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Abstract. Diabetic nephropathy is one of the most signifi‑
cant complications of diabetes, resulting in increased patient 
mortality. Dapagliflozin is an inhibitor of sodium‑glucose 
cotransporter 2 that has an important protective effect on the 
kidney. Recent studies showed that pyroptosis is involved in 
the advancement of diabetic nephropathy (DN). However, 
the potential molecular mechanisms underlying the asso‑
ciation between pyroptosis and renal podocyte injury in 
DN remain unclear. Thus, the present study investigated the 
anti‑pyroptotic function of dapagliflozin in podocytes and 
further clarified the potential mechanisms. In this study, 
a model of lipid metabolism disturbance was established 
through palmitic acid (PA) induction in a mouse podocyte 
clone 5 (MPC5) cell line. MPC5 PA‑induced pyroptosis was 
measured by ELISA, western blotting, quantitative PCR 
and Hoechst 33342/propidium iodide double‑fluorescence 
staining. The protective role of HO‑1 was measured using 
knockdown and overexpression experiments. It was found that 
dapagliflozin attenuated the expression of pyroptosis‑related 
proteins, including nucleotide oligomerization domain‑like 

receptor thermal protein domain associated protein 3, 
apoptosis‑associated speck‑like protein containing a caspase 
activation and recruitment domain, caspase‑1, IL‑18 and 
IL‑1β in the PA group. Meanwhile, the heme oxygenase 1 
(HO‑1) expression level decreased within PA, an effect that 
was reversed by dapagliflozin. Furthermore, the expression 
of pyroptosis‑related proteins and inflammatory cytokines 
was reduced following HO‑1 overexpression. Therefore, 
these results suggested that dapagliflozin ameliorates MPC5 
pyroptosis by mediating HO‑1, which has a protective effect 
on diabetic nephropathy.

Introduction

The main cause of advanced renal disease is diabetic nephrop‑
athy globally (1). Renal failure caused by nephropathy involving 
end‑stage diabetes is increasingly becoming one of the prin‑
cipal causes of chronic renal failure (2,3). As an important 
component of the glomerular filtration barrier, renal podocytes 
is involved in the progression of diabetic nephropathy (DN). 
Their damage is associated with proteinuria and severe renal 
insufficiency (4,5). DN is a metabolic disease mediated by 
multiple risk factors, such as lipid metabolism disorder, hyper‑
glycemia, advanced glycosylation products and inflammatory 
response (3). At present, inflammatory diseases are considered 
to be immune‑involved, due to the comprehensive action of 
various factors, such as hemodynamics, cytokines and growth 
factors caused by glucose metabolism disorder (6,7).

Dapagliflozin is a relatively novel drug for the treatment 
of diabetes that acts as a sodium‑glucose cotransporter 2 
inhibitor (SGLT2i), which can reduce the glucose absorption 
in renal tubules, targeting the kidneys to delay the occur‑
rence and development of diabetic complications. It can 
also prevent renal function damage and failure in diabetic 
patients (8,9). A study reported that SGLT2 inhibitors 
(empagliflozin, canagliflozin and dapagliflozin) generally 
lowered the risk of death from transplant or dialysis compli‑
cations (8). An observation report showed that the hazard of a 
continuous decrease in glomerular filtration rate was reduced 
by at least 50% among patients with chronic nephrosis (9). As 
compared with the placebo group, the incidence of terminal 
kidney disease and mortality rates was significantly reduced 
in the dapagliflozin group (10). Other studies suggested 
that SGLT2 inhibitors may improve DN by inhibiting 
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inflammatory response, oxidative stress and autophagy (11). 
Therefore, SGLT2 inhibitors play an important role in 
delaying DN (12,13).

Heme oxygenase 1 (HO‑1) is a type of antioxidant enzyme 
that can combat oxidative stress; it is widely distributed in 
tissues and is more expressed in organs such as the liver, spleen, 
kidney and heart (14,15). Its metabolic process consumes 
oxygen (O2), in addition, NADPH is used to provide hydrogen 
proton, which catalyzes heme catabolism to produce Fe2+, 
biliverdin and carbon monoxide (CO). The metabolism of the 
heme group is beneficial to preventing oxidation. Biliverdin 
and the product of its metabolism, bilirubin, not only have 
powerful antioxidant and anti‑inflammatory effects but can 
also effectively scavenge reactive oxygen species activity to 
defend against peroxide, peroxynitrite, hydroxyl and super‑
oxide free radicals (14,16). As a necessary endogenous gas 
messenger molecule, CO has also anti‑inflammatory, vasodi‑
lator and microcirculation metabolic roles (16,17). A previous 
study reported that dapagliflozin as an SGLT2i enhanced the 
expression of the nuclear factor erythroid 2‑related factor 2 
(Nrf2)/HO‑1 pathway and reduced the levels of oxidative 
stress biomarkers, leading to amelioration of colitis (18). 
Dapagliflozin also increased HO‑1 expression by increasing 
Nrf2 protein levels in the rat brain of an Alzheimer's disease 
model (19).

Pyroptosis is a novel type of programmed cell death 
during which some immunocompetent cells are activated 
by caspase‑1 under the stimulation of pathogens and inflam‑
matory agents, forming pores in the cell membrane and 
releasing a large number of inflammatory molecules to the 
external environment (20,21). In addition, during pyroptosis, 
the nucleotide oligomerization domain‑like receptor thermal 
protein domain associated protein 3 (NLRP3) inflammasome 
can cleave caspase‑1, causing a cascade reaction and inducing 
renal inflammatory injury (22,23). Previous studies showed 
that pyroptosis is widely involved in DN, atherosclerosis, 
Alzheimer's disease and cardiovascular diseases (24,25).

However, there are only a few studies on the effect of 
dapagliflozin on cell pyroptosis in diabetic kidney injury 
and its protection mechanism remains unclear. On this basis, 
the present study established an in vitro high‑fat model of 
mouse podocyte clone 5 (MPC5) cell line (26) to investigate 
the improvement effect on renal podocyte of dapagliflozin in 
palmitic acid (PA)‑induced renal podocyte pyroptosis (27,28) 
and to explore the protective mechanism of dapagliflozin in 
cell pyroptosis, to provide new ideas for diabetes prevention 
and treatment.

Materials and methods

Cell culture and transfection. The MPC5 cell line was 
purchased from the China Center for Type Culture Collection. 
The basic culture medium for this cell line was composed of 
89% RPMI‑1640 Medium (Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin (Wuhan Servicebio 
Technology Co., Ltd.). The MPC5 cell line was maintained at 
a temperature of 37˚C with 5% CO2.

Cells were added to the culture medium following mixing 
in Opti‑MEM for 15 min at room temperature (Thermo Fisher 

Scientific, Inc.), followed by the addition of antibiotic‑free 
culture medium. pcDNA3.1‑HO‑1 was then transfected into 
MPC5 cells using EZ Cell Transfection Reagent (Life‑iLab 
Biotech Co., Ltd.) at a 3:1 (µl/µg) ratio of reagent to DNA; the 
concentration of nucleic acid was 1,000 ng/µl and pcDNA3.1 
was used as the negative control. pcDNA3.1‑HO‑1 was synthe‑
sized by Tsingke Biotech Co., Ltd., with 5' HindIII and 3' 
EcoRV restriction sites.

Small interfering (si)RNA targeting HO‑1 (siHO‑1) 
was transfected into MPC5 cells using Lipofectamine™ 
RNAiMAX (Thermo Fisher Scientific, Inc.). The final amount 
of siHO‑1 used per well was 25 pmol, while the amount of 
transfection reagent was 7.5 µl. After 4‑6 h of transfection 
at 37˚C, the medium containing the EZ Trans complex was 
replaced with fresh medium, the cells were further cultured 
for 12 h and then treated with or without 0.2 mmol PA (Merck 
Corp) for 24 h. When the drug treatment was complete, the 
cell samples were used for protein and total RNA extraction. 
The following sequences were used: siRNA‑HO‑1 forward, 
5'‑GUU CAA ACA GCU CUA UCG UTT‑3' and reverse, 5'‑ACG 
AUA GAG CUG UUU GAA CTT‑3'; and siRNA negative control 
forward, 5'‑UUC UCC GAC AGU GUC ACG UTT‑3' and reverse, 
5'‑ACG UGA CAC UGU CGG AGA ATT‑3'.

Cells were cultured without penicillin/streptomycin in 
6‑well plates for 24 h, then the culture medium was changed by 
RPMI‑1640 Medium. Added 2 µl MCC950 (MedChemExpress) 
for 2 h, then 2 µl dapagliflozin were added for 4 h. After 48 h, 
the cells were used for fluorescent staining.

ELISA. Following treatment with PA (0, 0.1, 0.2, 0.3 and 
0.4 mmol) for 24 h at 37˚C, the cell culture was centrifuged at 
1,000 x g at 4˚C for 20 min. Cell‑free supernatant was collected 
for NLRP3 detection. NLRP3 content in the supernatant was 
measured using an ELISA kit (ELK Biotechnology Co., Ltd.), 
according to the manufacturer's instructions. Each sample was 
assayed in more than three technical replicates.

Cell proliferation and cytotoxicity assays. Cell Counting 
Kit‑8 (CCK‑8; Biosharp Life Sciences) assay was used 
to measure cell viability. When the cells had grown to 
80‑90% confluence, digestion was performed with 0.25% 
Trysin‑EDTA. A total of 1x105 MPC5 cell suspension 
(100 µl) was transferred into 96‑well plates followed by 
treatment with different concentrations of PA or dapa‑
glif lozin for 24 h at 37˚C. Subsequently, 10 µl CCK‑8 
solution was added to each well for 2 h. For the controls, 
the same concentration of CCK‑8, culture medium and PA 
were added to a 96‑well plate without the cells (29). Optical 
density was measured at 450 nm using a microplate reader 
(Synergy 2; BioTek China).

Western blotting. Total protein was extracted from 2.5x106 
MPC5 cells using RIPA lysis buffer (MedChemExpress) 
supplemented with 1% protease and phosphatase inhibitors 
for 20 min on ice, followed by centrifugation at 15,520 x g 
for 10 min at 4˚C (30). The protein concentration was quanti‑
fied using a BCA protein assay kit (Biosharp Life Sciences) 
and 25 µg protein/lane was separated by SDS‑PAGE on a 
12% gel. The separated proteins were then transferred 
onto a PVDF membrane (MilliporeSigma) and blocked 
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with 5% nonfat dry milk for 1 h at room temperature. The 
membrane was incubated with primary antibodies against 
NLRP3 (cat. no. A12694, ABclonal Biotech Co., Ltd.), 
caspase‑1 (cat. no. A0964, ABclonal Biotech Co., Ltd.), 
IL‑18 (cat. no. A16737, ABclonal Biotech Co., Ltd.), IL‑1β 
(cat. no. A11396&A16288, ABclonal Biotech Co., Ltd.) and 
HO‑1 (cat. no. A19062, ABclonal Biotech Co., Ltd.), as well 
as a β‑actin antibody (GB11001‑100, Wuhan Servicebio 
Technology Co., Ltd.) used as the internal reference, for 10 h 
at 4˚C. All antibodies were diluted at 1:1,000 in western blot 
primary antibody dilution buffer (ABclonal Biotech Co., 
Ltd.). Following primary incubation, the PVDF membrane 
was incubated with anti‑rabbit IgG secondary antibody (cat. 
no. BL003A; 1:10,000; Biosharp Life Sciences) at room 
temperature for 1 h and then developed using a Pierce™ ECL 
chemiluminescence kit (Thermo Fisher Scientific, Inc.). The 
protein bands were exposed and observed in a multifunc‑
tional digital gel imaging analysis system and images were 
obtained (Bio‑Rad GelDoc™ XR and ChemiDoc™ XRS 
System; Bio‑Rad Laboratories, Inc.). Finally, ImageJ v1.51 
(National Institutes of Health) was used for target protein 
expression analysis.

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
cell culture medium was removed and the 2.5x106 cells 
from 6‑well plates were washed with 2 ml of 4˚C pre‑cooled 
PBS. The PBS was then thoroughly removed and 1 ml RNA 
extraction solution (Wuhan Servicebio Technology Co., Ltd.) 
was added to each sample in the 6‑well plate, the bottom cells 
were gently shaken off the plate to fully contact the RNA 
extraction solution and the RNA extraction solution was then 
transferred to a 1.5‑ml Eppendorf tube at room temperature 
for 5 min.

cDNA was synthesized using a reverse transcription kit 
(Novoprotein Scientific, Inc.), according to the manufactur‑
er's instructions. The 2X SYBR Green qPCR Master Mix 
Kit (Wuhan Servicebio Technology Co., Ltd.) was used to 
quantify the relative mRNA levels of ASC, NLRP3, IL‑18 
and IL‑1β (31). qPCR was performed using the qPCR System 
(CFX Connect; Bio‑Rad Laboratories, Inc.) for 40 cycles, 
with GAPDH serving as internal controls. The sequences of 
primer pairs used for qPCR were as follows: NLRP3 forward, 
5'‑GCAGCCTCACCTCACACAGCT‑3' and reverse, 5'‑TTT 
CAC CCA ACT GTA GGC TCT‑3'; ASC forward, 5'‑CTG 
ACT GAA GGA CAG TAC CAG‑3' and reverse, 5'‑TCC TGA 
CTT TGT ATA CAC AAT‑3'; IL‑1β forward, 5'‑CTC ACA 
AGC AGA GCA CAA GC‑3' and reverse, 5'‑AGC TGT CTG 
CTC ATT CAC GA‑3'; IL‑18 forward, 5'‑GAC TCT TGC GTC 
AAC TTC AAG G‑3' and reverse, 5'‑CAG GCT GTC TTT TGT 
CAA CGA‑3'; HO‑1 forward, 5'‑AAG GGA GAA TCT TGC 
CTG GCT‑3' and reverse, 5'‑ACC CCT CAA AAG ATA GCC 
CCA‑3'; GAPDH forward, 5'‑AAG AAG GTG GTG AAG 
CAG GC‑3' and reverse, 5'‑TCC ACC ACC CTG TTG CTG 
TA‑3'.

Hoechst 33342/propidium iodide (PI) fluorescent staining. 
The cultured cells were washed twice with PBS, followed 
by the addition of 1 ml cell staining buffer in the Hoechst 
33342/PI double stain kit (Solarbio Science & Technology 
Co., Ltd.). Subsequently, 5 µl Hoechst 33342 staining 

solution and 5 µl PI staining solution were mixed and kept 
at 4˚C for 20 min (32). Following staining, the cells were 
washed twice with PBS and observed with a 10Χ objec‑
tive lens using a fluorescent microscope (IX71; Olympus 
Corporation).

Statistical analysis. GraphPad Prism 9 software (GraphPad 
Software; Dotmatics) was used for drawing and statistical 
analysis. Differences between the control group and each other 
group in Fig. 1A and B were analyzed using one‑way ANOVA 
followed by Dunnett's post hoc test. An unpaired t‑test was 
used for comparisons between two groups in Fig. 1C and D. 
Differences between multiple groups were analyzed using 
one‑way ANOVA followed by Tukey's post hoc test (Figs. 2‑4). 
P<0.05 was considered to indicate a statistically significant 
difference (33).

Results

NLRP3 inflammasome increases in MPC5 cells under PA. 
The pathophysiology of diabetes is complicated and involves 
glucose and lipid metabolism disorders. Fat deposits in the 
kidneys have been suggested to be instrumental to DN, so 
different concentrations of PA were used to pretreat cells in 
lipid metabolism‑related experiments (34‑36).

According to the results of the microplate reader detec‑
tion of cell‑released NLRP3 inflammasome, the present 
study showed that, under the induction of PA, MPC5 cells 
released a large amount of NLRP3 inflammasome (Fig. 1B). 
The protein expression of NLRP3 was also increased in 
MPC5 cells (Fig. 1D). However, inflammasome release 
was not significantly increased with increasing PA content. 
When the PA concentration reached 0.3 mmol, the release 
amount of NLRP3 inflammasome decreased (Fig. 1A) and 
a large number of dead cells floated in the culture dish at 
this time, which indicated that a high PA concentration had 
a detrimental effect on cell viability. In brief, 0.2 mmol was 
selected as the PA concentration in this experiment. Based 
on various relevant studies, concentrations of 2, 5, 10 and 
15 µmol dapagliflozin were selected to verify the most suit‑
able treatment methods, following treatment with 0.2 mmol 
PA. The drug effect was examined through a CCK‑8 assay, 
which showed that when the concentration of dapagliflozin 
was >5 µmol, the number of viable cells began to decrease. 
Thus, the CCK‑8 assay results showed that 2 µmol dapa‑
gliflozin was appropriate as the protective concentration for 
subsequent experiments (Fig. 1C).

Dapagliflozin inhibits PA‑induced pyroptosis in MPC5 cells. 
Western blot results suggested that the expression of pyrop‑
tosis‑related proteins NLRP3 and caspase‑1 was increased 
compared with that in the control group. The expression of 
inflammatory cytokines IL‑18 and IL‑1β was increased by PA 
treatment. Following the addition of dapagliflozin, the expres‑
sion of pyroptosis‑related proteins decreased. At the same 
time, the content of intracellular inflammatory factors was 
also decreased (Fig. 2A).

qPCR results indicated that the mRNA levels of NLRP3 
inflammasome, ASC, and inflammatory factors IL‑18 and 
IL‑1β were increased following the treatment of MPC5 cells 
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with PA. Following the addition of dapagliflozin, the mRNA 
levels of inflammatory and pyroptosis‑related factors were 
significantly decreased (Fig. 2B).

Dapagliflozin reduces the level of membrane rupture in MPC5. 
Hoechst 33342/PI fluorescence staining results indicated that 
the uptake of PI dye by MPC5 cells was increased following 

PA treatment and significantly decreased following the addi‑
tion of dapagliflozin (Fig. 2C and D).

MCC950 is an effective and selective NLRP3 inhibitor, 
which can specifically inhibit activation of NLRP3 and reduced 
IL‑1β production in vivo. After MCC950 was added, the uptake 
of PI dye by MPC5 cells also decreased. When both MCC950 
and dapagliflozin were added to the cells, the uptake of PI dye 

Figure 1. Effect of PA on the NLRP3 inflammasome in MPC5 cells and cell viability assay following dapagliflozin treatment. (A) NLRP3 inflammatory 
production in MPC5 cells following treatment with different PA concentrations (0, 0.1, 0.2, 0.3 and 0.4 mmol). (B) NLRP3 inflammasome production signifi‑
cantly increased in MPC5 cells treated with 0.2 mmol PA. (C) Cell Counting Kit‑8 cytotoxicity assay following treatment with different concentrations of 
dapagliflozin (2, 5, 10 and 15 µmol). (D) NLRP3 inflammatory protein expression increased in MPC5 cells following treatment with 0.2 mmol PA. **P<0.001, 
***P<0.001, ****P<0.0001 vs. control group. PA, palmitic acid; NLRP3, NOD‑like receptor thermal protein domain associated protein 3; MPC5, mouse podocyte 
clone 5; Con, control; dapa, dapagliflozin. 
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decreased (Fig. S1). This result indicated that cell membrane 
damage was attenuated when NLRP3 was inhibited and 
dapagliflozin might also reduce the membrane damage by 
inhibiting the activity of NLRP3.

HO‑1 is associated with the anti‑pyroptosis effect of dapa‑
gliflozin in MPC5. The protein expression of HO‑1 decreased 
following the treatment of MPC5 cells with PA, which was 
consistent with the qPCR results. However, following dapa‑
gliflozin treatment, HO‑1 protein and mRNA expression levels 
were both increased (Fig. 3).

HO‑1 overexpression restrains PA‑induced pyroptosis 
in MPC5 cells. Western blot analysis indicated that the 
expression levels of pyroptosis‑related proteins NLRP3 and 
caspase‑1, as well as inflammatory factors IL‑18 and IL‑1β, 
decreased following HO‑1 overexpression in the PA group 
(Fig. 4A). Meanwhile, NLRP3 inflammasome, IL‑18 and 
IL‑1β increased following transfection with siHO1. Moreover, 
when dapagliflozin was added, NLRP3 inflammasome, IL‑18 
and IL‑1β decreased (Fig. S2A).

qPCR results indicated that the mRNA levels of NLRP3 
inflammasome and ASC, as well as inflammatory factors 

Figure 2. Dapagliflozin inhibits PA‑induced pyroptosis in MPC5 cells. (A) The protein expression of caspase‑1, IL‑18 and IL‑1β decreased following dapa‑
gliflozin treatment. (B) The relative mRNA level of ASC, IL‑18 and IL‑1β decreased following dapagliflozin treatment in MPC5 cells. (C) Relative cell count 
ratio of PI uptake. (D) Photomicrographs of double‑fluorescent staining with Hoechst 33342/PI. PA, 0.2 mmol; Dapa, 2 µmol; scale bar, 100 µm. *P<0.05, 
**P<0.01 vs. control group; #P<0.05 vs. PA group. Con, control; Dapa, dapagliflozin; MPC5, mouse podocyte clone 5; PA, palmitic acid; ASC, apoptosis‑asso‑
ciated speck‑like protein containing a caspase activation and recruitment domain; PI, propidium iodide.
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IL‑18 and IL‑1β, significantly decreased following HO‑1 over‑
expression in MPC5 cells (Fig. 4B).

HO‑1 overexpression reduces the level of membrane 
rupture in MPC5. According to Hoechst 33342/PI fluo‑
rescence staining, when HO‑1 was overexpressed in the 
PA group, the PI uptake of MPC5 cells was significantly 
reduced (Fig. 4C and D). This result suggested that a 
large number of cell membranes were damaged following 
treatment with PA, while HO‑1 overexpression reduced this 
damage.

Discussion

SGLT2 inhibitors are a type of anti‑diabetic agent that can 
lower glucose reabsorption and lead to urinary glucose excre‑
tion (37‑39). Their therapeutic effects include lowering lipid 
markers, assisting weight loss and delaying diabetic vascular 
complications. Specifically, dapagliflozin has been proven to 

be effective in preventing and slowing renal function loss and 
failure in diabetic patients (10). Previous studies suggested that 
the protective effect of SGLT2 inhibitors is closely associated 
with the reduction of inflammatory markers including TNF‑α, 
IL‑1β and IL‑6, and the inhibition of oxidative stress. In addi‑
tion, SGLT2 inhibitors can help lower blood sugar and lipids, 
rendering dapagliflozin an ideal drug for the treatment of 
metabolic abnormalities (40,41). As a recently discovered type 
of programmed cell death, pyroptosis was shown to be exten‑
sively involved in diseases such as diabetes and atherosclerosis, 
and its key features are loss of cytoplasmic membrane integ‑
rity and release of several inflammatory cytokines (20,22). 
Therefore, it was found that PA can induce NLRP3 inflam‑
masomes in renal podocytes and inflammasome activation can 
then increase insulin resistance in diabetic patients and signifi‑
cantly increase blood glucose and insulin levels, which are 
linked to hyperglycemia and hyperinsulinemia. The NLRP3 
inflammasome is an intracellular platform that converts the 
proinflammatory cytokines IL‑1β and IL‑18 to their active 

Figure 3. Effect of dapagliflozin on protein expression and relative mRNA level of NLRP3 and HO‑1 in MPC5 cells. (A) Dapagliflozin decreased the protein 
expression of NLRP3 and increased that of HO‑1. (B) Dapagliflozin decreased the relative mRNA expression of NLRP3 and increased that of HO‑1. PA, 
0.2 mmol; Dapagliflozin, 2 µmol. **P<0.01 vs. control group; #P<0.05, ###P<0.001 vs. PA group. NLRP3, NOD‑like receptor thermal protein domain associated 
protein 3; HO‑1, heme oxygenase 1; Dapa, dapagliflozin; MPC5, mouse podocyte clone 5; PA, palmitic acid; Con, control.
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forms in response to ‘danger’ signals, which can be either 
host or pathogen‑derived (20,42,43). Thus, the present authors 
chose inflammatory cytokines of IL‑18 and IL‑1β for detection 
and verification of NLRP3 activation levels.

Pyroptosis‑related signals were also detected in MPC5 
cells following PA treatment; the expression of NLRP3 and 
caspase‑1 was found to be significantly increased, as well 
as the inflammatory factors IL‑18 and IL‑1β. A significant 
increase in pyrototic pores was observed in the Hoechst 
33342/PI staining assay. Based on this, we hypothesized 
that PA acts as a stimulating factor to induce NLRP3 
upregulation in MPC5 cells, further resulting in the forma‑
tion and activation of caspase‑1. The mature inflammatory 
factors pro‑IL‑18 and pro‑IL‑1β were activated by active 
caspase‑1, which led to the generation of the inflamma‑
tory reaction in cells and the phenomenon of pyroptosis. 
Following dapaglif lozin treatment, the expression of 
NLRP3, caspase‑1 and inflammatory cytokines IL‑18 and 

IL‑1β decreased. Meanwhile, the degree of cell plasma 
membrane rupture decreased. Compared with previous 
studies, the aforementioned experimental results indicated 
that the activation of NLRP3 inflammatory signaling may 
serve a role in diabetic cell injury and dapagliflozin may 
slow down the phenomenon of pyroptosis by inhibiting the 
NLRP3 inflammasome‑mediated inflammatory response. 
These results provide scientific validation for further 
exploration of the therapeutic effect of dapagliflozin on 
PA‑induced renal cell pyroptosis.

HO‑1 is an important rate‑limiting enzyme in the 
process of heme catabolism, which plays a key role in 
oxidative stress and inflammatory damage (15). The present 
study found that HO‑1 expression decreased following 
MPC5 induction by PA and increased following dapa‑
glif lozin treatment. Moreover, HO‑1 overexpression in 
MPC5 significantly reduced the uptake of PI and the level 
of cytoplasmic membrane rupture. The above experimental 

Figure 4. HO‑1 overexpression inhibits PA‑induced pyroptosis in MPC5 cells. (A) HO‑1 overexpression decreased the expression of NLRP3, caspase‑1, IL‑18 
and IL‑1β in MPC5 cells. (B) HO‑1 overexpression decreased the relative mRNA level of NLRP3, caspase‑1, IL‑18 and IL‑1β in MPC5 cells. (C) Relative cell 
count ratio of PI uptake. (D) Photomicrographs of double‑fluorescent staining with Hoechst 33342/PI. PA, 0.2 mmol; scale bar, 100 µm. *P<0.05, **P<0.001, 
***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. PA group. HO‑1, heme oxygenase 1; MPC5, mouse podocyte clone 5; NLRP3, NOD‑like 
receptor thermal protein domain associated protein 3; PA, palmitic acid; Con, control; Dapa, dapagliflozin.
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results confirmed that HO‑1 could reduce cell damage 
in high‑fat in vitro models and that dapaglif lozin may 
mediate the expression of HO‑1 to inhibit cell pyroptosis, 
hence exerting a renal protective effect (Fig. 5). This result 
suggests that the protective role of dapagliflozin might be 
mediated by the regulation of HO‑1 expression.

In conclusion, dapagliflozin was found to significantly 
improve dyslipidemia damage by restraining pyroptosis 
in MPC5 cells. These results showed that HO‑1 mediates 
the anti‑pyroptosis effects of dapagliflozin. However, the 
detailed molecular mechanism of dapaglif lozin affects 
HO‑1 in pyroptosis protective pathway was not verified in 
the present study and will be further investigated in future 
studies. Further studies are also required to verify the present 
results in vivo.
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Figure 5. Dapagliflozin improves renal podocyte pyroptosis by regulating HO‑1/NLRP3 signaling under PA. PA or high fat resulted in an increased NLRP3 
expression and NLRP3 inflammasome activated downstream factors such as cleaved caspase‑1, IL‑1β and IL‑18. Of note, dapagliflozin could alleviate cell 
injury by increasing HO‑1‑expression mediated by NLRP3 inflammasome activation in MPC5 cells. HO‑1, heme oxygenase 1; NLRP3, NOD‑like receptor 
thermal protein domain associated protein 3; PA, palmitic acid; ASC, apoptosis‑associated speck‑like protein containing a caspase activation and recruitment 
domain; GSDMDN, gasdermin D N‑terminal fragment.
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