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ABSTRACT
Introduction: As a lytic inflammatory cell death, pyroptosis has been recently described
but has not been unequivocally elucidated in diabetic nephropathy (DN). VX-765 is a safe
and effective inhibitor of caspase-1, that was well tolerated in a phase II clinical trial in
patients with epilepsy, but its application in DN is still undefined.
Materials and Methods: Immunoblot, co-immunoprecipitation, confocal microscope
and flow cytometry were used to analyze the effects of glucose on pyroptosis in renal
tubular epithelia (HK-2). In vitro, selective caspase-1 inhibitors VX-765 and Z-YVAD-FMK
were administered. Pyroptosis and fibrogenesis were determined by immunoblot, ELISA,
cytotoxicity assay and flow cytometry. In vivo, diabetic mice were administered with
100 mg/kg VX-765. Renal function, pathological changes, and the expressions of NLRC4,
GSDMD, IL-1b, collagen I, fibronectin and CD45 in renal cortex were evaluated.
Results: We identified NLRC4 as a sensor for caspase-1 activation. Moreover, we pro-
vided morphological and molecular evidence for pyroptosis in glucose-stressed tubular
cells, including ballooned cell membrane, caspase-1 immunoreactivity, GSDMD cleavage,
and the release of inflammatory cytokine and cellular contents. All these effects were pre-
vented by treatment with VX-765 or Z-YVAD-FMK, confirming that caspase-1 effectively
regulates the occurrence of pyroptosis in HK-2 cells. In vivo, treatment of diabetic animals
with VX-765 ameliorated renal function, suppressed inflammatory cell infiltration and
pyroptosis-associated protein expression, and mitigated tubulointerstitial fibrosis.
Conclusions: This work revealed that caspase-1-mediated pyroptosis drives renal
inflammation and fibrosis in diabetes. Our results are the first demonstration of VX-765
representing a promising therapeutic opportunity for alleviating the progression of DN.

INTRODUCTION
Diabetic nephropathy (DN) is the common complication of dia-
betes and leading cause of end-stage renal disease. The current
therapies, including strict blood pressure and glycemic control,
cannot effectively delay or prevent the progress of DN. Therefore,
exploring new therapeutic strategies is the scientific problem that
needs to be solved. The current view of DN has been mainly
focused on glomeruli. While clearly of great importance, glomer-
uli injury is not the primary determinant of renal prognosis in
diabetes1. In diabetic nephropathy, tubular injury correlates

more closely with renal dysfunction than glomerular damage2. In
recent decades, tubulointerstitial lesion has emerged as an impor-
tant feature of DN, and is conceived of certain independent value,
which occurs even earlier than glomerular lesion.
The state of microinflammation has been perceived as the criti-

cal mechanism in the occurrence and development of DN3.
Inflammasome activation has recently been reported in multiple
renal resident cells and demonstrated in diabetic nephropathy4,5.
Pyroptosis is an inflammatory form of programmed cell death
driven by inflammatory caspase-1, caspase-4, and caspase-5 in
humans (caspase-1 and caspase-11 in mice) following infection
or cellular damage6. Pyroptosis is a process of cell swelling and
rupture that is driven by gasdermin D (GSDMD)-mediated poreReceived 10 May 2021; revised 23 August 2021; accepted 1 September 2021

22 J Diabetes Investig Vol. 13 No. 1 January 2022 ª 2021 The Authors. Journal of Diabetes Investigation published by Asian Association for the Study of Diabetes (AASD) and John Wiley & Sons Australia, Ltd
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

ORIGINAL ARTICLE

https://orcid.org/0000-0002-9850-0702
https://orcid.org/0000-0002-9850-0702
https://orcid.org/0000-0001-8925-7192
https://orcid.org/0000-0001-8925-7192
mailto:
http://creativecommons.org/licenses/by-nc/4.0/


formation. Upon cleavage by proinflammatory caspases at
Asp275, the N-terminal p30 fragment of GSDMD is released
and forms pores in the plasma membrane7,8. Of these caspases,
caspase-1 is regarded as the strongest executor of GSDMD
cleavage9. As an innate immune response, pyroptosis is thought
to be restricted to immune cells. Whether renal resident cells
promote diabetic nephropathy by pyroptosis and how pyropto-
sis of these cells might be controlled remain elusive.
VX-765 is a potent bioavailable and nontoxic small molecule

inhibitor of caspase-110. VX-765 has been proved to be safe for
humans by oral administration in a 6-week-long phase II clini-
cal trial that studied epilepsy11,12. Therefore, VX-765 is a feasi-
ble drug that could rapidly be tested in patients with diabetic
nephropathy. Previous studies have demonstrated that caspase-
1-deficient diabetic mice are protected against albuminuria and
glomerular extracellular matrix accumulation4,13. However,
whether caspase-1 manipulation exerts renoprotective effects on
DN by regulating pyroptosis is still unknown, and the applica-
tion of VX-765 in DN is still undefined.
We hypothesized that caspase-1-mediated pyroptosis occurs

in the renal tubular epithelium, and that VX-765, a clinical-
grade drug, is a previously unrecognized therapeutic approach
for mitigating the progression of DN.

MATERIALS AND METHODS
Antibodies and reagents
Anti-GSDMD (Cat. no. NBP2-33422), anti-NLRC4 (Cat. no.
NB100-56142), anti-CD45 (Cat. no. NB100-77417) and anti-
fibronectin (Cat. no. NBP1-91258) were obtained from Novus
(Centennial, CO, USA). The anti-caspase-1 polyclonal antibody
(Cat. no. ab1872) was obtained from Abcam (Cambridge, MA,
USA). Anti-IL-1b (Cat. no. 12242) and anti-caspase-5 (Cat. no.
46680) were obtained from Cell Signaling Technology (Danvers,
MA, USA). Anti-caspase-4 (Cat. no. 11856-1-AP), anti-collagen
type I (Cat. no. 14695-1-AP) and anti-b-actin (Cat. no. 60008-
1-Ig) were obtained from Proteintech (Wuhan, China). Alexa
Fluor 488–conjugated secondary antibody (Cat. no. ab150089)
was obtained from Abcam. VX-765 (Cat. no. HY-13205) and
Val-boroPro (Cat. no. HY-13233A) were obtained from Med-
ChemExpress (Monmouth Junction, NJ, USA). Etoposide (Cat.
no. A1971) was obtained from ApexBio (Houston, TX, USA).
Streptozocin (Cat. no. S0130) was obtained from Sigma Aldrich
(St Louis, MO, USA).

Cell culture and treatments
The immortalized human renal tubule epithelial cells (HK-2
cells) (ATCC�CRL-2190TM) were cultured in DMEM/F12 sup-
plemented with 10% FBS and 100 U/mL penicillin and strepto-
mycin (Gibco) at 37°C in a humidified 5% CO2 incubator.
HK-2 cells were cultured for 48 h in medium containing
25 mM glucose with or without VX-765 (30 lM) or Z-YVAD-
FMK (10 lM)10,14,15. In some experiments, the cells were trea-
ted with DMSO, Val-boroPro (5 lM) or etoposide (25 lM)

for 24 h. The culture supernatants and cells were collected at
the indicated times for analysis.
Knockdown of NLRC4 was performed by transfection of

siRNA (Sequence 1: CGGGATTTCAGCAAGTTGAAT and
Sequence 2: CACAATCAGGAAGCAGACATT). Non-target
siRNA or NLRC4 siRNA were transfected with jetPRIME
(PolyPlus) according to the manufacturer’s protocol.

Co-immunoprecipitation and immunoblotting
Cells and renal cortices were lysed in RIPA buffer containing
protease inhibitors. Protein lysates were fractionated by SDS–
polyacrylamide gel electrophoresis and then transferred onto
PVDF membrane (Millipore, Billerica, MA, USA). The blots
were probed with the appropriate antibodies. The immunocom-
plex was visualized with Immobilon Western Chemilumines-
cent HRP Substrate (Millipore) using the ChemiDocTM Touch
Imaging System (Bio-Rad, Hercules, CA, USA). For co-
immunoprecipitation assay. We used the rabbit polyclonal
anti-NLRC4 antibody as the bait protein to immunoprecipitate
antigen, then detected caspase-1. Rabbit IgG was used as a neg-
ative control.

Imaging of cell death by microscopy
To examine cell death morphology, HK-2 cells were treated
with Val-boroPro or etoposide for 24 h, or high glucose for
48 h. Static microscopic images were captured using DMI3000B
Leica Microsystems. The data shown are representative of four
randomly selected fields.

Confocal microscopy
HK-2 cells were seeded on 35 mm cover glass-bottom culture
dishes. After culturing in high glucose conditions for 48 h, the
cells were incubated with the active caspase-1 probe FAM-
YVAD-FMK (FLICA) (ImmunoChemistry Technologies,
Bloomington, MN, USA). Washing cells with wash buffer
before propidium iodide (PI) and Hoechst were added and
incubated for 10 min in the dark. The stained live cells were
imaged in a Nikon C2 confocal microscope. There were four
groups of cells: (i) live cells were defined as FLICA-/PI-; (ii)
caspase-1-activated cells were defined as FLICA+/PI-; (iii)
pyroptotic cells were defined as FLICA+/PI+16.

Flow cytometry
After various treatments and transduction, samples were stained
with FAM-YVAD-FMK (FLICA) and PI according to the man-
ufacturer’s protocol. In order to quantify the percentage of
pyroptotic cells, AccuriTM C6 Plus (BD Biosciences, San Jose,
CA, USA) was applied to analyze 2000–5000 cells in each
experiment approximately. For caspase-1 activation, the cells
were incubated with FLICA alone.

Secretion of IL-1b
The level of IL-1b in renal cortex homogenate was measured
using the mouse interleukin 1b enzyme-linked immunosorbent
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assay kit (CUSABIO, CN) following the manufacturer’s instruc-
tions. After various treatments, cell culture medium was col-
lected, and the IL-1b level was quantified by the human IL-1b
ELISA kit (eBioscience, San Diego, CA, USA).

Release of lactate dehydrogenase
Lactate dehydrogenase (LDH) release has been perceived as a
hallmark of pyroptosis. CytoTox 96 Cytotoxicity Assay (Pro-
mega, Madison, WI, USA) was used to detect LDH activity in
the supernatants after the indicated treatments. The activity of
released LDH is expressed as a proportion of the total LDH in
the cell lysate.

Animal models
Eight-week-old male CD1 (ICR) mice were injected
intraperitoneally with 55 mg/kg streptozotocin or 0.1 mol/
L citrate buffer (vehicle) for 5 days17–19. 14 days after
injection, mice with blood glucose level over 300 mg/dL
were considered diabetic4,20. ACCU-CHEK glucose strips
were used to detect blood glucose level via tail vein. For
the administration of the caspase-1 inhibitor, diabetic
mice were administered intraperitoneally with 100 mg/kg
VX-765 daily12,21 or 20% Cremophor EL (vehicle) for
8 weeks. The treatment with VX-765 was initiated
2 weeks after STZ injection. All experiments with mice
were approved by the Laboratory Animal Welfare and
Ethics Committee of China Medical University and was
performed in conformity to the Guide for the Care and
Use of Laboratory Animals.

Blood and urine examination
Blood samples were collected from experimental mice after
anesthesia. Urine samples were collected every 2 or 3 weeks.
Serum samples were detected for albumin by a standard chemi-
cal method. Serum and urine creatinine level as well as serum
creatinine and blood urea nitrogen (BUN) level were measured
by enzymatic method with commercial kits. The mouse albu-
min ELISA kit (Abcam) was used to detect urine albumin. All
measurements were performed in triplicate.

Histological and immunohistochemical staining
Kidneys from mice undergoing various treatments were fixed
in 4% paraformaldehyde, dehydrated in a graded series of etha-
nol, embedded in paraffin, sectioned (5 lm), and mounted on
glass slides. Paraffin-embedded slices were deparaffinized, rehy-
drated, and subjected to hematoxylin-eosin (HE) and Masson
trichrome staining. Leica DMI4000 B was used to capture
images. Tubulointerstitial injury was scored as follows: 0, no
damage; 1, <25%; 2, 25–50%; 3, 50–75%; and 4, >75%.
After deparaffinization and rehydration, paraffin-embedded

slices were immersed in citrate buffer solution for microwave
antigen retrieval, then 3% hydrogen peroxide solution for inac-
tivating peroxidase, followed by 3% BSA for blocking nonspeci-
fic binding. The sections were stained with antibodies against

GSDMD, CD45, F4/80 or fibronectin overnight, then further
incubated with peroxidase-conjugated secondary antibodies for
1 h. At last, the slides were developed using DAB substrate.

Statistics
Statistical analyses were conducted with Student’s t-test.
ANOVA and Bonferroni t tests were performed for the com-
parison of multiple groups. Paired samples t-test was used for
two matched-group comparisons. Nonparametric test was con-
ducted using the Kruskal–Wallis test and Mann–Whitney U
test. Data were considered statistically significant at P < 0.05.

RESULTS
High glucose treatment induces NLRC4, caspase-1 and
GSDMD activation in renal tubular cells
To determine the role of pyroptosis in renal tubular cells in
diabetic nephropathy, we utilized HK-2 cells. The major path-
way mediating pyroptosis involves the inflammasome, including
an executioner caspase, which is typically caspase-19,22. We
treated HK-2 cells with 5.5, 15, 25, or 35 mM D-glucose or
mannitol and found that NLRC4, cleaved caspase-1 and
GSDMD p30 fragment increased with glucose concentrations
(Figure 1a, b). To clarify whether caspase-1 is activated in HK-
2 cells through an NLRC4-dependent mechanism, we con-
ducted an immunoprecipitation assay and NLRC4 knockdown
and found that NLRC4 bound to caspase-1 (Figure 1c) and
regulated the cleavage of caspase-1 (Figure 1d, e). These obser-
vations demonstrate that the NLRC4 inflammasome is involved
in the activation of inflammatory caspase-1, a previously unrec-
ognized mechanism in glucose-stressed HK-2 cells.

High glucose treatment induces caspase-1-mediated
pyroptosis in renal tubular cells
Pyroptosis, unlike apoptosis, is characterized by membrane pore
formation, swelling, and typically membrane ballooning23,24.
First, we imaged cells exposed to high glucose, Val-boroPro or
etoposide. It has been demonstrated that Val-boroPro mediates
pyroptosis via activating pro-caspase-125, while etoposide
induces apoptosis26. Consistent with these reports, Val-boroPro
treatment in HK-2 cells activated inflammatory caspase-1, while
etoposide markedly induced apoptotic caspase-3 cleavage (Fig-
ure 2a). As shown in Figure 2b, high glucose-induced cell death
exhibited pyroptotic-like morphological feature, membrane bal-
looning, closely resembling Val-boroPro-treated cells. As pyrop-
tosis is a lytic form of cell death mediated by caspase-1,
FLICA+/PI+ cells were defined as pyroptosis. With confocal
microscopy, pyroptotic cells were observed to exhibit mem-
brane ballooning (Figure 2c), further confirming the develop-
ment of pyroptosis in glucose-stressed HK-2 cells. In addition,
as shown in Figure 2d and e, pyroptosis was promoted in
glucose-stressed cells as assessed by fluorescence microscopy.
Consistently, flow cytometry analysis showed that glucose
induced an increased population of pyroptosis, with a more sig-
nificant effect after 48 h of treatment. While osmotic pressure
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caused by mannitol was not the main factor inducing pyropto-
sis (Figure 2f, g). Collectively, treatment of HK-2 cells with high
glucose induces pyroptosis.

Caspase-1 mediates pyroptosis and inflammatory signaling in
glucose-stressed tubular cells
To confirm that caspase-1 is essential for high glucose-induced
pyroptosis in HK-2 cells, the cells were pretreated with the

selective caspase-1 inhibitors VX-765 or Z-YVAD-FMK for
30 min. We detected caspase-1 activity using the FLICA-
labeled YVAD probe and found that both VX-765 and Z-
YVAD-FMK inhibited upregulated caspase-1 activity in high
glucose (Figure 3a, b). Caspase-1 inhibitor treatments prevented
the increased GSDMD p30 fragment and mature IL-1b expres-
sion in glucose-stressed HK-2 cells. As expected, upregulated
NLRC4 was not affected (Figure 3c, e). Besides, noncanonical

Figure 2 | High glucose promotes pyroptosis in HK-2 cells. (a) Immunoblots of HK-2 cells treated with 5 μM Val-boroPro, 25 μM etoposide or
DMSO for 24 h. (b) Observations of HK-2 cells treated with Val-boroPro, etoposide or 25 mM D-glucose for 48 h by microscope. Asterisks indicate
ballooning pyroptotic cells. Arrows indicate blebbing apoptotic cells. Scale bar = 250 μm. The illustration shows magnification of the area shown
by the white line. (c) Glucose-stressed cells stained with FLICA (green), PI (red) and Hoechst (blue) in confocal microscopy. The first panel shows
normal cells (PI- and FLICA-), the second panel shows caspase-1-activated cells (PI- and FLICA+), and the third panel shows pyroptotic cells (PI+ and
FLICA+). Arrows indicate ballooning pyroptotic cell. Scale bar = 10 μm. (d) Cells in response to control (vehicle) or high glucose treatment under a
fluorescence microscope. Graph summarizing the ratio of FLICA+/PI+ cells in (e). Scale bar = 200 μm. (f and g) Flow cytometry analysis of cells
treated with 25 mM glucose or mannitol for 24 or 48 h. PI+ and FLICA+ cells in quadrant 2 are pyroptotic cells. Data are presented as
mean – SEM. Results represent at least three independent experiments. ***P < 0.001, Student’s t-test for panel e and ANOVA and Bonferroni t
tests for panel g.
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pyroptosis mediated by caspase-4 and -5 (caspase-11 in mice)
also occurs in various cell types27,28, but is still undefined in
DN. Our results showed that cleaved caspase-4 and caspase-5

levels were comparable between these groups, excluding their
participation in high glucose-mediated damage to tubular cells
(Figure 3d). Pyroptosis involves membrane pore formation,
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ultimately resulting in the release of cytokines and cytosolic
contents29,30. Enzyme-linked immunosorbent assay revealed that
inhibiting caspase-1 decreased IL-1b released into the medium
in high glucose (Figure 3f). Pyroptosis was also evaluated by
assaying LDH release. Caspase-1 inhibition reduced LDH
release from glucose-stressed tubular cells (Figure 3g). Flow

cytometry analysis revealed that treatment with VX-765 or Z-
YVAD-FMK reduced pyroptosis in high glucose (Figure 3h, i).
Moreover, caspase-1 inhibition strikingly decreased collagen I
and fibronectin expression (Figure 3c, e). These results suggest
that caspase-1 is important in the regulation of pyroptosis and
cell survival in high glucose-stressed tubular cells.
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The onset of diabetic nephropathy is associated with caspase-
1-mediated pyroptosis
Diabetes was induced in 8-week-old male CD-1 mice by strepto-
zotocin (STZ) injection for five consecutive days (55 mg/kg

intraperitoneally). These mice developed stable hyperglycemia
levels within 7 days (Figure 4c). The kidney/body weight ratio of
diabetic mice was notably greater than that of nondiabetic mice
and peaked at the age of 13 weeks, confirming the state of
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hyperfiltration and hyperperfusion (Figure 4a, h). Albuminuria,
BUN levels in diabetic mice increased with age (Figure 4d–g).
Histopathological analysis demonstrated that 16- and 18-week-
old diabeticmice showed progressive renal fibrosis (Figure 4i, j).
To clarify the relevance of caspase-1 in diabetic nephropathy,

we analyzed the kinetic processes of inflammation and fibrosis
in diabetic mice. Immunoblot analyses showed that NLRC4
and caspase-1 expression initially increased in the renal cortex
of 10-week-old diabetic mice, compared with that in the con-
trol. Consistent with caspase-1 expression, pyroptotic indicator
GSDMD p30 was also increased in 10-week-old diabetic mice.
Thus, inflammasome activation and pyroptosis occur at an
early stage of DN. Fibronectin and collagen I were significantly
increased in 13- or 16-week-old diabetic mice, suggesting that
caspase-1-mediated pyroptosis precedes and is potentially linked
with renal fibrosis in DN (Figure 4k, l).

VX-765 administration protects mice from diabetic
nephropathy
To further confirm the role of caspase-1 in the development of
DN and investigate whether the caspase-1 inhibitor VX-765 is an
effective therapeutic approach for diabetic nephropathy, diabetic
mice were administered with 100 mg/kg VX-765 for 8 weeks.
Administration of VX-765 in diabetic mice effectively ameliorated
renal function, comparedwith that of untreated diabeticmice (Fig-
ure 5a, b). Histological features were determined by HE and Mas-
son trichrome in diabetic mice and revealed that renal injury and
fibrosis were amendable to caspase-1 inhibition (Figure 5c–e).
VX-765 treatment did not affect blood glucose level or body
weight (Figure 5f, g), illustrating that VX-765 ameliorated diabetic
nephropathy independent of its metabolic effects.

VX-765 administration ameliorates renal inflammation in
diabetic mice
In vitro, our results demonstrated that VX-765 effectively regu-
lated pyroptosis and inflammation of tubular cells in high glu-
cose by inhibiting caspase-1 activity. As expected, there was
marked inhibition of the pyroptotic indicators GSDMD p30
and mature IL-1b expression in VX-765-treated diabetic mice
relative to those in untreated diabetic mice (Figure 6A, B). The
IL-1b level was also decreased in renal cortex homogenate fol-
lowing VX-765 treatment, as assessed by ELISA (Figure 6C).
Furthermore, immunohistochemistry revealed increased positiv-
ity for GSDMD at the tubular level in diabetic mice and mild

staining of GSDMD in podocytes. These changes were signifi-
cantly attenuated in VX-765-treated mice (Figure 6D, Ha–d).
Immunohistochemical analysis of CD45 or F4/80 expression
indicated inflammatory cell infiltration in the kidney of diabetic
mice, whereas the number of CD45+ or F4/80+ cells was
reduced after VX-765 administration (Figure 6E, F, He-l).
Additionally, immunoblot (Figure 6A, B) and immunological
staining (Figure 6G, Hm-p) of fibrosis indicators also showed
that the upregulated collagen I and fibronectin deposition in
diabetic mice were markedly blunted after treatment with VX-
765. Overall, this work suggests that administration of VX-765
can slow the progression of diabetic nephropathy in mice
through prevention of caspase-1-mediated pyroptosis and renal
inflammation.

DISCUSSION
Researchers have reported that hyperglycemia induced pyropto-
sis in diabetic cardiomyopathy31. Moreover, several recent stud-
ies have confirmed that tubular epithelial pyroptosis is a vital
pathogenesis of renal ischemia/reperfusion injury and contrast-
mediated acute kidney injury32,33, suggesting that pyroptosis
has a crucial role in tubular injury. Pyroptosis has not been
unequivocally described in diabetic nephropathy, although signs
of inflammasome activation have been observed in the initia-
tion and progress of DN. In our study, characteristic morpho-
logical and biochemical features of pyroptosis were observed in
glucose-stressed tubular cells, including GSDMD cleavage, bal-
looned cell membrane accompanied with caspase-1 immunore-
activity, release of proinflammatory cytokines, and release of
cellular contents. Pyroptotic cells further amplify renal damage
through the release of inflammatory mediators (e.g., cytokines)
and damage-associated molecular patterns (DAMPs). These
components drive a persistent inflammatory cascade which
activates infiltrating leukocytes34,35. Therefore, therapies target-
ing tubular pyroptosis might exert renoprotective effects by pre-
venting cytotoxic molecules release.
In vitro, we confirmed that caspase-1 inhibitors effectively

regulate the occurrence of pyroptosis in tubular cells in high
glucose. Indeed, caspase-1 inhibition may be superior to block-
age of inflammasome, as caspase-1 is the common component
of canonical inflammasomes. Recent research showed that
treatment of experimental autoimmune encephalomyelitis ani-
mals with VX-765 diminished the expression of inflammation-
associated proteins in central nervous system, and mitigated

Figure 5 | VX-765 protects against renal injury in diabetic mice. (a) Serum creatinine, (b) BUN levels of nondiabetic mice (Ctrl), diabetic mice (DM),
and diabetic mice treated with VX-765 (DM+VX-765). (e) Hematoxylin-eosin and Masson staining of representative kidney slices indicated alleviated
tubular injury and tubulointerstitial fibrosis with the administration of VX-765 in diabetic mice. Semiquantitative analysis of tubular injury in (c).
Figure presenting results of determining the blue staining area in (d). Body weight (f) and blood glucose (g) of control, DM and DM+VX-765 group
mice at different ages. (h) Fractional mesangial area (FMA) was decreased in VX-765-treated diabetic mice as compared with diabetic mice. Data
are presented as mean – SEM. n = 5–7. Scale bar = 100 μm, scale bar = 20 μm for (h). NS, not significant. *P < 0.05; **P < 0.01; ***P < 0.001,
ANOVA and Bonferroni t tests were performed.
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axonal damage34. Audia et al.15 first demonstrated that admin-
istration of VX‑765 at reperfusion provides myocardial infarct
size reduction and preservation of ventricular function. In the
present study, we demonstrate that VX-765 ameliorated renal
dysfunction, tubular injury, and renal inflammation in mice
with DN, but had no effect on blood glucose level or body
weight, illustrating that VX-765 represents a novel and effica-
cious therapeutic treatment for DN without increasing the risk
of hypoglycemia in diabetic patients.
The upstream sensors for caspase-1 activation differ depend-

ing on different cellular states and ligands including NLRP3,
NLRC4, NLRP1, pyrin and AIM236. NLRP3 is the best studied
inflammasome activating caspase-137,38. However, the role of
other inflammasomes in DN remains poorly defined. Our
research surprisingly found that the NLRC4 is involved in DN
and in the activation of caspase-1 in glucose-stressed HK-2
cells. While the mechanism underlying NLRC4 activation in
renal resident cells still requires further investigation, as NLRC4
inflammasome in macrophages is mainly activated by flagellin
and the type III secretion system22,39.
The STZ-dependent model of type 1 diabetes, may have lim-

itations, and that db/db mice with obesity or insulin resistance
might be preferred. However, hyperglycemia itself is enough to
trigger inflammasome activation. A previous study also showed
that renoprotection by inflammasome inhibition is independent
of these metabolic factors4,40. In addition, ICR mice injected
with STZ develop fibrosis within 8–10 weeks without the need
for uninephrectomy, hence allowing for rapid analyses of the
effects of therapeutic interventions. Therefore, we believe that
the method chosen is a reasonable approach.
In summary, this report provides compelling molecular and

morphological evidence for tubular pyroptosis in high glucose
conditions. We also demonstrated that caspase-1 effectively reg-
ulates pyroptosis and fibrosis in diabetic nephropathy. Adminis-
tration of VX-765 to diabetic animals ameliorated renal
function, inflammation and fibrosis.
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