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ABSTRACT
Objective  To explore the characteristics and 
mechanism of sirtuin 1 (SIRT1) in lipopolysaccharide 
(LPS)-activated pyroptosis in the renal tissue of 
children with congenital hydronephrosis (CHn).
Methods  We detected the expression characteristics 
and clinical significance of SIRT1 and pyroptosis 
pathway proteins in CHn renal tissues by 
immunohistochemistry. The degree of renal fibrosis 
was detected by Masson staining. The human renal 
tubular epithelial cell line (HK-2) was cultured in vitro 
and treated with LPS (1 µg/mL), the SIRT1-specific 
agonist SRT1720 (2.5 µmol/L) and small interfering 
RNA (siRNA)-SIRT1 for 48 hours. After 48 hours, Cell 
Counting Kit-8 was used to detect the changes in cell 
proliferation ability, and ELISA was used to detect 
the changes in the expression of interleukin (IL)-1β 
and IL-18 in the cell supernatant. Real-time PCR 
(quantitative RT-PCR) and western blot analysis were 
used to detect the expression of SIRT1, caspase-1, 
caspase-4, NOD-like receptor thermal protein domain 
associated protein 3(NLRP3), and cleaved gasdermin 
D (GSDMD) in each group.
Results  Serum inflammatory cytokines were 
significantly elevated in 13 children with CHn with 
urinary tract infection, mainly caused by Gram-
negative bacteria. Severe renal fibrosis occurred in 
children with CHn. Compared with the control group, 
the expression of SIRT1 in CHn kidney tissues was 
decreased, and the expression of caspase-4 and 
GSDMD was increased. LPS inhibited the expression 
of SIRT1 in HK-2 cells, promoted the expression 
of caspase-1, caspase-4, NLRP3, cleaved GSDMD, 
promoted the expression of IL-1β and IL-18 in the 
supernatant, and promoted pyroptosis in HK-2 cells. 
SRT1720 can inhibit LPS-activated pyroptosis by 
promoting SIRT1 expression, while siRNA-SIRT1 can 
further aggravate LPS-activated pyroptosis after 
inhibiting SIRT1 expression.
Conclusions  LPS can promote the inflammatory 
response in children with CHn by activating non-
canonical pyroptosis and inhibiting SIRT1 expression. 
Promoting SIRT1 expression can inhibit pyroptosis of 
renal tubular epithelial cells, reduce the release of 
IL-18 and IL-1β, and alleviate the progression of renal 
fibrosis in children with CHn.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The search for molecular markers or targets for the 
diagnosis and treatment of congenital hydronephro-
sis (CHn) is a hot topic for researchers.

	⇒ It has been confirmed that the canonical pyroptosis 
pathway can promote the progression of renal inter-
stitial fibrosis in renal disease.

	⇒ At present, the role and mechanism of the non-
canonical pyroptosis pathway in CHn is unclear.

	⇒ This study aims to explore the role of lipopolysac-
charide (LPS)-activated non-canonical pyroptosis 
pathway in CHn and to find targets for improving 
renal interstitial fibrosis in CHn.

WHAT THIS STUDY ADDS
	⇒ In this study, it was found that LPS can activate 
the non-canonical pyroptosis pathway mediated 
by caspase-4 in CHn, which may be an important 
mechanism of LPS promoting the progression of re-
nal interstitial fibrosis in CHn.

	⇒ Sirtuin 1 (SIRT1) can inhibit pyroptosis in CHn and 
reduce the release of inflammatory cytokines inter-
leukin (IL)-1β and IL-18, which may be a target for 
relieving renal interstitial fibrosis of CHn.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The results of this study suggest that SIRT1 can 
regulate the progression of renal interstitial fibrosis 
in CHn by inhibiting the non-canonical pyroptosis 
pathway.

	⇒ Promoting SIRT1 expression and inhibiting caspase-
4-mediated non-canonical pyroptosis pathway can 
alleviate the progression of renal interstitial fibrosis 
in CHn.

	⇒ On the basis of this study, this conclusion can be fur-
ther confirmed by animal experiments and clinical 
studies in the future.

	⇒ The results could help researchers search for new 
molecular markers to treat CHn.
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INTRODUCTION
Congenital hydronephrosis (CHn) is a common disease 
in pediatric urology, and its most common cause is uret-
eropelvic junction obstruction (UPJO). The disease 
may lead to high pelvic pressure, thus putting pressure 
on the renal parenchyma and causing damage to renal 
function. Children suffering from hydronephrosis are 
prone to urinary infection that triggers more damage, 
which can lead to severe renal fibrosis and renal dysplasia 
unless they are treated promptly and effectively. The 
inflammatory response activated by cell wall components 
of Gram-negative bacterial lipopolysaccharide (LPS) is 
an important mechanism promoting the progression 
of renal interstitial fibrosis in children with CHn.1 The 
mechanism may be that inflammation promotes the infil-
tration of macrophages and secretes fibrosis-promoting 
factors such as transforming growth factor (TGF)-β1, 
basic fibroblast generating factor, and interleukin (IL)-1 
to aggravate renal interstitial fibrosis.2 More inflamma-
tory factors induce excessive apoptosis of renal tubular 
epithelial cells (RTECs) and weaken the ability of tissue 
repair. Inflammation also promotes epithelial intersti-
tial transformation (EMT) of RTECs into fibroblasts, 
producing more collagenous fibers and leading to the 
progression of renal interstitial fibrosis.3 For this reason, 
it is important to find some effective measures to reduce 
the inflammatory reaction in the renal tissue of children 
with CHn. These measures can slow the progression of 
renal fibrosis, save renal function to a certain extent and 
have positive significance for clinical comprehensive 
treatment of children with CHn.

Pyroptosis is a newly discovered pattern of 
programmed cell death that has been a research hotspot 
in recent years for infectious diseases and autoimmune 
diseases. Pyroptosis may cause rapid rupture of the 
cytoplasmic membrane and release of cell contents, 
including some pro-inflammatory factors, such as IL-1β 
and IL-18, which produce strong inflammatory reactions 
in surrounding cells and tissues.4 There are two main 
pathways of pyroptosis: the NLRP3/caspase-1-mediated 
canonical pathway and the caspase-4/5/11-mediated 
non-canonical pathway.5 Gasdermin D (GSDMD), a 
member of the gasdermin family, is the co-substrate 
of caspase-1/4/5/11 and is the executive protein of 
pyroptosis.6 A study found that in acute kidney injury7 
and diabetic kidney disease (DKD) models, pyroptosis 
was activated to increase inflammatory reactions and 
tissue damage, and the inhibition of pyroptosis allevi-
ated inflammatory damage.8 9 Inflammatory reactions 
and cell injury due to pyroptosis were closely related to 
the progression of DKD, exacerbation of renal fibrosis, 
glomerular sclerosis and renal tubular damage.10 
GSDMD inhibitors can inhibit the pyroptosis of human 
renal tubular epithelial cells (HK-2) activated by LPS, 
reduce the release of inflammatory cytokines, and thus 
reduce the expression of profibrotic cytokines.11 Based 
on this, we hypothesized that the mechanism by which 
LPS promotes the progression of renal interstitial 

fibrosis in CHn may be that LPS promotes inflamma-
tion by activating HK-2 to induce pyroptosis and then 
promotes renal interstitial fibrosis.

In studies of renal diseases, sirtuin 1 (SIRT1) can inhibit 
the expression of various inflammatory signaling path-
ways to regulate renal interstitial fibrosis.12 It has been 
found that overexpression of SIRT1 can inhibit inflam-
matory reactions by inhibiting the NLRP3/caspase-1-
mediated canonical pyroptosis pathway and protect 
cells and tissues.13 14 LPS can promote inflammation by 
inhibiting the expression of SIRT1 in cells, and agonists 
of SIRT1 can reduce the cell damage and inflammatory 
response induced by LPS. SIRT1 is the target of LPS.15 
However, the role of SIRT1 in LPS-activated pyroptosis, 
especially in non-classical pyroptosis, and the mechanism 
of this pathway in CHn renal interstitial fibrosis remain 
unclear. Therefore, this study intends to explore the 
role of SIRT1 in LPS-activated pyroptosis through clin-
ical specimen experiments and in vitro cell experiments, 
hoping to help find targets or drugs for the treatment of 
renal interstitial fibrosis in children with CHn.

MATERIALS AND METHODS
Subjects and specimen collection
Thirteen children with CHn who underwent nephrec-
tomy from January 2013 to December 2021 at our urology 
surgery were selected as subjects in the study. Inclusion 
criteria are as follows: (1) UPJO is the cause of CHn and 
its postoperative pathology diagnosis; (2) indications for 
nephrectomy are clear. On the premise of good contralat-
eral kidney function, the indications of nephrectomy in 
severe hydronephrosis kidney should meet either of the 
following conditions: (1) diuretic renal nuclide imaging 
indicates that the kidney has no function or function is 
<5%–10%, and renal function is still <5%–10% in re-ex-
amination 4~12 weeks after nephrostomy; (2) the diuretic 
renal nuclide imaging has no function or <5%~10% 
function, and the renal parenchyma is thin, pale and 
tough after releasing urine during the operation; (3) 
diuretic renal radionuclide imaging suggested renal non-
function and pyonephrosis.16 Exclusion criteria contain 
renal failures caused by congenital renal dysplasia, poly-
cystic kidney and other causes. Kidney tissue specimens 
from 13 children with CHn were defined as the observa-
tion group, and paracancerous tissue specimens from 5 
children with nephroblastoma were used as the control 
group (>2 cm away from the tumor edge).

The medical history and clinical data of 13 children 
with CHn were collected, including high-sensitivity C 
reactive protein (hs-CRP) (reference range 0–8 mg/mL), 
Procalcitonin (0.0–0.460 ng/mL), IL-6 (1.7–16.6 pg/
mL), tumor necrosis factor (TNF) (0.1–5.2 pg/mL) and 
interferon (IFN)-γ (1.6–17.3 pg/mL), urine specimen 
bacterial culture, test results and other clinical data (the 
results of bacterial identification in our hospital only 
showed dominant colony growth).
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Experimental methods
Cells and major reagents
Human renal tubular epithelial cell line (HK-2) was 
employed as the cell strain (obtained from the cell bank of 
American Type Culture Collection). Primary antibodies 
were: mouse antihuman SIRT1 antibody (Abcam, USA, 
ab110304); rabbit antihuman caspase-1 antibody (22915-
1-AP, Proteintech, USA); rabbit antihuman NLRP3 anti-
body (19771-1-AP, Proteintech, USA); rabbit antihuman 
caspase-4 polyclonal antibody (ab25898, USA); rabbit 
antihuman cleaved GSDMD (Asp275) (E7H9G) rabbit 
mAb (#36425, Cell Signaling Technology, USA); Cell 
Counting Kit-8 (CCK8) Cell Proliferation Kit (DOJINDO, 
Japan); human IL-1β and IL-18 ELISA Kit (Elabscience, 
Wuhan, China); LPS (L6143, Sigma, USA) and SRT1720 
(catalog no. A4180, APExBIO, USA). Goat antirabbit 
secondary antibody, small interfering RNA (siRNA)-
SIRT1 gene sequence and quantitative RT (qRT)-PCR-
related reagents were obtained from Zhongyan Biolog-
ical (Beijing, China).

Immunohistochemical staining
All specimens were fixed with 10% neutral buffer—
formalin for storage and then conventionally dehydrated, 
paraffin-embedded tissue was made into tissue blocks. 
The collected paraffin tissue blocks were continuously 
sliced, approximately 4 µm thick, and 6 pieces of each 
specimen were cut for immunohistochemical (IHC) and 
Masson staining. All operations involving IHC staining 
were performed by Leica Bond 3 (Germany), an auto-
matic IHC staining machine. The working concentra-
tions of primary antibodies against SIRT1 and caspase-1 
were 1:150, NLRP3 was 1:100, caspase-4 was 2 µg/mL, 
and cleaved GSDMD was 1:500.

Immunohistochemical staining results
Three non-overlapping fields of view were randomly 
selected at 200× magnification using CaseViewer. The area 
of view was the renal parenchyma, with each visual field 
covering glomeruli and tubules. Positive SIRT1 expression 
was detected in the nucleus, and the caspase-1, NLRP3, 
and caspase-4 proteins were mostly detected in the cyto-
plasm and nucleus, which is characterized by clear yellow 
and brown granules. The positive expression of cleaved 
GSDMD protein was mainly found in the cell membrane 
that presented clear brown or brown granules. Image-Pro 
plus 6.0 was adopted to analyze the images and calculate 
the mean optical density (MOD) for each, MOD=integral 
optical density/total area (kidney tissue).

CCK8 proliferation assay of HK-2 cells
The cells were digested and resuspended in complete 
medium, counted and then inoculated into 96-well plate, 
with 35 000 cells per well. After 18 hours, LPS was added 
to the plate, and culture media containing different 
final concentrations of LPS (0.0, 0.5, 1.0, 5.0, 10.0 µg/
mL) were prepared with basic medium. After LPS treat-
ment for 48 hours, the culture media were removed and 

replaced with complete medium containing 10% CCK8 
per well, as a blank group, with CCK8 and medium alone 
and without cells, then another 1 hour of culture was 
carried out. One hour later, the light absorption value 
at 450 nm was measured on a microplate reader. Calcu-
lation formula: cell viability (%)=(optical density (OD) 
of experimental group−OD of the blank control group)/
(OD of negative control group−OD of the blank control 
group)×100. Based on the experimental results, the 
final concentration of LPS was 1.0 µg/mL for building 
the model in the follow-up experiment, and equally, the 
impacts of SRT1720 and siRNA-SIRT1 on the prolifera-
tion of HK-2 cells were detected.

ELISA detection of IL-1β and IL-18 in the supernatant of HK-2 
cells
The cells were digested and resuspended in complete 
medium, counted and then inoculated into 6-well plate, 
at 330 000 cells per well. After 18 hours, different groups 
were set up, and drugs were given to intervene in the 
cells. LPS was diluted with Dulbecco’s Modified Eagle 
Medium-based medium. The dosage of culture medium 
for each group was changed to 1.5 mL. Forty-eight hours 
after administration, the supernatant was collected and 
centrifuged for 20 min at a centrifugal force of 1000 g to 
remove impurities and cell debris, and the supernatant 
was collected for ELISA. The concentrations of IL-1β and 
IL-18 in the supernatant were measured by following the 
instructions of the ELISA kit.

siRNA-SIRT1 experiment and SRT1720 concentration screening of 
HK-2 cells
Three siRNA-SIRT1 gene sequences were constructed 
and detected (online supplemental table 1). A blank 
control group and a siRNA-negative control group were 
established. HK-2 cells were inoculated into 6-well cell 
culture plate and transfected when the cell density was 
approximately 70%. The cells were transfected as per the 
operation process of siRNA. Forty-eight hours later, the 
total RNA from the cells of each group was extracted for 
qRT-PCR detection. The gene sequence with the highest 
inhibition rate was screened for subsequent exper-
iments. The final concentration of SRT1720 was set to 
0.0 µmol/L, 1.25 µmol/L, 2.5 µmol/L, and 5.0 µmol/L. 
HK-2 cells were inoculated into 6-well plate, and SRT1720 
was added when the cell density reached approximately 
70%. After 48 hours, the total RNA of each group was 
extracted for qRT-PCR detection. A suitable final concen-
tration was screened for subsequent experiments.

Real-time PCR (qRT-PCR) test of HK-2 cells
Total RNA was extracted from each group according 
to the kit for qRT-PCR detection. Real-time PCR (qRT-
PCR) was performed using SYBR (Promega) according 
to the instrument manual (HT7500 System; Applied 
Biosystems, Foster, USA). Relative expression was calcu-
lated using the 2−△△Ct method. GAPDH was amplified as a 
control for RNA integrity. The sequences of the primers 
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and reaction systems are listed in online supplemental 
table 2.

Western blot analysis of HK-2 cells
HK-2 cells were inoculated into a 6-well plate at 330 000 
cells per well. After 18 hours, group-based interven-
tions were performed: blank control group, LPS group, 
LPS+SRT1720 group, LPS+dimethylsulfoxide group, 
LPS+siRNA-SIRT1 group, and LPS+siRNA Negative 
control (NC) group. Following 48 hours of incubation, 
the cell proteins of each group were collected for western 
blot analysis. Under the instructions of the Protein 
Extraction Kit (strong), protein was extracted from each 
group of cells. The protein concentration was adjusted 
by water and sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and boiled at 100℃ 
for 10 min. According to SDS-PAGE specifications, a 
12% separating gel and 5% stacking gel were prepared 
based on the molecular weight of the target protein. 
The protein sample was loaded at 50 µg, transferred to 
a polyvinylidene difluoride membrane, blocked with 5% 
skimmed milk powder for 1 hour, diluted with 1% bovine 
serum albumin/5% milk (the working concentration 
of SIRT1 was 1:3000, and those of caspase-1, caspase-4, 
NLRP3 and cleaved GSDMD were 1:1000), and incu-
bated overnight at 4℃. Dilute two antibodies with 5% 
skimmed milk powder, sheep antirabbit-HRP or sheep 
antimice anti-HRP (choose the corresponding two anti-
bodies according to the source of one antibody) 1∶5000 
dilution at room temperature for 50 min. The membrane 
was washed before adding Enhanced chemiluminescence 
and exposing plate, and the gray value of the strip was 
measured by ImageJ.

Statistical method
The data analysis was conducted using SPSS V.23.0 and 
GraphPad Prism V.7.0 software. Following the normal 
distribution test, the qualified quantitative data were 
expressed as the mean±standard deviation (SD) and 
compared with the χ2 test and unpaired t-test. Unquali-
fied data were expressed as M(Q1, Q3), and the Mann-
Whitney U test was employed. P values of <0.05 indicated 
statistically significant differences.

RESULTS
Summarized clinical data of 13 children with severe 
hydronephrosis
The 13 children with CHn included 8 males and 5 
females, of whom the youngest was 4 months and 6 days 
and the oldest was approximately 14 years 6 months. In 
13 children with CHn, urinary tract infections occurred 
once or more in the past course of disease before 
nephrectomy. The hs-CRP in the serum of children with 
urinary tract infection was 98.21±19.27 mg/mL, and the 
values of PCT, IL-6, TNF, and IFN-γ were 4.713±1.488 ng/
mL, 422.7±160.0 pg/mL, 1.908±0.1966 pg/mL, and 
37.22±15.05 pg/mL, respectively. The results of urine 

culture and colony count in the 13 children demon-
strated that there were 6 Escherichia coli infections, 2 
Pseudomonas aeruginosa infections, 2 Klebsiella pneumoniae 
infections and 10 Gram-negative bacterial infections. 
These clinical findings suggest that children with CHn 
are more likely to develop urinary tract infections caused 
by Gram-negative bacteria, along with overexpression of 
pro-inflammatory cytokines.

Pathological features of renal tissue in children with severe 
hydronephrosis
Masson staining of renal tissue showed renal cortical 
atrophy, evident proliferation of fibrous tissue in the 
renal parenchyma, tubular and glomerular compression, 
structural destruction, and glomerulosclerosis in chil-
dren with CHn (figure 1). The area of interstitial fibrosis 
in the CHn group was 38.53% (30.92%, 46.06%), which 
was markedly higher than that in the control group 
(9.83%, 6.11%, 11.07%).

Expression of SIRT1 and pyroptosis pathway proteins in renal 
tissues of children with CHn
SIRT1 is widely expressed in normal kidney tissues, 
mainly in the nucleus. Compared with the control 
group, the expression level of SIRT1 in CHn 
kidney tissues was decreased (figure  2A). Acti-
vated caspase-1/4/5/11 can cleave GSDMD to form 
GSDMD-N and GSDMD-C terminals. The GSDMD-N-
terminus is the main functional domain that can target 
the cell membrane, bind to the phospholipoprotein 
on the cell membrane, polymerize and form pores 
in the cytoplasmic membrane; thus, the membrane 
is destroyed, inducing pyroptosis.6 IHC results 
showed that cleaved GSDMD protein was almost non-
expressed in kidney tissue of the control group but was 
overexpressed in the CHn group. The active cleaved 
GSDMD protein was expressed merely in the epithelial 
cell membrane of renal tubules but not in glomerular 
and interstitial tissues (figure 2B). This supports that 
patients with CHn had GSDMD-executed pyroptosis in 
tubular epithelial cells, and pyroptosis played a part 
in hydronephrosis progression. Caspase-4 protein was 
expressed in renal tubular cells and showed overex-
pression in patients with CHn (figure 2C). Caspase-1 
p20 protein (figure  2D) and activity NLRP3 protein 
(figure 2E) were widely expressed in renal tissue, but 
there was no significant difference between the two 
groups.

In summarizing the clinical results, the kidney tissue 
with CHn underwent severe renal interstitial fibrosis. 
We analyzed the causes of renal interstitial fibrosis in 
these children, presumably because LPS in the cell wall 
of Gram-negative bacilli activated caspase-4/GSDMD 
non-typical pyroptosis in the renal tubular epithe-
lium, leading to pyroptosis in the tubular epithelium 
and thus promoting renal interstitial inflammation, 
which exacerbated fibrosis. It is also possible that LPS 
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inhibited the expression of SIRT1 in renal tubular 
epithelial cells and reduced the protective effect of 
SIRT1.

LPS can inhibit the proliferation of HK-2 cells and promote the 
messenger RNA expression of pyroprotein in human tubular 
epithelial cells
IHC showed that pyroptosis mostly occurred in renal 
tubular epithelial cells; thus, HK-2 cells were cultured 
in vitro to build the model. The cells were treated with 
different concentrations of LPS (0.0, 0.5, 1.0, 5.0, 10.0 
µg/mL) for 48 hours before cell proliferation was 
detected by a CCK8 kit. As shown in figure 3A, a high 
concentration of LPS inhibited the proliferation of 
HK-2 cells, and the inhibition became more effective 
as the concentration increased (figure 3A).

qRT-PCR indicated that the final concentrations (1.0 
µg/mL and 10.0 µg/mL) of LPS inhibited the mRNA 
expression of SIRT1 (figure  3B) and promoted the 
mRNA expression of caspase-1 (figure  3C), caspase-4 
(figure 3D), NLRP3 (figure 3E), and GSDMD (figure 3F) 
in HK-2 cells. Based on previous literature, we finally 
chose 1.0 µg/mL LPS for cell intervention in the 
follow-up experiments. The results demonstrated that 
LPS can activate HK-2 cells and cause pyroptosis, which is 
likely to be associated with the inhibition of SIRT1, which 
is identical to the results of clinical trials.

Effect of SIRT1 on the expression of pyroptosis pathway 
proteins in HK-2 cells
Three siRNA-SIRT1 sequences were constructed and 
transfected into HK-2 cells for 48 hours. Afterwards, the 
expression of SIRT1 mRNA in HK-2 cells was measured 
by qRT-PCR. The best inhibitory sequence was selected 
for subsequent experiments (figure  4A). SRT1720, a 
specific agonist, was administered to HK-2 cells for 48 
hours at different final concentrations of 0.0, 1.25, 2.5 
and 5.0 µmol/L. Then, the mRNA expression of SIRT1 
and pyroptosis-associated protein in HK-2 cells was meas-
ured by qRT-PCR. It was found that different concentra-
tions of SRT1720 could promote the mRNA expression 
of SIRT1 in HK-2 cells, and higher concentrations could 
enhance the promoting effect (figure  4B). SRT1720 
inhibited the mRNA expression of caspase-1 (figure 4C), 
caspase-4 (figure 4D), NLRP3 (figure 4E), and GSDMD 
(figure  4F) in HK-2 cells, showing a dose-dependent 
inhibitory effect, which proves that overexpression of 
SIRT1 can significantly inhibit the mRNA expression of 
pyroptosis-associated proteins in HK-2 cells.

Effects of SIRT1 on the proliferative ability of HK-2 cells and 
the expression of IL-1β and IL-18 in the cell supernatant
ELISA results showed that LPS could promote the 
expression of IL-1β and IL-18 in the cell supernatant. 
siRNA promoted the expression of IL-1β and IL-18 in 

Figure 1  The Masson staining of renal tissue in both groups. (A and B) Severe interstitial fibrosis, reduced number of renal 
tubules and atrophy, reduced number of glomeruli, and glomerular fibrosis were observed in the kidney tissue on the affected 
side of congenital hydronephrosis (CHn). (C) In the control group, there was no obvious fibrosis in renal tissue, and the 
morphology of renal tubules and glomeruli was normal. (D) The comparison of renal interstitial fibrosis area between the two 
groups. (***p<0.001, compared with control group, 5 cases in the control group and 13 cases in the CHn group).
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the cell supernatant by inhibiting SIRT1 expression, and 
SRT1720 inhibited the expression of IL-1β (figure  5A) 
and IL-18 (figure  5B) by promoting SIRT1 expression. 
SRT1720 protected the proliferative ability of HK-2 cells 
by promoting SIRT1 expression (figure 5C).

Effects of SIRT1 on non-canonical pyroptosis pathway in HK-2 
cells
LPS (1.0 µg/mL) inhibited the expression of SIRT1 
in HK-2 cells, and LPS promoted the expression of 
caspase-4 and cleaved GSDMD in HK-2 cells. In the LPS 
(1.0 µg/mL) environment, we promoted and inhibited 
the expression of SIRT1 in HK-2 cells. The results showed 
that SRT1720 promoted SIRT1 expression in HK-2 cells 
and inhibited caspase-4 and cleaved GSDMD expression. 

siRNA inhibition of SIRT1 expression further increased 
the effect of LPS (figure 6).

Effects of SIRT1 on the canonical pyroptosis pathway in HK-2 
cells
qRT-PCR and western blot analysis showed that LPS could 
promote the mRNA and protein expression of caspase-1 
and NLRP-3 in HK-2 cells. SRT1720 inhibited the mRNA 
and protein expression of caspase-1 and NLRP3 in the 
cells. Inhibition of SIRT1 expression further enhanced 
the promoting effect of LPS (figure 7).

Through in vitro cytology experiments, it was 
concluded that overexpression of SIRT1 is favorable to 
the proliferation of HK-2 cells, reduces the incidence 
of pyroptosis and the release of the inflammatory 

Figure 2  Expression of sirtuin 1 (SIRT1) and pyroptosis pathway proteins in renal tissues of both groups. (A) The expression of 
SIRT1 protein in renal tissues of the two groups was decreased in congenital hydronephrosis (CHn). (B) The cleaved gasdermin 
D (GSDMD) protein was overexpressed in CHn group and merely expressed on the cell membrane of renal tubular epithelial 
cells. (C) The expression of caspase-4 protein in renal tissues of the two groups was increased in CHn. (D) The caspase-1 p20 
protein was widely expressed in kidney tissue, showing no statistical difference between both groups. (E) The activity NLRP3 
protein was widely expressed in renal tissue, showing no statistical difference between both groups (**p<0.01, ***p<0.001, 
****p<0.0001 compared with control group, 5 cases in the control group and 13 cases in the CHn group).
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factors IL-1β and IL-18, and then alleviates the inflam-
matory reaction to protect the kidney. LPS can activate 
pyroptosis in HK-2 cells and increase the degree of 
inflammatory injury, while SIRT1 may be the target of 
LPS, and its overexpression can reverse LPS-activated 
pyroptosis. In combination with the results of clinical 
experiments, the following conclusion can be drawn: 
overexpression of SIRT1 can reduce the release of the 
inflammatory factors IL-1β and IL-18 by inhibiting the 
non-typical LPS-activated pyroptosis pathway, protect 
renal tubular epithelial cells from death, and thus 
slow the progression of renal fibrosis.

DISCUSSION
Recently, much has been learned about the patho-
physiology of obstructive nephropathy and many novel 
biomarkers have been investigated for diagnostic and 
prognostic purposes. Some biomarkers offer promising 
results, such as TGF-β1, epidermal growth factor, kidney 
injury molecule 1.17 LPS can promote the progression 
of renal interstitial fibrosis in unilateral ureteral occlu-
sion (UUO) by activating the TGF-β1 signaling pathway. 

In this retrospective study, 13 patients with CHn had 
urinary tract infections before surgery. The major path-
ogenic bacteria that cause urinary tract infections are 
Gram-negative bacteria. It has been demonstrated 
that LPS in the cell wall of Gram-negative bacteria can 
promote inflammatory injury and renal interstitial 
fibrosis in the renal tissues of rats with obstructive hydro-
nephrosis (UUO).1 The serum levels of hs-CRP, PCT, 
IL-6, and IFN-γ in these children with CHn were elevated 
to varying degrees during urinary tract infection. IL-6 
and IFN-γ have been shown to promote renal fibrosis.18 
Masson staining showed that the patients with CHn had 
advanced to severe renal interstitial fibrosis at the end 
stage. Conclusion These clinical trial data confirm that 
LPS is an important factor promoting the progression of 
renal interstitial fibrosis in CHn.

Relieving inflammatory reactions and tissue damage is 
an important method to address renal fibrosis. Studies 
have shown that increasing the expression of SIRT1 
inhibits inflammatory reactions and reduces fibrosis in 
a variety of kidney diseases.19 LPS can promote inflam-
mation by inhibiting SIRT1 expression in kidney tissue.20 

Figure 3  Effects of different concentrations of lipopolysaccharide (LPS) on the messenger RNA (mRNA) expression of HK-2 
cell viability and pyroptosis-related markers. (A) The effect of different concentrations of LPS on the proliferation of HK-2 cells, 
higher concentration of LPS made the inhibition of cell activity more effective. (B) LPS inhibited the mRNA expression of sirtuin 
1 (SIRT1) in HK-2 cells. (C) LPS promoted the mRNA expression of caspase-1 in HK-2 cells. (D) LPS promoted the mRNA 
expression of caspase-4 in HK-0 cells. (E) LPS promoted the mRNA expression of NLRP3 in HK-2 cells. (F) LPS promoted 
mRNA expression of gasdermin D (GSDMD) in HK-2 cells (*p<0.05, **p<0.01, ***p<0.001, compared with the 0.0 μg/mL LPS 
group, n=3).
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Specific agonists of SIRT1 can antagonize LPS, reduce the 
release of inflammatory factors, alleviate tissue damage, 
and slow fibrosis progression.21 In this study, IHC results 
showed that the expression of SIRT1 protein decreased 
in CHN-affected kidney tissue, and in vitro cell experi-
ments showed that LPS inhibited SIRT1 expression in 
HK-2 cells, and the SIRT1-specific agonist SRT1720 
could antagonize the inhibitory effect of LPS. There-
fore, we speculate that the mechanism of LPS promoting 
the progression of renal interstitial fibrosis in CHn may 
be that LPS inhibits SIRT1 expression in renal tubular 
epithelial cells, leading to a decline in the ability of SIRT1 
to inhibit inflammation and thus promoting the progres-
sion of renal interstitial fibrosis.

The active GSDMD-N-terminus can bind to the lipid 
components on the cell membrane to form 10–15 nm 
pores through which mature IL-1β and IL-18 can pass.7 
It was reported that necrosulfonamide (NSA), an inhib-
itor of GSDMD-N, inhibited LPS-activated pyroptosis and 
reduced the inflammatory reaction.22 The results of this 
study showed that the expression of GSDMd-N-terminal 

protein was increased in CHN-affected kidney tissues and 
was mainly expressed in tubular epithelial cells, while 
there was almost no positive expression in control kidney 
tissues. At the same time, the expression of caspase-4 
protein in patients with CHn was increased. The cell 
assay results showed that LPS promoted the expression 
of caspase-4 in HK-2 cells, cleaved caspase-1, NLRP3, 
and cleaved GSDMD, promoted the release of IL-1β 
and IL-18 in HK-2 cells, and induced cytokinesia. These 
results suggest that LPS-activated caspase-4/GSDMD 
non-canonical pyroptosis may be involved in promoting 
the progression of renal interstitial fibrosis in CHn. The 
mechanism may be that LPS directly recognizes and binds 
caspase-4 in renal tubular epithelial cells. After binding, 
caspase-4 becomes oligomeric and activated and then 
cleaves GSDMD to form the GSDMd-N end, inducing 
cell scorching, releasing IL-1β and IL-18 to trigger an 
inflammatory cascade, and then promoting the progres-
sion of renal interstitial fibrosis.23 Studies have confirmed 
that pyroptosis can promote the progression of fibrosis 
in heart and liver tissues. The mechanism may be that 

Figure 4  Effects of sirtuin 1 (SIRT1) on the messenger RNA (mRNA) expression of pyroptosis-associated protein in HK-2 
cells. (A) The small interfering RNA (siRNA)-SIRT1 sequence with the optimum inhibitory effect was screened to find the most 
noticeable inhibitory effect of the first siRNA sequence. (B) SRT1720 could evidently promote the expression of SIRT1 mRNA 
in HK-2 cells, higher concentration made contributions to greater promoting effect. (C) SRT1720 inhibited the expression 
of mRNA of caspase-1 in HK-2 cells, the inhibitory effect became enhanced as the concentration increased. (D) SRT1720 
inhibited the expression of mRNA of caspase-4 in HK-2 cells, the inhibitory effect became enhanced as the concentration 
increased. (E) SRT1720 inhibited the expression of mRNA of NLRP3 in HK-2 cells, the inhibitory effect became enhanced 
as the concentration increased. (F) SRT1720 inhibited the expression of mRNA of gasdermin D (GSDMD) in HK-2 cells, the 
inhibitory effect became enhanced as the concentration increased (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs NC group, 
n=3). DMSO, dimethylsulfoxide.
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pyroptosis promotes inflammation and activates the 
profibrosis signaling pathway.24 25 Therefore, LPS is an 
important mechanism that promotes pyroptosis in renal 
interstitial fibrosis in CHn by promoting pyroptosis.

Recent studies show that the agonist melatonin of 
SIRT1 can inhibit the expression of the LPS-promoted 
NLRP3 inflammasome and reduce the release of 
IL-1β.26 Overexpression of SIRT1 inhibits pyroptosis of 
liver cells and reduces inflammatory reactions and cell 
injury in ischemic stress mice.27 SIRT1 agonists can 
inhibit the activation of the NLRP3 inflammasome in 
cardiomyocytes.28 Gardeniasin can activate the expres-
sion of SIRT1 to reduce the incidence of NLRP3/
cleaved caspase-1 and GSDMD-N-mediated pyro-
ptosis and alleviate inflammatory reactions and injury 
in renal tissue.29 SIRT1 can reduce the incidence of 
pyroptosis in human tubular epithelial cells with the 
help of deacetylation.30 The results are consistent 
with our findings that overexpression of SIRT1 inhib-
ited pyroptosis of HK-2 cells and reduced the release 
of the inflammatory factors IL-18 and IL-1β. At the 
same time, we found that promoting SIRT1 expression 

could inhibit the NLRP3/caspase-1 classical cell pyro-
death pathway and inhibit the caspase-4 non-classical 
cell pyrodeath pathway, which is our new discovery. 
Therefore, we speculate that promoting SIRT1 expres-
sion in CHN-affected renal tissues can reduce inflam-
mation by inhibiting pyroptosis, which may be an 
important mechanism by which SIRT1 alleviates renal 
interstitial fibrosis in children with CHn. In addition, 
excessive death of renal tubule epithelial cells caused 
by cell pyrosis is also one of the factors promoting 
the progression of renal interstitial fibrosis. SRT1720 
can protect the proliferation ability of renal tubular 
epithelial cells by promoting SIRT1 expression, and 
maintaining cell proliferation ability is also a possible 
mechanism by which SIRT1 improves renal fibrosis.

It was found that nuclear factor kappa B (NF-κB) 
p65 could promote the expression of typical pyro-
ptosis activated by NLRP3/cleaved caspase-1.31 More 
reactive oxygen species (ROS) in vivo could promote 
the expression of caspase-1 in cells, induce pyroptosis, 
and help release inflammatory factors.32 Previous 
studies have demonstrated that deacetylation of SIRT1 

Figure 5  Effects of sirtuin 1 (SIRT1) on proliferative ability of HK-2 cells and he expression of interleukin (IL)-1β and IL-18 
in cell supernatant. (A) Effects of lipopolysaccharide (LPS) and SRT1720 on IL-1β release in HK-2 cells: LPS promoted IL-1β 
release, SRT1720 inhibited IL-1β release, and small interfering RNA (siRNA) promoted IL-1β release. (B) Effects of LPS and 
SRT1720 on IL18 release in HK-2 cells: LPS promoted IL-18 release, SRT1720 inhibited IL-18 release, and siRNA promoted 
IL-18 release. (C) Effects of SIRT1 on HK-2 cell proliferation: SRT1720 promoted cell proliferation, and siRNA inhibited 
SIRT1 expression significantly inhibited the proliferation (**p<0.01, ****p<0.0001 vs NC group, n=3. #p<0.05, LPS group was 
compared with NC group, n=3).
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can inhibit the expression and activity of NF-κB p65 
and ROS, inhibit the release of inflammatory factors, 
and relieve inflammatory injury in kidney tissues.33 
Combined with the results of this study, we hypothe-
sized that SIRT1 is an important target in the pyro-
death process of LPS-activated cells and that promoting 
SIRT1 expression can inhibit the pyrodeath of LPS-
activated cells by inhibiting NF-κB p65 and ROS.

The LPS-activated caspase-4 non-classical pyroptosis 
pathway may play an important role in clinical experi-
ments, which was also confirmed by cytological results. 
The results of clinical experiments showed no signifi-
cant difference in NLRP3/caspase-1 classic pyroptosis 
pathway expression, and cytological experiments 
showed that LPS could also promote the expression 
of NLRP3 and caspase-1. The possible reason for this 
phenomenon was that after LPS activated caspase-4 
non-classical pyroptosis pathway, activated caspase-4 
could activate the NLRP3 inflammasome, thus 
promoting caspase-1 activation, accelerating IL-18 
and IL-1β maturation, and inducing pyroptosis.34 This 
may also be due to the small number of experimental 
specimens leading to statistical bias. Alternatively, 
the paracancerous tissue of Wilms tumors cannot 

completely replace normal kidney tissue because the 
current research results suggest that activating pyro-
genesis can inhibit the proliferation and migration of 
malignant tumor cells, and pyrogenesis has the poten-
tial to treat malignant tumors.35

In conclusion, LPS can inhibit SIRT1 expression 
and promote the occurrence of caspase-4/GSDMD 
non-classical cell scorching in renal tubular epithe-
lial cells when urinary tract infection caused by 
Gram-negative bacteria occurs in children with 
CHn, thus promoting the progression of renal inter-
stitial fibrosis. SIRT1 is an important target of LPS-
activated pyrodeath cells. SRT1720 can promote 
SIRT1 to inhibit LPS-activated pyrodeath cells, 
reduce the release of IL-18 and IL-1β, and alleviate 
the progression of renal interstitial fibrosis. This 
conclusion is innovative to some extent, which is a 
new explanation of the progression mechanism of 
renal interstitial fibrosis in children with CHn and 
provides a new idea for the comprehensive treat-
ment of children with CHn. The SIRT1-specific 
agonist SRT1720 has the potential to improve renal 
fibrosis and salvage renal function in children with 
CHn.

Figure 6  Sirtuin 1 (SIRT1) inhibits the development of non-canonical pyroptosis pathway in HK-2 cells. (A) Effects of 
SRT1720 and small interfering RNA (siRNA)-SIRT1 on the mRNA expression of SIRT1 in HK-2 cells in the environment with 
lipopolysaccharide (LPS). (B) Effects of SRT1720 and siRNA-SIRT1 on mRNA expression of caspase-4 in HK-2 cells. (C) Effects 
of SRT1720 and siRNA-SIRT1 on mRNA expression of gasdermin D (GSDMD) in HK-2 cells. (D, E, F, G) Effects of SRT1720 and 
siRNA-SIRT1 on protein expression of SIRT1, cleaved GSDMD, and caspase-4 in HK-2 cells (#p<0.05, LPS group vs NC group; 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs NC group, n=3).
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In addition, this study also found that SIRT1 inhib-
ited the NLRP3/caspase-1-mediated classical pyro-
death pathway and inhibited non-classical pyrodeath 
pathway mediated by caspase-4. This is also an inno-
vative finding of this study. Although the results of 
this study are encouraging, there are still many defi-
ciencies in the experimental design, such as the small 
number of clinical specimens and the lack of rele-
vant animal experiments. In the future, prospective 
studies are needed to evaluate the clinical useful-
ness of urinary biomarkers in the diagnosis and 
follow-up of children with obstructive nephropathy. 
We detected the expression levels of IL-1β and IL-18 
in amniotic fluid and the urine of newborn hydrone-
phros. We will further confirm pyroptosis as a poten-
tial therapeutic target in animal models of CHn.
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HK-2 cells. (E) Effects of SRT1720 and siRNA-SIRT1 on mRNA expression of NLRP3 in HK-2 cells (#p<0.05, LPS group vs NC 
group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs NC group, n=3). DMSO, dimethylsulfoxide.
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Table 1 The three gene sequences of  siRNA-SIRT1 

 Gene name Sense (5'-3') Antisense (5'-3') 

1-siRNA-SIRT1 
CGGUGAUGAAAUUAUCACUAA

TT 

UUAGUGAUAAUUUCAUCACCG

TT 

2-siRNA-SIRT1 
CAUGAAGUGCCUCAGAUAUUA

TT 

UAAUAUCUGAGGCACUUCAUG

TT 

3-siRNA-SIRT1 
GCGGCUUGAUGGUAAUCAGUA

TT 

UACUGAUUACCAUCAAGCCGC

TT 

 

Table 2 Gene sequences of each target primer 

Primer name  Sense (5’-3’) Size (bp) 

h-Caspase-1 
F TAAGAAAGCCCACATAGAGAAGGAT 

105 
R AGTCTTCCAATAAAAACAGAGCCC  

h-Caspase-4 
F CAATAAAGGAGAGAAACAACCGC 

219 
R AGGACTTGTGCTCTGGTCTGGTAG 

h-NLRP3 
F AGCACTAATCAGAATCTCACGCACC 

180 
R GCTGGAGGTCAGAAGTGTGGAAAG 

h-GSDMD 
F GGACCCTAACACCTGGCAGACTC 

146 
R GCGTGACTTCCACCTCCTTCTG 

h-GAPDH 
F GAAGGTGAAGGTCGGAGTC 

227 
R GAAGATGGTGATGGGATTTC 

h-SIRT1 
F GGCAAAGGAGCAGATTAGTAGGC 

180 
R GGTTCTTCTAAACTTGGACTCTGGC 
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