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Hyperuricemia has become a common metabolic disease, and is a risk factor for multiple
diseases, including chronic kidney disease. Our recent study indicated that following
persistent uric acid stimulation, autophagy was activated in rats of hyperuricemic
nephropathy (HN) and facilitated the development of renal fibrosis. Nevertheless, the
potential mechanism by which autophagy promoted the progression of HN is still not fully
elucidated. Thus, in the current study, we investigated the mechanisms of autophagy
inhibition on the development of HN. Our data showed that autophagy was activated in
human renal tubular cell lines (HK-2) exposure to uric acid. Inhibition of autophagy with 3-
methyladenine (3-MA) and transfected with Beclin-1 siRNA prevented uric acid-induced
upregulation of a-SMA, Collagen I and Collagen III in HK-2 cells. Moreover, uric acid
upregulated autophagy via promoting the p53 pathway. In vivo, we showed that
hyperuricemic injury induced the activation of NLRP3 inflammasome and pyroptosis, as
evidenced by cleavage of caspase-1 and caspase-11, activation of gasdermin D
(GSDMD) and the release of IL-1b and IL-18. Treatment with autophagy inhibitor 3-MA
alleviated aforementioned phenomenon. Stimulation with uric acid in HK-2 cells also
resulted in NLRP3 inflammasome activation and pyroptotic cell death, however treatment
with 3-MA prevented all these responses. Mechanistically, we showed that the elevation
of autophagy and degradation of autophagolysosomes resulted in the release of
cathepsin B (CTSB), which is related to the activation of NLRP3 inflammasome. CTSB
siRNA can inhibit the activation of NLRP3 inflammasome and pyroptosis. Collectively, our
results indicate that autophagy inhibition protects against HN through inhibiting NLRP3
inflammasome-mediated pyroptosis. What’s more, blockade the release of CTSB plays a
crucial role in this process. Thus, inhibition of autophagy may be a promising therapeutic
strategy for hyperuricemic nephropathy.
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INTRODUCTION

With the rapid development of the world economic and the
improvement of lifestyle, the prevalence of hyperuricemia is
remarkably increasing all over the world (1, 2). About 75% of
uric acid is excreted by the kidneys, and chronic uric acid
stimulation to the kidney results in renal tubule-interstitial
fibrosis, eventually causes hyperuricemic nephropathy (HN)
(3). The features of HN includes crystal kidney stones, chronic
interstitial nephritis, and renal fibrosis (4), which become an
important public health issue (5). To date, the treatment of HN
mainly focuses on the drugs that suppress the production of uric
acid and promote the excretion of uric acid, such as the first-line
drugs allopurinol and benzbromarone respectively. However,
their clinical applications are limited by the severe side effects,
such as hepatotoxicity, nephrotoxicity, and Stevens-Jonson
syndrome (6), using uric acid-lowering agents in HN is still
controversial (7). Hence, it is imperative to search appropriate
therapeutic strategy for HN.

Recently, we found that following chronic hyperuricemic
damage, autophagy was activated in HN rats and closely
associated with renal fibrosis (8). Autophagy is a process that
identifies damaged organelles or misfolded proteins and
degrades them by fusion with lysosomal compartments (9).
During autophagy, cells formed double-membraned vesicles
and autophagosomes, that sequester proteins or organelles for
delivery to lysosome (10). Autophagy plays an important role in
maintaining the homeostasis, and it can regulate the
development and differentiation of specific cells, such as
adipocytes and lymphocytes (11). However, studies have
reported that autophagy is also involved in pathological
mechanisms (12, 13). Using autophagy inhibitor 3-
methyladenine (3-MA), our previous research has indicated
that inhibition of autophagy alleviated HN in an adenine (0.1
g/kg) and potassium oxonate (1.5 g/kg)-induced rat model and
an in vitro model of uric acid stimulated cultured rat renal
interstitial fibroblasts (NRK-49F). We demonstrated that
inhibition of autophagy with 3-MA suppresses activation of
renal interstitial fibroblasts and production of extracellular
matrix components in NRK-49F and in HN rats. Moreover, we
also found that autophagy promoted the progression of HN by
activation of the pro-fibrosis cytokines/growth receptors,
augment the responses of inflammation and mediate the G2/M
arrest (8). Nevertheless, the potential mechanism of autophagy
promoted the deterioration of HN is unclear so far, further
studies are needed to elucidate the mechanisms by which
blockade of autophagy ameliorates the progression of HN.

Currently, more and more studies have shown that autophagy
plays an important role in inflammatory responses. Since
pyroptosis is a form of inflammatory cell death, the
relationship between autophagy and pyroptosis has aroused
interests. Pyroptosis is a cell death mode characterized by
plasma membrane rupture, cytoplasmic swelling, osmotic lysis,
DNA cleavage, and the release of a large number of pro-
inflammatory cytokines (14). There are two pathways to
induce pyroptosis: the classical caspase-1 dependent pathway
and the nonclassical caspase-11 dependent secretory pathway
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(15, 16). Accumulating evidence demonstrates that
inflammasome activation plays a critical role for pyroptosis.
The nucleotide binding and oligomerization domain-like
receptor family pyrin domain-containing 3 (NLRP3)
inflammasome, is the most widely investigated among all NLR-
related inflammasomes (17). The activation of NLRP3 will
recruits and cleaves pro-caspase-1 into its active forms. Once
being active, the caspase-1 has a specific structure of
heterotetramers that regulate proteolytic processes of
inflammatory and inflammatory cytokines, such as IL-1b and
IL-18 (18). The pyroptosis-driven key role in gasdermin family,
gasdermin D (GSDMD) in particular, is the most widely
investigated. The activated form of both caspase-1 and
caspase-11 can cleave GSDMD and separate the N-terminal
fragment from the C-terminal fragment (19). The cell
membrane forms membrane pores thereby inducing more
inflammatory cytokines release (20). At present, the
unequivocal upstream activation mechanism of NLRP3
inflammasome has not yet been clarified. Nevertheless, a study
showed that the NLRP3 inflammasome was regulated by
cathepsin B (CTSB) (21). In addition, the release of CTSB is
induced by autophagy. In briefly, the upregulation of autophagy
and degradation of autophagolysosomes will lead to the release
of CTSB, which also related to the stimulation of NLRP3
inflammasome (22, 23). However, whether uric acid induced
autophagy, release of CTSB, activation of NLRP3 inflammasome
and pyroptosis lead to HN have not been investigated.

In the current study, we revealed the activation of autophagy
in uric acid-stimulated human renal tubular cell lines (HK-2),
and explored the mechanisms by which inhibition of autophagy
ameliorates the development of HN induced by feeding a
mixture of adenine and potassium oxonate.
MATERIALS AND METHODS

Antibodies and Reagents
3-MA was purchased from Selleckchem (Houston, TX, USA).
Antibodies to Beclin-1 (#3738), Atg7 (#2631), and p53 (#2527)
were purchased from Cell Signaling Technology (Danvers, MA,
USA). Antibodies to GAPDH (sc-32233), Collagen I (sc-28654),
and Caspase-11 (sc-374615) were purchased from Santa Cruz
Biotechnology (San Diego, CA, USA). Antibodies to NLRP3
(ab214185), and Caspase-1 (ab179515) were purchased from
Abcam (Cambridge, MA, USA). Antibodies to Collagen III
(GB11023), and IL-1b (GB11113) were purchased from
Servicebio (Wuhan, China). Antibodies to IL-18 (A16737) and
GSDMD (A20197) were purchased from ABclonal Biotech
(Shanghai, China). Antibody to cathepsin B (12216-1-AP) was
purchased from Proteintech Group (Chicago, IL, USA). Anti-
mouse secondary antibody (A0216), and anti-rabbit secondary
antibody (A0208) were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). Beclin-1 siRNA and GP-
transfect-Mate (G04009) were purchased from GenePharma
(Shanghai, China). Antibody to a-SMA (A2547), DMSO and
all other chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA).
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HN Rat Model
The HNmodel was established in male Sprague-Dawley rats (6-8
weeks old, Shanghai Super-B&K Laboratory Animal Corp. Ltd,
Shanghai, China) that weighed 200-220g. The animals were
housed at the Experimental Animal Center of Tongji
University under a 12 h light-dark cycle with food and water
supplied ad libitum. The HN model was established as described
in our previous study (8). Rats were injected intraperitoneally
with 3-MA 15mg/kg in warmed saline daily in order to explore
the effect of 3-MA on HN. Rats were randomly divided into four
groups, each group including six rats: (1) The rats in control
group were given an equivalent amount of saline by gavage and
injected with an equivalent amount of saline intraperitoneally;
(2) The rats in sham+3-MA group were given an equivalent
amount of saline by gavage and injected with an equivalent
amount of 3-MA intraperitoneally; (3) The rats in HN group
were given a mixture of adenine (0.1 g/kg) and potassium
oxonate (1.5 g/kg) by gavage and injected with an equivalent
amount of saline intraperitoneally,; (4) The rats in HN+3-MA
group were given a mixture of adenine (0.1 g/kg) and potassium
oxonate (1.5 g/kg) by gavage and injected with an equivalent
amount of 3-MA intraperitoneally. At the end of the
experimental period, all animals were killed by exsanguination
under anesthesia with inhaled 5% isoflurane in room air and
the kidney was collected for the following experiments. All the
animal experiments were conducted with approval from the
Inst i tut ional Animal Care and Use Committee at
Tongji University.

Cell Culture and Treatments
Human tubular epithelial cells (HK-2) were attained from ATCC
(Manassas, VA). Cells were cultured in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium (DMEM) and F-12
containing 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin in an atmosphere of 5% CO2 and 95% air at 37°
C. Before starting the formal experiments, we passed the primary
cells for three generations in order to obtain a stable phenotype.
To investigate the effect of 3-MA in uric acid-induced tubular cell
injury, subconfluent HK-2 cells were starved for 24 hours in
DMEM medium containing 0.5% FBS and then exposed to uric
acid (UA, 800 mM) in the presence of 3-MA (0, 1, 5 and 10 mM)
for 36 hours. After stimulation for 36 hours, cells were harvested
for further analysis. All of the in vitro experiments were repeated
no less than three times.

siRNA Transfection
The small interfering (si) RNA oligonucleotides targeted
specially for p53, Beclin-1, CTSB, and negative control (NC)
siRNA which chemically synthesized by GenePharma (Shanghai,
China) were used in this study. The sequence of p53 siRNA is 5′-
GACUCCAGUGGUAAUCUACTT-3′ (sense strand) and 5′-
GUAGAUUACCACUGGAGUCTT-3′ (antisense strand). The
sequence of Beclin-1 siRNA is 5′-CAGUUUGGCACAAUCA
AUATT-3′ (sense strand) and 5′-UAUUGAUUGUGCCAAAC
UGTT-3′ (antisense strand). The sequence of CTSB siRNA is 5′-
ACAAGCACUACGGAUACAUTT-3′ (sense strand) and 5′-
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AUGUAUCCGUAGUGCUUGUTT-3′ (antisense strand). The
sequence of NC siRNA is 5′-UUCUCCGAACGUGUCAC
GUTT-3′ (sense strand) and 5′-ACGUGACACGUUCGGAG
AATT-3′ (antisense strand). Briefly, HK-2 cells were grown in
6-well plates and transiently transfected with siRNA at 60-80%
confluence at a final concentration of 5 nM using GP-transfect-
Mate (GenePharma, Shanghai, China) according to the
manufacturer’s instructions. After 6 hours transfection, the
cells were incubated with fresh medium alone or administrated
with uric acid (800 mM) for an additional 36 hours before being
harvested for the further experiments.

Immunoblot Analysis
Cells were washed three times with ice-cold PBS and harvested in
RIPA buffer mixed with PMSF and phosphatase inhibitor on ice.
The supernatants were collected after centrifugation at 12,000 g
for 15 min at 4°C. In addition, the kidney tissue samples were
homogenized with cell lysis buffer and with PMSF and
phosphatase inhibitor. Proteins were separated by SDS-PAGE
and transferred to 0.2 mm nitrocellulose membranes. After
incubation with 5% nonfat milk for 1 hour at room
temperature, the membranes were incubated with primary
antibodies overnight at 4°C and then incubated with
appropriate horseradish peroxidase-conjugated secondary
antibodies for 1 hour at room temperature. Bound antibodies
were visualized by chemiluminescence detection. Densitometry
analysis of immunoblot results was conducted by using Image J
software (National Institutes of Health, Bethesda, MD).

Immunohistochemical Staining
Formalin-fixed kidneys were imbedded in paraffin and prepared
in 3-mm-thick sections. Sections were de-paraffinized and
rehydrated, immersed in citrate buffer and heated in a
microwave for retrieval of antigens and quenched with 3%
H2O2. Sections were incubated with primary antibodies
overnight at 4°C and then incubated with appropriate
horseradish peroxidase-conjugated secondary antibodies for 1
hour at room temperature. For quantifications, 10 random visual
fields were analyzed per kidney section. The positive area was
calculated with Image J software (National Institutes of Health,
Bethesda, MD).

Immunofluorescence Staining
Formalin-Fixed Paraffin-Embedded sections (3 mm) were
rehydrated and incubated with primary antibodies against p53,
GSDMD, IL-1b, and IL-18 and then Texas Red- or FITC-labeled
secondary antibodies (Invitrogen).

After treatments, HK-2 cells were plated on coverslips and
then fixed in 4% paraformaldehyde for 10 minutes. Cells were
permeabilized by 0.25% Triton X-100 in PBS for 10 minutes.
After blocking with 10% normal goat serum, cells were incubated
with primary antibodies against NLRP3, Caspase-11, GSDMD,
IL-1b, IL-18, or CTSB followed by secondary antibodies. Finally,
cells were stained with DAPI and mounted. Images were
acquired using Fluorescence Microscope (Leica, DM3000).
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Transmission Electron Microscope
After HK-2 cells were treated in accordance with the
aforementioned cell culture and treatments and reached
confluence, cells were collected from each group for standard
transmission electron microscope (TEM) processing to observe
the morphology of autophagosome. Multiple autophagic
structures such as phagophore, autophagosome, and
autolysosome in HK-2 cells were observed at high
magnification from each cell and digital images with scale bars
were taken.

Statistical Analysis
Data depicted in graphs expressed as means ± SEM for each
group. The comparisons between two groups were analyzed by
Student’s t-test and one-way analysis of variance was used for
comparisons of multiple groups. Statistically significant
differences between mean values were marked in each graph.
P<0.05 was considered statistically significant.
RESULTS

Exposure of HK-2 Cells to Uric Acid
Results in the Activation of Autophagy and
the Upregulation of a-SMA, Collagen I and
Collagen III
Our previous study has revealed that the increased expression of
LC3II/I and Beclin-1 were observed in the kidney of
hyperuricemic injury rats, and numerous autophagic vacuoles
appeared in proximal tubular cells in vivo (8). It suggested that
hyperuricemia can induce the activation of autophagy. In
addition, kidneys with HN displayed severely structural
damage as characterized by glomerulosclerosis, tubular
dilation, epithelial atrophy, interstitial expansion, and collagen
accumulation. Inhibition of autophagy with 3-MA decreased the
deposition of extracellular matrix components. However,
whether uric acid induced the activation of autophagy in vitro
is still unknown, and how autophagy effects on renal tubular cells
have not been elucidated. Therefore, we performed in vitro
experiments on HK-2 cells with the stimulation of uric acid.
As shown in Figure 1A, images from TEM indicated multiple of
autophagy-related vacuoles such as autophagosome and
autolysosome were observed in uric acid-stimulated HK-2 cells
compared to control cells. Treatment with 3-MA remarkably
inhibited the autophagic activity (Figures 1A, B). Uric acid also
induced a significant upregulation of Beclin-1 and Atg7, two
autophagy related proteins, 3-MA dose-dependently suppressed
these responses (Figures 1C–E). Reduction of Beclin-1
expression by its specific siRNA also decreased uric acid-
stimulated expression of Atg7 (Figures 1J–L). Since epithelial-
to-mesenchymal transition (EMT) is involved in the progression
of renal fibrosis (24), we found that compared with serum-
starved HK-2 cells, uric acid-exposed HK-2 cells expressed
higher protein levels of a-SMA, Collagen I, and Collagen III,
three mesenchymal markers. Inhibition of autophagy with 3-MA
significantly reduced the expression of a-SMA, Collagen I, and
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Collagen III (Figures 1F–I). Consistent with this result, knocking
down of Beclin-1 also blocked the expression of a-SMA and
Collagen I (Figures 1M–O). Taken together, these results
indicated that autophagy was activated in the uric acid-
stimulated HK-2 cells, which is essential for the occurred of
EMT in tubular epithelial cells.

Uric Acid Induces Autophagy Mediated by
p53 Signaling Pathway
Based on the aforementioned role of uric acid in the activation of
autophagy, we further investigated the mechanism involved. It is
illustrated that p53 triggered the activation of autophagy in
response to DNA damage (25), we thus examined whether uric
acid upregulated autophagy through p53 signaling pathway. We
established a rat model of HN induced by adenine and potassium
oxonate for 3 weeks. As shown in Figure 2A, compared to the
sham rats, HN rats displayed increased expression of p53 in the
kidney. To further verify the role of p53 on the activation of
autophagy, we examined the effect of p53 knockdown in HK-2
cells exposure to uric acid by using siRNA specifically targeting
p53. As demonstrated in Figures 2B–E, reduction of p53
expression by its specific siRNA decreased uric acid stimulated
expression of Beclin-1 and Atg7. These results demonstrated that
uric acid triggered autophagy may be mediated by p53
signaling pathway.

Inhibition of Autophagy Prevents the
Activation of NLRP3 Inflammasome Both
in HN Rats and in HK-2 Cells
Hyperuricemia can trigger inflammatory responses in the
kidney, and the inflammasome family has several members
and behaves a magnificent effect on inflammatory responses.
Particularly, NLRP3 inflammasome is considered to be a pivotal
component of inflammation (26). Recently, emerging studies
have demonstrated that there is an interaction between
autophagy and NLRP3 inflammasome, more importantly, the
interaction plays a crucial role in metabolic diseases (27).
However, whether autophagy can activate the NLRP3
inflammasome in HN is still unknown. Thus, we get down to
examine the effect of autophagy inhibition on the activation of
NLRP3 inflammasome. As shown in Figures 3A, B, NLRP3 was
significantly increased in HN rats, while administration with 3-
MA resulted in the reduction of NLRP3. Immunohistochemistry
staining also demonstrated that the expression level of NLRP3
was increased in the kidney of HN rats, which is contrary to that
in sham rats. Treatment with 3-MA largely inhibited the
expression as indicated by reduced staining positive areas
(Figures 3C, D).

To further investigate the interplay between autophagy and
NLRP3 inflammasome, we used both 3-MA and Beclin-1 siRNA
to inhibit autophagy for in vitro studies. Exposure of HK-2 cells
to uric acid resulted in increased expression of NLRP3, treatment
with 3-MA inhibited the upregulation of NLRP3, which occurred
in a dose-dependent manner (Figures 3E, F) . The
immunofluorescence staining was used to evaluate the
expression and localization of NLRP3 in response to uric acid.
March 2022 | Volume 13 | Article 858494
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FIGURE 1 | Exposure of HK-2 cells to uric acid results in the activation of autophagy and the upregulation of a-SMA, Collagen I and Collagen III. (A) Transmission
electron microscopy showed the ultrastructural feature of autophagosome (Red arrows) in HK-2 cells following uric acid (800 mM) stimulation in the presence/
absence of 3-MA. (B) Quantitation analysis of the number of autophagic vacuoles per cell was performed. (C) Western blot was conducted to evaluate the protein
level of Beclin-1, Atg7 and GAPDH in HK-2 cell lysates. (D, E) Scatter plots showing the densitometry analysis of Beclin-1 and Atg7 normalized by GAPDH. (F)
Western blot was conducted to evaluate the protein level of a-SMA, Collagen I, Collagen III and GAPDH in HK-2 cell lysates. (G–I) Scatter plots showing the
densitometry analysis of a-SMA, Collagen I, Collagen III normalized by GAPDH. (J) Western blot was conducted to evaluate the protein level of Beclin-1, Atg7 and
GAPDH in HK-2 cell lysates. (K, L) Scatter plots showing the densitometry analysis of Beclin-1 and Atg7 normalized by GAPDH. (M) Western blot was conducted to
evaluate the protein level of a-SMA, Collagen I and GAPDH in HK-2 cell lysates. (N, O) Scatter plots showing the densitometry analysis of a-SMA and Collagen I
normalized by GAPDH. Data are expressed as mean ± SEM. **P<0.01; ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled.
Scale bars in (A) = 500 nm.
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We found that the cells were positively stained for NLRP3 in the
cytoplasm stimulated by uric acid, treatment with 10 mM 3-MA
significantly decreased the expression of NLRP3 (Figures 3G, H).
In consistent with this result, immunoblotting analysis indicated
that inhibition of autophagy with Beclin-1 siRNA was also impede
the NLRP3 overexpression (Figures 3I, J). Taken together, these
results suggest that inhibition of autophagy prevents the activation
of NLRP3 inflammasome both in vivo and in vitro.

Administration of 3-MA Inhibits the
Process of Pyroptosis in a Rat
Model of HN
Shao et al. demonstrated that NLRP3 inflammasome leads to the
activation of pyroptosis (28). In addition, a large number of
studies indicate that a close relationship between autophagy and
pyroptosis (29, 30). To investigate the role of autophagy in the
NLRP3 inflammasome-mediated pyroptosis in HN, we adopted
autophagy inhibitor 3-MA to verify the relationship among
them. As shown in Figures 4A–D, proteins level of caspase-1,
Frontiers in Immunology | www.frontiersin.org 6
caspase-11, and GSDMD markedly increased in HN rats,
pretreatment with 3-MA dramatically reduced the elevated
expression of caspase-1, caspase-11, and GSDMD in the HN
kidney. Immunohistochemistry of caspase-11 demonstrated that
caspase-11 was predominantly localized in tubular epithelial cells
in injured kidneys associated with HN, and 3-MA reduced the
number of caspase-11-positive cells (Figures 4E, F). Moreover,
immunofluorescence staining of GSDMD further revealed that
GSDMD was primarily located in renal tubular epithelial cells
and highly expressed in injured kidneys (Figures 4G, H). Thus,
our results implied hyperuricemic induced autophagy and
activated the NLRP3 inflammasome-mediated pyroptosis, and
treatment with 3-MA was effective in ameliorating this responses.

Inhibition of Autophagy Prevents the
Process of Pyroptosis in HK-2 Cells
Exposed to Uric Acid
To further determine the role of autophagy in activating
pyroptosis, we used autophagy inhibitor 3-MA as well as
A

CB

ED

FIGURE 2 | Uric acid induces autophagy mediated by p53 signaling pathway. (A) Photomicrographs illustrating immunofluorescence staining of p53. (B) Western
blot was conducted to evaluate the protein level of p53, Beclin-1, Atg7 and GAPDH in HK-2 cell lysates. (C–E) Scatter plots showing the densitometry analysis of
p53, Beclin-1 and Atg7 normalized by GAPDH. Data are expressed as mean ± SEM. ***P<0.001; ****P<0.0001. Scale bars in (A) = 50 mm.
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knockdown of Beclin-1 targeted by siRNA to inhibit autophagy
for in vitro studies. Uric acid was found to induce a significant
upregulation of caspase-1, caspase-11, and GSDMD,
pretreatment with 3-MA dose-dependently reduced expression
Frontiers in Immunology | www.frontiersin.org 7
level of caspase-1, caspase-11 and GSDMD (Figures 5A–D).
Immunofluorescence assay further confirmed that the expression
of caspase-11 and GSDMD significantly increased in response to
uric acid, treatment with 3-MA reduced the expression of
A B

E F

I J

G H

C

D

FIGURE 3 | Inhibition of autophagy prevents the activation of NLRP3 inflammasome both in HN rats and in HK-2 cells. (A) Western blot was conducted to evaluate
the protein level of NLRP3 and GAPDH in the kidney tissue lysates. (B) Scatter plot showing the densitometry analysis of NLRP3 normalized by GAPDH.
(C) Immunohistochemistry staining was used to detect the level of NLRP3. (D) Positive area of NLRP3. (E) Western blot was conducted to evaluate the protein level
of NLRP3 and GAPDH in HK-2 cell lysates. (F) Scatter plot showing the densitometry analysis of NLRP3 normalized by GAPDH. (G) Immunofluorescence co-staining
was used to detect the level of NLRP3. (H) The count of NLRP3-positive cells. (I) Western blot was conducted to evaluate the protein level of NLRP3 and GAPDH in
HK-2 cell lysates. (J) Scatter plot showing the densitometry analysis of NLRP3 normalized by GAPDH. Data are expressed as mean ± SEM. *P<0.05; ***P<0.001;
****P<0.0001. N.S., statistically not significant, with the comparisons labeled. All scale bars = 50 mm.
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caspase-11 and GSDMD in HK-2 cells (Figures 5E–G). As
expected, knockdown of Beclin-1 reduced expression levels of
caspase-1 and GSDMD (Figures 5H–J), which performed the
same effects with inhibitor. Collectively, these data further
conform that 3-MA inhibits the process of pyroptosis in HK-2
cells exposed to uric acid.
Frontiers in Immunology | www.frontiersin.org 8
Inhibition of Autophagy With 3-MA
Prevents the Release of IL-1b and IL-18
Both in HN Rats and in HK-2 Cells
After the process of pyroptosis, the freed-out N-terminal domain
of GSDMD further regulates Pannexin and Potassium iron
efflux, causes osmotic potential disruption, cell swelling and
A

B

C

E

G

D

F

H

FIGURE 4 | Administration of 3-MA inhibits the process of pyroptosis in a rat model of HN. (A) Western blot was conducted to evaluate the protein level of caspase-1,
caspase-11, GSDMD and GAPDH in the kidney tissue lysates. (B–D) Scatter plots showing the densitometry analysis of caspase-1, caspase-11 and GSDMD normalized
by GAPDH. (E) Immunohistochemistry staining was used to detect the level of caspase-11. (F) Positive area of caspase-11. (G) Immunofluorescence staining was used
to detect the level of GSDMD. (H) Positive area of GSDMD. Data are expressed as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. N.S., statistically not
significant, with the comparisons labeled. All scale bars = 50 mm.
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lysis, as well as releases of inflammatory cytokines such as IL-1b
and IL-18 (31). To evaluate whether autophagy plays a crucial
role in mediating the release of inflammatory cytokines after
pyroptosis, we examined the effect of autophagy inhibition on
the release of IL-1b and IL-18 in vivo and in vitro.
Frontiers in Immunology | www.frontiersin.org 9
Immunofluorescence staining showed that IL-1b and IL-18
were mainly located in the cytoplasm of renal tubules and
highly expressed in the kidney of HN rats. 3-MA treatment
inhibited the expression of IL-1b and IL-18 (Figures 6A–C). We
further verified the role of autophagy in regulating the release of
A

B

E

F H I

G J

C D

FIGURE 5 | Inhibition of autophagy prevents the process of pyroptosis in HK-2 cells exposed to uric acid. (A) Western blot was conducted to evaluate the protein
level of caspase-1, caspase-11, GSDMD and GAPDH in HK-2 cell lysates. (B–D) Scatter plots showing the densitometry analysis of caspase-1, caspase-11 and
GSDMD normalized by GAPDH. (E) Photomicrographs illustrating immunofluorescence of caspase-11 and GSDMD, respectively, costained with DAPI. (F, G) Positive
cells of caspase-11 and GSDMD were quantitatively analyzed. (H) Western blot was conducted to evaluate the protein level of caspase-1, GSDMD and GAPDH in
HK-2 cell lysates. (I, J) Scatter plots showing the densitometry analysis of caspase-1 and GSDMD normalized by GAPDH. Data are expressed as mean ± SEM.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the comparisons labeled. All scale bars = 50 mm.
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inflammatory cytokines in HK-2 cells exposed to uric acid. We
found that after 36 hours uric acid stimulation, the cells were
positively stained for IL-1b and IL-18 in the cytoplasm.
Pretreatment with 10 mM 3-MA significantly reduced their
expression (Figures 6D–F). All in all, these results indicate
that inhibition of autophagy with 3-MA prevents the release of
IL-1b and IL-18 both in vivo and in vitro.

Uric Acid-Induced NLRP3 Inflammasome
Activation and Pyroptosis Are Regulated
by CTSB
Previous study has indicated that crystal-induced (such as
monosodium urate) lysosomal damage plays a crucial role in
Frontiers in Immunology | www.frontiersin.org 10
activating the NLRP3 inflammasome (32). Lysosomes contain
several proteolytic enzymes, one of which is the CTSB family.
First, we investigated whether CTSB was released into cytoplasm
in the kidney of HN rats. Protein level of CTSB significantly
increased in HN rats compared to the sham rats, administration
with 3-MA reduced its expression (Figures 7A, B).
Immunohistochemistry staining pointed out that CTSB mainly
expressed in the cytoplasm of damaged tubular epithelial cells,
and remarkably reduced after 3-MA treatment (Figures 7C, D).
At the same time, in our in vitro study, we found that CTSB
expression in HK-2 cells was significantly increased after 36
hours uric acid exposure compared with the sham group,
treatment with 3-MA reduced the protein level of CTSB in a
A

B

D E

F

C

FIGURE 6 | Inhibition of autophagy with 3-MA prevents the release of IL-1b and IL-18 both in HN rats and in HK-2 cells. (A) Photomicrographs illustrating
immunofluorescence of IL-1b and IL-18 from kidney tissues. (B, C) Positive areas of IL-1b and IL-18 were quantitatively analyzed. (D) Photomicrographs illustrating
immunofluorescence of IL-1b and IL-18, respectively, costained with DAPI. (E, F) Positive cells of IL-1b and IL-18 were quantitatively analyzed. ****P<0.0001. All
scale bars = 50 mm.
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dose-dependent manner (Figures 7E, F). Immunofluorescence
staining confirmed the effect of 3-MA in decreasing the release of
CTSB in cytoplasm (Figures 7G, H). Consistent with these
results, knockdown of Beclin-1 also reduced protein level of
CTSB (Figures 7I, J). To further examine whether release of
CTSB was involved in the activation of NLRP3 inflammasome
Frontiers in Immunology | www.frontiersin.org 11
and pyroptosis, HK-2 cells were transfected with CTSB siRNA to
blockage the activities of CTSB. Transfected with CTSB siRNA
caused a significant reduction of CTSB protein levels.
Knockdown of CTSB had less expression of NLRP3, caspase-1,
and GSDMD (Figures 8A–E). Taken together, these results
demonstrated that CTSB was critical for uric acid-induced
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G

I J

H
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FIGURE 7 | Uric acid upregulated the expression of CTSB both in HN rats and in HK-2 cells. (A) Western blot was conducted to evaluate the protein level of CTSB
and GAPDH in the kidney tissue lysates. (B) Scatter plot showing the densitometry analysis of CTSB normalized by GAPDH. (C) Immunohistochemistry staining was
used to detect the level of CTSB. (D) Positive area of CTSB. (E) Western blot was conducted to evaluate the protein level of CTSB and GAPDH in HK-2 cell lysates.
(F) Scatter plot showing the densitometry analysis of CTSB normalized by GAPDH. (G) Immunofluorescence staining was used to detect the level of CTSB. (H) The
count of CTSB-positive cells. (I) Western blot was conducted to evaluate the protein level of CTSB and GAPDH in HK-2 cell lysates. (J) Scatter plot showing the
densitometry analysis of CTSB normalized by GAPDH. Data are expressed as mean ± SEM. ***P<0.001; ****P<0.0001. N.S., statistically not significant, with the
comparisons labeled. All scale bars = 50 mm.
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activation of NLRP3 inflammasome and pyroptosis, which is
associated with autophagy.

In the present study, we found that chronic exposure to
uric acid induces dysregulation of autophagy, which is
mediated by p53 pathway. The activation of autophagy
further activated NLRP3 inflammasome and pyroptosis. The
Frontiers in Immunology | www.frontiersin.org 12
release of CTSB from autolysosome plays a crucial role in the
activation of NLRP3 inflammasome and pyroptosis, which
leads to the release of IL-1b and IL-18. Blockade of
autophagy inhibits the aforementioned responses, thus
prevents the development and progression of hyperuricemic
nephropathy (Figure 8F).
A

F

CB

ED

FIGURE 8 | Uric acid-induced NLRP3 inflammasome activation and pyroptosis are regulated by CTSB. (A) Western blot was conducted to evaluate the protein level
of CTSB, NLRP3, caspase-1, GSDMD and GAPDH in HK-2 cell lysates. (B–E) Scatter plots showing the densitometry analysis of CTSB, NLRP3, caspase-1 and
GSDMD normalized by GAPDH. (F) Mechanisms of uric acid-induced autophagy promotes HN. Chronic exposure to uric acid induces dysregulation of autophagy,
which is mediated by p53 pathway. The activation of autophagy further activated NLRP3 inflammasome and pyroptosis. The release of CTSB from autolysosome
plays a crucial role in the activation of NLRP3 inflammasome and pyroptosis, which leads to the release of IL-1b and IL-18. Blockade of autophagy inhibits the
aforementioned responses so that prevents the occur of hyperuricemic nephropathy. Data are expressed as mean ± SEM. ***P<0.001; ****P<0.0001.
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DISCUSSION

Hyperuricemic nephropathy, a chronic and progressive
metabolic disease, is a common clinical complication of
hyperuricemia. Our recent study has provided the solid
evidence for the renoprotection role of autophagy inhibition in
HN (8). However, how does uric acid trigger the activation of
autophagy and further mechanism which leads to the HN is not
fully investigated. Thus, we further examined the activation of
autophagy in uric acid-stimulated HK-2 cells, and investigated
the mechanisms by which inhibition of autophagy ameliorates
the development of HN induced by feeding a mixture of adenine
and potassium oxonate. The present study demonstrated that
chronic exposure to uric acid induces activation of autophagy,
which is mediated by p53 pathway. Uric acid upregulated the
level of autophagy and further triggered NLRP3 inflammasome
activation, leading to pyroptotic cell death; and these effects
could be inhibited by 3-MA. Additionally, we found that uric
acid-induced autophagy was implicated in regulating the release
of CTSB, subsequent NLRP3 inflammasome activation, and
pyroptotic cell death. Taken together, we have shown that
blockade of autophagy prevents HN through inhibiting NLRP3
inflammasome-mediated pyroptosis.

Autophagy is an important physiological process that
maintains cellular homeostasis. However, autophagy
dysfunction is related to multiple diseases, such as Alzheimer
disease and Huntington disease (33, 34). In this study, we found
that autophagy was also activated in the uric acid-stimulated
HK-2 cells. Images from TEM indicated multiple of autophagy-
related vacuoles such as autophagosome and autolysosome were
observed in uric acid-stimulated HK-2 cells compared to control
cells. Uric acid also triggered a significant upregulation of Beclin-
1 and Atg7. These findings are consistent with our previous
study, which demonstrated that autophagy was activated in HN
rats (8). Despite the emerging evidence showing the upregulation
of autophagy during HN, the upstream signaling stimulates the
activation of autophagy remains unclear. It is illustrated that p53
activates autophagy (35). p53 is a sequence-specific DNA-
binding transcription factor and, among a large number of
genes regulated directly by p53, are autophagy-related genes,
including Ulk1 and Atg7 (25, 36). p53 induction in this setting
contributes to autophagy. We speculated that uric acid also
induces autophagy through p53 signaling pathway. In this
study, we found that compared to the sham rats, HN rats
displayed increased expression of p53 in the kidney. In
addition, reduction of p53 expression by its specific siRNA
decreased uric acid stimulated expression of Beclin-1 and Atg7.
These results demonstrate that uric acid may trigger autophagy
by regulating p53 signaling pathway.

Considering that autophagy is activated in HN rats, it is worth
to investigate how does autophagy contributes the progression of
HN. Emerging evidence have shown that the interplay between
autophagy and NLRP3 inflammasome plays a crucial role in
metabolic diseases (27, 37). Inflammasome, a complex
component of various proteins, is an important part of the
innate immune system and plays a key role on detecting the
Frontiers in Immunology | www.frontiersin.org 13
presence of infection, the pathogens and the metabolic signals in
cells (38). NLRP3 could be activated by diverse triggers including
exogenous pathogen-associated molecular patterns and
endogenous damage-associated molecular patterns (39). As a
pathogen-associated molecular pattern, uric acid can cause the
activation of NLRP3 inflammasome and subsequent release of
IL-1b and IL-18 and lead to severe kidney damage (40). In this
regard, we found that NLRP3 was significantly increased in HN
rats, while administration with 3-MA resulted in the reduction of
NLRP3. It suggests that interplay between autophagy and NLRP3
inflammasome plays an important role in the progression of HN.
In accordance, uric acid-activated NLRP3 inflammasome is
connected with EMT, and tubular interstitial fibrosis (41).
These events accelerate HN process. Furthermore, our in vitro
study also demonstrated that exposure of HK-2 cells to uric acid
resulted in increased expression of NLRP3. Interestingly, in HN,
monosodium urate, can activate NLRP3 inflammasome in other
renal cells. In renal neutrophils and macrophages, NLRP3
inflammasome is activated by monosodium urate crystals
which are phagocyted and resulted in the release of
proinflammatory cytokines (42). In podocyte, the TXNIP/
NLRP3/NF-kB signaling pathway can upregulate the cellular
NLRP3 inflammasome expression levels, which is closely related
to uric acid-induced podocyte injury (43). In addition, activation
of NLRP3 inflammasome is related to interstitial mononuclear
cells infiltration and tubular epithelial cells detachment (44).
Whether the activation of NLRP3 inflammasomes in these renal
cells is regulated by autophagy remains to be further studied.

Recently, the role of autophagy in the activation of NLRP3
inflammasome leading to pyroptosis has been largely
investigated. Pyroptosis is a type of inflammatory cell death,
GSDMD is believed as the executor of pyroptosis (45). Previous
study has demonstrated that caspase-1 and caspase-11 could
regulate the process of pyroptosis, which means that the
overexpression of caspase-1 and caspase-11 may be the
hallmark of pyroptosis (46, 47). Activation of caspase-1 and
caspase-11 not only produce IL-1b and IL-18, but also cause
cleavage of GSDMD and cell membrane perforation, resulting in
the release of various inflammatory factors that aggravate
pyroptosis (48). In this study, our results showed that proteins
level of caspase-1, caspase-11, and GSDMD markedly increased
in HN rats, pretreatment with 3-MA dramatically reduced the
elevated expression of caspase-1, caspase-11, and GSDMD in the
HN kidney. These results suggested that autophagy plays an
important role in contributing the process of pyroptosis in HN.
Specifically, pyroptosis is primarily considered to be a unique,
proinflammatory cell death in immune cells. However, emerging
evidence has shown that pyroptosis is also evoked in other cells,
such as alcohol hepatitis–induced hepatocyte pyroptosis,
lipopolysaccharide-induced lung endothelial cell pyroptosis,
and ischemia/reperfusion–induced primary proximal tubular
cells (47, 49, 50). Consistently, our results also demonstrated
that caspase-11 and GSDMD were predominantly localized in
tubular epithelial cells in injured kidneys associated with HN.
Moreover, Uric acid was found to induce a significant
upregulation of caspase-1, caspase-11, and GSDMD in HK-2
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cells. It isworth noting that the relationshipbetween autophagy and
pyroptosis is still controversial. For instance, Pu et al. have indicated
that knockdown of Atg7 contributes the activation of
inflammasome and pyroptosis in Pseudomonas Sepsis (29).
Another study also indicated that inhibition of autophagy can
cause NLRP3 inflammasome activation and pyroptosis in
dendritic cells or macrophages (51). On the contrary, in
benzoapyrene induced HL-7702 human normal liver cells,
inhibition of autophagy with 3-MA can ameliorate the pyroptotic
cell death (30), which is consistent with the present study.
Obviously, the relationship between autophagy and pyroptosis is
complicate and further studies are need to address this issue.

Furthermore, the results in the present study may have a
significant implication in the cell biology of CTSB. CTSB, a
lysosomal cysteine protease, has been demonstrated to
participate in autophagy-induced inflammasome activation
(52). It has an integral role in autophagy, metabolism, cellular
stress signaling, antigen presentation, and lysosome-dependent
cell death (53). In our study, protein level of CTSB significantly
increased in HN rats compared to the sham rats. Meanwhile,
CTSB activation were observed in uric acid-stimulated HK-2
cells. Transfected with the CTSB siRNA results in the reduce of
caspase-1 and decrease of pyroptotic cell death in HK-2 cells
exposed to uric acid. Furthermore, the increased level of CTSB
and subsequent activation of NLRP3 inflammasome and
pyroptotic cell death induced by uric acid were reversed by 3-
MA. These results demonstrate that CTSB contributes to the uric
acid-induced activation of NLRP3 inflammasome, which was
autophagy-dependent.

In conclusion, this study demonstrated that chronic exposure
to uric acid induces dysregulation of autophagy, which is
mediated by p53 pathway. The activation of autophagy further
activated NLRP3 inflammasome and pyroptosis. The molecular
mechanism of NLRP3 inflammasome activation underlies the
autophagy and the release of CTSB from autolysosome caused by
uric acid exposure. We also show that blockade of autophagy
improves uric acid-induced pyroptosis by inhibiting autophagic-
inflammasome pathways so that prevents the occur of
hyperuricemic nephropathy. Therefore, this study provides a
Frontiers in Immunology | www.frontiersin.org 14
novel insight into hyperuricemic nephropathy, which may be
utilized to improve therapeutic strategies for HN.
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17. Franchi L, Muñoz-Planillo R, Núñez G. Sensing and Reacting to Microbes
Through the Inflammasomes. Nat Immunol (2012) 13:325–32. doi: 10.1038/
ni.2231

18. Vanaja SK, Rathinam VA, Fitzgerald KA. Mechanisms of Inflammasome
Activation: Recent Advances and Novel Insights. Trends Cell Biol (2015)
25:308–15. doi: 10.1016/j.tcb.2014.12.009

19. Kovacs SB, Miao EA. Gasdermins: Effectors of Pyroptosis. Trends Cell Biol
(2017) 27:673–84. doi: 10.1016/j.tcb.2017.05.005

20. Rogers C, Alnemri ES. Gasdermins: Novel Mitochondrial Pore-Forming
Prote ins . Mol Ce l l Onco l (2019) 6 :e1621501 . do i : 10 .1080/
23723556.2019.1621501

21. Li S, Du L, Zhang L, Hu Y, Xia W, Wu J, et al. Cathepsin B Contributes to
Autophagy-Related 7 (Atg7)-Induced Nod-Like Receptor 3 (NLRP3)-
Dependent Proinflammatory Response and Aggravates Lipotoxicity in Rat
Insulinoma Cell Line. J Biol Chem (2013) 288:30094–104. doi: 10.1074/
jbc.M113.494286

22. Gerónimo-Olvera C, Montiel T, Rincon-Heredia R, Castro-Obregón S,
Massieu L. Autophagy Fails to Prevent Glucose Deprivation/Glucose
Reintroduction-Induced Neuronal Death Due to Calpain-Mediated
Lysosomal Dysfunction in Cortical Neurons. Cell Death Dis (2017) 8:e2911.
doi: 10.1038/cddis.2017.299

23. Wang D, Zhang J, Jiang W, Cao Z, Zhao F, Cai T, et al. The Role of NLRP3-
CASP1 in Inflammasome-Mediated Neuroinflammation and Autophagy
Dysfunction in Manganese-Induced, Hippocampal-Dependent Impairment
of Learning and Memory Ability. Autophagy (2017) 13:914–27. doi: 10.1080/
15548627.2017.1293766

24. Lovisa S, LeBleu VS, Tampe B, Sugimoto H, Vadnagara K, Carstens JL, et al.
Epithelial-to-Mesenchymal Transition Induces Cell Cycle Arrest and
Parenchymal Damage in Renal Fibrosis. Nat Med (2015) 21:998–1009.
doi: 10.1038/nm.3902

25. Kenzelmann Broz D, Spano Mello S, Bieging KT, Jiang D, Dusek RL, Brady
CA, et al. Global Genomic Profiling Reveals an Extensive P53-Regulated
Autophagy Program Contributing to Key P53 Responses. Genes Dev (2013)
27:1016–31. doi: 10.1101/gad.212282.112

26. Latz E, Xiao TS, Stutz A. Activation and Regulation of the Inflammasomes.
Nat Rev Immunol (2013) 13:397–411. doi: 10.1038/nri3452

27. Biasizzo M, Kopitar-Jerala N. Interplay Between NLRP3 Inflammasome and
Autophagy. Front Immunol (2020) 11 :591803. doi : 10 .3389/
fimmu.2020.591803

28. Shao BZ, Xu ZQ, Han BZ, Su DF, Liu C. NLRP3 Inflammasome and Its
Inhibitors: A Review. Front Pharmacol (2015) 6:262. doi: 10.3389/
fphar.2015.00262

29. Pu Q, Gan C, Li R, Li Y, Tan S, Li X, et al. Atg7 Deficiency Intensifies
Inflammasome Activation and Pyroptosis in Pseudomonas Sepsis. J Immunol
(2017) 198:3205–13. doi: 10.4049/jimmunol.1601196

30. Yuan L, Liu J, Deng H, Gao C. Benzo[a]Pyrene Induces Autophagic and
Pyroptotic Death Simultaneously in HL-7702 Human Normal Liver Cells.
J Agric Food Chem (2017) 65:9763–73. doi: 10.1021/acs.jafc.7b03248
Frontiers in Immunology | www.frontiersin.org 15
31. Bulek K, Zhao J, Liao Y, Rana N, Corridoni D, Antanaviciute A, et al.
Epithelial-Derived Gasdermin D Mediates Nonlytic Il-1b Release During
Experimental Colitis. J Clin Invest (2020) 130:4218–34. doi: 10.1172/jci138103

32. Schroder K, Tschopp J. The Inflammasomes. Cell (2010) 140:821–32.
doi: 10.1016/j.cell.2010.01.040

33. Mueller-Steiner S, Zhou Y, Arai H, Roberson ED, Sun B, Chen J, et al.
Antiamyloidogenic and Neuroprotective Functions of Cathepsin B:
Implications for Alzheimer’s Disease. Neuron (2006) 51:703–14.
doi: 10.1016/j.neuron.2006.07.027

34. Butler PD, Wang Z, Ly DP, Longaker MT, Koong AC, Yang GP. Unfolded
Protein Response Regulation in Keloid Cells. J Surg Res (2011) 167:151–7.
doi: 10.1016/j.jss.2009.04.036

35. White E. Autophagy and P53. Cold Spring Harb Perspect Med (2016) 6:
a026120. doi: 10.1101/cshperspect.a026120

36. Crighton D, Wilkinson S, O’Prey J, Syed N, Smith P, Harrison PR, et al.
DRAM, a P53-Induced Modulator of Autophagy, Is Critical for Apoptosis.
Cell (2006) 126:121–34. doi: 10.1016/j.cell.2006.05.034

37. Meyers AK, Zhu X. The NLRP3 Inflammasome: Metabolic Regulation
and Contribution to Inflammaging. Cells (2020) 9:1808. doi: 10.3390/
cells9081808

38. Jo EK, Kim JK, Shin DM, Sasakawa C. Molecular Mechanisms Regulating
Nlrp3 Inflammasome Activation. Cell Mol Immunol (2016) 13:148–59.
doi: 10.1038/cmi.2015.95

39. Arrese M, Cabrera D, Kalergis AM, Feldstein AE. Innate Immunity and
Inflammation in NAFLD/NASH. Dig Dis Sci (2016) 61:1294–303.
doi: 10.1007/s10620-016-4049-x

40. Hughes MM, O’Neill LAJ. Metabolic Regulation of NLRP3. Immunol Rev
(2018) 281:88–98. doi: 10.1111/imr.12608

41. Braga TT, Forni MF, Correa-Costa M, Ramos RN, Barbuto JA, Branco P, et al.
Soluble Uric Acid Activates the NLRP3 Inflammasome. Sci Rep (2017)
7:39884. doi: 10.1038/srep39884

42. Alberts BM, Bruce C, Basnayake K, Ghezzi P, Davies KA, Mullen LM.
Secretion of IL-1b From Monocytes in Gout Is Redox Independent. Front
Immunol (2019) 10:70. doi: 10.3389/fimmu.2019.00070

43. Wang M, Zhao J, Zhang N, Chen J. Astilbin Improves Potassium Oxonate-
Induced Hyperuricemia and Kidney Injury Through Regulating Oxidative
Stress and Inflammation Response in Mice. BioMed Pharmacother (2016)
83:975–88. doi: 10.1016/j.biopha.2016.07.025

44. Yang Q, Fu C, Xiao J, Ye Z. Uric Acid Upregulates the Adiponectin
−Adiponectin Receptor 1 Pathway in Renal Proximal Tubule Epithelial
Cells. Mol Med Rep (2018) 17:3545–54. doi: 10.3892/mmr.2017.8315

45. Jorgensen I, Zhang Y, Krantz BA, Miao EA. Pyroptosis Triggers Pore-
Induced Intracellular Traps (Pits) That Capture Bacteria and Lead to Their
Clearance by Efferocytosis. J Exp Med (2016) 213:2113–28. doi: 10.1084/
jem.20151613

46. Miao EA, Rajan JV, Aderem A. Caspase-1-Induced Pyroptotic Cell Death.
Immunol Rev (2011) 243:206–14. doi: 10.1111/j.1600-065X.2011.01044.x

47. Miao N, Yin F, Xie H, Wang Y, Xu Y, Shen Y, et al. The Cleavage of
Gasdermin D by Caspase-11 Promotes Tubular Epithelial Cell Pyroptosis and
Urinary IL-18 Excretion in Acute Kidney Injury. Kidney Int (2019) 96:1105–
20. doi: 10.1016/j.kint.2019.04.035

48. Pang Y, Zhang PC, Lu RR, Li HL, Li JC, Fu HX, et al. Andrade-Oliveira
Salvianolic Acid B Modulates Caspase-1-Mediated Pyroptosis in Renal
Ischemia-Reperfusion Injury via Nrf2 Pathway. Front Pharmacol (2020)
11:541426. doi: 10.3389/fphar.2020.541426

49. Wang S, Wang H, Ding WX. Pyroptosis, a Novel Player for Alcoholic
Hepatitis? Hepatology (2018) 67:1660–2. doi: 10.1002/hep.29725

50. Cheng KT, Xiong S, Ye Z, Hong Z, Di A, Tsang KM, et al. Caspase-11-
Mediated Endothelial Pyroptosis Underlies Endotoxemia-Induced Lung
Injury. J Clin Invest (2017) 127:4124–35. doi: 10.1172/jci94495

51. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, et al. Loss of the
Autophagy Protein Atg16L1 Enhances Endotoxin-Induced IL-1beta
Production. Nature (2008) 456:264–8. doi: 10.1038/nature07383

52. Sun L, Wu Z, Hayashi Y, Peters C, Tsuda M, Inoue K, et al. Microglial
Cathepsin B Contributes to the Initiation of Peripheral Inflammation-Induced
Chronic Pain. J Neurosci (2012) 32:11330–42. doi: 10.1523/jneurosci.0677-
12.2012
March 2022 | Volume 13 | Article 858494

https://doi.org/10.1007/978-981-13-8871-2_28
https://doi.org/10.1007/978-981-13-8871-2_28
https://doi.org/10.3389/fphar.2021.724141
https://doi.org/10.3389/fphar.2021.724141
https://doi.org/10.1111/imr.12534
https://doi.org/10.1111/imr.12534
https://doi.org/10.1016/j.celrep.2017.12.018
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/ni.2231
https://doi.org/10.1038/ni.2231
https://doi.org/10.1016/j.tcb.2014.12.009
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.1080/23723556.2019.1621501
https://doi.org/10.1080/23723556.2019.1621501
https://doi.org/10.1074/jbc.M113.494286
https://doi.org/10.1074/jbc.M113.494286
https://doi.org/10.1038/cddis.2017.299
https://doi.org/10.1080/15548627.2017.1293766
https://doi.org/10.1080/15548627.2017.1293766
https://doi.org/10.1038/nm.3902
https://doi.org/10.1101/gad.212282.112
https://doi.org/10.1038/nri3452
https://doi.org/10.3389/fimmu.2020.591803
https://doi.org/10.3389/fimmu.2020.591803
https://doi.org/10.3389/fphar.2015.00262
https://doi.org/10.3389/fphar.2015.00262
https://doi.org/10.4049/jimmunol.1601196
https://doi.org/10.1021/acs.jafc.7b03248
https://doi.org/10.1172/jci138103
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1016/j.neuron.2006.07.027
https://doi.org/10.1016/j.jss.2009.04.036
https://doi.org/10.1101/cshperspect.a026120
https://doi.org/10.1016/j.cell.2006.05.034
https://doi.org/10.3390/cells9081808
https://doi.org/10.3390/cells9081808
https://doi.org/10.1038/cmi.2015.95
https://doi.org/10.1007/s10620-016-4049-x
https://doi.org/10.1111/imr.12608
https://doi.org/10.1038/srep39884
https://doi.org/10.3389/fimmu.2019.00070
https://doi.org/10.1016/j.biopha.2016.07.025
https://doi.org/10.3892/mmr.2017.8315
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1111/j.1600-065X.2011.01044.x
https://doi.org/10.1016/j.kint.2019.04.035
https://doi.org/10.3389/fphar.2020.541426
https://doi.org/10.1002/hep.29725
https://doi.org/10.1172/jci94495
https://doi.org/10.1038/nature07383
https://doi.org/10.1523/jneurosci.0677-12.2012
https://doi.org/10.1523/jneurosci.0677-12.2012
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hu et al. Autophagy Inhibition Prevents Hyperuricemic Nephropathy
53. ManSM,KannegantiTD.RegulationofLysosomalDynamicsandAutophagybyCTSB/
Cathepsin B.Autophagy (2016) 12:2504–5. doi: 10.1080/15548627.2016.1239679

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
Frontiers in Immunology | www.frontiersin.org 16
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hu, Shi, Chen, Tao, Zhou, Li, Ma, Wang and Liu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
March 2022 | Volume 13 | Article 858494

https://doi.org/10.1080/15548627.2016.1239679
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Blockade of Autophagy Prevents the Progression of Hyperuricemic Nephropathy Through Inhibiting NLRP3 Inflammasome-Mediated Pyroptosis
	Introduction
	Materials and Methods
	Antibodies and Reagents
	HN Rat Model
	Cell Culture and Treatments
	siRNA Transfection
	Immunoblot Analysis
	Immunohistochemical Staining
	Immunofluorescence Staining
	Transmission Electron Microscope
	Statistical Analysis

	Results
	Exposure of HK-2 Cells to Uric Acid Results in the Activation of Autophagy and the Upregulation of α-SMA, Collagen I and Collagen III
	Uric Acid Induces Autophagy Mediated by p53 Signaling Pathway
	Inhibition of Autophagy Prevents the Activation of NLRP3 Inflammasome Both in HN Rats and in HK-2 Cells
	Administration of 3-MA Inhibits the Process of Pyroptosis in a Rat Model of HN
	Inhibition of Autophagy Prevents the Process of Pyroptosis in HK-2 Cells Exposed to Uric Acid
	Inhibition of Autophagy With 3-MA Prevents the Release of IL-1β and IL-18 Both in HN Rats and in HK-2 Cells
	Uric Acid-Induced NLRP3 Inflammasome Activation and Pyroptosis Are Regulated by CTSB

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


