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Protective effect of H,S on LPS-induced
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Abstract. The present study explored the protective effect
of exogenous hydrogen sulfide (H,S) on lipopolysaccharide
(LPS)-induced acute kidney injury (AKI) and the underlying
mechanisms. To establish an AKI injury mouse model, LPS
(10 mg/kg) was intraperitoneally injected into mice pretreated
with 0.8 mg/kg sodium hydrosulfide hydrate (NaHS), an H,S
donor. The mouse survival rate and the degree of kidney
injury were examined. To construct a cell damage model,
HK-2 cells were pretreated with different concentrations (0.1,
0.3 and 0.5 mM) of NaHS, and then the cells were stimulated
with LPS (1 ug/ml). The cell viability, autophagy, apoptosis
levels and the release of inflammatory factors were examined
in mouse kidney tissue and HK-2 renal tubular epithelial
cells. It was found that pretreatment with NaHS significantly
improved the survival rate of septic AKI mice, and reduced
the renal damage, release of inflammatory factors and apop-
tosis. In HK-2 cells, NaHS protected cells from LPS caused
damage via promoting autophagy and inhibiting apoptosis
and the release of inflammatory factors. In order to clarify
the relationship between autophagy and apoptosis and inflam-
matory factors, this study used 3-methyladenine (3-MA)
to inhibit autophagy. The results revealed that 3-MA elimi-
nated the protective effect of NaHS in HK-2 cells and AKI
mice. Overall, NaHS can protect from LPS-induced AKI by
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promoting autophagy and inhibiting apoptosis and the release
of inflammatory factors.

Introduction

Sepsis is one of the serious complications of critically ill
patients with trauma, shock, infection and major surgery. It is
a primary cause of septic shock and multiple organ dysfunc-
tion syndrome (MODS) (1,2). The mortality rate of sepsis
remains high, and sepsis with acute kidney injury (AKI) is
an independent risk factor for the poor prognosis of critically
ill patients (3-5). Currently, AKI has become a major problem
in critical care medicine. Although early diagnosis and renal
replacement therapy continues to improve, the mortality rate
of patients with AKI caused by sepsis remains high, posing a
huge threat to human health and social economy (6). Therefore,
finding new methods for the treatment of septic AKI will help
to establish novel treatment strategies and reduce the high
incidence and fatality rate of septic AKI.

Hydrogen sulfide (H,S) is the third gas signal molecule
discovered after nitric oxide (NO) and carbon monoxide (CO),
and has a wide range of biological functions in the body.
H,S shows important pathophysiological significance for the
occurrence and development of various diseases, and has great
potential in therapeutic application (7). An increased number
of studies have shown that low concentrations of H,S may have
a protective effect against AKI caused by factors such as sepsis.
For example, sodium hydrosulfide hydrate (NaHS) treatment
on rats can reduce cisplatin-induced nephrotoxicity (8). NaHS
can reduce renal ischemia-reperfusion injury through anti-
oxidation, anti-inflammatory and anti-apoptotic effects (9-11).
H,S can play a protective role in diabetic nephropathy through
a variety of mechanisms (12-14). NaHS can also prevent the
renal function damage caused by ureteral obstruction (15-17),
and H,S reduces LPS-induced AKI damage through
anti-inflammatory and antioxidant effects (18). Albeit these
findings, the mechanism of the protective effect of H,S on
AKT has not been fully elucidated.

Autophagy is ubiquitous in most eukaryotic cells. It
is a self-protection phenomenon that involves the forma-
tion of autophagosomes, which are double-layer membrane
structures that wrap the damaged organelles, denatured
proteins and various macromolecular substances; the
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autophagosomes are transported to lysosomes to form
autophagolysosomes that degrades the contents, thereby
maintaining cell survival, renewal, material reuse and internal
environment stability (19,20). A number of studies have shown
that autophagy has a protective effect on AKI models (21-25).
Therefore, proper induction of autophagy might be able to
improve the prognosis of AKI caused by sepsis. Studies
have shown that H,S can promote autophagy levels (26,27),
however, the relationship between autophagy and apoptosis or
inflammatory factors in LPS-induced AKI has not yet been
reported. In order to make up for this shortcoming, the present
study was performed.

In this study, the LPS-induced mouse AKI model and
HK-2 renal tubular epithelial cell injury model were used to
explore the effects of exogenous H,S on LPS-induced AKI.
Immunofluorescence, western blotting and other methods were
used to examine the effect of H,S on LPS-induced kidney cell
injury. Autophagy inhibitor was used to investigate whether
the protective effect of H,S was through regulating autophagy.

Materials and methods

Animals. A total of 140 male C57BL/6 mice (8 weeks old) were
purchased from Hunan SJA Laboratory Animal Co., Ltd., with
an average weight of 20-25 g. Mice were fed in a clean and quiet
environment at a temperature of 25°C and humidity of 40-60%
and allowed free access to food and water. Mice were kept
at 12/12 h light and dark cycles. To observe the effect of NaHS
on the survival rate of LPS-induced AKI mice, 60 mice were
randomly divided into three groups (n=20): i) Control group;
ii) LPS group; and iii) LPS + NaHS (0.8 mg/kg) group. The mice
in the LPS intervention groups were intraperitoneally injected
with LPS (10 mg/kg; Sigma-Aldrich; Merck KGaA), and the
control group was injected with the same amount of saline.
The NaHS intervention group was intraperitoneally injected
with NaHS (Sigma-Aldrich; Merck KGaA) 30 min before LPS
injection, and the survival was observed every 12 h until the
72-h point. To investigate the effect of NaHS on LPS-induced
kidney damage, 40 mice were randomly divided into four
groups (n=10): i) Control group; ii) NaHS group; iii) LPS
group; and iv) LPS + NaHS group. Mice in the LPS + NaHS
group were injected with NaHS (0.8 mg/kg) 30 min before
LPS injection. Then, 12 h later, blood was collected from the
mice, and the mice were sacrificed to collect kidney tissue.
To investigate the effect of 3-MA on the protective effect
of NaHS, 40 mice were randomly divided into four groups
(n=10): 1) Control group; ii) LPS group; iii) LPS + NaHS
group; and iv) LPS + NaHS + 3-MA group. Previous studies
have shown that 3-MA (30 mg/kg) injected intraperitoneally
for 30 min before NaHS or other drugs can effectively inhibit
the level of autophagy (28,29). Therefore, in the LPS + NaHS +
3-MA group, 3-MA (30 mg/kg) was injected intraperitoneally
at first; 30 min later, NaHS (0.8 mg/kg) was injected, followed
by LPS injection at 30 min later. Then, 12 h later, mice were
anesthetized through isoflurane (2%) inhalation and blood
was collected, and then mice were euthanized by cervical
dislocation to collect kidney tissues. All animal experiments
were approved by the Institutional Animal Ethics Committee
of Central South University (approval no. 2021101119;
Changsha, China). Both our preliminary experiments and

literature reports showed that 3-MA alone did not increase
damage, therefore our experiment did not set up a 3-MA group
alone (30).

Renal function test. After blood collection, the blood was
allowed to stand at room temperature for 2 h, centrifuged
at 1,000 x g for 15 min at 4°C, and the serum was collected.
An automatic biochemical analyzer (Hitachi, Ltd.) was used
to detect renal function indicators, such as blood urea nitrogen
(BUN) and creatinine levels.

Hematoxylin and eosin (H&E) staining. Fresh mouse kidney
tissue was fixed in 4% paraformaldehyde solution for 24 h
at room temperature, embedded in paraffin and sectioned
at 4-um thickness. H&E staining was performed to observe
the tissue damage condition. The sample was incubated
with hematoxylin for ~3-5 min at room temperature. After
washing, the sample was incubated with eosin for ~2 min at
room temperature. Kidney morphology was observed under an
optical microscope. Blind method (investigator-blinded) was
used to score the degree of injury: i) O points, normal; ii) 1
point, renal tubular injury area <25%j; iii) 2 points, 25~50%;
iv) 3 points, 50~75%; and v) 4 points, 75~100%.

Transmission electron microscopy. After collection, the fresh
kidney tissue was completely fixed in the 2.5% glutaralde-
hyde solution at 4°C for 2-4 h. Then, the tissues were sent
to Wuhan Servicebio Technology Co., Ltd., to prepare the
specimens. Briefly, kidney tissue was post-fixed in 1% osmium
tetroxide, dehydrated in a graded series of ethanol (50-100%)
and acetone, embedded in Epon and sectioned at 60-80 nm,
and then images were collected under a transmission electron
microscope.

Terminal deoxynucleotidyl-transferase-mediated dUTP nick
end labeling (TUNEL) assay. The fresh kidney tissue was fixed
in 4% paraformaldehyde solution for 24 h at room tempera-
ture, embedded in paraffin and sectioned at 4-ym thickness.
TUNEL apoptosis detection kit (cat. no. 1684817910;
Sigma-Aldrich; Merck KGaA) was used to detect the level of
apoptosis in paraffin-embedded sections of kidney tissue. The
specific procedures followed the manufacturer's instructions.
The sections were then incubated with DAB (cat. no. DM827,
Dako; Agilent Technologies, Inc.). When the cell nucleus was
brown under the light microscope, the section was washed
to stop the staining. Then, Harris hematoxylin was used
to counterstain the nucleus for 3 min at room temperature.
Images were observed under light microscopy (magnification,
x200). Positive cells were counted at x200 magnification.
The percentage of apoptosis was calculated as the number of
apoptotic cells/total number of cells x100% in 5-10 randomly
selected fields.

Enzyme-linked immunosorbent assay (ELISA). ELISA kit was
used to detect the levels of interleukin (IL)-6 (cat. no. EK0411),
tumor necrosis factor-o (TNF-a; cat. no. EK0527), IL-1f
(cat. no. EK0394; Wuhan Boster Biological Technology, Ltd.)
and IL-18 (cat. no. CSB-E04609m; Cusabio Technology LLC)
in mouse kidney tissue. The specific procedures followed the
kit instructions.
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Cell culture. The HK-2 cell line was purchased from American
Type Culture Collection and maintained in DMEM/F12
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) at 37°C and 5% CO,. The medium was renewed every
2-3 days. The HK-2 cells were plated in a 6-well plate
at 1x10° cells/well and divided into four groups: i) Control;
ii) NaHS; iii) LPS; and iv) LPS + NaHS group. The cells in the
LPS + NaHS group were pre-incubated with 0.1 mM NaHS
for 30 min and then stimulated with 1,000 ng/ml LPS for 12 h
at 37°C and 5% CO,. Following which, the cells were collected
for further analysis. For the 3-MA experiment, the HK-2 cells
were plated in a 6-well plate at 1x10° cells/well and divided
into four groups: i) Control; ii) LPS; iii) LPS + NaHS; and
iv) LPS + NaHS + 3-MA group. The cells in the LPS + NaHS +
3-MA group were incubated with 5 mM 3-MA for 30 min,
and then 0.1 mM NaHS was added and incubated for another
30 min, followed by stimulation with 1,000 ng/ml LPS for 12 h
at 37°C and 5% CO,. The cells and supernatant were collected
for further analysis.

Western blotting. RIPA lysis buffer (plus phenylmethane-
sulfonyl fluoride) (cat. no. WB-0072; Beijing Dingguo
Changsheng Biotechnology Co., Ltd.) was used to extract
protein from mouse kidney tissue and cells, and the protein
concentration was determined by the BCA (cat. no. BCAOI,;
Beijing Dingguo Changsheng Biotechnology Co., Ltd.)
method. Protein samples (40 ul/lane) were added with 1/4
volume of 5X SDS loading buffer and boiled at 95°C for 10 min
to denature the protein. After electrophoresis by 12% gel and
transfer to 0.2 yum PVDF membrane (cat. no. ISEQ00010;
MilliporeSigma), the membrane was blocked by 2% BSA
(cat. no. FAO16; Genview) at room temperature for 1-2 h and
incubated with primary antibodies at 4°C overnight. The
primary antibodies were anti-LC-3B (1:1,000; cat. no. L7543;
Sigma-Aldrich; Merck KGaA), anti-p62 (1:1,000;
cat. no. P0067; Sigma-Aldrich; Merck KGaA) and anti-f3-actin
(1:2,000; cat. no. A1978; Sigma-Aldrich; Merck KGaA).
After incubation with the HRP-conjugated goat anti-rabbit
IgG (H+L) (1:5,000; cat. no. ASO14; ABclonal Biotech Co.,
Ltd.) secondary antibody at room temperature for 1 h, the
membrane was developed with enhanced chemiluminescence
(ECL) (cat. no. GE2301; Genview). ImageJ version 1.48
(National Institutes of Health) software was used to analyze
protein bands and calculate relative protein expression.

Immunofluorescence. The slices were emersed in xylene |
for 15 min, xylene II for 15 min, anhydrous ethanol I for
5 min, anhydrous ethanol II for 5 min, 85% alcohol for
5 min and 75% alcohol for 5 min, and then washed with
distilled water. Then, the slices were placed in a repair
box filled with EDTA antigen retrieval buffer (pH 8.0) in a
microwave oven for antigen retrieval. The fire was stopped
for 8 min at medium heat for 8 min and switched to low
fire for 7 min. After natural cooling, the slides were placed
in PBS (pH 7.4) and washed three times, and then the
paraffin-embedded sections (paraffin-embedded process
and section thickness were the same as aforementioned)
were blocked with 1% BSA (cat. no. A8020; Beijing Solarbio
Science & Technology Co., Ltd.) for 30 min at 37°C, and

incubated with a primary antibody against LC-3B (1:100;
cat. no. L7543; Sigma-Aldrich; Merck KGaA) overnight
at 4°C. After washing with PBS, the sections were incubated
with a goat anti-rabbit secondary antibody conjugated with
fluoresceine isothiocyanate (1:50; cat. no. ASO11; ABclonal
Biotech Co., Ltd.) at room temperature in the dark for
1 h. DNA was counterstained with DAPI (cat. no. C0065;
Beijing Solarbio Science & Technology Co., Ltd.) for
10 min at room temperature. Images were acquired from a
fluorescence microscope. For immunofluorescence staining
on cells, cells were plated on a cover glass in a 6-well
plate at 1x10° cells/well; and then following the treatments
outlined above, the cells were washed three times with
PBS, fixed with 4% paraformaldehyde for 10 min at room
temperature, and washed three times with PBS. The cells
were blocked with 1% BSA (cat. no. A8020; Beijing Solarbio
Science & Technology Co., Ltd.) for 30 min at 37°C, and the
subsequent steps were the same as aforementioned for the
paraffin-embedded sections.

Cell viability analysis. Cells were plated in a 96-well plate
at 1x10* cells/well and given the treatments outlined above.
Next, the supernatant was discarded, and Cell Counting
Kit-8 (CCK-8) reagent was added to detect cell viability. The
specific procedures followed the instructions of the CCK-8 kit
(cat. no. CK04; Dojindo Laboratories, Inc.).

Detection of lactic dehydrogenase (LDH) level in cell culture
medium. The supernatant of each well in the 96-well plate was
collected to detect the LDH levels. The specific procedures
followed the instructions of the LDH Cytotoxicity Detection
Kit (Nanjing Jiancheng Bioengineering Institute).

Detection of apoptosis via flow cytometry. The cells were
trypsinized, washed and tested for apoptosis via flow cytom-
etry (BD FACSCanto™ II flow cytometer; BD Biosciences).
The detailed procedures followed the instructions of the
Annexin V-FITC/PI Apoptosis Detection Kit (BD Pharmingen;
BD Biosciences). Data acquisition was performed using FlowJo
version 7.6.1 analysis software (FlowJo, LLC). The apoptotic
rate (%) was calculated as the sum of Annexin V-FITC*/PI
(early apoptosis, Q3) and Annexin-V-FITC*/PI* (late apoptosis,
Q2) cells.

Statistical analysis. The data were analyzed using GraphPad
Prism 5 software (GraphPad Software, Inc.). All experiments
were repeated at least three times. Kaplan-Meier plots were
used to illustrate survival of mice between different groups,
and statistical assessment was performed by the log-rank test.
Bonferroni correction was used for statistical comparison
between multiple groups for the analysis of survival curves
(P<0.0167 was considered statistically significant). The
median + interquartile range were used to illustrate tubular
injury score of mice between different groups, and statistical
assessment was performed by Kruskal-Wallis followed by
Dunn's post hoc test. One-way analysis of variance (One-Way
ANOVA) was used for comparison between multiple groups,
followed by the Tukey's post hoc test for pairwise comparisons.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 1. Hydrogen sulfide improves the survival rate of mice with LPS-induced acute kidney injury and reduces renal damage. (A) Survival curve of each
group (n=20). "P<0.0167 vs. control group; “P>0.0167 vs. LPS group. (B) The serum BUN level in each group. (C) The serum creatine level of each group.
(D) The morphological changes of kidney tissue in each group under light microscope (hematoxylin and eosin staining). Scale bar, 20 ym. (E) Renal histo-
logical damage score of each group. Data are presented as the mean = SD (n=10). "P<0.01 vs. control group; “P<0.01 vs. LPS group. LPS, lipopolysaccharide;

BUN, blood urea nitrogen; NaHS, sodium hydrosulfide hydrate.

Results

Effect of NaHS on the survival rate of AKI mice induced by
LPS. The effect of NaHS pretreatment on the survival rate of
mice injected with LPS was examined. The results showed that
0.8 mg/kg NaHS could increase the survival rate of LPS-induced
mice (Fig. 1A), however, the statistical difference between the
NaHS + LPS group and LPS group was not significant. This may

be related to the small sample size, and thus the sample size will
be increased for further verification in subsequent experiments.

Pretreatment with NaHS reduces renal function damage and
histopathological damage in mice with LPS-induced AKI. To
clarify the effect of NaHS on renal function damage, BUN and
creatinine levels were measured in mice injected with LPS.
The results showed that LPS increased the BUN and creatinine
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Figure 2. Hydrogen sulfide reduces the release of inflammatory factors and apoptosis in mice with LPS-induced acute kidney injury. (A) IL-6, (B) TNF-a,
(C) IL-1p and (D) IL-18 levels in serum. (E) IL-1p and (F) IL-18 levels in kidney tissues. (G) TUNEL staining shows the level of apoptosis in kidney tissue.
Scale bar, 20 ym. (H) Statistics of apoptosis index in kidney tissue of each group. Data are presented as the mean + SD (n=10). LPS, lipopolysaccharide;
IL, interleukin; TNF-a, tumor necrosis factor-a; NaHS, sodium hydrosulfide hydrate.

levels, which were significantly prevented by NaHS pretreat-
ment (Fig. 1B and C). H&E staining was also performed to
examine the changes in kidney morphology, and the results
showed that LPS treatment caused kidney pathological
changes, such as edema and granular degeneration of tubular
epithelial cells, and NaHS pretreatment significantly reduced
the tubular injury score induced by LPS (Fig. 1D and E).

Pretreatment with NaHS reduces inflammation in mice with
LPS-induced AKI. To clarify the effect of NaHS on the release
of inflammatory factors in LPS-induced mice, the expression
levels of classic inflammatory factors, such as IL-6, TNF-a,
IL-1p and IL-18, were measured in mouse serum after 12 h
of LPS stimulation. The results showed that the serum levels
of IL-6, TNF-a, IL-18 and IL-18 significantly increased after
LPS treatment, while NaHS pretreatment could effectively
reduce the elevation of these inflammatory factors (Fig. 2A-D).
Further examination of IL-1f and IL-18 levels in kidney
tissues showed that NaHS pretreatment significantly reduced
the expression of IL-1p and IL-18 in kidney tissues from the

mice (Fig. 2E and F). The aforementioned results indicated
that NaHS pretreatment alleviated the inflammatory response
induced by LPS in both the serum and the kidney tissues.

Pretreatment with NaHS reduces the rate of apoptosis in
kidney tissues of LPS-induced AKI mice. TUNEL staining
was used to detect the effect of LPS on kidney cell apoptosis in
AKI mice. Cell apoptosis can occur in both pathological and
physiological conditions. As shown in Fig. 2G and H, very few
apoptotic cells were detected in the normal control group or
NaHS group. However, 12 h after LPS injection, the number of
apoptotic cells with positive TUNEL staining in kidney tissues
were significantly increased, and NaHS pretreatment signifi-
cantly prevented the increase of apoptotic cells. These results
indicated that NaHS pretreatment alleviated LPS-induced
apoptosis in mouse kidney cells.

Pretreatment with NaHS reduces the LPS induced damage
on HK-2 cells. To further clarify the mechanism of NaHS in
LPS-induced AKI, assays at the cellular level were performed.
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The HK-2 renal tubular epithelial cells were stimulated with
LPS for 12 h, and the intervention groups were pretreated with
different concentrations of NaHS (0.1, 0.3 and 0.5 mM). To
determine the degree of cell damage, CCK-8 and LDH assays
were used to detect cell viability and LDH levels in the cell
culture supernatant. The results showed that LPS treatment
decreased cell viability and increased the release of LDH in the
supernatant, while 0.1 mM NaHS pretreatment could signifi-
cantly reverse these effects. The effects of 0.3 and 0.5 mM
NaHS pretreatment were not obvious (Fig. 3A and B).
Therefore, 0.1 mM NaHS was chosen for pretreatment in all
subsequent cell experiments.

Pretreatment with NaHS reduces the LPS-induced release of
inflammatory factors and apoptosis in HK-2 cells. To clarify
the effect of NaHS pretreatment on the LPS-induced release
of inflammatory factors in HK-2 cells, ELISA was used to
detect the release of IL-1f3 and IL-18 in the cell supernatant.
The results showed that LPS treatment increased the release
of IL-1f and IL-18 in HK-2 cells, and NaHS pretreatment
significantly reduced these effects (Fig. 3C and D). Next, the
present study sought to investigate the effect of NaHS pretreat-
ment on the apoptosis of HK-2 cells induced by LPS using flow
cytometry. The results showed that LPS treatment increased
the fraction of apoptotic HK-2 cells, and NaHS pretreatment
significantly reduced LPS-induced apoptosis (Fig. 3E and F).
The aforementioned results suggested that the protective effect
of NaHS on LPS-induced AKI was partially mediated by its
anti-inflammatory and anti-apoptotic effects, but the under-
lying mechanisms are still unclear.

Pretreatment with NaHS enhances the autophagy level in
HK-2 cells stimulated by LPS. To clarify the anti-inflammatory
and anti-apoptotic mechanism of NaHS, the effect of NaHS
on autophagy was examined. First, western blotting was
performed to detect the expression of autophagy-related
proteins microtubule associated protein 1 light chain 3 (LC3B)
and sequestosome 1 (p62) in HK-2 cells. It was found that
the expression of LC3B and p62 protein did not change when
NaHS was administered alone. However, after LPS stimulation,
the ratio of LC3B-II/LC3B-I increased and the expression of
p62 protein decreased. NaHS pretreatment further increased
the ratio of LC3B-II/LC3B-I and decreased the expression of
p62 protein (Fig. 3G-I), suggesting that NaHS could promote
autophagy. Immunofluorescence and electron microscopy were
then used to further verify the effect of NaHS on autophagy.
Immunofluorescence results showed that the punctate autopha-
gosomes in the renal tubules increased significantly after LPS
stimulation, and NaHS pretreatment further increased the
number of autophagosomes (Fig. 3J and K). Electron microscopy
results showed that the number of autophagic vesicles increased
notably in HK-2 cells after LPS stimulation, and NaHS pretreat-
ment further augmented this change (Fig. 3L). Altogether, these
results indicated that NaHS pretreatment could enhance the
autophagy level in the HK-2 cells stimulated with LPS.

Inhibition of autophagy by 3-MA reverses the protective effect
of NaHS on LPS-induced HK-2 cell apoptosis and the release
of inflammatory factors. Since NaHS pretreatment can further
enhance the autophagy induced by LPS, the anti-inflammatory

and anti-apoptotic effects of NaHS may be related to autophagy.
To test this hypothesis, the autophagy inhibitor 3-MA was used
to block autophagy and it was examined whether the protective
effect of NaHS on HK-2 cells could be reversed. First, western
blotting was used to detect the inhibitory effect of 3-MA on
autophagy, and the results showed that 3-MA significantly
reduced the ratio of LC3B-II/LC3B-I in the LPS + NaHS +
3-MA group, and the expression of p62 protein was increased
(Fig. 4A-C). Secondly, the immunofluorescence results showed
that the number of punctate fluorescent autophagosomes
induced in the LPS + NaHS group was significantly reduced in
the LPS + NaHS + 3-MA group (Fig. 4D and E). These results
demonstrated that 3-MA effectively inhibited the level of
autophagy. Next, the effects of 3-MA on HK-2 cell apoptosis
and the release of inflammatory factors were examined. The
apoptosis rate of HK-2 cells and the levels of released IL-1f and
IL-18 were significantly increased in the LPS + NaHS + 3-MA
group compared with the LPS + NaHS group (Fig. 4F-I), indi-
cating that the autophagy block by 3-MA partially reversed the
protective effect of NaHS on LPS-induced apoptosis and the
release of inflammatory factors in HK-2 cell.

Inhibition of autophagy by 3-MA reverses the protective effect
of NaHS on LPS-induced AKI in mice. To further verify the
aforementioned protective effect of NaHS in animals, 3-MA
was intraperitoneally injected into mice to inhibit autophagy
and it was examined whether the protective effect of NaHS
still existed in mice. As shown in Fig. 5, western blotting and
immunofluorescence results on mouse kidney tissue showed
that the ratio of LC3B-II/LC3B-I was significantly reduced in
the LPS + NaHS + 3-MA group, and the expression of p62
protein was increased compared with the LPS + NaHS group
(Fig. 5A-C). Furthermore, the immunofluorescence results
showed that the number of punctate fluorescent autophago-
somes induced in the LPS + NaHS group was notably reduced
in the LPS + NaHS + 3-MA group (Fig. 5D). Thus, these
results suggested that 3-MA effectively blocked the autophagy
induced by NaHS. Based on these findings, the renal function,
kidney morphological changes, release of inflammatory factors
and level of apoptosis were examined in mice. Compared with
the LPS + NaHS group, the BUN and creatinine levels in
the LPS + NaHS + 3-MA group were significantly increased
(Fig. S5E and F). H&E staining showed that the tissue struc-
ture damage, such as edema of tubular epithelial cells, in the
LPS + NaHS + 3-MA group was aggravated (Fig. 5G and H).
Consistently, ELISA results showed that the release of IL-1
and IL-18 in serum and kidney tissues was significantly higher
in the LPS + NaHS + 3-MA group than that in the LPS + NaHS
group (Fig. 5I-L). TUNEL staining also showed that the apop-
tosis rate of renal tubular cells in the LPS + NaHS + 3-MA
group was significantly higher than that in the LPS + NaHS
group (Fig. 5M and N).

Discussion

The pathogenesis of AKI is very complicated, it involves
hemodynamic changes, apoptosis, inflammation, coagulation
activation and oxidative stress (5). Renal tubular epithelial cells
are the main target cell type of AKI. In the environment with
ischemia and/or toxins, renal tubular epithelial cells undergo
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necrosis, apoptosis and shedding, which is an important
cause of AKI (31). In addition, the inflammatory response of
kidney is also an important factor involved in the occurrence
and development of AKI (31). It is known that LPS and other
pathogen-related molecular patterns (PAMP) can directly
interact with toll-like receptor (TLR)-2 and TLR-4 on renal
tubular epithelial cells (TEC), and induce the release of IL-6,
TNF-a and other cytokines (32-34). This pro-inflammatory
effect on TEC eventually leads to infiltration of white blood
cells, which promotes tissue damage (5). In the present study,
LPS was used to construct septic a AKI mouse model and
cell injury model. The kidney tissue and cells showed obvious

damage, and the apoptosis rate and the release of inflammatory
factors were significantly increased.

As a gas signal molecule, H,S plays an important role in
the human body. 1/3 of H,S exists as gas molecules in the
body and 2/3 is in the form of NaHS, which not only ensures
the stability of H,S in the body, but also does not change
the pH level of the internal environment (35). Thus, the
current study chose NaHS as the H,S donor. Studies shows
that different concentrations of H,S have different effects,
such as low concentrations have protection (12,36), and high
concentrations have damaging effects (37,38). Therefore, our
study choose a low concentration dose. In the future, we will
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verify the optimal dosage of H,S in follow-up experiments.
The protective mechanisms of H,S include anti-inflammatory
and antioxidant effects, and regulation of cell proliferation
and apoptosis (12-18,39). The present results also showed
that NaHS can reduce LPS-induced kidney damage through
anti-inflammatory and anti-apoptotic effects. The anti-inflam-
matory and anti-apoptotic mechanism of NaHS is still unclear.
In previous years, studies have shown that H,S also has a
regulatory effect on autophagy. For example, H,S can promote
liver autophagy, reduce serum triglyceride levels and improve
non-alcoholic fatty liver disease (40). Yang et al (26) found
that H,S can prevent diabetic cardiomyopathy by activating
autophagy. The present study also found that pretreatment
with NaHS further promoted the level of autophagy in HK-2
cells stimulated by LPS, suggesting that the protective effect
of NaHS may be through regulating autophagy.

So far, a large number of studies have shown that
autophagy has a regulatory effect on apoptosis and the release
of inflammatory factors. For example, in cisplatin-induced
renal tubular cell injury, both autophagy and caspases are
activated, and the activation of autophagy is earlier than the
activation of caspases (41-43). In renal tubular epithelial cells
cultured in vitro, inhibition of cisplatin-induced autophagy by
3-MA and knockdown of autophagy gene Atg5 or Beclinl via
siRNA can enhance the activation of caspase-3, 7, 6 (41,43)
and apoptosis (41-43); and overexpression of Atg5 and
Beclin-1 protein can prevent the cisplatin-induced activation
of caspase and apoptosis (44). The specific knockout of Atg5
or Atg7 in mouse proximal tubular cells has been found to
inhibit autophagy and enhance cisplatin-induced apoptosis
and caspase activity (23,44). In addition, Han et al (46) showed
that the autophagy induced by AXL receptor tyrosine kinase
could reduce acute liver injury by inhibiting the activation of
NLRP3 inflammasome. Tong et al (47) found that heat shock
factor 1 could inhibit the release of inflammatory factors by
inducing autophagy, thus exerting a protective effect on septic
mice. Since the activation of autophagy can inhibit apoptosis
and the release of inflammatory factors, the protective effect
of NaHS observed in this study could also be mediated by
regulating autophagy. To test this hypothesis, the autophagy
inhibitor 3-MA was used to block autophagy both in vivo and
in vitro. The results showed that 3-MA pretreatment signifi-
cantly inhibited the protective effect of NaHS, suggesting that
NaHS inhibited renal tubular cell apoptosis and renal intersti-
tial inflammation by promoting autophagy, thereby protecting
from the AKI induced by LPS. The aforementioned results
indicated that the regulation of autophagy by NaHS may be a
key protective mechanism to alleviate AKI. Recently, studies
have reported that H,S can activate autophagy by inhibiting
the MAPK pathway, thereby exerting anti-inflammatory and
anti-apoptotic effects (48,49). H,S can also induce autophagy
by activating AMPK (26,50). In addition, H,S can induce
autophagy by activating the Nrf2/Keapl signaling pathway
and play a protective role (51-53). However, how NaHS regu-
lates autophagy in LPS-induced AKI is not yet fully elucidated
and further investigation is needed.

In summary, this study found that NaHS can prevent AKI
in mice with endotoxemia, and its protective effect is partially
mediated by promoting autophagy to inhibit renal tubular
epithelial cell apoptosis and the release of inflammatory factors.
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