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Abstract

Renal tubular cell (RTC) death and inflammation contribute to the progression of obstructive nephropathy, but its underlying

mechanisms have not been fully elucidated. Here, we showed that Gasdermin E (GSDME) expression level and GSDME-N

domain generation determined the RTC fate response to TNFα under the condition of oxygen-glucose-serum deprivation.

Deletion of Caspase-3 (Casp3) or Gsdme alleviated renal tubule damage and inflammation and finally prevented the

development of hydronephrosis and kidney fibrosis after ureteral obstruction. Using bone marrow transplantation and cell

type-specific Casp3 knockout mice, we demonstrated that Casp3/GSDME-mediated pyroptosis in renal parenchymal cells,

but not in hematopoietic cells, played predominant roles in this process. We further showed that HMGB1 released from

pyroptotic RTCs amplified inflammatory responses, which critically contributed to renal fibrogenesis. Specific deletion of

Hmgb1 in RTCs alleviated caspase11 and IL-1β activation in macrophages. Collectively, our results uncovered that TNFα/

Casp3/GSDME-mediated pyroptosis is responsible for the initiation of ureteral obstruction-induced renal tubule injury,

which subsequentially contributes to the late-stage progression of hydronephrosis, inflammation, and fibrosis. This novel

mechanism will provide valuable therapeutic insights for the treatment of obstructive nephropathy.

Introduction

Ureteral obstruction is one of the most common problems in

obstructive nephropathy. How to prevent the progression of

obstructive nephropathy and help the kidney recover from

the reversible ureteral obstruction is still a great challenge in

clinical practice. If the obstruction can not be relieved

in time, it will lead to hydronephrosis, eventually resulting

in renal fibrosis and loss of renal function. Obstruction of

the urinary tract may cause urinary flow disorder, leading to

substantial damage to the tubular epithelial cells and

the vascular network with rapid infiltration of inflammatory

cells [1]. In the obstructed kidney, tubular cell death is

also thought to induce the origin of tubular loss and
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tubulointerstitial atrophy and then promotes the develop-

ment of hydronephrosis, interstitial inflammation, and

fibrosis [2–4]. A large number of factors, including hypoxia,

ischemia, inflammatory cytokines, reactive oxygen species,

and mechanical stretch, can initiate tubular cell death [5–8].

However, during the progression of obstructive nephro-

pathy, the causal relation between tubular cell death and

fibrosis is still unclear.

Unilateral ureteral obstruction (UUO) in mice has been

commonly utilized as an important model for exploring the

pathophysiology of obstructive nephropathy and the

mechanisms of renal fibrosis [9]. In this mouse model, an

immediate and dramatic injury to tubular cells occurs during

the early stage of acute unilateral obstruction [10]. Increasing

evidence has shown that cell death plays a predominant role at

the early stage of pathological progression of acute obstruc-

tive nephropathy. Mobilization and infiltration of macro-

phages and neutrophils and subsequent release of cytokines,

including interleukin-1β (IL-1β) and IL-18 greatly contribute

to the progression of fibrosis [10–12]. Danger-associated

molecular patterns (DAMPs), such as high-mobility group

box 1 (HMGB1) released from necrotic cells activate the

innate immune system to produce inflammatory cytokines,

which further amplify the inflammatory response or even

trigger the cell death process [13, 14]. This loop has

been considered as an important common relation of the cell

death-inflammation cycle, which greatly contributes to the

progression of renal fibrosis [15, 16]. Receptor-interacting

protein kinase-3 (RIPK3), a key regulator of necroptosis, has

been implicated in acute kidney injury and progression to

CKD [16–20]. One study demonstrated that deletion of Ripk3

protected against UUO-induced kidney fibrosis in mice [8].

However, Ripk3 deficiency could not completely prevent

tubular cell death and the development of renal fibrosis. Thus,

we speculated that other cell death signaling pathways are

involved in tubular cell damage and renal fibrosis progression

after ureteral obstruction.

Pyroptosis, is now defined as gasdermin-mediated pro-

grammed necrosis [21]. The gasdermin family consists of

Gasdermin A, B, C, D, E, and DFNB59. Except for

DFNB59, all the gasdermin members possess an N-terminal

pore-forming domain and a C-terminal repressor domain.

The gasdermins execute proinflammatory cell death via

the pore-forming activity after its cleavage by upstream

proteases [22, 23]. The Gasdermin D (GSDMD), a substrate

of caspase1/4/5/11, mediates the pyroptosis triggered by

inflammasome activation [23–25]. GSDME, expressed in

most normal tissue cells, could switch apoptosis to pyr-

optosis. Caspase-3 (Casp3) specifically cleaves GSDME in

the linker, releasing a GSDME-N fragment to perforate

membrane pores for triggering pyroptosis [26, 27].

Caspases and Gasdermins have been implicated in genetic

association with diseases [22, 26–30]. Deletion Gsdme

in mice reduced chemotherapy drugs-induced various tissue

damages [26]. Casp3 deficiency mice were reported to pre-

vent the development of IRI to CKD by reducing micro-

vascular rarefaction and renal fibrosis [7]. In the current

study, we established a persistent ureteral obstruction model

and R-UUO model in Gsdme and Casp3 knockout mice and

cell type-specific Casp3 or Hmgb1-deficient mice. We

demonstrated Casp3/GSDME-mediated pyroptosis in renal

tubular cells (RTCs), but not hematopoietic cells are

responsible for the initiation of a ureteral obstruction-induced

kidney. Pyroptotic RTCs lead to tubular loss and promote

inflammation and fibrosis through HMGB1 release. Target-

ing renal tubular epithelial cell pyroptosis may be critical to

interfere with the progression of ureteral obstruction-induced

nephropathy.

Materials and methods

Mice

Gsdme−/− mice were provided by Prof. Feng Shao, National

Institute of Biological Sciences, Beijing [26]. Ksp1.3/Cre

(Ksp-cre) transgenic mice were obtained from Dr. Peter

Igarashi, Division of Nephrology, UT Southwestern [31].

Hmgb1 c-KO, B6-Hmgb1 floxed (Hmgb1fl/fl, RBRC06240)

were provided by Dr. Tadatsugu Taniguchi, University of

Tokyo [32]. Casp3fl/fl mice were obtained from Gem-

Pharmatech Co., Ltd, and Casp3−/− mice were obtained by

intercrossing the Casp3fl/fl mice with EIIa-Cre mice (Jack-

son Lab, 003724). Ksp-cre specifically delete floxed genes

in a renal tubular system [31]. Vav-Cre mice are frequently

used to specifically delete floxed genes in the hematopoietic

system [33, 34]. Ksp-Cre×Casp3fl/fl mice were generated

by intercrossing of Ksp-cre and Casp3fl/fl mice. Vav-cre×

Casp3fl/fl mice were generated by intercrossing of Vav-icre

(Jackson Lab, 008610) and Casp3fl/fl mice. Ksp-Cre×

Hmgb1fl/fl mice were generated by intercrossing of Ksp-cre

and Hmgb1fl/fl mice. Ksp-Cre×Casp3fl/fl and Vav-Cre×

Casp3fl/fl mice were fully viable without any obvious phe-

notype. All mice were housed in a specific pathogen-free

facility with 12-h light/dark cycles. All the mice were

obtained on a C57BL/6 background. Genotypes were

determined by tail-snip PCR amplification.

Murine UUO and Reversible unilateral ureteral
obstruction (R-UUO) models

UUO surgery was carried out as previously described

[8, 33]. After male mice (10- to 12-week-old, 22–28 g body

weight) were anesthetized, ureteral obstruction was

performed by the ligation of the left ureter with 4–0 silk

suture. Sham-operated mice had the same procedure but
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not ligated. R-UUO was conducted according to the

previously published protocol [33]. A displaceable clip

(Artikelnummer 00396-0 S&T Vascular Clamps, Fine Sci-

ence Tools, Heidelberg, Germany) was used to ensure

reversibility. This clip was placed on the left ureter on day

0, shifted in position on days 2 and 4 to avoid strictures, and

finally removed on day 6. On day 12 after R-UUO, the

contralateral kidney was removed to measure the function

and access the restoration level of a kidney after relieving

the obstruction. Blood and kidneys were collected and

analyzed at the indicated time points. All the animal

experiments were performed with the approval of the

Laboratory Animal Management and Ethics Committee of

Fujian Medical University, according to the Chinese

Guidelines on the Care and Use of Laboratory Animals.

After handling the mice, the investigators were blinded

when assessing the outcome (histology, GFR measurement,

qPCR, ELISA, and flow cytometry).

In the in vivo treatment study, some groups received

intraperitoneal injection of HMGB1 neutralizing antibody

(anti-HMGB1 mAb, 50 µg/mice) very other days [35].

Some groups were given mouse TNF-α neutralizing anti-

body (anti-TNF-α mAb, 20 µg/mice) every three days. Both

anti-HMGB1 mab and anti-TNF-α mAb were given one day

before ureteral obstruction performed.

Reagents and antibodies

Anti-GSDME antibody (ab215191, abcam), cleaved caspase-

3 (Asp175) antibody (#9661, Cell Signaling), anti-mouse

caspase-1 p20 (AG-20B-0042-C100, AdipoGen), cleaved

caspase-8 (Asp387) antibody(#9429, Cell Signaling), anti-

caspase-9 antibody (#9504, Cell Signaling), anti-caspase-11

antibody (17D9, Vovus Bio), anti-mouse IL-1β antibody

(5129-100, BioVision), anti-HMGB1 (ab18256, abcam), anti-

α-SMA (A5228, Sigma-Aldrich), anti-collagen I (ab34710,

abcam), anti-tubulin (T9026, Sigma-Aldrich), anti-Lrp2/

Megalin antibody [CD7D5] ab184676, and anti-GAPDH

(3781, ProSci) antibodies were used for western blot. Mouse

TNF-α neutralizing mAb (11969S) were obtained from Cell

signaling Technology. Chicken anti-HMGB1 polyclonal

antibody (Neutralizing antibody, 326052233) was obtained

from SHINO-TEST Corporation. Mouse recombinant TNFα

(mTNFα) was a kind gift from Dr. Jiahuai Han. Anti-F4/80

antibody [CI: A3-1] (ab6640, abcam), anti-Ly6G antibody

[RB6-8C5] (ab25377, abcam) were used for immunohisto-

chemical staining. Anti-Lrp2/Megalin (ab184676, abcam),

anti-GSDME (13075-1-AP) antibody (Proteintech, China),

and anti-HMGB1 (ab79823, abcam) were used for immuno-

fluorescence staining. Mouse TNFα (MTA00B) and IL-1β

(MLB00C) ELISA Kit provided by R&D Systems were

used for detection of their secretion levels by ELISA.

HMGB1 (ST51011) ELISA kit was obtained from TECAN.

V500 (65-0867-14), Fixable Viability Dye eFluorTM 520,

was purchased from eBioscienceTM. F4/80 (25- 4801-82,

eBioscience™), and Ly-6G/Ly-6C (RB6-8C5, 11-5931-82,

eBioscience™) antibodies were used for Flow cytometry.

ApopTag fluorescein in situ apoptosis detection kit (S7110),

was purchased from EMD Millipore.

Histologic analysis of kidney sections

Kidneys were embedded in paraffin or optimal cutting tem-

perature compound (OCT, 4538, Leica). Paraffin sections

(4 μm) were stained with PAS and Masson Trichrome for

tubular injury and fibrosis assessment, according to our pre-

vious studies [16, 29]. Cell death was analyzed by terminal

deoxynucleotidyl transferase-mediated digoxigenin-deoxyur-

idine nick-end labeling (TUNEL). The kidney sections were

stained with TUNEL according to the manufacturer’s proto-

col. Cryosections (4 μm) were used for immunofluorescence

staining. After fixation with ice-cold acetone for 15min,

sections were washed with PBS and incubated with different

primary antibodies: Anti-GSDME (1:250), anti-α-SMA

(1:200), anti-collagen I (1:200), anti-HMGB1 (1:250), Anti-

Megalin (1:200) for 1–2 h. As a detection antibody, Alexa

Fluor® 488 and Alexa Fluor® 594 labeled secondary anti-

bodies (abcam) were used. DNA was labeled with DAPI

(Invitrogen). Immunohistochemical staining was performed

by routine protocols. The number of F4/80-positive or Ly6G-

positive cells was accessed with Image J software. All his-

tologic sections were analyzed in a blinded manner.

Measurement of glomerular filtration rate (GFR)

To evaluate renal function, the GFR was assessed in the

R-UUO-subjected kidney. GFR was measured in conscious

mice by calculation the clearance of single-injection FITC-

labeled sinistrin. One percent FITC-sinistrin (3.74 µl/g body

weight) was intravenously injected into mice after R-UUO

as the indicated time. Then, mice were placed in a restrainer

after the injection, about 6 µl blood was drawn from the tail

vein at 3, 7, 10, 15, 35, 55, and 75 min. Fluorescence

intensity in each plasma sample was determined with a

Thermo NanoDrop3300 spectrophotometer. Plasma con-

centrations of FITC-sinistrin were detected according to the

fluorescence intensity obtained. As previously reported, a

two-compartment model of two-phase exponential decay

was used to calculated GFR [33, 36, 37].

Western blot analysis

For detecting the protein expression in primary cultured

cells, the cells were harvested after treatment and then lysed

with 1.2 × SDS buffer immediately. For measuring the

protein expression in kidney tissues, approximate 50 mg

GSDME-mediated pyroptosis promotes inflammation and fibrosis in obstructive nephropathy 2335



tissues were homogenized in 300–500 μl RIPA lysis buffer

containing protease inhibitors cocktail (Thermol Fisher).

After protein concentrations were detected by Bradford

protein assay, 5 × SDS was added. The lysates were sub-

jected to electrophoresis and separated on 8–12% poly-

acrylamide gels and then transferred to polyvinylidene

fluoride membranes (EMD Millipore). Membranes were

blocked for 1 h in 5% BSA and incubated overnight at 4 °C

with the primary antibodies. After washing, the membranes

were then incubated for 1 h with horseradish peroxidase-

labeled secondary antibodies. The blots were visualized

with ECL.

Cell culture

Primary renal tubules were freshly isolated as described in

our previous studies with minor modifications [16, 17]. The

renal cortices were dissected and minced, and then digested

with 0.75 mg/ml collagenase (Sigma-Aldrich) for 30 min at

37 °C. The suspension was filtered (pore size, 100 μm) and

resuspended with HBSS. Enrichment of tubules was iso-

lated by centrifugation on self-forming Percoll gradients.

Finally, the freshly isolated primary tubule fragments were

collected. If cultured, they were plated into collagen-coated

dishes and cultured in DMEM-F12 as described. After

~5–6 days, the cultured renal primary tubular cells (RTCs)

were used in this experiment.

Bone marrow-derived macrophages (BMDMs) were

obtained from the bone marrow of the tibia and femur. For

differentiating BM progenitors, BM was washed and

resuspended, and then cultured in RPMI 1640 containing

30% L929-conditional medium. L929 was a gift from Prof.

Jiahuai Han. After 6–7 days, BMDMs were divided and

plated in a 12-well tissue plate for 24 h and then treated as

indicated.

To stimulate RTC pyroptosis mimicing the in vivo

condition after UUO, RTCs from mice were infected with

vector or GSDME-expressing lentivirus and then treated

with 100 ng/ml TNFα for 24 h under the condition of

oxygen-glucose-serum deprivation (OGSD). To detect if

HMGB1 release from the dying RTCs could trigger IL-1β

secretion in BMDMs, the supernatants from the dying

RTCs were collected and then used to induce caspase 11/IL-

1β activation in BMDMs.

Lentivirus preparation and infection

For lentivirus production, pBOBI expression constructs and

lentivirus-packing plasmids (PMDL/REV/ VSVG) were

cotransfected to 293T cells by calcium phosphate pre-

cipitation. The virus-containing medium was harvested

after transfection for 40–45 h. pBOBI-GSDME and pBOBI-

GSDMED267A were provided by Prof. Jiahuai Han.

RTCs were transfected with the virus-containing medium in

presence of 10 μg/ml polybrene. The infectious medium

was changed 16–18 h later, and the infected RTCs were

further used for experiments after 36–48 h.

Flow cytometry

To obtain single-immune cell suspension, kidney tissues

were dissected and minced, and then digested with a

cocktail of 200 μg/ml DNase I (Roche, 11284932001) and

1.5 mg/ml collagenase D (Roche, 11088858001) in PBS at

37 °C for 30 min. The suspension was filtered (pore size,

40 μm) and resuspended with HBSS. Enrichment of

immune cells was isolated by centrifugation on self-forming

Percoll gradients. Single-cell suspensions were blocked for

Fc-mediated reactions by using CD16/CD32 Monoclonal

Antibody 93 (14-0161-85, eBioscienceTM). After washed,

suspensions were stained with cell-surface antibodies

for detecting the infiltration of F4/80 positive cells. V500

(eBioscienceTM Fixable Viability Dye eFluor™ 520, 65-

0867-14) was added to the suspension to distinguish live or

dead cells. All samples were run on a Navios (Beckman)

flow cytometer and analyzed using FlowJo software.

For IL-1β secretion in macrophages, immune cells in CM

were stimulated with PMA (50 ng/ml, LPL:250 ng/ml),

Ionomycin (500 ng/ml, LPL:1ug/ml), and GolgiStop

(1:1000 dilute) for 4–5 h. After stained with cell-surface

antibodies, then cells were fixed and permeabilized.

Statistical analysis

Results were representative of at least three independently

performed experiments. Statistical analysis was performed

with Prism software (GraphPad Software, Inc.). Unpaired

Student’s t tests or two-way analysis of variance (ANOVA)

test with Bonferroni post-test was used to compare the

means of two groups. Bars represent means ± SD. P < 0.05

was considered to indicate statistical significance.

Results

Both Casp3 and GSDME were activated in the
obstructed kidney

To further investigate potential cell death pathways in this

process, we focused on a recently described cell death path-

way, Casp3-GSDME-mediated pyroptosis. All gasdermins

except for DFNB59 share pyroptotic Gasdermin-N domain

upon caspases cleavage [38–40]. We first examined the

expression and activation of Casp3 and GSDME in the

obstructed kidney of the UUO model. Immunofluorescence

staining displayed evident GSDME expression in tubular
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epithelial cells of mice subjected to UUO (Fig. 1A), compared

with those in mice subjected to sham surgery. UUO induced

the activation of Casp3 on both day 3 and day 7, as evidenced

by the presence of its cleaved form (Fig. 1B). The induction

of cleaved GSDME on both day 3 and day 7 after UUO

suggests that GSDME-mediated pyroptosis occurs in the

obstructed kidneys. In line with this, kidneys with ureteral

obstruction exhibited severe tubular necrosis, tubular dilation,

and interstitial inflammation at day 3 and day 7 (Fig. 1C, D).

This was further confirmed by electron microscope analysis

(Fig. 1E), showing the necrotic morphology of tubular cells

on day 3 and day 7. The enhanced severity of hydronephrosis

Fig. 1 UUO- induced Casp3/GSDME activation and renal tubular

cell necrosis increased in the kidney. A Immunostaining images of

kidney sections from mice. Kidneys were isolated from mice on day 3

after sham or UUO surgery. Sections were stained using an anti-GSDME

antibody (red) and DAPI (blue). n= 6 for Sham group; n= 10 for UUO

group. Scale bar= 50 μm. B Freshly isolated tubules were collected for

western blot to analyze the cleavage of GSDME and Caspase3. Antibody

against GAPDH was used as a loading control. n= 4. C Representative

PAS staining of kidney sections from sham-group mice and mice on day

3 or 7 after UUO. Scale bar (black)= 100 μm, scale bar (blue)= 50 μm.

D Histologic renal injury scores are shown in panel (C). Scores were

obtained by counting the percentage of tubules that displayed tubular

necrosis and tubular dilation. ##P < 0.01 vs. sham group. Sham group,

n= 6; UUO groups, n= 10. E Representative electron micrographs of a

tubular necrotic cell. n= 5. Scale bar= 2.5 μm. F Representative elec-

tron micrographs of mitochondrial damage in proximal tubular cells.

n= 5. Scale bar= 1 μm. G The activation of caspase 8 and caspase 9

were analyzed in freshly isolated tubules by the western blot at the

indicated time. n= 4.

GSDME-mediated pyroptosis promotes inflammation and fibrosis in obstructive nephropathy 2337



was accompanied by increased tubular cell necrosis. After

UUO, mitochondria in tubular cells became swollen, losing

the integrity of cristae (Fig. 1F). The activation of Casp3 can

occur through mitochondria-dependent and mitochondria-

independent pathways, which are mediated by Casp9 and

Casp8, separately [30, 39]. Both Casp8 and Casp9 were
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activated after UUO, as evidenced by the presence of their

cleaved forms (Fig. 1G). The activation of Casp9 was

dominant at the early stage (d1); while the activation of Casp8

was enhanced later (d3) (Fig. 1G). These results indicated that

the cleavage of GSDME, possibly by Casp3 activated through

both mitochondria-dependent and mitochondria-independent

pathways, triggers pyroptosis in the obstructed kidneys

after UUO.

Gsdme deficiency ameliorated ureteral obstruction-
induced hydronephrosis and undergoing fibrosis

We examined whether Gsdme deficiency affected UUO-

induced renal tubular epithelial cell death and pathological

changes. The kidney from WT mice showed a higher per-

centage of TUNEL staining-positive cells (Fig. 2A, C),

together with enhanced tubular necrosis and tubular dilation

(Fig. 2B, D) on d3 and d7 after UUO; whereas such renal

tubule damage was significantly ameliorated in the kidney

from Gsdme−/− mice. The knockout efficiency of Gsdme

was further confirmed by western blot (Fig. 2E). Exemplary

photographs of obstructed kidneys in Fig. 2F displayed

hydronephrosis. The kidney from WT mice showed a

thinner renal cortex on d7 and became more severe on d13;

while this was drastically prevented by Gsdme deficiency

(Fig. 2F). Gsdme−/− mice developed significantly less

UUO-induced renal fibrosis than WT mice, as showed in

the protein levels of fibrotic markers, α-smooth muscle actin

(α-SMA), and collagen I (Col I), which were significantly

induced in the obstructed kidney (Fig. 2G). Overall fibrosis

quantified by Masson Trichrome staining (Fig. 2H, I) and

the deposition of α-SMA (Fig. 2J, K) and Col I (Fig. 2L, M)

quantified by immunofluorescence were significantly

reduced by Gsdme deletion. These data suggest that

GSDME-mediated pyroptosis contributes to the progression

of hydronephrosis, interstitial tubular injury, and fibrosis

induced by ureteral obstruction.

GSDME-mediated pyroptosis in bone marrow-
derived cells did not contribute to the progression
of obstructive nephropathy

To further determine whether GSDME-mediated pyroptosis

in bone marrow (BM)-derived immune cells contributes to the

progression of obstructive nephropathy, we performed bone

marrow transplantation studies. Gsdme+/+ mice receiving

Gsdme+/+ bone marrow (referred to Gsdme+/+ to Gsdme+/+

chimeric mice) developed a serious tubular injury in the

kidney on day 3 after UUO, as determined by PAS staining

(Fig. 3A, E). These mice also developed significant renal

fibrosis on day 13 after UUO, as determined by Masson

staining (Fig. 3B, F). Consistent with these data, a significant

increase of α-SMA (Fig. 3C, G, I) and Col I (Fig. 3D, H, I)

was detected. These parameters were significantly reduced in

both Gsdme+/+ (WT) to Gsdme−/− (KO) and Gsdme−/− (KO)

to Gsdme−/− (KO) chimeras (Fig. 3A–I). However, Gsdme−/−

to Gsdme+/+ chimeric mice did not show significant renal

protection on days 3 and 13 after UUO (Fig. 3A–I). These

results indicate that GSDME-mediated pyroptosis in bone

marrow-derived infiltrating immune cells is not responsible

for the pathogenesis of obstructive nephropathy.

Casp3/GSDME-mediated pyroptosis in tubules was
responsible for the progression of obstructive
nephropathy

We further investigated the role of Casp3 in renal tubular

injury and fibrogenesis in mice subjected to UUO. As

expected, Casp3 deficiency mice displayed a lower per-

centage of TUNEL staining-positive RTCs than WT mice

on day 3 after UUO (Fig. 4A, B). Consistently, deletion of

Casp3 significantly prevented tubular injury (Fig. 4C, D)

and cleavage of GSDME (Fig. 4G). There was also a sig-

nificant reduction of renal fibrosis in Casp3−/− mice than

that in Casp3+/+ mice on day 13 after UUO (Fig. 4E, F).

To further determine whether Casp3/GSDME-mediated

pyroptosis in tubular cells or hematopoietic cells contribute

to renal fibrosis in obstructive nephropathy, we generated

RTCs-specific and hematopoietic cells-specific Casp3-

deficient mice by crossing Casp3 floxed mice (Casp3fl/fl

mice) with Ksp-Cre- and Vav-Cre-expressing mice on a

C57BL/6 background, separately [31, 33, 34]. As expected,

RTCs-specific Casp3-deficient mice (Ksp-Cre×Casp3fl/fl)

inhibited GSDME activation (Fig. 4L) and developed

Fig. 2 Gsdme deficiency alleviated renal tubular damage, hydro-

nephrosis, and fibrogenesis in the UUO model. A, C Representative

images of TUNEL staining of kidney sections from mice. Kidneys

were isolated from wild-type mice (Gsdme+/+) and Gsdme-deficient

mice (Gsdme−/−) on days 0, 3, or 7 after UUO as indicated. Merged

images of TUNEL signal (green) and DAPI (blue) were shown. The

number of TUNEL-positive cells was counted in ten random fields in

the obstructive kidney per mice. Scale bar= 50 μm. B, D Repre-

sentative images of PAS-stained kidney and the scores of tubular

damage. Scale bar= 100 μm. A–D, d 0 group, n= 6; UUO groups,

n= 10. **P < 0.01 vs. Gsdme+/+ group. E The knockout efficiency of

Gsdme was confirmed by western blot. n= 6. F Exemplary photo-

graphs were shown. n= 6. G Western blot analysis for α-smooth

muscle actin (α-SMA) and type-I collagen (Col I) expression of kidney

tissue lysates. Kidney tissue lysates were isolated on day 0, 3, 7, or 13

after UUO as indicated. GAPDH was used as a loading control. n= 4.

H Representative images of Masson trichrome staining of kidney

sections. Scale bar= 100 μm. I Quantification of fibrotic area eval-

uated by Masson trichrome staining shown in panel (H).

J, L Representative images of immunofluorescence staining of kidney

sections. Antibodies against α-SMA (I) and Col I (L) were used; DAPI

was used for nuclear staining. Scale bar= 100 μm. K, M Quantifica-

tion of αSMA (K) and Col I (M) expression by immunofluorescence.

H–M, Sham group, n= 6; UUO groups, n= 10. **P < 0.01 vs.

Gsdme+/+ group.
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significantly less tubular injury at the early stage

(Fig. 4H, J) and reduced renal fibrosis at a late stage after

UUO than wild type mice (Ksp-Cre×Casp3wt/wt)

(Fig. 4I, K). However, hematopoietic cells-specific Casp3-

deficient mice (Vav-Cre × Casp3fl/fl mice) did not show

significant changes in renal tubular injury and interstitial

Fig. 3 Bone marrow-derived cells with Gsdme deficiency did not

reduce renal tubular damage and renal fibrosis progression after

UUO. Chimeric mice were created, in which the BM was replaced with

donor BM cells from WT or Gsdme-ko. A, E Representative images of

PAS-stained obstructive kidney sections (Bar= 100 μM), and quantifi-

cation of renal injury in BM chimeric mice at 3 days after UUO. n= 9.

B, F Representative images of Masson trichrome-stained obstructive

kidney sections (Bar= 100 μM), and assessment of renal fibrosis in BM

chimeric mice at 13 days after UUO. n= 9. C, D Representative images

of immunofluorescence staining with markers (α-SMA and Col-I) of

Fibrosis. Scale Bar= 100 μM. G, H Quantification of α-SMA and Col I

expression. n= 6. **P < 0.01 vs. WT to WT chimeric mice; ∆∆P < 0.01,

vs. KO to WT chimeric mice. I Western blot analysis of protein

expression of α-SMA and Col I. n= 4. WT wild type, KO Gsdme-ko.
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fibrosis when compared with wild-type mice (Vav-Cre ×

Casp3wt/wt) on day 3 and 13 after UUO (Fig. 4H–K). Taken

together, these data provide evidence that Casp3/GSDME-

mediated pyroptosis in RTCs, but not infiltrating immune

cells, predominantly contributes to the progression of kid-

ney injury and fibrosis induced by ureteral obstruction.
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Deletion of Gsdme/Casp3 improved the recovery of
renal function after ureteral obstruction relieved

To further investigate the effects of Casp3/GSDME-medi-

ated pyroptosis in RTCs on the initiation of early renal injury

and the inflammation which contributes to the development

of renal fibrosis, we applied the R-UUO model in mice to

study their recovery from renal tubular injury and fibrosis

after the removal of the obstruction. As shown in Fig. 5A, R-

UUO was achieved with a clip that was placed on day 0 and

removed on day 6 after UUO, as the previous study showed

[33]. On day 12, the contralateral kidney was removed in all

mice. The extent of renal tubular damage and fibrosis pro-

gression in Gsdme−/− and Casp3−/− mice, as determined by

PAS (Fig. 5B) and Masson’s trichrome (Fig. 5C) staining,

was lighter than those in WT mice subjected to R-UUO

(Fig. 5D, E). On day 13 after R-UUO, WT mice exhibited a

significantly reduced GFR when compared with Gsdme−/−

and Casp3−/− mice; on day 34 after R-UUO, the renal

function of Gsdme−/− and Casp3−/− mice was significantly

better than that of WT mice (Fig. 5F). Similar results on

tubular damage and fibrosis (Fig. 5B, C, G, H) and renal

function (Fig. 5I) were obtained in RTCs-specific Casp3-

deficient mice subjected to R-UUO. These data showed that

blockage of Casp3/GSDME-mediated tubular cell pyr-

optosis could improve the recovery of renal function after

ureteral obstruction relieved.

Tubular cell pyroptosis promoted HMGB1 secretion
and macrophages and neutrophils recruitment post-
UUO

Inflammation plays an important role in the pathophy-

siology of obstructive nephropathy and influences the

severity and prognosis of the obstructive kidney

[11, 12, 41, 42]. The number of macrophages and neu-

trophils, as indicated by F4/80+ cells (Fig. 6A, Fig. S1A)

and Ly6G+ cells (Figs. 6B and S1B), mildly increased on

day 5 and persistently increased up to day 10 post-UUO in

WT mice; while these were significantly reduced by

deletion of Gsdme or Casp3. RTC-specific deletion of

Casp3 also similarly reduced the infiltration of macro-

phages and neutrophils (Fig. 6C, D and S1C, D), sug-

gesting that persistent inflammation in the kidney after

subjected to UUO could result from pyroptotic tubular

cells which trigger the migration and recruitment of

inflammatory cells. Therefore, we further monitored the

production of pro-inflammatory cytokines and HMGB1 in

the kidney. Compared with WT mice, both Gsdme- or

Casp3-deficient mice produced much less TNFα and IL-

1β (Fig. 6E, F) after UUO. RTC-specific deletion of

Casp3 resulted in a similar reduction of TNFα and IL-1β

(Fig. 6G, H). Very interestingly, the level of HMGB1

increased at an early stage but decreased at a late stage

after UUO. Gsdme or Casp3 deficiency decreased

HMGB1 level from the early time point after UUO; while

there were no obvious differences between WT mice and

Gsdme−/− or Casp3−/− mice at the late stage (on day 10)

after UUO (Fig. 6I). Similar results were obtained

in RTCs-specific Casp3-deficient mice (Fig. 6J).

The HMGB1 mRNA and protein levels in tubules were

confirmed by qPCR and western blot (Fig. S1E, F,

Fig. 6K, L). These reveal that blockage of Casp3/

GSDME-mediated tubular cell pyroptosis prevents

HMGB1 secretion and the inflammatory cells infiltration

after ureteral obstruction.

HMGB1 released by pyroptotic tubular cells
promoted the progression of obstructive
nephropathy

HMGB1, a nuclear protein, functions as a DAMP, once it

is released from damaged or necrotic cells [14]. Extra-

cellular HMGB1 induces the production and release of

proinflammatory cytokines and chemokines from macro-

phages and monocytes [32, 43]. HMGB1 is highly

expressed in RTCs on day 3 after UUO, but not in RTC-

specific Hmgb1-deficient mice (Ksp-Cre×Hmgb1fl/fl)

(Fig. 7A, B). To further determine the roles of HMGB1

during the development of renal fibrosis, we subjected

RTC-specific Hmgb1-deficient mice to UUO and R-UUO

models. Deletion of Hmgb1 in renal tubules did not show

an obvious effect on cell death (Fig. 7C, I) and renal

damage on day 4 after UUO (Fig. 7D, J), but great-

ly alleviated the renal interstitial fibrosis on day 27

after R-UUO (Fig. 7E, K). Renal tubules-specific

Fig. 4 Real tubular damage and fibrogenesis were reduced in UUO

mice with specific deletion of Casp3 in renal tubules, but not in

hematopoietic cells. A–F Kidneys were collected as the indicated time

after UUO in Casp3+/+ and Casp3−/− mice. A–B Representative

images of TUNEL staining and quantitative analysis of TUNEL-

positive cells are shown in the obstructive kidney. Scale bar= 50 μM.

C–D Representative images of PAS-stained kidney sections and the

scores of tubular damage. E–F Representative images of Masson’s

trichrome-stained obstructive kidney sections and quantification of

renal fibrosis. A–F n= 6 for Sham group; n= 10 for UUO group.

Scale bar= 100 μM. **P < 0.01 vs. Casp3+/+ group. G, L Freshly

isolated tubules were collected for western blot to analyze the

expression and activation of GSDME and Casp3. n= 6. H, J

Mice with specific Casp3 deletion in renal tubular cells (Ksp-cre×

Casp3fl/fl) or hematopoietic cells (Vav-Cre×Casp3fl/fl) were subjected

to sham operation or UUO as the indicated time. Representative PAS-

stained images of kidney sections and quantification of renal tubular

injury were shown. I, K Representative images of Masson’s trichrome-

stained obstructive kidney sections and quantitative analysis of renal

fibrosis. H–K, n= 6 for Sham group; n= 10 for UUO group. Scale

bar= 100 μM. **P < 0.01 vs. Casp3fl/fl UUO-group.
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Hmgb1-deficient mice also showed a dramatic decrease of

macrophages infiltration (Fig. 7F, G, L) and IL-1β release

(Fig. 7H). These results indicate that HMGB1 released

from pyroptotic tubular cell death triggers the inflamma-

tory response, which drives the progression of fibrosis

after UUO.
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TNFα played an important role in triggering
pyroptosis after UUO

TNFα-induced apoptosis could be switched to pyroptosis

when the level of GSDME protein is upregulated [26].

TNFα neutralizing antibody treatment inhibited RTC death

(Fig. S2A–D) and Casp3/GSDME activation at an early

stage (Fig. S2E, F), suggesting TNFα played a very

important role in triggering pyroptosis after UUO. Inter-

estingly, TNFα neutralizing antibody reduced kidney injury

on day 6 after subjected to ureteral obstruction; while

HMGB1 neutralizing antibody treatment did not show a

significant effect, and combination use of anti-TNFα and

anti-HMGB1 antibodies did not show additive protection

(Fig. S3A, C), which is in line with the results obtained in

renal tubules-specific Hmgb1-deficient mice. However, in

the R-UUO model, both the anti-TNFα antibody and anti-

HMGB1 antibody reduced kidney fibrosis on day 27 after

the obstruction relieved, even though the anti-HMGB1

antibody showed milder protection than the anti-TNFα

antibody (Fig. S3B, D). Combination use of anti-TNFα and

anti-HMGB1 antibodies revealed the best inhibition of renal

fibrosis progression. These data provided evidence for a

major role of the TNFα/Casp3/GSDME/HMGB1 axis in the

development of obstructive nephropathy.

GSDME promoted RTC death in vitro under the
UUO-mimicking condition

As shown above (Fig. 1A, B), the expression of GSDME is

upregulated during the pathogenesis of obstructive

nephropathy. Previous studies have shown that ischemia,

hypoxia, and TNFα contributed to the pathophysiology

changes in the kidney after UUO in vivo [9, 10].

Very interestingly, the combination of OGSD with TNFα,

but not TNFα alone, induced pyroptosis in GSDME-

expressing RTCs in vitro. Thus, to mimic UUO in vitro, the

combination of OGSD with TNFα treatment was applied.

We used OGSD and 100 ng/ml TNFα to induce pyroptosis

in GSDME-overexpressing RTCs. GSDME-overexpressing

RTCs (Fig. 8A) responded effectively to TNFα treatment

under the condition of OGSD. The GSDME expression

level determined the susceptibility of RTCs to OGSD and

TNFα-induced cell death (Fig. 8A–C). GSDME mostly

located in the cytoplasm in control cells, but is translocated

to the plasma membrane in cells after OGSD and TNFα

treatment (Fig. 8D). The morphology of necrotic cell death

of GSDME-overexpressing RTCs was confirmed by elec-

tron microscopy (Fig. 8E). Without the addition of TNFα,

OGSD alone did not significantly induce RTC death, sug-

gesting that TNFα is essential in triggering RTC pyroptosis.

OGSD and TNFα treatment induced the activation of Casp3

in RTCs (Fig. 8F). Wild type GSDME, but not the GSDME

D270A mutant (deficient in cleavage by Casp3), was

cleaved in response to OGSD and TNFα treatment

(Fig. 8F). Consistently, expression of GSDME wild type,

but not D270A mutant, dramatically induced pyroptosis in

RTCs in responses to OGSD and TNFα treatment (Fig. 8G).

Furthermore, deletion of Casp3 completely blocked cell

death of RTCs and cleavage of GSDME after OGSD and

TNFα treatment (Fig. 8H, I). Thus, GSDME cleavages by

Casp3 are essential for TNFα-induced pyroptosis in RTCs

in vitro. These results further consolidate the important role

of TNFα/Casp3/GSDME-mediated pyroptosis during the

pathogenesis of obstructive nephropathy.

We further determined the role of HMGB1 in the cross-

talk between RTCs and macrophages during the develop-

ment of obstructive nephropathy. The release of HMGB1

from RTCs significantly increased after treatment

with OGFD and TNFα (Fig. 8J). Bone marrow-derived

macrophages (BMDMs) were stimulated with culture

supernatants collected from wild type and Hmgb1-deficient

(Hmgb1Ksp−/−) RTCs after treatment with OGFD and

TNFα. As expected, the supernatants from wild type, but

not Hmgb1-deficient RTCs efficiently induce the activation

of caspase11 and the cleavage and release of IL-1β in

BMDMs (Fig. 8K). This suggests that HMGB1 released by

pyroptotic RTCs could amplify inflammatory responses by

inducing the activation of the inflammasome, the release of

cytokines, and pyroptosis in macrophages.

Discussion

Tubular cell death rapidly increases in the kidney

when subjected to ureteral obstruction. Several tubular

Fig. 5 Gsdme and Casp3 deficiency improved renal function and

inhibited fibrosis progression in the kidney with reversible uni-

lateral ureteral obstruction (R-UUO). A Scheme of the experimental

design for the model of R-UUO. The right ureteral obstruction was

performed on day 0, obstruction was relieved on day 6, and the left

kidney was removed on day 12. B–C Representative images of PAS and

Masson’s trichrome-stained kidney sections subjected to R-UUO as

depicted in WT, Gsdme-ko, Casp3-ko, Casp3fl/fl, Ksp-cre×Casp3wt/wt,

and Ksp-cre×Casp3fl/fl mice. Scale bar= 100 μM. D, E, G,

H Assessment of the renal tubular injury and renal fibrosis scores. n= 9.

**P < 0.01, ##P < 0.01. F GFR (one kidney) per 100 g body was mea-

sured in WT, Gsdme-ko, and Casp3-ko mice. Basel GFR was obtained

by the mice with the left kidney removed, but not undergoing with R-

UUO procedure. Mice for measuring Basel GFR, n= 6. Mice for R-

UUO model, n= 9. **P < 0.01 vs. Gsdme-ko group; ##P < 0.01 vs.

Casp3-ko group. I GFR (one kidney) per 100 g body was measured in

Casp3fl/fl, Ksp-cre×Casp3wt/wt, and Ksp-cre×Casp3fl/fl mice. GFR was

obtained as described in (F). Mice for measuring Basel GFR, n= 6.

Mice for R-UUO model, n= 9. **P < 0.01 vs. Casp3fl/fl group; ##P <

0.01 vs. Ksp-cre×Casp3wt/wt.
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Fig. 6 Gsdme−/−, Casp3−/− and Ksp-cre Casp3fl/fl mice displayed a

reduction of renal tubulointerstitial inflammation post-UUO.

A, C Representative images of kidney tissues stained with the

monocytes-macrophage marker F4/80+ and (B, D) leukocyte marker

Ly6G by immunohistochemistry at 5 and 10 days following UUO.

Scale bar= 100 μM. A–D n= 10. E–J TNFα, IL-1β, and HMGB1

production were detected by ELISA. n= 6. **P < 0.01; ##P < 0.01.

K, L Freshly renal tubules were isolated and HMGB1 expression was

analyzed by western blot. n= 4.
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pathological changes, including dilatation, atrophy and

loss, inflammatory cell infiltration, and interstitial fibrosis,

occur in prolonged ureteral obstruction [1, 10, 44].

These observations suggested that tubular cell death might

be pathogenetically related to tubular loss and renal

fibrosis. GSDME is expressed in various normal tissues,
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including kidneys [26]. In the current study, we showed

that activation of Casp3 and cleavage of GSDME were

markedly induced in the renal tubules in mice subjected to

ureteral obstruction. Moreover, deficiency of either

Gsdme or Casp3 inhibited hydronephrosis and fibrosis in

response to UUO, accompanied by reduced renal tubular

pyroptosis and inflammatory cell recruitment in kidneys

in response to UUO. Our findings revealed the important

link between tubular cell pyroptosis and obstructive

nephropathy.

We also showed that Casp3/GSDME-mediated bone

marrow-derived hematopoietic cell death did not contribute

to renal injury and fibrosis after UUO through bone marrow

transplantation experiments and application of tissue-

specific Casp3 knockout mice. Renal tubules-specific, but

not hematopoietic cell-specific, deletion of Casp3 protected

mice from renal tubule damage and renal fibrosis after

UUO. Thus, Casp3/GSDME-mediated tubular cell pyr-

optosis plays a predominant role in the development of

obstructive nephropathy. In the model of R-UUO with

subsequent reversible obstruction, mice deficient in either

Casp3 or Gsdme displayed better renal protection and

higher-level GFR, confirming that the severity of the early

injury determines the later outcome of renal function and

fibrosis.

Recent studies demonstrated the expression level of

GSDME determines the type of cell death in Casp3-

activated cells. GSDME-high expressed cells undergo

pyroptosis upon “apoptotic stimulation” like TNFα treat-

ment [26]. We showed that TNFα neutralizing antibody

inhibited RTC death and Casp3/GSDME activation at an

early stage after ureteral obstruction, and prevented renal

tubular injury and fibrosis. We overexpressed GSDMD in

RTCs in vitro to mimic the high GSDME expression

condition in the kidney after UUO. Casp3 deficiency

inhibited TNFα-induced cell death in high GSDME-

expressing RTCs. These results confirmed that active

Casp3 cleaves GSDME to liberate the GSDME-N domain,

which directly triggers pyroptosis in RTCs after ureteral

obstruction.

Non-microbial (sterile) inflammation is an important

event during the development of AKI to CKD [11, 42].

DAMPs, including HMGB1 production, contributed to

the activation of inflammasome in macrophages [13, 43].

Interestingly, besides the extracellular release, the

mRNA and protein levels of HMGB1 in renal tubules

following UUO induction increased in vivo. However,

in vitro, the changes of HMGB1 mRNA levels in

GSDME-mediated pyroptotic RTCs were not observed

(data not shown). In vivo, UUO leads to more complex

outcomes in the kidney, including RTC cell death,

tubular loss, and hydronephrosis, which lead to a decrease

in renal blood flow, ischemia, and hypoxia [2, 10].

One possible mechanism could be that ischemia and

hypoxia-induced by hydronephrosis following ureteral

obstruction triggered the transcription of HMGB1,

which has been previously reported [45–47]. Deletion

of Gsdme or Casp3 might primarily ameliorate hydrone-

phrosis through prevention of RTC death and tubular

loss, subsequently alleviated ischemia and hypoxia

indirectly, which contributed to downregulating HMGB1

mRNA and protein levels. We also gained important

insights into the functional relevance between tubular

pyroptosis and renal fibrosis by directly and specifically

interfering with the production of HMGB1 from tubular

cells. Specific deletion of Hmgb1 in renal tubules reduced

macrophages infiltration and IL-1β release, which mark-

edly contributed to renal fibrogenesis. Consistently,

the specific inhibition of HMGB1 production from

RTCs displayed less efficiency to trigger an inflammatory

response in macrophages. Hmgb1 in renal tubules

deficiency or HMGB1 neutralizing antibody prevented

interstitial fibrosis progression after relieving the ureteral

obstruction. These findings suggest HMGB1 released

from the TNFα/Casp3/GSDME-mediated dying tubular

cells drives the recruitment and activation of immune

cells which promote the progression of obstructive

nephropathy.

In summary, our study delineated the important mechan-

isms underlying ureteral obstruction-induced nephropathy.

After ureteral obstruction, TNFα/Casp3/GSDME signaling

mediates pyroptosis in renal tubules, triggering the release of

HMGB1 and inflammasome activation, finally resulting

in tubular loss and progressing into hydronephrosis and

renal fibrosis (Fig. 8L). Therapeutic strategies targeting

Casp3/GSDME-mediated pyroptosis may prove useful for

progressive obstructive nephropathy.

Fig. 7 Specific deletion Hmgb1 in renal tubular cells reduced

fibrosis progression and inflammatory cells infiltration in the

R-UUO model. A Immunofluorescence staining for HMGB1 (red),

Megalin (green), and DAPI (blue) in the kidney subjected to UUO for

3 days. The tubules were labeled with megalin. n= 6. Scale bar=

50 μm. B Western blot analyzed HMGB1 levels. n= 6. C, I Repre-

sentative images of TUNEL staining and quantitative analysis of

TUNEL-positive cells are shown in the obstructive kidney. Scale bar=

50 μM. n= 6. D, J Representative images of PAS-stained obstructive

kidney sections and the scores of tubular damage. E, K Representative

images of Masson’s trichrome-stained obstructive renal tissues and

quantification of renal fibrosis. F, L Representative images immuno-

histochemistry staining with F4/80+ of kidney tissues and quantification

of the number of F4/80-positive cells per hpf. D–F, n= 8, Scale bar=

100 μM. **P < 0.01 vs. Hmgb1fl/fl group; ##P < 0.01 vs. Ksp-cre×

Hmgb1wt/wt group. G, H The number of macrophages (F4/80+) and IL-

1β secretion in the kidney were detected by flow cytometry. n= 6.
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with lentivirus encoding GSDME for 44 h and then treated as (A).

Western blot analyzed the cleavage of caspase-3 and GSDME (H) and

cell death was evaluated by counting PI-positive cells (I). n= 6. **P <
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L Schematic model: Caspase3/GSDME-mediated pyroptosis in the

development of obstructive nephropathy.
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