul) were added and vortexed
gently. Following incubation for 15 min at room temperature
in the dark, 400 gl 1X Annexin V Binding Solution was
added and gently mixed. Finally, the cells were analyzed
using a FACScan flow cytometer (BD Biosciences) and
FlowJo software (FlowJo LLC 10.0.7) was used to analyze
the data. Flow cytometry was performed in triplicate and
repeated at least three times.

Immunofluorescent staining. An HK-2 cell monolayer was
fixed with 4% paraformaldehyde at room temperature for 1 h.
To detect autophagy, cells were blocked with 10% normal goat
serum with 0.2% Triton X-100 for 1 h at room temperature.
Cells were then incubated with primary antibodies against
LC3B (cat. no. NB100-2220; 1:200; Novus Biologicals, LLC)
overnight at 4°C. After washing three times with PBS, the cells
were incubated with Alexa Fluor 488 goat anti-mouse IgG (cat.
no. Ab150113; 1:500; Abcam) for 2 h at room temperature.
Subsequently, the cells were washed three times with PBS and
stained with 4',6-diamidino-2-phenylindole (Beijing Solarbio
Science & Technology Co., Ltd.) for 30 min at 37°C in the
dark. Images were captured using an epifluorescence micro-
scope (Olympus Corporation; magnification, x200). Mean
area fraction of LC3B was quantified using Image-Pro plus 6.0
(Media Cybernetics, Inc.).
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Figure 2. Rapamycin promotes AA-induced renal autophagy and suppresses apoptosis in the kidney tissues of mice by inhibiting mTOR activity.
(A) Representative western blots showing the protein expression levels of p-mTOR, mTOR p62, Beclinl, LC3 and Bcl-2 in kidney tissues; GAPDH was
used as a loading and normalization control. (B) Representative western blots showing the protein expression levels of p-S6K1 and S6K1 in kidney tissues;
GAPDH was used as a loading and normalization control. Renal expression of (C) p-mTOR/mTOR, (D) p62, (E) Beclinl, (F) LC3, (G) Bcl-2, (H) Bax and
(I) p-S6K1/S6K1 were quantified using ImagelJ. Results are presented as the mean + standard deviation. “P<0.01. All experiments were performed three times;
n=10/group. AA, aristolochic acid; p-, phosphorylated; LC3, light chain 3; S6K1, ribosomal S6 protein kinase 1; Ctrl, control group; AAI, AA-induced group;

RAP, rapamycin treatment group.

Statistical analysis. All experiments were independently
repeated three times. Data are presented as the mean =+ stan-
dard deviation. GraphPad Prism 8.0 (GraphPad Software, Inc.)
was used to analyze the results using one-way analysis of vari-
ance. Multiple comparisons between groups were analyzed
using Tukey's post-hoc test. P<0.05 was considered to indicate
a statistically significant difference.

Results

Rapamycin ameliorates AA-induced renal dysfunction and
structural abnormalities. Studies have shown that AA can
lead to renal dysfunction and structural abnormalities in
rodents (22,23). Consistent with previous reports, the present
study found that AA induced significant renal insufficiency,
as evidenced by significantly increased levels of blood urea
nitrogen (Fig. 1A) and serum creatinine (Fig. 1B). In addition,
H&E and PAS staining demonstrated that, compared with the

Ctrl group, AAI group mice presented notable tubular dilata-
tion and necrosis, increased tubulointerstitial area, mesangial
expansion and glomerular hypertrophy (Fig. 1C). However,
these negative effects were reversed following the intra-
peritoneal injection of rapamycin. Treatment with rapamycin
decreased the circulating levels of blood urea nitrogen and
serum creatinine and markedly improved renal tubular lesions,
mesangial matrix expansion and hypertrophic changes.
Collectively, these results indicated that supplementation of
rapamycin protects against AA-induced renal damage in mice.

Inhibition of mTOR by rapamycin promotes AA-induced
renal autophagy and thereby suppresses apoptosis of kidney
tissues in vivo. mTOR serves a significant role in the progres-
sion of many diseases and is the main target for regulating
autophagy (24). Autophagy is activated in AA-induced renal
injury, but further activation of renal autophagy has a protec-
tive effect in AAN (15). Autophagy is a method of cellular
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Figure 3. Rapamycin inhibits p-mTOR expression and promotes A A-induced renal autophagy in HK-2 cells. (A) Representative images showing the protein
expression of p-mTOR, mTOR, p62, Beclinl and LC3 in HK-2 cells determined using western blotting. GAPDH was used as an internal control. Relative
protein expression of (B) p-mTOR/mTOR, (C) p62, (D) Beclinl and (E) LC3 were quantified using Imagel. (F) Representative images showing the protein
expression of p-S6K1 and S6K1 in HK-2 cells determined using western blotting. GAPDH was used as an internal control. (G) Relative protein expression of
p-S6K1/S6K1 was quantified using ImagelJ. (H) Detection of autophagosomes by LC3B immunofluorescence staining in HK-2 cells; small green dots indicate
autophagosome formation (scale bar=25 ym). (I) Mean area fraction of LC3B in each group was quantified using Image-Pro plus 6.0. Results are presented as
the mean + standard deviation. “P<0.05; “P<0.01. All experiments were performed three times. p-, phosphorylated; LC3, light chain 3; AA, aristolochic acid,;
S6K1, ribosomal S6 protein kinase 1; Ctrl, control group; AAI, AA-induced group; RAP, rapamycin treatment group.

adaptation that prevents cell death resulting from external
stimulation. During this process, damaged organelles,
including the mitochondria and endoplasmic reticulum, are
removed (11,25). Therefore, the present study determined
whether rapamycin could modulate the renal activity of mMTOR
in a mouse AAN model, thereby activating renal autophagy
and protecting against AA-induced renal damage. To validate
the hypothesis, western blotting was performed to determine
the renal expression of p-mTOR and its downstream substrate
p-S6K1 as well as the autophagic markers, including p62,
Beclinl and LC3II/LCI, in all groups. P-mTOR and p-S6K1
expression was increased in kidney tissues from AA-treated
mice with increased renal autophagy, as evidenced by
upregulated renal expression of p62, Beclinl and LC3II/LCI.

As expected, rapamycin treatment effectively prevented the
AA-induced increase in mTOR and S6K1 phosphorylation,
which led to marked elevations in AA-induced renal expres-
sion of the autophagy markers (Fig. 2). This suggested that
inhibiting mTOR activity by rapamycin further activated renal
autophagy. Autophagy and apoptosis are two connected patho-
logical processes involved in the development of AAN (26).
To determine the effects of rapamycin on renal apoptosis in
AAN mice, the protein expression of Bcl-2 and Bax, common
markers of apoptosis, was assessed in kidney tissues using
western blotting. The results indicated that the kidney tissue
of AA-treated mice presented with decreased expression of
Bcl-2 and increased expression of Bax, which were reversed
by rapamycin treatment (Fig. 2A, G and H), suggesting that
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Figure 4. Rapamycin reduces AA-induced apoptosis in HK-2 cells. (A) Flow cytometry results showing apoptosis in HK-2 cells; Q2 for early apoptotic cell
death and Q3 for late apoptotic cell death were used to calculate the rates of apoptosis. (B) Cell apoptosis rate (%) was analyzed using FlowJo software.
(C) Representative western blots showing the protein expression of Bcl-2 and Bax in HK-2 cells in each group; GAPDH was used as a loading and normaliza-
tion control. Protein expression of (D) Bax and (E) Bcl-2 in HK-2 cells was quantified using ImagelJ. Results are presented as the mean + standard deviation.
“P<0.05; “P<0.01. All experiments were performed three times. AA, aristolochic acid; Ctrl, control group; AAI, AA-induced group; RAP, rapamycin treatment

group.

rapamycin inhibited apoptosis in the kidneys of AA-treated
renal injury mice. Taken together, these observations indicate
that rapamycin supplementation inhibits the renal activity of
mTOR, which promotes renal autophagy, thereby probably
suppressing the apoptosis of kidney tissues in mice with
AA-induced renal injury.

Rapamycininhibits mTOR activity and promotes AA-induced
renal autophagy in HK-2 cells. Renal tubular epithelial cells
are used to study AAN (27). In the mouse model of the
present study, AA treatment induced severe damage to renal
tubular epithelial cells. Thus, the pro-autophagy activities of
rapamycin was next evaluated using an in vitro experimental
model of the AA-challenged HK-2 human renal tubular
epithelial cell line. Western blotting revealed that AA
treatment markedly increased the expression of p-mTOR
and p-S6K1, whereas the treatment of HK-2 cells with
rapamycin reduced the AA-induced increase in p-mTOR
and p-S6K1 (Fig. 3A-B and F-G). Notably, AA treatment
resulted in the activation of autophagy in HK-2 cells and
was accompanied by increased protein expression of p62,
Beclin-1 and LC3II/LCI. However, the inhibitory action
of rapamycin on mTOR further promoted AA-induced
autophagy in HK-2 cells, as evidenced by higher protein
expression of p62, Beclin-1 and LC3II/LC3I, compared to
AA treatment (Fig. 3A-3E). Moreover, cellular immuno-
fluorescence staining with anti-LC3B antibody revealed that
rapamycin promoted AA-induced renal autophagy in HK-2
cells (Fig. 3H and I). These data suggested that rapamycin
inhibited the activity of mTOR, which mediates stronger
autophagy in AA-treated HK-2 cells.

Rapamycin inhibits AA-induced apoptosis in HK-2 cells. The
effect of rapamycin on autophagy in AA-treated HK-2 cells
may affect cell survival. Therefore, the effects of rapamycin
on renal apoptosis was determined using HK-2 cells. Flow
cytometry results revealed that AA treatment significantly
increased the rate of HK-2 cell apoptosis. Conversely,
rapamycin supplementation reversed the AA-induced increase
in HK-2 cell apoptosis (Fig. 4A and B). Additionally, to further
explore the role of rapamycin in the renal apoptosis of HK-2
cells, the protein expression of Bcl2 and Bax was evaluated
using western blotting. Following AA treatment, the expres-
sion of Bcl2 was significantly reduced, whereas rapamycin
replenishment was associated with a marked elevation in
Bcl2 expression levels compared with that in the AAT group.
Treatment with AA notably increased the expression of Bax;
however, the AA-induced increase in Bax expression was
significantly reduced following treatment with rapamycin
compared to that observed in the AAI group (Fig. 4C-4E).
Collectively, the observations indicated that rapamycin supple-
mentation inhibited A A-induced apoptosis in HK-2 cells likely
by activating autophagy.

Discussion

The results of the present study provided new insights into
the mechanism underlying the improvement of AAN by
rapamycin in mice. Rapamycin significantly ameliorated
AA-induced renal dysfunction and structural injury. These
effects of rapamycin were associated with the promotion
of renal autophagy and inhibition of kidney-cell apoptosis.
The data demonstrated, for the first time to the best of the
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authors' knowledge, that rapamycin protects the kidney from
AA-induced renal damage by potentiating the mTOR-medi-
ated autophagy signaling pathway.

AAN, a variant of interstitial nephritis leading to ESRD
and urothelial malignancy, was originally reported in Belgium
in a group of patients who ingested slimming pills made
from powdered root extracts of Chinese herbs containing
AA (28). Unfortunately, there is no proven and effective
treatment method for AAN. The present study demonstrated
that blocking the mTOR signaling pathway by rapamycin
effectively ameliorated AAN, as evidenced by a reduction in
blood urea nitrogen and serum creatinine levels, as well as
an improvement in the structural units of the kidney tissues.
The findings suggested that rapamycin may be a promising
pharmacological strategy for the treatment of AAN. However,
the renal protective mechanism of rapamycin in AAN requires
further investigation.

Autophagy is an adaptive response to intracellular or
extracellular stress, including hypoxia, nutrient or growth
factor deprivation, oxidative damage and other destructive
injuries (29). Stress-induced autophagy supports cell survival
by clearing and recovering damaged macromolecules, protein
aggregates and organelles (30). Thus, it is generally regarded
as a self-protection mechanism in cells. However, upon
persistent stimulation or beyond a certain threshold, this
protective effect is compromised and eventually leads to cell
death (31). Accumulating evidence indicates that autophagy is
predominantly regulated by the mTOR-dependent signaling
pathway (32). As a specific mTOR inhibitor, rapamycin binds to
mTOR complex I through fk506 binding protein 12 and directly
inhibits the protein expression of p-mTOR (33). Notably,
previous studies have demonstrated that renal autophagy is
activated in AAN; furthermore, enhanced renal autophagy
can prevent AA-induced renal damage in mice (14,15). Thus, it
was hypothesized that the nephroprotective role of rapamycin
in AAN is probably mediated by mTOR-induced activation of
autophagy. Consistent with the findings of the abovementioned
studies, the present study showed that AA treatment for 6 weeks
resulted in a sharp increase in p-mTOR and its downstream
substrate p-S6K1 expression and a significant elevation in p62,
Beclin-1 and LC3II/LC3I expression in the kidney tissues of
mice. By contrast, replenishment of rapamycin reversed the
increased expression of p-mTOR and p-S6K1 and induced the
protein expression of p62, Beclin-1 and LC3II/LC3I. Consistent
with these results, the direct treatment of HK-2 cells with AA,
with or without rapamycin supplementation, resulted in similar
findings. The results suggested that rapamycin inhibited the
activity of mTOR, which in turn, mediated stronger autophagic
activity in AAN. The activation of renal autophagy induced
by AA may be a compensatory stress-protective mechanism;
continuous A A stimulation decompensates this adaptive protec-
tion and does not inhibit the progression of AAN. Rapamycin
significantly inhibited the phosphorylation of mTOR and S6K1,
which resulted in further activation of renal autophagy and
exerted a cytoprotective effect to maintain the survival of renal
cells that were under A A stimulation. These findings explained
the renal protective mechanism of rapamycin in AAN. Notably,
AA induced high expression of p-mTOR and also activated
autophagy in mouse kidney tissues and HK-2 cells. This may
be due to mTOR exerting other biological effects in AAN,

which are independent of AA-induced renal autophagy. Other
physiological and pathological effects of mTOR, including
the regulation of cell differentiation, inflammatory action and
glucose and lipid metabolism in AAN, are worthy of further
research.

Autophagy and apoptosis are two important cellular
processes that involve complex and intersecting protein
networks (34). Autophagy promotes cell survival by accel-
erating cellular metabolism and assisting the removal of
mitochondria following cellular injury, which can regulate
apoptosis (35). Mitochondrial damage induces the release of
metabolic hydrolase and caspase activator into the cytoplasm
from the mitochondria, which degrades certain proteins in
the cytoplasm and induces apoptosis (36). However, activated
autophagy intercepts and degrades damaged mitochondria and
also selectively removes activated caspase-8 to prevent apop-
tosis (37,38). The present study demonstrated that AA treatment
promotes apoptosis in HK-2 cells in vitro and the renal tissues
of mice in vivo. Although the inhibition of mTOR phosphoryla-
tion by rapamycin further activated renal autophagy in a mouse
model of AAN and AA-challenged HK-2 cells, it is unclear
whether the induction of autophagy by rapamycin is respon-
sible for apoptosis observed in the present study. Rapamycin
markedly inhibited apoptosis in AA-treated HK-2 cells and
renal tissues of mice. Taken together, the data supported a
role for rapamycin as an effector to promote AA-induced
autophagy, which probably thereby inhibited apoptosis in AAN
by decreasing the renal expression of p-mTOR.

The present study had some limitations. First, although
other studies have demonstrated that enhanced renal autophagy
can inhibit the apoptosis of kidney cells and serve a protective
role in AAN (12,15), whether the beneficial effect of mTOR
inhibition on apoptosis disappears in the case of co-treatment
with an autophagy inhibitor, such as the chloroquine, should
be investigated. In the future, further experiments will be
conducted to verify this hypothesis. Second, the inhibitory
effect of rapamycin on mTOR activity in untreated with AA
cells should be verified to ensure the rationality of the experi-
mental grouping, which is also a limitation that should be
noted for future experiment group design.

To summarize, the present study demonstrated that
rapamycin was highly effective in preventing the progression
of AAN. Functionally, it was found that rapamycin effec-
tively inhibited the renal activity of mTOR signal pathway in
AAN, which in turn, promoted renal autophagy, thus prob-
ably enhancing the anti-apoptosis ability of kidney cells and
protecting mice from AA-induced renal injury. Therefore,
because rapamycin has been used clinically as an effective
immunosuppressant to prevent renal transplant rejection, it
shows potential as a therapy for future medical interventions
in the management of AAN.
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