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Autophagy, a highly conserved catabolic pathway in eukaryotic cells, contributes to the
maintenance of the homeostasis and function of the kidney. Upon acute kidney injury (AKI),
autophagy is activated in renal tubular cells to act as an intrinsic protective mechanism.
However, the role of autophagy in the development of chronic kidney pathologies including
renal fibrosis after AKI remains unclear. In this study, we detected a persistent autophagy
activation in mouse kidneys after nephrotoxicity of repeated low dose cisplatin (RLDC)
treatment. 3-methyladenine (3-MA) and chloroquine (CQ), respective inhibitors of
autophagy at the initiation and degradation stages, blocked autophagic flux and
improved kidney repair in post-RLDC mice, as indicated by kidney weight, renal
function, and less interstitial fibrosis. In vitro, RLDC induced a pro-fibrotic phenotype in
renal tubular cells, including the production and secretion of pro-fibrotic cytokines.
Notably, autophagy inhibitors blocked RLDC-induced secretion of pro-fibrotic
cytokines in these cells. Together, the results indicate that persistent autophagy after
AKI induces pro-fibrotic cytokines in renal tubular cells, promoting renal fibrosis and
chronic kidney disease.
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INTRODUCTION

Nephrotoxicity is a major limiting factor in the clinical use of cisplatin, a widely used chemotherapy
drug that typically results in acute kidney injury (AKI) in 30% of cancer patients (Miller et al., 2010).
Even with measures to reduce the acute toxicity, such as repeated low-dose cisplatin (RLDC) therapy
(Bennis et al., 2014), the patients receiving cisplatin treatment are still at risk of progressive decline in
renal function and the development of chronic kidney disease (CKD) (Skinner et al., 2009). Recent
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studies have begun to understand the chronic effect of cisplatin
nephrotoxicity by using the animal models of RLDC treatment
(Torres et al., 2016; Black et al., 2018; Sharp et al., 2018; Shi et al.,
2018; Fu et al., 2019; Landau et al., 2019; Sears and Siskind, 2021).
For example, we showed that, after 4 weekly injections of 8 mg/kg
cisplatin, mice had chronic renal damage, interstitial fibrosis,
gradual decline of renal function within 6 months (Fu et al.,
2019). In addition, we developed an in vitro model of RLDC by
treating cultured renal tubular cells repeatedly low doses of
cisplatin, which led to pro-fibrotic changes in these cells
characterized by the production of pro-fibrotic cytokines (Fu
et al., 2019).

Renal tubulointerstitial fibrosis is a common pathological
feature of progressive CKD, which is characterized by
excessive deposition of extracellular matrix (ECM) in the
interstitial space. Interstitial fibrosis is also a pathological
feature of maladaptive kidney repair following AKI, which
involves a complex interaction between multiple pathways,
such as inflammation, cell cycle arrest, mitochondrial damage,
autophagy and senescence, to name just a few (Grgic et al., 2012;
Venkatachalam et al., 2015; Basile et al., 2016; Humphreys et al.,
2016). Under this condition, renal tubular cells may undergo a
dramatic change to assume a secretory phenotype for the release
of profibrotic cytokines, which stimulate interstitial fibroblasts for
fibrosis (Geng et al., 2009; Lan et al., 2012). Multiple mechanisms,
such as cycle arrest and senescence, may contribute to the
phenotypic change in renal tubular cells during maladaptive
kidney repair (Ferenbach and Bonventre, 2015; Venkatachalam
et al., 2015; Humphreys et al., 2016; Liu B. et al., 2018).

Autophagy is a conserved lysosomal pathway for degrading
cytoplasmic components, which is critical for maintaining renal
homeostasis, structure, and function (Tang et al., 2020). In AKI,
autophagy is activated as an intrinsic protective mechanism in
renal tubular cells (Periyasamy-Thandavan et al., 2008; Jiang
et al., 2012; Tang et al., 2018; Deng et al., 2021). However, the role
of autophagy in kidney repair after AKI, especially its
involvement in the development of interstitial fibrosis, remains
unclear and highly controversial (Choi, 2020; Tang et al., 2020).
In this regard, autophagy contributes to tubular atrophy, cell
death and senescence during the development of chronic kidney
pathologies, leading to renal fibrosis (Koesters et al., 2010; Li et al.,
2010; Forbes et al., 2011; Xu et al., 2013; Baisantry et al., 2016;
Livingston et al., 2016). However, autophagy may degrade
extracellular matrix proteins, such as collagen type I, and
thereby suppress fibrosis (Kim S. et al., 2012; Ding et al., 2014;
Li et al., 2016). It is important to examine the role of autophagy in
renal fibrosis by using different models.

In this study, we have investigated autophagy in maladaptive
kidney repair and associated renal fibrosis after cisplatin
nephrotoxicity induced by RLDC. We show that autophagy
was persistently activated during maladaptive kidney repair
after RLDC treatment in mice. Autophagy inhibitors given
after RLDC improved kidney repair and ameliorated renal
fibrosis, supporting a pathogenic role of autophagy in
maladaptive kidney repair. Mechanistically, we demonstrate
that autophagy in proximal tubules may promote fibrosis by
synergistically inducing tubular cell death, tubular atrophy, and

especially the production of pro-fibrotic factors such as CTGF,
and TGFB.

MATERIALS AND METHODS

Animals
Male C57BL/6 mice (8 weeks of age) purchased from SJA
Laboratory Animal Corporation (Changsha, Hunan, China)
were housed in the pathogen-free animal facility of the Second
Xiangya Hospital under a 12-h light-dark cycle with free access to
food and water. Mice received saline vehicle or 8 mg/kg cisplatin
(Hansoh Pharma, Jiangsu, China) via intraperitoneal injection
once a week for 4 weeks (Fu et al., 2019). For intervention,
animals were randomly divided into four groups: saline
administration group (vehicle), cisplatin + saline group,
cisplatin + chloroquine (CQ) group and cisplatin + 3-
methyladenine (3-MA) group (n = 6/group). After the last
cisplatin injection, CQ (60 mg/kg/day), 3-MA (20 mg/kg/day)
or saline was administered to mice by intraperitoneal injection for
seven consecutive days. Both chloroquine (C6628) and 3-
methyladenine (M9281) were purchased from Sigma-Aldrich.
Animals were sacrificed at 1 week, 1 month, or 6 months after the
last cisplatin injection to collect samples. The kidneys were fresh
frozen in liquid nitrogen or fixed in 10% neutral buffered
formalin. All animal experiments were conducted in
accordance with a protocol approved by the Institutional
Animal Care and Use Committee of the Second Xiangya
Hospital of Central South University.

Cell Culture and Treatment
The Boston University mouse proximal tubular cell line
(BUMPT) was originally obtained from Dr. Lieberthal (Boston
University) and cultured in DMEM medium with 10% FBS and
10% streptomycin as previously (Fu et al., 2019). To observe the
fibrotic phenotype and apoptosis induced by different cisplatin
concentrations, BUMPT cells were subjected to four cycles of
treatment with 0, 0.5, 1, 2 or 5 μM cisplatin. Each cycle consisted
of 7 h of cisplatin incubation and 17 h of recovery in cisplatin-free
medium. Also, to observe the changes in autophagy and fibrosis
phenotypes at different time points under 2 μM cisplatin, we
collected cell samples at the end of cycles 0, 1, 2, 3, and 4,
respectively. For CQ or 3-MA treatment, cells were subjected to
four cycles of treatment with 2 μM cisplatin, and then incubated
with 20 μM chloroquine (CQ) or 10 mM 3-methyladenine (3-
MA) for 17 h in cisplatin-free medium. For detection of
autophagic flux in cells, BUMPT cells were transiently
transfected with mRFP-GFP-LC3 (ptfLC3, Addgene plasmid
21,074). Cells were processed 24 h after transfection. RFP and
GFP fluorescence images were collected by confocal microscopy
(Zeiss, United States). The numbers of GFP-LC3 puncta per cell
and RFP-LC3 puncta per cell were counted separately using
ImageJ. The number of autophagosomes was represented by
GFP dots, and the number of autolysosomes was obtained by
subtracting GFP dots from RFP dots. The number of
autolysosomes was divided by the total number of RFP spots
to express the autophagic flux rate.
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Assessment of Serum Creatinine
Serum creatinine was measured by using a commercial kit
(DICT-500) from BioAssay Systems as previously described
(Tang et al., 2018). In brief, blood samples were collected for
coagulation and centrifugation at room temperature to collect
serum. Serum samples were added to a pre-warmed (37°C)
reaction mixture and the absorbance at 510 nm was monitored
kinetically at 0 and 5 min of reaction. Creatinine levels (mg/dl)
were then calculated based on standard curves.

Transcutaneous Measurement of
Glomerular Filtration Rate
GFR was measured in mice by transcutaneously monitoring the
clearance of FITC-labeled sinistrin. Briefly, mice were
anesthetized with isoflurane through an inhalation anesthesia
device. A small patch on the flank of the mice was then shaved,
and the transdermal GFR monitors were adhered to the skin
using a double-sided adhesive patch (MediBeacon, Mannheim,
Germany). Devices were secured on the mouse by wrapping with
medical tape. FITC-sinistrin (7 mg/100 g b. w.) was injected via a
tail vein. Mice were placed back in their cages separately, and GFR
was monitored for 1–2 h. The devices were then removed, and
data were analyzed using elimination kinetics curve of FITC-
sinistrin as previously described (Ellery et al., 2015; Fu et al.,
2019).

Histological Staining
Hematoxylin and eosin staining. Kidney tissues were fixed with
4% paraformaldehyde, embedded in paraffin, and cut into 4 μm
sections for hematoxylin and eosin staining. The renal cortex and
outer medulla were examined. The degree of morphological
changes was determined by light microscopy in a blinded
fashion. The following measures were chosen as an indication
of morphological damage to the kidney after treatment with
vehicle or cisplatin: tubular necrosis, loss of the brush border,
proximal tubule degradation, tubular casts, presence of
inflammatory cells, and interstitial fibrosis. These measures
were evaluated on a scale of 0–4, which ranged from not
present 0) to mild 1), moderate 2), severe 3), and very severe 4).

Masson trichrome staining. Masson trichrome staining was
performed to evaluate collagen fibrils in renal tissues using the
reagents from Servicebio (Wuhan, China). For quantification, 10-
20 positive collagen-stained fields (× 100 magnification) were
randomly selected from each section and analyzed by Image-Pro
Plus 6.0. The ratio of the blue-stained area to the area of the entire
field (glomeruli, tubule lumina, and blood vessels, if any,
excluded) was assessed and expressed as a percentage of the
fibrotic area.

Immunofluorescence Staining
For immunofluorescence of LC3B, a modified
immunofluorescence staining protocol was performed as
previously described (35). Briefly, kidney tissue sections were
deparaffinized and subjected to antigen retrieval in a buffer with
EDTA. The following steps were performed using the Tyramide
SuperBoost™ Kit and Alexa Fluor™ Tyramides (Thermo Fisher

Scientific, United States). The slides were incubated with 3%
hydrogen peroxide solution for 1 h at room temperature. After
washing with PBS, they were incubated with blocking buffer for 1
h, and then exposed to 1:5,000 anti-LC3 (NB100-2220, Novus
Biologicals) overnight at 4°C, followed by incubation with Alexa
Fluor 594-conjugated goat anti-rabbit IgG for 1 h at room
temperature. After washing with PBS, the slides were
incubated in tyramide working solution and then reaction stop
reagent. For quantification, 10 to 20 random fields (800
magnification) were selected for each tissue to evaluate the
LC3B puncta in each tubule; For fluorescent staining of
collagen I, slides were washed with PBS and fixed with cold
methanol:acetone (1:1) for 10 min at room temperature. After
washing, fixed cells were blocked with 10% normal goat serum for
30 min. Cells were then incubated with anti-collagen I (AF7001,
Affinity, Jiangsu, China) overnight at 4°C and exposed to goat
anti-rabbit IgG conjugated to Alexa Fluor 594 for 1 h at room
temperature. Hoechst 33,342 was used as a counterstain of the
nucleus.

ELISA
ELISA kits of CTGF(CSB-E07877 m), TGF-β1 (CSB-E04726
months) were from CUSABIO BIOTECH (Wuhan, China).
Briefly, cell specimens were centrifuged at 1,000 g for 15 min
at 4°C to collect cell culture supernatants. 100 μl standard and test
samples were added to the wells respectively, covered with
stickers after mixing, and incubated at 37 °C for 2 h. Then
100 μl biotin-labeled antibody working solution was added to
each well and incubated at 37 °C for 1 h. The plate was washed
three times, and 100 μl horseradish peroxidase-labeled avidin
working solution was added to each well, and incubated at
37°C for 1 h. Then, 90 μl substrate solution was added in
sequence, and the color was developed at 37°C for 15–30 min
in the dark. 50 μl stop solution was added to stop the reaction. The
optical density (OD value) of each well was measured with a
microplate reader at a wavelength of 450 nm within 5 min after
the reaction was terminated. A standard curve was constructed by
measuring OD of the standards. Finally, the sample
concentration was calculated according to the equation of the
standard curve.

Immunoblot Analysis
Renal cortical and outer medulla tissues were lysed using 2% SDS
buffer with 1% protease inhibitor cocktail (P8340, Sigma-
Aldrich). Protein concentration was determined using a Pierce
BCA protein assay kit (no. 23225) from Thermo Scientific. Equal
amounts of proteins were separated by SDS-polyacrylamide gels
and then transferred onto polyvinylidene difluoride membranes.
Membranes were blocked with 5% fat-free milk or 5% BSA for 1 h
and subsequently incubated with primary antibodies at 4°C
overnight and secondary antibodies for 1 h at room
temperature. Primary antibodies used in present study were
from following sources: anti-Vimentin 5,741) and anti-cleaved
Caspase-3 (Asp175) 9,661) from Cell Signaling Technology; anti-
LC3B (NB100-2220) from Novus Biologicals; anti-α-Smooth
Muscle Actin (ab5694) and anti-Fibronectin (ab2413) from
Abcam; anti-GAPDH (10494-1-AP) from Proteintech; anti-
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Collagen 1 (AF7001) from Affinity; all secondary antibodies for
immunoblot analysis from Thermo Fisher Scientific. Antigen-
antibody complexes on the membranes were detected with an
enhanced chemiluminescence kit from Thermo Scientific. For
quantification, protein bands were analyzed with ImageJ
software.

Quantitative Real-Time PCR
Total RNA from kidney tissues and cells was extracted with
TRIzol reagents from CWBIO (Jiangsu, China) according to
the manufacturer’s protocol. cDNA was synthesized using
Taqman RT reagents (TaKaRa, Japan). Quantitative real-time
PCR was performed using the TB Green Premix Ex Taq II

TABLE 1 | Primer sequences used for quantitative qPCR.

Gene Forward Reverse

Tgfβ 5′- GAGCCCGAAGCGGACTACTA-3′ 5′-GTTGTTGCGGTCCACCATT-3′
Ctgf 5′- GACCCAACTATGATGCGAGCC-3′ 5′-TCCCACAGGTCTTAGAACAGG-3′
Pdgfβ 5′-TCTCTGCTGCTACCTGCGTCTG-3′ 5′-CGTCTTGCACTCGGCGATTACAG-3′
Gapdh 5′-AGGTCGGTGTGAACGGATTTG-3′ 5′-GGGGTCGTTGATGGCAACA-3′

FIGURE 1 | Persistent autophagy activation in kidneys after RLDC treatment in mice. Male C57BL/6 mice were injected weekly with 8 mg/kg cisplatin for 4 weeks
(RLDC) or with saline as control (Con) to collect samples at 1 week, 1 month and 6 months later. (A) The schematic representation of the RLDC model regimen. (B)
Masson staining of kidney tissues. (n = 5, bar = 50 μm). (C) Statistical analysis of the area of collagen deposition in Masson staining. (D) Representative immunoblots of
LC3, COL-1 and GAPDH (loading control) in kidney tissues (n = 5). (E) Densitometry of LC3II, LC3II/LC3I and COL-1. The experiments were normalized according
to GAPDH expression. The protein level of control group (Con) was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to
indicate their protein fold changes. (F) Representative images of immunofluorescence staining of LC3B. (n = 5). (G) Statistical analysis of the number of LC3B spots per
renal tubule. All quantitative data are expressed as mean ± SEM. *p < 0.05 vs the control group (Con).
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reagent (TaKaRa) on a LightCycler96 Real-Time PCR System.
Relative expression was normalized to the expression levels of
GAPDH. The primer sequences used for qPCR are shown in
Table 1.

Statistics
All in vivo qualitative data are representative of at least six
individual animals and in vitro qualitative data are
representative of at least five independent experiments.

Morphological analysis was performed in a blinded fashion.
Quantitative data are presented as mean ± SD. Statistical
analysis was performed using GraphPad Prism seven
software. The statistical differences of multiple groups were
determined by performing multiple comparisons with ANOVA
followed by Tukey’s posttests, while statistical differences
between two groups were determined by two-tailed unpaired
or paired Student’s t test. The value of p < 0.05 was considered
significantly different.

FIGURE 2 | Pharmacologic inhibition of autophagy alleviates renal dysfunction and tubular damage in post-RLDC kidneys. Male C57BL/6 mice were injected
weekly with 8 mg/kg cisplatin for 4 weeks (RLDC) or with saline as control (Con). After the final dose, the mice were injected with 60 mg/kg/day chloroquine (CQ),
20 mg/kg/day 3-methyladenine (3-MA), or saline as vehicle solution (ve) for 7 days. (A) Representative immunoblots of LC3-I, LC3-II and GAPDH (loading control) in
kidney tissues (n = 5). (B) Densitometry of LC3II. The experiments were normalized according to GAPDH expression. The protein level of control group (Con) was
arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (C) Effect of autophagy inhibitor on
serum creatinine at 1 week, 1 month and 6 months after RLDC treatment. (n = 5). (D) Representative tracing curves of FITC-sinistrin clearance in mice. (n = 5). (E) GFR
measurement by transcutaneously monitoring FITC-sinistrin clearance (n = 5). (F)Representative histology images of hematoxylin-eosin staining of kidney tissues in renal
cortex and outer medulla. (n = 5, bar = 50 μm). (G) Pathological score of tubular damage. Quantitative data are expressed asmean ± SEM. *p < 0.05 vs the control group
(Con), # p < 0.05 vs. (RLDC + vehicle) group.
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RESULTS

Persistent Autophagy Activation in Kidneys
After RLDC Treatment in Mice
C57BL/6 mice were subjected to RLDC treatment that included 4
weekly injections of 8 mg/kg cisplatin (Figure 1A). Consistent with
our previous work (Fu et al., 2019), we detected renal interstitial
fibrosis at 1 week, 1 month, and 6 months after RLDC treatment by
Masson staining (Figures 1B,C) and immunoblot analysis of
collagen-I (COL-1), a fibrosis marker protein (Figures 1D,E).
Interestingly, we detected autophagy activation at all these time
points after RLDC treatment (Figures 1D,E). At 1 week after RLDC
treatment, the autophagymarker LC3B-II increased in renal tissue to
approximately 4 times over control, and was maintained at this high
level at 1 and 6months (Figures 1D,E). In immunofluorescence
analysis, control mouse kidneys showed ~4 LC3-positive spots per
proximal tubule, which was increased ~15 at 1 week, 1 month, and
6 months after RLDC treatment (Figures 1F,G). These results
indicate that autophagy is persistently induced during
maladaptive kidney repair after cisplatin nephrotoxicity.

Pharmacologic Inhibition of Autophagy
Alleviates Renal Dysfunction and Tubular
Damage in Post-RLDC Kidneys
To delineate the role of autophagy in maladaptive kidney repair, we
studied the effects of two pharmacological inhibitors of autophagy, 3-
methyladenine (3-MA) and chloroquine (CQ). 3-MA is a class III
phosphatidylinositol 3-kinase inhibitor that suppresses the initial step
of autophagosome formation, whereas CQ is a lysosomotropic weak
base that inhibits autophagosome fusion with lysosomes and
autophagic degradation (Klionsky et al., 2021). We first examined
LC3 by immunoblotting. As expected, CQ induced LC3-II
accumulation, whereas 3-MA reduced LC3-II formation (Figures
2A,B). For renal function, compared with the normal saline group,
the serum creatinine level increased by more than 2 times at 1 week
after RLDC treatment. However, the serum creatinine increase in
post-RLDC mice was significantly reduced by CQ and 3-MA
(Figure 2C). Moreover, we measured glomerular filtration rate
(GFR) by monitoring the clearance of injected FITC-sinistrin. As
shown by the clearance curves, the half-life (t1/2) of excreted FITC-
sinistrin was significantly prolonged after the RLDC regimen,
indicative of a decline of renal function after RLDC treatment
(Figure 2D). Notably, both CQ and 3-MA reduced the half-life of
FITC excretion and increased the clearance in post-RLDC mice
(Figure 2D). For quantification, we calculated the GFR of these mice.
As shown in Figure 2E, the GFR value of post-RLDC mice was
0.4–0.5 μl/min/100 g b. w., half of the control mice, which was
improved to 0.5–0.7 μl/min/100 g b. w. by CQ and 3-MA after 1-
month RLDC regimen. And the GFR value of 6-months-RLDCmice
was 0.5–0.7 μl/min/100 g b. w, which was improved to 0.8–0.9 μl/
min/100 g b. w. by CQ and 3-MA. Moreover, post-RLDC kidneys
developed a series of pathological features, including interstitial
inflammation, tubular cell death, phenotypic transition of resident
renal cells, proliferation and activation of fibroblasts, and excessive
ECM deposition, leading to renal fibrosis (Torres et al., 2016; Black
et al., 2018; Fu et al., 2019).Histological analysis by hematoxylin-eosin

staining showed that at 1 month after RLDC, renal tubules were
significantly damaged, manifested by extensive necrosis of proximal
tubules, cast formation, and tubular cell atrophy. There were also
tubular dilation and obvious expansion of the interstitium. These
pathological changes were attenuated by CQ, which reduced
significantly tubular atrophy and lowered tubule damage score
(Figures 2F,G). Similar effects were shown for 3-MA, the other
autophagy inhibitor tested. Taken together, these results suggest that
persistent autophagy in the kidney may contribute to the
development of renal pathologies and the decline of renal
function after RLDC treatment.

Inhibition of Autophagy Suppresses
Interstitial Fibrosis After RLDC Regimen
Next, we specifically analyzed the role of autophagy in renal
fibrogenesis in post-RLDC kidneys. Following RLDC treatment,
renal interstitial fibrosis was significantly induced. Both CQ and 3-
MA partially but significantly reduced the expression of fibrosis
proteins in post-RLDC mouse kidneys, including fibronectin (FN),
a-SMA and vimentin (VIM) (Figure 3A). This conclusion was
substantiated by densitometry analysis of the immunoblots
(Figure 3B). Masson staining further verified that CQ and 3-
MA significantly reduced interstitial collagen fibril deposition in
post-RLDC kidneys (Figure 3C). Morphometry showed that RLDC
induced 15–17% of interstitial fibrosis at 1 month after RLDC
treatment, which was reduced to 9–10% by CQ and 3-MA, and
19–20% of collagen deposition at 6 months, which was reduced to
10–12% byCQ and 3-MA (Figure 3D). The inhibitory effects of CQ
and 3-MA support a role of autophagy in renal fibrogenesis during
maladaptive kidney repair after cisplatin nephrotoxicity.

RLDC Treatment Induces Autophagy and
Fibrotic Phenotypes in Bumpt Cells
We recently established an in vitro model of RLDC treatment, in
which mouse kidney proximal tubular BUMPT cells were treated
with low concentrations of cisplatin for 7 h daily for 4 days (Fu
et al., 2019). In this model, we examined the induction of
autophagy along with fibrotic changes. It was found that the
fibrosis marker fibronectin (FN) was not induced until the second
cycle of cisplatin exposure, whereas the autophagy marker LC-3II
was elevated after the first cycle (Figures 4A,B). Morphologically,
confluent BUMPT cells formed cobblestone monolayers typical
of epithelium with evident cell junctions. After RLDC incubation,
the cells changed to a spindle-shaped, fibroblast-like morphology
(Figure 4C). We further analyzed autophagy by expressing the
mRFP-GFP-LC3 tandem plasmid. Following transfection, the
cells showed only minimal punctate staining under control
conditions. After RLDC treatment, the cells had a large
number of green GFP-LC3 and red mRFP-LC3 puncta
(Figures 4D,E). The puncta with both GFP-LC3 and mRFP-
LC3 signals were autophagosomes and appeared yellow in
overlapping images. Once fused with lysosomes, the acid-
sensitive GFP fluorescence disappeared, while the acid-
insensitive RFP signal remained to indicate autolysosomes. We
counted the GFP-LC3 puncta and the mRFP-LC3 puncta to
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calculate the autophagic flux rate (Livingston et al., 2016;
Livingston et al., 2019; Klionsky et al., 2021), which increased
from 8% in control cells to about 40% in RLDC-treated cells
(Figure 4F). These results indicate that RLDC dynamically
activate autophagy in renal tubular cells, showing the
induction of autophagosome formation and the maturation
into autolysosomes.

Inhibition of Autophagy Suppresses Fibrotic
Phenotype Changes in RLDC-Treated
BUMPT Cells
Next, we investigated the effect of autophagy inhibition on fibrotic
changes in vitro. To do this, BUMPT cells were incubated subjected
to repeated treatment with 2uM cisplatin in the absence or
presence of CQ and 3-MA. Both CQ and 3-MA ameliorated
RLDC-induced cellular spindle-shaped morphological changes
(Figure 5A). As expected, CQ blocked autophagic flux resulting
in LC3B-II increase, whereas 3-MA decreased LC3B-II production
(Figure 5B). Under this condition, CQ and 3-MA reduced RLDC-
induced accumulation of fibrotic marker proteins like COL-1 and
VIM (Figures 5B,C). Immunofluorescence staining also confirmed
that autophagy inhibited reduced collagen I in RLDC-treated cells
(Figure 5D). Taken together, these results suggest that autophagy

activation by RLDCs may contribute to the production of fibrotic
protein markers and the induction of fibrotic phenotypes in
proximal tubular cells.

Autophagy Inhibitors Suppress the
Expression and Secretion of Pro-fibrotic
Growth Factors in RLDC-Treated Bumpt
Cells
Mechanistically, we hypothesized that autophagy might promote
renal fibrosis by inducing the expression and secretion of pro-
fibrotic cytokines in kidney tubular cells. To test this possibility,
after RLDC treatment, BUMPT cells were given CQ, 3-MA, or
saline as control. We analyzed the expression of pro-fibrotic
growth factors Ctgf, Tgfβ and Pdgfβ (Kok et al., 2014; Lee et al.,
2015). RLDC induced mRNA expression of Ctgf, Tgfβ and Pdgfβ,
and the former two were attenuated by both CQ and 3-MA
(Figure 6A). To examine the secretion of these factors, we
collected cell culture media for ELISA. The results showed that
after RLDC treatment, the secretion of CTGF and TGFB by
BUMPT cells increased 2-3-fold (Figure 6B). 3-MA treatment
significantly reduced the secretion of CTGF and TGFB, while CQ
only affected the secretion of TGFB. These results suggest that
autophagy inhibitors reduce the induction of fibrotic phenotypes

FIGURE 3 | Inhibition of autophagy suppresses interstitial fibrosis after RLDC regimen. Male C57BL/6 mice were injected weekly with 8 mg/kg cisplatin for 4 weeks
(RLDC) or with saline as control (Con). After the final dose, the mice were injected with 60 mg/kg/day chloroquine (CQ), 20 mg/kg/day 3-methyladenine (3-MA), or saline
as vehicle solution (ve) for 7 days. (A)Representative immunoblots of FN, VIM, a-SMA and GAPDH (loading control) in kidney tissues (n = 5). (B)Densitometry of FN, VIM,
and a-SMA. The experiments were normalized according to GAPDH expression. The protein level of control group (Con) was arbitrarily set as 1, and the signals of
other conditions were normalized with the control group to indicate their protein fold changes. (C)Masson staining of kidney tissues. (n = 5, bar = 50 μm). (D) Statistical
analysis of area of collagen deposition in Masson staining images. Data are expressed as mean ± SEM. *p < 0.05 vs the control group (Con), #p < 0.05 vs. (RLDC +
vehicle) group.
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probably by reducing the expression and secretion of specific pro-
fibrotic cytokines.

DISCUSSION

The role of autophagy in maladaptive kidney repair including
especially renal fibrosis has been very controversial (Kim S. et al.,
2012; KimW. et al., 2012; Bernard et al., 2014; Ding et al., 2014; Li
et al., 2016; Livingston et al., 2016; Shu et al., 2021). In previous
work, we characterized the key features of maladaptive kidney
repair in mice after RLDC treatment, including persistent
inflammation, progressive interstitial fibrosis, “atubular”
glomerulus and renal function decline, and further established
an in vitro model of RLDC treatment of cultured renal tubular
cells (Fu et al., 2019). Using these models, we have examined
autophagy in maladaptive kidney repair and renal fibrosis after
cisplatin nephrotoxicity. We detected persistent autophagy after
RLDC treatment in mice and in renal tubular cells. By using
pharmacological inhibitors targeting different stages of
autophagy, we further demonstrated that autophagy
contributes to RLDC-induced renal fibrosis in vivo and fibrotic
phenotypes in proximal tubular cells. We also found that
inhibition of autophagy reduced the degree of tubular atrophy
and histopathological damage, and protected against chronic

renal function decline. In the cultured renal proximal tubular
cells, RLDC induced accumulation of fibrotic protein markers
and secretion of pro-fibrotic growth factors, which was
attenuated by autophagy inhibitors. Taken together, these
results support a critical role of autophagy in maladaptive
kidney repair and interstitial fibrosis following cisplatin
nephrotoxicity. Mechanistically, autophagy may promote
fibrosis by coordinating and inducing the production and
secretion of pro-fibrotic cytokines.

We have previously shown that in nephrotoxic AKI, induction of
autophagy prevents tubular cell damage and death (Periyasamy-
Thandavan et al., 2008; Jiang et al., 2012; Liu J. et al., 2018; Wang
et al., 2018). As for the role of autophagy in maladaptive repair, we
reported the role of autophagy in unilateral ureteral obstruction
(UUO) mice in 2016 (Livingston et al., 2016). In that study,
autophagy was induced persistently in UUO kidneys, especially
in renal tubules. Remarkably, pharmacological inhibition of
autophagy with CQ and 3-MA as well as ablation of autophagy-
related gene 7 (Atg7) specifically from kidney proximal tubules
reduced interstitial fibrosis in UUO, indicating that tubular
autophagy in renal tubules promotes renal fibrosis. Consistently,
blockade of autophagy suppressed TGFB1-induced fibrotic changes
in cultured renal tubular cells. Furthermore, our recent study
demonstrated the reciprocal regulation between endoplasmic
reticulum stress and autophagy in chronic kidney injury and

FIGURE 4 | RLDC treatment induces autophagy and fibrotic phenotypes in BUMPT cells. BUMPT cells were incubated with 2 μM cisplatin for 7 h each day for
4 days (RLDC) or without cisplatin exposure (Con). (C–F). (A) Representative immunoblots of FN, LC3-I, LC3-II and GAPDH (loading control) in cells after different cycles
of cisplatin treatment. (n = 5). (B) Densitometry of FN and LC3-II, LC3II/LC3I. The experiments were normalized according to GAPDH expression. The protein level of
control group (Con) was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (C)
Morphologies of control and RLDC-treated cells. (bar = 50 μm). (D) BUMPT cells were transiently transfected with mRFP-GFP-LC3. RFP and GFP fluorescence images
were collected at 24 h after transfection by confocal microscopy. (E) The numbers of GFP-LC3 puncta per cell and RFP-LC3 puncta per cell were counted separately
using ImageJ. The number of autophagosomes is represented by GFP dots, and the number of autolysosomes was obtained by subtracting GFP dots from RFP dots.
(n = 5). (F) Autophagic flux rate. (n = 5). Quantitative data are expressed as mean ± SEM. *p < 0.05 vs the control group (Con).
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fibrosis (Shu et al., 2021). Specifically, autophagy was activated
during ER stress and led to renal fibrosis. These observations are
consistent with our current study, which demonstrates the pro-
fibrotic function of autophagy during maladaptive kidney repair
after cisplatin nephrotoxicity. However, Kim and others reported
that in UUO rats, inhibition of autophagy with 30mg/kg 3-MA
increased tubular apoptosis and interstitial fibrosis (Kim W. et al.,
2012), an observation that was opposite to what we found. The cause
of this discrepancymight be the disparity between themodel species,
as well as the difference in 3-MA dosing. Of note, 3-MA, in addition
to its ability to inhibit class III PI3-kinase and associated autophagy,
it may also inhibit class I PI3-kinases that regulate various cellular
signaling such as membrane trafficking and mTORC1 activation
(Mizushima et al., 2010). Taking this into consideration, high doses
of 3-MA may produce adverse effects that are not dependent on
autophagy, thereby impairing tubular cell viability. In this regard,
Kim et al. used 1.5 times higher dosage of 3-MA than we did.
Furthermore, they showed only an early but transient induction of
autophagy (within 1 week) in the rat proximal tubules, whereas

autophagy remained persistently activated for 6 months after RLDC
treatment in our study. Pertaining to this, Li et al. showed that
sustained autophagy in proximal tubules may inhibit tubular
proliferation and repair during the recovery phase (Li et al.,
2014). The pro-fibrotic role of tubular autophagy was also
demonstrated by the study of Baisantry et al. (Baisantry et al.,
2016), in which proximal tubule autophagy-related 5 (Atg5)
knockout mice showed less interstitial fibrosis and improved
renal function 30 days after ischemia/reperfusion injury. In
contrast, Li et al. reported that selective ablation of Atg5 in
proximal renal tubules significantly aggravated G2/M arrest,
COL1 production, and fibrosis in UUO mice (Li et al., 2016).
Although both studies tested Atg5 knockout mice, they examined
renal fibrosis in different disease models. Therefore, the role of
autophagy in renal fibrosis and chronic kidney disease may depend
on the experimental model, animal species, and the timing or
duration of autophagy activation.

For the mechanismwhereby autophagy promotes renal fibrosis,
we hypothesized that autophagy may promote a pro-fibrotic

FIGURE 5 | Inhibition of autophagy suppresses fibrotic phenotype changes in RLDC-treated BUMPT cells. BUMPT cells were incubated with 2 μM cisplatin for 7 h
each day for 4 days (RLDC) or without cisplatin exposure (Con). After the last 7 h of cisplatin treatment, cells were incubated with 20 μM chloroquine (CQ) or 10 mM 3-
methyladenine (3-MA) for 17 h in cisplatin-free medium. Cells were collected for morphological observation or biochemical analyses. (A) Cell morphology under light
microscope after RLDC induction with or without CQ and 3-MA. (bar = 50 μm). (B) Representative immunoblots of COL-1, VIM, LC3-I, LC3-II and GAPDH (loading
control). (n = 5). (C)Densitometry of COL-1, VIM, and LC3-II. The experiments were normalized according to GAPDH expression. The protein level of control group (Con)
was arbitrarily set as 1, and the signals of other conditions were normalized with the control group to indicate their protein fold changes. (D) Immunofluorescence of COL-
1. (n = 5, bar = 50 μm). Quantitative data are expressed as mean ± SEM. *p < 0.05 vs the control group (Con). #p < 0.05 vs. (RLDC + vehicle) group.
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phenotype in renal tubular cells, which produce and secrete pro-
fibrotic cytokines. To initially test this possibility, in this study we
examined representative pro-fibrotic cytokines, such as TGFB,
CTGF, and PDGFB. The expression of these pro-fibrotic growth
factors was significantly increased after RLDC treatment
(Figure 6). Notably, autophagy inhibition attenuated the
production of TGFB and CTGF, but not PDGFB. This
observation indicates that, rather than general effects, autophagy
promotes specific pro-fibrotic cytokines. In addition, we observed
that the two autophagy inhibitors, CQ and 3-MA, had different
effects on TGFB and CTGF. For example, the inhibitory effect of 3-
MA on CTGF is stronger than that of CQ, and it further affects the
secretion of CTGF. The stronger effect of 3-MA may be due to its
synergistic actions. It is known that, some PI3 kinase inhibitors, in
addition to inhibiting autophagosome formation, may also inhibit
mTOR by targeting its ATP-binding site (Mizushima et al., 2010).
Furthermore, in addition to renal tubular cells, autophagy-
regulated production of pro-fibrotic secretory proteins has also
been demonstrated in fibroblasts. For instance, in a model of
chronic serum starvation of fibroblasts, sustained autophagy
activates MTORC2 signaling, resulting in enhanced expression
and secretion of CTGF, which favors the transformation of
fibroblasts into myofibroblasts (Bernard et al., 2014).

It remains unclear how autophagy promotes the expression and
secretion of specific pro-fibrotic factors. As eluded above, we
speculate that persistent autophagy may lead to phenotypic
changes in renal tubular cells. Especially, autophagy may
promote cell cycle arrest, metabolic shift, and/or senescence,
which are known to contribute to maladaptive kidney repair

including interstitial fibrosis (Venkatachalam et al., 2015; Zheng
et al., 2019; Tang et al., 2020; Kitada and Koya, 2021). In a recent
study, Canaud and others demonstrated the formation of mTOR-
autophagy spatial coupling compartments (TASCCs), which
promoted the secretion of profibrotic factors during
maladaptive kidney repair (Canaud et al., 2019). Future studies
should examine the effect of autophagy blockade on cell cycle
arrest, senescence, and the formation of TASCCs after RLDC
treatment. One limitation of this study is the possible off-target
effects of the autophagy inhibitors. As mentioned above, 3-MA
may also inhibit the class I PI3-kinases and, in turn, regulate
various cellular signaling such as membrane trafficking and
mTORC1 activation (Mizushima et al., 2010). In addition to
interfering with autophagic flux, CQ in endosomes/lysosomes
also inhibits post-translational modification of newly
synthesized proteins in endoplasmic reticulum or trans-Golgi
network vesicles (e.g, glyco-syltransferases and proteases
involved in the post translational processing that requires low
pH) (Yoon et al., 2010; Ferreira et al., 2021). In addition, CQ could
activate the transcriptional response of p53 to induce the activation
of p53-regulated genes such as apoptotic gene targets (pig3 and
bax) (Ferreira et al., 2021). In view of these off-target effects, we
tested both 3-MA and CQ in the present study. Since these two
inhibitors had similar inhibitory effects on renal fibrosis in post-
RLDC kidneys, the results provide relatively reliable evidence for
the pro-fibrotic role of autophagy in this model. We also tested
rapamycin (1 mg/kg) as autophagy inducer in a pilot experiment,
which did not have significant effects on renal function orMasson’s
staining of renal fibrosis after RLDC treatment in mice. But,

FIGURE 6 | Autophagy inhibitors suppress the expression and secretion of pro-fibrotic growth factors in RLDC-treated BUMPT cells. BUMPT cells were incubated
with 2 μM cisplatin for 7 h each day for 4 days (RLDC) or without cisplatin exposure (Con). After the last 7 h of cisplatin treatment, cells were incubated with 20 μM
chloroquine (CQ) or 10 mM 3-methyladenine (3-MA) for 17 h in cisplatin-free medium. (A) The mRNA levels of Ctgf, Tgfbβ and Pdgfβ in cells quantified by qRT-PCR
showing the inhibitory effect of CQ and 3-MA (n = 5). Data are normalized toGapdh and expressed as fold change compared to controls. (B)CTGF and TGFB in cell
culture medium detected by Elisa. (n = 5). Data are expressed as mean ± SEM. *p < 0.05 vs the control group (Con). #p < 0.05 vs. (RLDC + vehicle) group.
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rapamycin reduced the expression of some fibrosis proteins like
fibronectin and vimentin. Our explanation is that this effect of
rapamycin was due to its inhibition of mTOR and related protein
synthesis, and not due to its effect on autophagy.

In conclusion, in this study we have detected persistent
autophagy activation in both in vivo and in vitro RLDC models
of maladaptive kidney repair after cisplatin nephrotoxicity. We
have further demonstrated that inhibition of autophagy
improved kidney repair and attenuated renal interstitial
fibrosis in these models, suggesting a critical role of
autophagy in the development of chronic kidney problems
after cisplatin nephrotoxicity. The pro-fibrotic function of
autophagy is associated with its coordinated regulation of
tubular cell death and the production and secretion of pro-
fibrotic cytokines. Targeting autophagy may provide a new
strategy to reduce renal fibrosis to prevent the progression of
related renal diseases including CKD.
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