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Background: Apoptosis has been repeatedly linked with diabetic kidney disease (DKD), which
is a programmed cell death mediated by effector caspases-3, 6 and 7, targeting >600 substrates.
However, the pathophysiologic correlations of this process remain obscure. As a putative tumor
suppressor, gasdermin E (GSDME) was recently reported to be cleaved by caspase-3 to produce
a GSDME-N fragment which targets the plasma membrane to switch apoptosis to secondary
necrosis. However, it remains elusive whether GSDME is involved in the regulation of DKD.
Methods: To evaluate the therapeutic potential of caspase-3 inhibition in DKD, we adminis-
tered caspase-3 inhibitor Z-DEVD-FMK to STZ-induced diabetic mice for eight weeks.
Albuminuria, renal function, pathological changes, and indicators of secondary necrosis and
fibrosis were evaluated. In vitro, human tubule epithelial cells (HK-2 cells) were subjected to
high-glucose treatment. Secondary necrosis was determined by LDH release, GSDME cleavage,
and morphological feature under confocal microscopy. Z-DEVD-FMK and GSDME inhibition
by shRNA were administered to suppress the cleavage and expression of GSDME. Flow
cytometry, cytotoxicity assay and immunoblot were used to assess cell death and fibrogenesis.
Results: Caspase-3 inhibition by Z-DEVD-FMK ameliorated albuminuria, renal function,
and tubulointerstitial fibrosis in diabetic mice. The nephroprotection mediated by Z-DEVD-
FMK was potentially associated with inhibition of GSDME. In vitro, molecular and mor-
phological features of secondary necrosis were observed in glucose-stressed HK-2 cells,
evidenced by active GSDME cleavage, ballooning of the cell membrane, and release of
cellular contents. Here we showed that caspase-3 inhibition prevented GSDME activation
and cell death in glucose-treated tubular cells. Specifically, knocking down GSDME directly
inhibited secondary necrosis and fibrogenesis.

Conclusion: These data suggest GSDME-dependent secondary necrosis plays a crucial role
in renal injury, and provides a new insight into the pathogenesis of DKD and a promising
target for its treatment.
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Introduction

Gasdermin E (GSDME), originally called DFNAS, is a deafness gene, and has been
implicated as a putative tumour suppressor.' Recently, Wang et al showed that GSDME
belongs to the same gasdermin family as GSDMD, and could switch caspase-3-depen-
dent non-inflammatory and immunologically silent apoptosis to a terminal phase, namely
secondary necrosis.’ Both mouse and human GSDME possess caspase-3 recognition site
at residues 267-270.* Cleavage of GSDME by caspase-3 at the site of Asp270 releases
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the inhibitory GSDME-C domain allowing generation of the
necrotic GSDME-N domain. The intrinsic ability of GSDME-
N is to translocate and form oligomers in the plasma mem-
brane to permeabilize it and trigger secondary necrosis.
Consequently, apoptotic cells progressively lose their integrity,
resulting in membrane damage, cytoplasmic swelling, and
release of cytoplasmic contents, similar to the features of
pyroptotic cells.*® These observations suggest that secondary
necrosis is not accidental during apoptosis, but a controllable
process with remarkable therapeutic and pathophysiological
significance.” Researchers have found that pyroptosis had an
indispensable role in renal ischemia-reperfusion injury and
contrast-induced acute kidney injury.®’ Whether pyroptotic-
like secondary necrosis takes a role in kidney diseases remains
unknown.

Markers of apoptosis have repeatedly been linked with
diabetic kidney disease (DKD).'° However, specific target-
ing of caspase-3 as a therapeutic strategy remains contro-
versial, since unequivocal evidence for a causative role of
this process is sparse and the pathophysiologic relevance
remains obscure.'' Shahzad et al showed that neither CIX
(inhibiting caspase-3, —6, —7, —8, and —10) nor caspase-3
deficiency protected mice from diabetic nephropathy.'’ To
address this question, we employed a selective caspase-3
inhibitor, Z-DEVD-FMK, and found that treatment of
diabetic mice with Z-DEVD-FMK ameliorated albumi-
nuria, renal function and tubulointerstitial fibrosis. Here,
we found that the renoprotective effect of caspase-3 inhi-
bition is possibly mediated via regulating the activation of
GSDME. However, to the best of our knowledge, the
involvement of GSDME has not been reported in DKD.
The present study reveals the underlying mechanism med-
iating renoprotection conferred by GSDME regulation in
the kidney, specifically in human tubular cells, and pro-
vides novel insights into the pathogenesis of DKD.

Materials and Methods

Animal Models

Male CD1 (ICR) mice were obtained from Charles River
Laboratories. Eight-week-old male CD1 mice were employed
and divided into three groups (n=10): control (Ctrl), diabetic
mice (DM), diabetic mice with Z-DEVD-FMK treatment
(DM+DEVD). Streptozocin (STZ) (S0130, Sigma Aldrich,
US) was administered via intraperitoneal injection to induce
diabetes at a dose of 55mg/kg for five consecutive days.' '
Mice with blood glucose level above 300mg/dl 14-16d after

STZ administration were considered diabetic.'>'> Diabetic

mice were then treated with Z-DEVD-FMK (A1920,
ApexBio, US) or DMSO intraperitoneally for eight weeks.
Our work was performed following the NIH Guide for the
Care and Use of Laboratory Animals and approved by the
Laboratory Animal Welfare and Ethics Committee of China
Medical University.

Blood and Urine Examination

Blood samples were collected for subsequent examination
after 8 weeks of treatment. Samples were used to detect
serum creatinine, blood urea nitrogen and serum albumin.
Urine samples were obtained every 2-3 weeks and were
used to detect urinary creatinine and albumin using the
Mouse Albumin ELISA Kit (ab108791, Abcam, UK) fol-
lowing the manufacturer’s protocol.

Histology and Immunohistochemical
Staining

Renal tissues from mice underwent fixation, dehydration,
embedding and section, followed by Masson trichrome and
Hematoxylin-eosin staining. For immunohistochemical
staining, paraffin-embedded sections were prepared and sub-
jected to microwave retrieval in citrate buffer, followed by
quenching in 3% hydrogen peroxide, and blocking in 3%
bovine serum albumin. The sections were incubated with
anti-GSDME and anti-collagen type I antibodies overnight,
then stained with a peroxidase-conjugated secondary anti-
body. Slides were developed using DAB substrate and

imaged using DMI4000B Leica Microsystems.

Caspase-3 Activation Assay

Caspase-3 activity in renal cortex lysates was measured
using the Caspase-Glo® 3/7 Assay Kit (G8090, Promega,
US) and a modified protocol.'®'” Briefly, renal tissues
were homogenized in RIPA buffer, and the protein con-
centration was adjusted to 2 mg/mL. Thereafter, protein
extracts (100pg/50uL) were added to a white 96-well plate
and mixed with 50ulL caspase 3/7 Glo Reagent. After
incubation for 1 hr in the dark, the luminescence was
measured using a Cytation™ 5 Cell Imaging Multi-Mode
Reader (BioTek).

Cell Culture and Treatments

We cultured a human renal proximal tubule epithelial cell
line (HK-2 cells; ATCC®CRL-2190™) in DMEM/F12 sup-
plemented with 100U/mL penicillin and streptomycin and
10% FBS (#1009-1148, Gibco) at 37°C in a 5% CO,
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environment. We prepared DMEM/F12 medium with
DMEM (#11885-084, Gibco), containing 1g/1 glucose, and
F12 (#11765-054, Gibco) at a 1:1 ratio. The final DMEM/
F12 medium contains 5.5mM glucose. HK-2 cells were
subjected to glucose (30mM), and treated with 25uM or
50uM Z-DEVD-FMK. Cells and supernatants were col-
lected at indicated times for subsequent experimentation.

Knock-down of GSDME was performed by transfecting
HK-2 cells with plasmid vectors encoding shRNA to target
GSDME (Sequencel: GATGATGGAGTATCTGATCTTTTC
AAGAGAAAGATCAGATACTCCATCATCTTTTTT; Seq-
uence2: GCATGATGAATGACCTGACTTTTCAAGAGAA
AGTCAGGTCATTCATCATGCTTTTTT), or a control vec-
tor encoding a non-target shRNA sequence utilizing
jetPRIME® transfection reagent according to the manufac-
turer’s instructions (#114-15, PolyPlus). Transfected cells
were then treated with glucose (30mM) for 48 hrs. In some
experiments HK-2 cells were stimulated with 25uM etoposide
at the same time after transfection.

Western Blotting

Cell and renal cortex lysate were obtained using RIPA buffer
containing a protease inhibitor cocktail (Roche). Equal
amounts (30ug) of protein samples were separated using
SDS—polyacrylamide gel electrophoresis (SDS-PAGE),
followed by transferred onto Immobilon®-P transfer mem-
branes (Millipore). Membranes were then probed with anti-
GSDMD (NBP2-33422, Novus, 1:1000), anti-fibronectin
(NBP1-91258, Novus, 1:1000), anti-GSDME (13075-1-AP,
Proteintech, 1:1000), anti-PARP (13371-1-AP, Proteintech,
1:1000), anti-collagen type I (ab34710, Abcam, 1:1000) and
anti-B-actin (#4970, Cell Signaling Technology, 1:5000).
After incubation with secondary antibodies, the blots were
visualized with Immobilon Western Chemiluminescent HRP
Substrate (Millipore). Images were captured with the
ChemiDoc™ Touch Imaging System (Bio-Rad).

Real-Time qPCR Analysis

Total RNA was extracted with Trizol (Invitrogen).
The GoScript™ Reverse Transcription System (AS5001,
Promega) was used for reverse transcribing 1-2pug RNA to
generate template cDNA. Fluorogenic quantitative PCR was
performed in triplicate utilizing the GoTaq™ qPCR and RT-
gPCR Systems (A6001, Promega) on the CFX Connect™
Optics Module (Bio-Rad) according to the manufacturer’s
protocol. Specific primers were used for GSDME mRNA
detection: forward 5'- TTTGCATTCATAGACATGCCAG-
3" and reverse 5'- GTTCATCATCAAATAGGACCGC-3'.

Relative mRNA levels were obtained after normalization
with internal reference gene, p-actin.

Imaging of Cell Death by Microscopy
HK-2 cells treated with 25uM etoposide for 24 or 48 hrs
were imaged using the DMI3000B Leica Microsystems to
observe cell death morphology. The images displayed is
representative of four randomly selected fields.

Confocal Microscopy

HK-2 Cells were seeded on 35mm glass-bottom confocal
culture dishes and allowed to attach overnight, followed by
high-glucose treatment for 48 hrs. For confocal microscopy
assaying, cells were probed with FAM-DEVD-FMK, pro-
pidium iodide (PI) and Hoechst following the manufac-
turer’s instructions (#94, ImmunoChemistry Technologies,
US). Briefly, cells were incubated with FAM-DEVD-FMK,
which targets active caspase-3, for 60 mins, followed by
washing with wash buffer. Cells were subsequently incu-
bated with PI and Hoechst for 10 mins. The samples were
imaged live using Nikon C2 Confocal Microscope System.

Flow Cytometry Analysis of Secondary

Necrosis

Following the indicated treatments, HK-2 cells were incubated
with FAM-DEVD-FMK and PI for analysis of secondary
necrosis using flow cytometry. The percentage of secondary
necrotic cells was analyzed using the BD Accuri™ C6 Plus
(BD Biosciences). Approximately 20005000 cells were ana-
lyzed per experimental condition.

LDH Release Assay

Cell culture supernatants were collected after various treat-
ments. The activity of released LDH was detected to
evaluate cell death with the CytoTox96 LDH release kit
(G1780, Promega) following the manufacturer’s instruc-
tions. The LDH activity in the supernatants was expressed
as a percentage of total LDH in the cell lysate.

Data Analysis

The Student’s z-test was used for two-group comparisons.
Multiple-group comparisons conducted using
ANOVA and Bonferroni #-tests. Statistical analyses for
nonparametric test were performed using the Kruskal—
Wallis test and Mann—Whitney test. P-values <0.05 were
considered statistically significant

were
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Results
Caspase-3 Inhibition Ameliorates
Diabetic Nephropathy in Mice

To evaluate the therapeutic potential of caspase-3 inhibi-
tion in DKD, we employed Z-DEVD-FMK, which speci-
fically targets caspase-3. At the outset of this study,
diabetic mice were administered with 1mg, 5mg, 10mg
or 20mg/kg Z-DEVD-FMK for three consecutive days,
respectively. Sufficient inhibition of casapase-3 activity
by Z-DEVD-FMK was observed at the dose of 20mg/kg
(Figure 1A).

Eight-week-old male CD1 mice were administered with
55mg/kg STZ for 5 days to induce diabetes. Thus, treatment
with 20mg/kg Z-DEVD-FMK was initiated two weeks after
STZ administration and mice were analyzed after eight weeks
of treatment. Mice administrated with STZ developed promi-
nent hyperglycemia within 14 days. Body weight and blood
glucose level did not differ between diabetic mice treated with
Z-DEVD-FMK and DMSO (Figure 1B and C), indicating that
the treatment effects of Z-DEVD-FMK are independent of
these metabolic factors. Z-DEVD-FMK improved renal func-
tion, and blunted the decreased serum albumin level in diabetic
mice (Figure 1D-F). Notably, albuminuria was ameliorated
after 6 weeks of treatment (Figure 1G), implying that caspase-
3 activation may exert an effect at a later stage of DKD. We
also analyzed urinary protein excretion using Coomassie bril-
liant blue staining of the urine samples, and found that there is
more urinary protein in diabetic mice. After Z-DEVD-FMK-
treatment, the excretion was decreased in diabetic mice
(Figure 1H). Pathological analysis revealed that prominent
glomerular mesangial expansion, tubular atrophy and tubu-
lointerstitial fibrosis were observed in diabetic mice compared
with nondiabetic mice. Tubular injury and interstitial fibrosis
were amendable to Z-DEVD-FMK treatment, as evaluated by
tubulointerstitial injury score and semi-quantifying Masson
trichrome staining (Figure 2A, C and D).

As the substrate of active caspase-3, PARP was upregu-
lated in diabetic mice, and the upregulated PARP cleavage was
inhibited after Z-DEVD-FMK treatment, which verified the
effective block of caspase-3 activity (Figure 1I). Markers for
fibrosis, collagen I and fibronectin, both decreased after treat-
ment in diabetic mice (Figure 1I), which was further con-
firmed by immunohistochemistry staining of anti-collagen
I. The expression of collagen I in diabetic mice was increased
as compared to nondiabetic controls, which decreased after
Z-DEVD-FMK treatment, especially at the tubular level
(Figure 2B and F). We observed that aberrant activation of

GSDME in diabetic mice was inhibited after Z-DEVD-FMK
treatment (Figure 1I). Immunohistochemistry revealed that
GSDME is highly expressed at the tubular level in diabetic
mice (Figure 2B and E). Thus, the nephroprotective effects of
caspase-3 inhibition may be related to the inhibition of
GSDME.

Secondary Necrosis of Apoptotic HK-2
Cells in High Glucose Conditions

We next conducted a closer analysis of cell death in vitro.
Cell death was evaluated by the release of LDH, a marker
of lytic cell death. In addition to the initial LDH release at
3 hrs, we noted that there was also marked LDH release
during later stages (24 to 48 hrs) in glucose-stressed HK-2
cells (Figure 3A). Previous literature has reported that
glucose-induced caspase-1 activation precedes caspase-3
in podocytes.'' However, comparison of kinetic processes
of GSDMD and GSDME activation are lacking. Here, our
results demonstrated that GSDME was initially activated
at 24 hrs, which occurred far later than the activation of
GSDMD (3 hrs), the executor of pyroptosis. (Figure 3B
and C). Previous studies by us and others have indicated
that pyroptosis occurs at an early stage of DKD. Our
present data suggest that the LDH release at a later stage
correlates with GSDME activation. Taken together, these
observations indicate that the induction of GSDME may
play an important role in promoting cell death during later
stages in diabetic tubular cells.

We imaged cells treated with apoptotic inducer etopo-
side, and found that cells mainly exhibited membrane
blebbing (apoptotic body) in 24 hrs. After treatment
with etoposide for 48 hrs, apoptotic cells progressively
exhibited pyroptotic-like morphological changes, namely
ballooning of the cell membrane (Figure 3D). We next
performed a closer observation of cell morphologic fea-
tures after glucose treatment for 48 hrs using confocal
microscopy. HK-2 cells were stained with PI and FAM-
DEVD-FMK, which specifically targets active caspase-3.
Because secondary necrosis is a lytic form of cell death
mediated by active caspase-3, secondary necrotic cells
were defined as double positive for PI and FAM-DEVD-
FMK. We observed that secondary necrotic cells (FAM-
DEVD-FMK" and PI' cells) exhibited characteristic
ballooning of the cell membrane (Figure 3E), confirming
the occurrence of secondary necrosis in high-glucose

treated tubular cells.
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Figure | Caspase-3 inhibition ameliorates albuminuria and renal function in diabetic mice. (A) 20 mg/kg Z-DEVD-FMK effectively inhibits caspase-3 activity in the renal cortex
of diabetic mice. Body weight (C) and blood glucose level (B) are not affected by Z-DEVD-FMK treatment in diabetic mice. Serum creatinine (D), blood urea nitrogen (E), and
serum albumin (F) levels of mice. (G) Albuminuria is significantly alleviated after 6-8 weeks of Z-DEVD-FMK treatment in diabetic mice. (H) Urine samples from mice were
separated using SDS-PAGE and stained with Coomassie blue. In general, albumin is around 70 kDa. (I) Immunoblotting reveals Z-DEVD-FMK treatment prevents elevation of
cleaved PARP, GSDME-N, collagen | and fibronectin expression in diabetic mice. Data are represented as means + SEM. n=5-7. *p < 0.05, **p < 0.0, ***p < 0.001.

Abbreviations: Ctrl, control; DM, diabetic mice; DEVD, Z-DEVD-FMK; ACR, albumin-to-creatinine ratio; BUN, blood urea nitrogen; NS, not significant; W, weeks of age.

Caspase-3 Inhibition Prevented GSDME

Activation and Secondary Necrosis
We next wanted to determine whether caspase-3 inhibition

prevented secondary necrosis in vitro. To address this

question, HK-2 cells were pretreated with Z-DEVD-FMK

for 30 mins before high-glucose exposure. We utilized
active caspase-3 probe, FAM-DEVD-FMK, to detect cas-

pase-3 activity and found that upregulated caspase-3
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and tubular injury (A), and semi-quantify tubulointerstitial injury (C). Slides underwent Masson trichrome staining for the evaluation of tubulointerstitial fibrosis (A). Graph
summarizing results of determining the area of blue staining (D). (B) Representative images of immunohistochemistry stained with anti-GSDME and anti-collagen
| antibodies. (Negative control included, using a nonspecific primary antibody; Neg. control). Graphs summarizing data of integrated optical density (IOD) of positive
GSDME (E) and collagen | (F) staining. (G) Schematic representation showing that caspase-3 inhibition by Z-DEVD-FMK plays an important role in protecting mice from DN
possibly via regulating GSDME cleavage. Scale bar=100 um. Data are represented as means + SEM. n=5-7. *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviations: Ctrl, control; DM, diabetic mice; DEVD, Z-DEVD-FMK; AU, arbitrary units.

activity in glucose-stressed HK-2 cells was inhibited by As secondary necrotic cells were defined as double posi-
Z-DEVD-FMK treatment, with a more effective inhibition tive for PI and FAM-DEVD-FMK, we employed flow cyto-
at the concentration of 50uM (Figure 4A and B). metry to quantitative analysis the rate of secondary necrotic
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at least three independent experiments are shown as the means + SEM. *p < 0.05, **p < 0.01, **p < 0.001.

cells. Glucose induced an increased population of secondary
necrosis (FAM-DEVD-FMK " and PI" cells), and treatment
with caspase-3 inhibitor reduced secondary necrosis in HK-2
cells, especially at the concentration of S0uM (Figure 4C
and D). We also evaluated cell death by assaying the activity
of LDH released into cell culture supernatants. Consistent with
the flow cytometry analysis, LDH release was prevented by
Z-DEVD-FMK treatment (Figure 4E). Moreover, the caspase-
3 inhibitor prevented cleavage and activation of GSDME of
tubular cells in high glucose (Figure 4F and G).

Knocking Down GSDME Inhibited

Secondary Necrosis and Fibrosis

To further confirm the role of GSDME in the progression
to secondary necrosis, we knocked down GSDME using
plasmid vectors encoding shRNA targeting GSDME.

Immunoblot and qPCR were performed to verify the
effective silence, and the shRNA sequence 1 is more
efficient than sequence 2 (Figure 5A-C). As expected,
secondary necrosis in response to glucose stimulation
was alleviated by GSDME knock-down, as analyzed by
flow cytometry (Figure 5D and E). Cell death was also
evaluated by the release of LDH. Increased LDH release
in glucose-stressed HK-2 cells was markedly blunted by
GSDME knock-down (Figure 5F). In addition, high-
glucose treatment increased the expression of fibrosis
indicators, collagen I and fibronectin, in HK-2 cells,
while GSDME knock-down strikingly reduced collagen
I and fibronectin formation (Figure 5G-I).

Taken together, these data contribute to our understanding
of renoprotection conferred by caspase-3 inhibition in response
to diabetes, and provide evidence that GSDME-mediated
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Figure 4 Caspase-3 blocker inhibits GSDME activation and secondary necrosis. (A and B) Caspase-3 activity was assessed by flow cytometry after FAM-DEVD-FMK
staining. Compared with 25uM Z-DEVD-FMK, 50uM Z-DEVD-FMK is more effective in inhibiting caspase-3 activity. (C and D) Treatment with Z-DEVD-FMK before and
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release. Treatment with 50uM Z-DEVD-FMK significantly prevented glucose-induced LDH release of HK-2 cells. (F and G) Glucose stimulation promotes GSDME cleavage
in tubular cells, while caspase-3 blocker inhibits the activation of GSDME. Densitometry of the data in G. Results are representative of at least three independent
experiments. Data from at least three independent experiments are shown as the means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Abbreviations: NG, normal glucose; HG, high glucose; DEVD, Z-DEVD-FMK; NS, not significant.

secondary necrosis of HK-2 cells contributes to the manifesta-
tion of renal injury in diabetic mice.

Discussion

Currently, strict glucose and blood pressure control, includ-
ing reducing albuminuria via blocking the renin-angiotensin
system, are still the primary treatments for diabetic kidney
disease. Thus, much effort has been devoted to revealing the
underlying pathogenesis of renal injury in DKD aiming at
developing novel treatment targets and therapeutic
approaches.'® Chronic sterile inflammation has been proved
to be the crucial basis for the progression of DKD."* 2! Our

previous study also demonstrated the participation of

pyroptosis in diabetic tubular cells.””> However, whether
apoptosis could be an effective treatment target remained
controversial hitherto. In this study, we employed Z-DEVD-
FMK for the treatment of diabetic mice, and our data
provide experimental evidence that caspase-3-mediated
cell death promotes renal injury and fibrosis in DKD.
However, previous study by Shahzad et al drew different
conclusions.'! One of the possible reasons is that Shahzad and
collaborators focused their attention on changes in glomeruli
rather than tubulointerstitial histopathology. Previously,
researches about diabetic kidney disease was once mainly
focused on the glomerulus, which is doubtlessly of great
importance; however, glomerular lesions are not the primary
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Figure 5 GSDME mediates secondary necrosis and fibrosis. (A—C) GSDME knock-down was verified using RT-qPCR and Western blot. (D and E) The percentage of cells dead
by secondary necrosis decreases in GSDME shRNA transfected cells, as analyzed by flow cytometry. (F) Cell death is alleviated by GSDME knock-down as assessed by LDH
release. (G-I) Immunoblotting reveals elevation of collagen | and fibronectin expression are inhibited in cells transfected with GSDME shRNA. Densitometry of the data in
H and I. Results are representative of at least three independent experiments. Data from at least three independent experiments are shown as the means + SEM. *p < 0.05,

#p < 0.01, #%p < 0.001.

Abbreviations: NG, normal glucose; HG, high glucose; NT shRNA, non-target shRNA; NS, not significant.

determinant of the progression of DKD.”* In DKD, tubule
injury and interstitial fibrosis correlate more closely with renal
dysfunction than glomerular changes.”* The dependent on
aerobic metabolism and high energy demand of tubular cells
render it particularly susceptible to disorders under diabetic
conditions. Here, we showed that Z-DEVD-FMK  treatment
ameliorated renal function and tubulointerstitial fibrosis. We
also found that targeting caspase-3 therapeutically might exert
renoprotective effects by inhibiting the cleavage of GSDME.
In addition, immunohistochemistry indicated that GSDME is
mainly expressed in tubules. Hence, we utilized HK-2 cells for

experiments in vitro.

As a non-inflammatory form of programmed cell death,
apoptosis is mediated by activation of the intrinsic or
extrinsic pathway.”> Both pathways induce apoptosis by
activating initiator caspases and converging on the execu-
tioner caspases. Effector caspase-3, 6, and 7 cleave hun-
dreds of different cellular substrates, and account for
multiple biochemical and morphological changes of apop-
tosis, including blebbing, cellular shrinkage and chromo-
somal DNA fragmentation.?®*’

For a long time, secondary necrosis has been considered
as a final phase of apoptotic cells, especially in vitro or

in vivo when the dying cells are not quickly cleared by
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phagocytes.?® Cellular swelling (ballooning) and membrane
rupture are the main characteristics of secondary necrosis,
which are also morphological characteristics of necrosis and
pyroptosis.”’ Like necrosis and pyroptosis, the concomitant
release of cytosolic contents of secondary necrosis may drive
persistent immune responses and lead to tissue damage.
Therefore, identifying its regulatory mechanism may be of
important significance. Secondary necrosis was, however,
conceived as a non-programmed and nonspecific form of
cell death, and the molecular mechanism regulating its
onset remained unknown. Until the revealing of GSDME as
an executor of secondary necrosis recently,>* secondary
necrosis is no longer accidental, but a controllable process
that stands out as a potential therapeutic target. GSDME has
been proposed as a tumor suppressor, and is now believed to
be a strategy to boost the immunogenicity of cancer cell
death.***' Our results demonstrated that GSDME knock-
down prevented secondary necrosis and fibrogenesis in dia-
betic tubular cells. Our work brings about an advance in
identifying GSDME as a promising target for the treatment
of DKD. Future studies should elucidate whether knock-
down or knock-out of GSDME exerts benefits in diabetic
animals, and to design novel drugs targeting this pathway.

As Z-DEVD-FMK did not affect glucose levels and
body weight in the STZ-induced diabetic mice. The protec-
tive effects of Z-DEVD-FMK on DKD were independent of
improvements in metabolic anomalies. Previously, it has
been reported that caspase-1 or NLRP3 (NOD-like receptor
pyrin domain containing protein 3) deficiency attenuated
albuminuria and glomerular extracellular matrix accumula-
tion without affecting the glucose levels and body weight in
diabetic mice.'> Birnbaum et al reported Saxagliptin ame-
liorated diabetes-induced inflammasome activation and
DKD (at least partial) independent of glucose lowering.*
Indeed, metabolic disorder is the initial cause of DKD. In
addition, hemodynamic abnormalities, oxidative stress, and
inflammation are also involved in the progression of DKD.
Our results indicate that caspase-3 inhibitor protects mice
from DKD via the regulation of lytic form of regulated cell
death, GSDME-mediated secondary necrosis.

Our previous study showed that pyroptosis occurs at an
early stage of DKD and caspase-1 inhibitor treatment
could reduce albuminuria within three weeks. In this
study, our results demonstrate that GSDME was initially
activated at 24 hrs, which is later than the activation of
GSDMD in vitro. Besides, albuminuria was ameliorated
after six weeks of treatment with a caspase-3 inhibitor in
diabetic mice. Based on these results, we propose that

GSDME-mediated cell death may play an important role
in promoting DKD during later stages.

Since GSDME can form pores on plasma membrane, it
can also act on organelle membrane. A recent study pointed
out that GSDME augments the activation of the mitochondrial
apoptotic pathway via forming pores in the mitochondria to
facilitate cytochrome c release.>® Other superfamily members,
like GSDMA and GSDMD, seem to share the ability to
augment the apoptotic pathway through mitochondria.**>*
Therefore, more sophisticated experiments are required to
further clarify the role of GSDME in DKD.

Conclusion

In summary, we showed that GSDME-mediated secondary
necrosis, downstream of apoptotic caspase-3, accounts for
the progression of renal tubulointerstitial fibrosis. These
findings provide a new insight into the pathogenesis of
DKD and a promising target for its treatment. Furthermore,
small molecules targeting GSDME may provide a promising
therapeutic strategy in the treatment of DKD.
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