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Podocyte damage mediated by in situ complement activation in the glomeruli is a key factor in the pathogenesis of membranous
nephropathy (MN), but the molecular mechanism has not been fully elucidated. Pyroptosis is a special type of programmed cell
death, mediate inflammatory response and induce tissue injury. However, it is not clear whether pyroptosis is involved in the
development and progression of MN. Here, we report that pyroptosis plays an important role in promoting podocyte injury in MN.
We first observed the occurrence of pyroptosis in the kidneys of MN patients and validated that complement stimulation triggered
pyroptosis in podocytes and that inhibiting pyroptosis reversed complement-induced podocyte damage in vitro. In addition,
stimulation of complement caused mitochondrial depolarization and reactive oxygen species (ROS) production in podocytes, and
inhibition of ROS reversed complement-induced pyroptosis in podocytes. Interestingly, inhibition of pyroptosis in turn partially
alleviated these effects. Furthermore, we also found the involvement of pyroptosis in the kidneys of passive Heymann nephritis
(PHN) rats, and inhibitors of pyroptosis-related molecules relieved PHN-induced kidney damage in vivo. Our findings demonstrate
that pyroptosis plays a critical role in complement-induced podocyte damage in MN and mitochondrial dysfunction is an important
mechanism underlying this process. It provides new insight that pyroptosis may serve as a novel therapeutic target for MN
treatment in future studies.
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INTRODUCTION
Membranous nephropathy (MN) is a common cause leading to
nephrotic syndrome, and one of the most important reasons for
patients with chronic kidney diseases advance to end-stage
renal disease (ESRD) [1, 2]. MN is an organ-specific autoimmune
disease, and most of MNs are associated with antiphospholipase
A2 receptor antibodies, which bind to the corresponding
antigens on podocytes to form immune complexes and then
activate complement to form C5b-9 membrane attack com-
plexes, which damage podocytes, destroy the glomerular
filtration barrier, and produce proteinuria. Therefore, it is widely
believed that complement plays a key role of mediation tissue
injury in membranous nephropathy, but the molecular mechan-
ism by which complement causes podocyte damage remains
unclear.
Pyroptosis is a recently discovered mechanism of pro-

grammed cell death [3]. It is a special type of programmed
cell death that is characterized by the swelling and rupture of
cells, the release of cell contents and a strong inflammatory
response. Among these, proinflammatory response are the
most distinguishing characteristics between it with apoptosis.

The mechanism of pyroptosis occurs through receptors such as
Nod-like receptors that recognize endogenous molecules and
toxic foreign products of bacteria, viruses and hosts and induce
the assembly of inflammasome complexes, thereby stimulating
the activation of downstream caspase-1. Activated caspase-1
cleaves gasdermin D (GSDMD) to produce the pore-forming N-
terminus of GSDMD (GSDMD-N) to induce pyroptosis. In
addition, activated caspase-1 causes the release of the
inflammatory factors IL-1β and IL-18, which aggravates the
inflammatory response. Pyroptosis has been studied in
ischemia-reperfusion injury [4], lupus nephritis [5], diabetic
nephropathy [6], HIV-related nephropathy [7], and so on.
However, it is not clear whether podocyte pyroptosis is involved
in the development and progression of MN.
In this study, we observed that the kidneys tissue of MN

patients and PHN rats displayed significant expression of
pyroptosis-related molecules. Furthermore, complement stimula-
tion induced pyroptosis of podocytes in vitro, and inhibition of the
latter alleviated complement-induced podocyte damage. The flow
diagram of the overall experimental idea is shown in Supplemen-
tary Fig. S1.
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RESULTS
Pyroptosis in the kidneys of MN patients
To determine the existence of pyroptosis in the kidneys of MN
patients, the glomeruli of normal controls (NCs) and MN patients
isolated by stereomicroscopy were subjected to RNA extraction,
reverse transcription, and qRT–PCR assessment. The results
showed that the mRNA levels of pyroptosis-related genes,
including caspase-1, GSDMD, NLRP3, ASC, and IL-1β, in the
glomeruli of MN patients were significantly upregulated (Fig. 1A).
Kidney paraffin sections from NCs and MN patients were
subsequently used for immunohistochemical staining, and the
results showed that the protein levels of pyroptosis-related
proteins, including caspase-1, GSDMD, NPRP3, ASC, and IL-1β, in
the renal cortex of MN patients were also significantly upregulated
(Fig. 1B). To further observe the distribution of pyroptosis-related
proteins in the kidney tissue of MN patients, we subsequently
performed double-color co-staining of the podocyte marker
synaptopodin and these proteins. The results showed the
colocalization of podocyte markers and these proteins, indicating
the existence of pyroptosis in podocytes (Fig. 1C, D).

Pyroptosis plays a role in complement-induced podocyte
damage in vitro
Considering the important role of complement in the occurrence
and progression of membranous nephropathy, we stimulated
podocytes with C3a and C5a in vitro. The results showed that after
stimulation of C3a or C5a, the mRNA levels of pyroptosis-related
molecules in podocytes were significantly upregulated (Fig. 2A).
The Western blotting results showed that stimulation of C3a or
C5a significantly increased the protein expression of GSDMD-N,
which mediates cell membrane perforation, and other pyroptosis-
related proteins (Fig. 2B, C). To verify the damage of complement
to podocytes, we further examined cell membrane integrity and
apoptosis. The results showed that stimulation of C3a led to the
destruction of the cell membrane integrity of podocytes but did
not affect podocyte apoptosis over time (Fig. 2D). We also
measured the release of LDH to further confirm the permeability
of the cell membrane and found that stimulation of C3a and C5a
significantly increased the release of LDH from podocytes (Fig. 2E).
To assess complement-induced cell death or pyroptosis, human
podocytes were cultured with C3a or C5a for 48 h, stained with
Hoechst 33342 and PI and examined under a fluorescence
microscope. Fig 2F, G shows that the uptake of PI in podocytes
was significantly increased after C3a and C5a stimulation. Taken
together, the data strongly suggest that C3a and C5a activate
pyroptosis in human podocytes.
To elucidate the role of pyroptosis in complement-induced

podocyte damage, we incubated podocytes with a series of
inhibitors of the key molecules in the process of pyroptosis and
assessed LDH release and PI uptake in podocytes. An inhibitor of
NLRP3 (MCC950), an inhibitor of caspase-1 (VX-765), and an
inhibitor of GSDMD-N (Ac-FLTD-CMK) were used to treat
podocytes under C3a or C5a stimulation conditions. After
confirming the inhibitory efficiency of each inhibitor (Supplemen-
tary Fig. S2), we assessed the release of LDH and the uptake of PI.
The results showed that the three inhibitors all significantly
reduced complement-induced LDH release (Fig. 3A, B) and PI
uptake (Fig. 3C) in podocytes. These data indicate that inhibiting
different molecules in the pyroptosis pathway can reverse the
damage to podocytes caused by complement.

Mitochondrial depolarization and ROS production are
involved in complement-induced pyroptosis of podocytes,
and inhibition of pyroptosis ameliorate above damages
Electron microscopy observations showed abnormal changes in
mitochondrial morphology, such as vacuolar degeneration of
mitochondria in podocytes of MN patients (Fig. 4A). Then, we
validated the effect of complement stimulation on mitochondrial

function in podocytes in vitro. Mitochondrial membrane potential
and ROS production were assessed as indicators of mitochondrial
function. Flow cytometry was used to detect JC-1 to verify the
influence of complement on the mitochondrial membrane
potential of podocytes. After complement stimulation, the red/
green fluorescence intensity ratio decreased, indicating the
enhanced mitochondrial depolarization, while inhibition of
pyroptosis could reverse the complement-induced mitochondrial
depolarization (Fig. 4B). As shown in Fig. 4C–E, the ROS production
detected both by MitoSOX staining (Fig. 4C) and flow cytometry
(Fig. 4D, E) is increased in podocytes after complement stimula-
tion. Similarly, inhibition of pyroptosis also reversed the
complement-induced ROS production. These results indicate that
inhibition of pyroptosis could alleviate the damage to mitochon-
drial function caused by complement.

Inhibition of ROS reverses complement-induced pyroptosis of
podocytes
We then further explored the role of ROS in complement-induced
podocyte pyroptosis. An inhibitor of ROS, acetylcysteine (N-
acetylcysteine) (NAC), was used in the experiment. As shown in
Fig. 5A, B, NAC significantly inhibited C3a- and C5a-induced ROS
production in podocytes. Protein detection results also showed
that ROS inhibitors significantly reduced the expression of key
protein molecules in the pyroptosis pathway, including ASC,
NLRP3, GSDMD-N, pro-caspase-1, cleaved caspase-1, pro-IL-1β,
and mature IL-1β (Fig. 5C). Similarly, NAC also significantly reduced
the LDH release of podocytes caused by C3a and C5a (Fig. 5D). In
addition, PI and Hoechst double overstaining results showed that
PI uptake in podocytes induced by C3a and C5a was significantly
reduced by NAC (Fig. 5E). All these data suggest that inhibition of
ROS can partially reverse complement-induced pyroptosis of
podocytes.

Pyroptosis exists in the kidneys of PHN rats, and inhibition of
pyroptosis relieves PHN-induced renal damage in vivo
To test pyroptosis in vivo, we used the PHN rat model to verify the
expression of pyroptosis-related molecules. The increase in urinary
protein levels (Fig. 6A) and characteristic morphology of MN, such
as the subepithelial electron-dense deposits under the electron
microscope (Fig. 6B), indicated that the PHN rat model was
established successfully. Subsequently, we removed the rat
kidneys and separated out the renal cortex within a given time,
microseparated the glomeruli, and then purified RNA to assess the
expression of pyroptosis-related molecules. The qRT–PCR results
showed that compared with the control group, the mRNA levels of
pyroptosis-related molecules in the glomeruli of PHN rats were
significantly upregulated (Fig. 6C). Western blotting results
showed that compared with control rats, the protein levels of
pyroptosis-related molecules were significantly upregulated in
PHN rats (Fig. 6D). The immunohistochemical staining results also
showed upregulation of the protein levels of pyroptosis-related
molecules in PHN rats (Fig. 6E).
Next, to clarify the role of pyroptosis in the PHN rat model, we

used an inhibitor of caspase-1 (VX-765), an inhibitor of NLRP3
(MCC950) and an inhibitor of GSDMD-N (Ac-FLTD-CMK) to treat
PHN rats (Fig. 7A). After verifying the suppression efficiency of
these inhibitors against the corresponding proteins (Fig. 7B), we
tested the proteinuria level of the rats from the normal control
group (NC), PHN group (PHN) and inhibitor groups (PHN+ VX-
765, PHN+MCC950, PHN+ Ac-FLTD-CMK). The results showed
that compared with the normal control group, the urinary
protein of PHN rats was significantly upregulated, and the
inhibitors of caspase-1, NLRP3 and GSDMD-N significantly
reduced the urinary protein in PHN rats (Fig. 7C). The silver
staining method used to verify proteinuria also yielded the
same results (Fig. 7D). In addition, the electron microscopy
results showed that inhibition of pyroptosis-related molecules
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Fig. 1 The presence of pyroptosis in the podocytes of MN patients. A The relative mRNA levels of pyroptosis-related genes in the glomeruli
of healthy controls and MN patients. B Immunohistochemical detection of the protein level of pyroptosis-related proteins in renal cortical
sections of healthy controls and MN patients (scale bar= 50 μm). The quantification of the average optical density is shown in the panel below
(12–81 glomeruli of each group were analyzed). C The colocalization of pyroptosis-related proteins and synaptopodin in renal cortical sections
of MN patients (scale bar= 50 μm). D The ratios of fluorescence intensity of pyroptosis-related proteins to synaptopodin of Panel (C) were
calculated by the ImageJ program (scale bar= 50 μm). The data represent the mean ± SEM. *p < 0.05.
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Fig. 2 Stimulation of complement triggers podocyte pyroptosis. Podocytes were treated with or without C3a (1 μM) or C5a (100 nM). The
pyroptotic features of podocytes, including GSDMD cleavage, membrane integrity, LDH release, and PI uptake, were assessed. A The
expression of pyroptosis-related mRNAs was measured by qRT–PCR. B, C The levels of pyroptosis-related proteins were determined by
western blotting. D The cell membrane integrity and apoptosis of podocytes were assessed using a microplate reader. E C3a and C5a
promoted the release rate of LDH. F, G Microscopic imaging of podocytes stained with Hoechst 33342 and propidium iodide (PI) (scale bar=
50 μm). The right panel represents the percentage of PI-positive podocytes (6 and 16 high-power fields were analyzed in group NC and group
C3a respectively in (F); 8 and 11 high-power fields were analyzed in group NC and group C5a respectively in (G)). The data in (A), (D), and (E)
represent the mean ± SEM of three independent experiments. *p < 0.05.

H. Wang et al.

4

Cell Death and Disease          (2022) 13:281 



partially reduced the subepithelial electron-dense deposits,
shown as triangles (Δ), in PHN rats (Fig. 7E). Furthermore,
compared with PHN group, all three groups of pyroptosis
inhibitors partially alleviated the abnormal changes of mito-
chondrial morphology such as the less severer of mitochondrial
damage and mitochondrial vacuolar degeneration in the
podocytes of PHN rats (Fig. 7F). These findings indicate that
pyroptosis contributes to renal damage in PHN rats.

DISCUSSION
Membranous nephropathy is an autoimmune kidney disease,
but the mechanisms leading to glomerular damage, especially

podocyte damage, remain unclear [8, 9]. Pyroptosis is a special
type of programmed cell death [10, 11] and involved in
widespread of diseases as well as in kidney diseases, such as
acute kidney injury [12], diabetic nephropathy [13], and other
chronic progressive diseases [5]. In the present study, we
demonstrated pyroptosis occurred in the podocytes of patients
with MN and a PHN rat model by showing the significant
expression of pyroptosis-related molecules, such as caspase-1,
GSDMD-N, NPRP3, ASC, and IL-1β. In addition, we used
inhibitors of caspase-1, NLRP3 and GSDMD-N, verifying that
inhibition of the pyroptosis process could significantly mitigate
proteinuria and kidney damage in PHN rats, indicating the
potential for the treatment of MN with inhibitors of Caspase-1,

Fig. 3 Inhibition of pyroptosis reverses podocyte damage caused by complement stimulation. Podocytes were treated with or without
pyroptotic inhibitors under C3a or C5a stimulation conditions. The pyroptotic features of podocytes were determined to validate the reversal
effect of pyroptotic inhibitors on complement-induced cell damage. A, B Release rate of LDH from podocytes. C Representative
microfluorographs of PI in podocytes cultured with or without pyroptotic inhibitors. Arrows indicate podocytes that stained positive for PI
(scale bar= 50 μm). Quantification of PI-positive cells is shown in the panels below (13–20 high-power fields were analyzed in each group in
the left panel; 12–15 high-power fields were analyzed in each group in the right panel). The data in (A) and (B) represent the mean ± SEM of
three independent experiments. *p < 0.05.
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NLRP3, and GSDMD-N. Today, the treatment of MN mainly
dependent on immunosuppressive therapy, including cyclo-
phosphamide, calcineurin inhibitors and anti-CD20 antibody
(rituximab), our findings provide a new way to explore more
comprehensive treatment for patients with MN in the future.

A large body of evidence points to a central role of complement
in the pathogenesis of MN [14, 15]. Calcium influx and tyrosine
kinase receptor transactivation [16], GTPase and RohA protein
activation [17], phospholipid hydrolysis and prostacyclin produc-
tion [18], apoptosis signal-regulated protein kinase [15], DNA
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damage [19], endoplasmic reticulum stress, autophagy [20], etc.,
are involved in the process of complement-mediated podocyte
injury. Recent studies suggested the link between complement
and pyroptosis events [21, 22]. In the present study, we found that
complement can induced podocyte pyroptosis through mediating
mitochondrial dysfunction, and revealed an novel mechanism of
podocyte injury in MN. The in vitro study showed that
complement can induce pyroptosis of podocytes, which was
manifested by the increased levels of pyroptosis-related mole-
cules, the loss of cell membrane integrity, the increased release of
LDH and the increased staining of PI. Inhibitors of caspase-1,
NLRP3, and GSDMD-N could reverse the damage to podocytes
caused by complement. The in vivo results indicated that the
increased expression of caspase-1, GSDMD-N, NPRP3, ASC and IL-
1β in the renal cortex of PHN rats provides strong evidence of
pyroptosis participate in the renal damage in MN.
It is well known that excessive levels of ROS causes damage

to DNA, proteins or lipids, leading to apoptotic or necroptotic
cell death [23–28]. Recent studies have shown that ROS can
play a key role in regulating pyroptosis at different levels,
including allowing the priming and activation of the NLRP3
inflammasome and the cleavage of GSDMD [29–31]. One of the
main sources of ROS are mitochondrial ROS (mtROS) [32]. It was
reported that mitochondrial dysfunction and mtROS over-
expression can lead to NLRP3 inflammasome activation [33].
Thus, a disrupted mitochondrial membrane potential and ROS
generation are tightly associated with pyroptosis. In addition,
the production of ROS is also an indicator of podocyte injury
attacked by complement [34]. Thus, it is interesting to ask
whether complement can induce pyroptosis of podocytes by
mediating mitochondrial dysfunction and ROS production. Our
mechanistic study revealed that complement-induced podo-
cyte pyroptosis accompanied by mitochondrial depolarization
and ROS production, and these effects reversed by inhibition of
ROS, indicating a correlation between pyroptosis and mito-
chondrial dysfunction (Fig. 7G). This finding may also be used to
interpret the previous report that the beneficial effects of
antioxidants and oxygen free radical scavengers used in MN
animal models [35]. Further studies are needed to explore the
molecular network in the process of complement-mediated
podocyte injury.
In conclusion, Our findings demonstrate that pyroptosis plays a

critical role in complement-induced podocyte damage in MN and
mitochondrial dysfunction is an important mechanism underlying
this process. It provides new insight that pyroptosis may serve as a
novel therapeutic target for MN treatment in future studies.

MATERIALS AND METHODS
Patient kidney tissues
The kidney tissues of the patients came from the Renal Biobank of National
Clinical Research Center of Kidney Diseases, Jiangsu Biobank of Clinical
Resources. The inclusion criteria for patients with MN were as follows: (1)
primary MN diagnosed by renal biopsy, excluding secondary and other
kidney diseases; (2) serum PLA2R antibodies and renal tissue PLA2R
staining were double negative or double positive; and (3) IgG subtype

staining results showing that IgG4 was the main subtype. The exclusion
criteria were as follows: (1) patients with hepatitis B, other autoimmune
diseases, other glomerular diseases or interstitial diseases of the interstitial
organs; (2) patients without kidney tissue specimens; and (3) patients
whose crescent formation or glomerular infiltration cells could be seen
under a light microscope. The numbers of patients in goup NC and MN are
4 and 9, respectively.

Rat models
The SD rats needed for these experiments were female, purchased from
Shanghai Sippr-BK Laboratory Animal Corp. Ltd, weighing (170 ± 20) g. The
rats were bred in the Department of Comparative Medicine of Jinling
Hospital. The animal experiments in this study all followed the norms and
guidelines of the Animal Ethics Committee of Jinling Hospital. The PHN rat
model was established as previously described [36]. For inhibition of
pyroptosis in vivo, PHN rats were administered MCC950 sodium (MCE, New
Jersey, USA, HY-12815A, intraperitoneal injection, 10 mg/kg), belnacasan
(VX-765) (MCE, New Jersey, USA, HY-13205, gavage, 100mg/kg) or Ac-
FLTD-CMK (MCE, New Jersey, USA, HY-111675, intraperitoneal injection,
2.5 mg/kg) once a day [37–39]. Totally, the mice were randomly divided
into five groups, which were not blinded to investigators. The numbers of
rats are 5, 5, 5, 5, 7 in group NC, PHN, PHN+MCC950, PHN+ VX-765, PHN
+ Ac-FLTD-CMK, respectively.

Cell culture and treatment
Conditionally immortalized human podocytes donated by Professor
Saleem of Bristol University were cultured and differentiated as
described previously [40]. For cell differentiation, podocytes were
grown at 37 °C. After differentiation, podocytes were stimulated with
1 μM C3a (Novoprotein, Shanghai, China, # CP21), 100 nM C5a
(Novoprotein, Shanghai, China, # CR52), MCC950 sodium (10 μM),
belnacasan (VX-765, 20 μM), Ac-FLTD-CMK (10 μM), or NAC (Selleck-
chem, Houston, Texas, USA, S1623, 10 μM).

RNA extraction and Real-time PCR
Fresh patient kidney tissue was quickly put into RNAlaterTM Stabilization
Solution (Thermo Fisher Scientific, Waltham, MA, USA, AM7021) and stored
in a −80 °C freezer. To obtain glomerular tissue, we peeled off the
glomerulus under a stereomicroscope. Glomerular samples were taken for
RNA extraction using an RNeasy Mini Kit (Qiagen, Cat No. 74104). Cell
samples were taken for RNA extraction using TRIzol (Invitrogen,
15596–026). The PrimeScriptTM RT Master Mix kit (Takara RR036A) was
used for reverse transcription. The TB Green® Premix Ex TaqTM II (Tli
RNaseH Plus) kit was used for qRT–PCR. Gene expression was normalized
to 18 S rRNA or GAPDH for human or rat genes, respectively. Primers used
in qRT–PCR were listed in Supplementary Table S1.

Western blotting
Protein was extracted with RIPA buffer, and a BCA kit (Beyotime, P0012)
was used to determine the protein concentration. Experiments were
performed as previously described [41]. Primary antibodies against
GSDMD-N (Abcam, Cambridge, UK, ab215203), NLRP3 (Proteintech,
Chicago, Illinois, USA, 19771–1-AP), ASC(Santa Cruz, Heidelberg, Germany,
sc-514414), caspase-1 (Proteintech, Chicago, Illinois, USA,22915-1-AP),
GSDMD-N(Affinity Bioscience, AF4012) and IL-1β (Cell Signaling Technol-
ogy, Danvers, Massachusetts, USA, #12242) and secondary antibodies
against mouse and rabbit immunoglobulin were used for detection.
GAPDH (Proteintech, Chicago, Illinois, USA, HRP-60004) were used as
internal controls.

Fig. 4 Complement induces the production of ROS and mitochondrial depolarization in podocytes. A Electron microscopy observation of
changes in mitochondrial morphology in podocytes of healthy controls and MN patients. Triangles (Δ), electron-dense deposits; Arrowheads
(>), severe mitochondrial damage: vacuolar degeneration of mitochondria. B Relative ratios of JC-1 red/green fluorescence intensity were
assessed by flow cytometry to verify the mitochondrial membrane potential in cultured podocytes. The ratio of JC-1 red/green fluorescence
reflects the degree of depolarization of the mitochondria. C–E Inhibitors of pyroptosis-related molecules were used to validate the
involvement of ROS in complement-induced pyroptosis. C Production of mitochondrial ROS was detected using MitoSOX in cultured
podocytes (scale bar= 20 μm). Quantification is shown in the panels below (8–17 high-power fields were analyzed in each group in the left
panel; 10–15 high-power fields were analyzed in each group in the right panel). D, E Production of ROS was detected using flow cytometry in
cultured podocytes. Quantification is shown in the right panels. The data in (B), (D), and (E) represent the mean ± SEM of four independent
experiments. *p < 0.05.
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Fig. 5 Inhibition of ROS reverses complement-induced pyroptosis of podocytes. An inhibitor of ROS, NAC, was used to demonstrate that
the production of mitochondrial ROS mediated C3a- or C5a-induced pyroptosis. A Representative images of mitochondrial ROS detected
using MitoSOX in cultured podocytes (scale bar= 20 μm). Quantification is shown in the right panel (11–18 high-power fields were analyzed in
each group). B Production of mitochondrial ROS was detected using flow cytometry in cultured podocytes. Quantification is shown in the
right panels. C Protein level of pyroptosis-related molecules in podocytes. D Release rate of LDH from podocytes. E Representative
microfluorographs of PI staining in podocytes (scale bar= 50 μm). Quantification is shown in the right panel (11–17 high-power fields were
analyzed in each group). The data in (B) represent the mean ± SEM of three independent experiments. *p < 0.05. The data in (D) represent the
mean ± SEM of four independent experiments. *p < 0.05.
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Detection of cell membrane integrity and apoptosis
The assay was carried out following the instructions of the RealTime-GloTM

Annexin V Apoptosis and Necrosis Assay (Promega, JA1011). Briefly,
podocytes were seeded in a sterile 96-well cell culture plate. The 2×
detection reagents were prepared and added to the wells. The plate was
shaken at a speed of 500–700 rpm for 30 s. Then, we incubated the cells at
37 °C and used a microplate reader to detect the luminescence and
fluorescence values of each well after different time periods.

Lactate dehydrogenase detection
A lactate dehydrogenase cytotoxicity detection kit (Beyotime, C0016)
was used for detection. We collected the cell culture medium for

assessment according to the manufacturer’s instructions [42]. Briefly, 1 h
before the scheduled assessment point, we added one-tenth of the
volume of the culture solution to the LDH release reagent in the
sample’s maximum enzyme activity hole, pipetting and mixing
repeatedly, and placed it in a 37 °C incubator. And, 1 h later, we
centrifuged the cell culture plate at 400 g for 5 min at room
temperature. A total of 120 μl of cell supernatant was taken from each
well and added to a new 96-well plate for testing. Freshly prepared LDH
detection working solution was added at 60 μl/well, followed by mixing
and incubation at room temperature for 30 min in the dark. Then, a
microplate reader was used to detect the absorbance at 490 nm, and
600 nm was used as the reference wavelength.

Fig. 6 The presence of pyroptosis in the kidney of PHN rats. A Silver staining of urine protein of normal control rats and PHN rats. B Electron
microscopy observation of renal morphology in normal control and PHN rats. Triangles (Δ), electron-dense deposits. C Levels of pyroptosis-
related mRNAs in glomeruli of normal control (NC) and PHN rats. D Western blotting of pyroptosis-related molecules in the renal cortex of
normal control rats and PHN rats. E Immunohistochemical staining of pyroptosis-related molecules in renal sections of normal control rats and
PHN rats (scale bar= 50 μm). Quantification of the average optical density is shown in the right panel (27–256 glomeruli of each group were
analyzed). The data in (C) and (E) represent the mean ± SEM, *p < 0.05.
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Detection of urine protein and creatinine in rats
Urine protein was detected by the CBB method with a Urine Protein Test
Kit (Nanjing Jiancheng, C035–2-1) and by silver staining with a Fast Silver
Stain Kit (Beyotime, P0017S). The creatine oxidase method with a
Creatinine Assay Kit (Nanjing Jiancheng, C011–1-1) was used to detect
creatinine.

Mitochondrial membrane potential detection
A MitoProbeTM JC-1 Assay Kit (Thermo Fisher Scientific, M34152) was used
for membrane potential detection [43]. Briefly, cells were resuspended in
1ml phosphate buffered saline (PBS) at approximately 1 × 106 cells/ml.
Wells containing 1 μl of 50mM CCCP were set as positive wells and
incubated at 37 °C for 5 min. Then, we added 10 µl of 200 μM JC-1 to each
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well and incubated the cells at 37 °C for 30min. Finally, the cells were
washed twice with PBS and resuspended for flow cytometry detection.

Active oxygen detection
A MitoSOXTM Red mitochondrial superoxide indicator kit (Thermo Fisher
Scientific, M36008) and Reactive Oxygen Species Assay Kit(Beyotime,
S0033M) was used for detection of active oxygen [44]. For MitoSOXTM Red
mitochondrial superoxide indicator kit, after preparing the 5 μM working
solution, we added 1ml working solution to cells of each sample well and
incubated cells at 37 °C for 10min in the dark. Cells were then washed with
PBS and stained with Hoechst. Confocal microscope was used for
fluorescence imaging. For Reactive Oxygen Species Assay Kit, we added
1ml diluted DCFH-DA to cells of each sample well and incubated cells at
37 °C for 20min in the dark. Cells were collected and detected by flow
cytometry.

Immunohistochemistry staining
Paraffin tissue sections were dewaxed with different concentrations of
xylene, ethanol, and water in turn. Then, antigen retrieval was performed.
After blocking the slices with 10% calf serum for 30min, we incubated
them overnight with primary antibodies at 4 °C. Secondary antibodies were
incubated at room temperature for 30min. DAB was used to develop color,
and hematoxylin was used to stain the nucleus [45].

Ultrastructural study by transmission electron microscopy
Scanning electron microscopy was performed as previously described [46].
We focused on subepithelial electron-dense deposits and morphological
changes in the mitochondria in the podocytes.

Statistical analysis
All experiments were carried out at least three times in triplicate. All the
statistical tests were justified as appropriate. Analysis of variance was
performed and assumption criteria were met and analysis of variance was
performed. All of the data are presented as the mean ± SEM. Statistical
analysis was performed using PRISM 8 (GraphPad Software Inc, USA).
Comparisons of quantitative data between two groups were analyzed with
a t-test (two-tailed; *p < 0.05 was considered significant).

Study approval
Studies using human samples were carried out in accordance with
approved guidelines from the local committee on human subjects at
Jinling Hospital, Nanjing University School of Medicine, China (2013KLY-
012). All participants provided written informed consent for participation.
All animal protocols and procedures were approved by the Institutional
Animal Care and Use Committee at Jinling Hospital.

DATA AVAILABILITY
The data supporting the findings of this study are available in the manuscript or
supplementary materials. Additional data are available from the corresponding
authors upon reasonable request.

REFERENCES
1. Ronco P, Debiec H. Pathophysiological advances in membranous nephropathy:

time for a shift in patient’s care. Lancet. 2015;385:1983–92.

2. Hou JH, Zhu HX, Zhou ML, Le WB, Zeng CH, Liang SS, et al. Changes in the
spectrum of kidney diseases: an analysis of 40,759 biopsy-proven cases from
2003 to 2014 in China. Kidney Dis. 2018;4:10–19.

3. Miao EA, Leaf IA, Treuting PM, Mao DP, Dors M, Sarkar A, et al. Caspase-1-induced
pyroptosis is an innate immune effector mechanism against intracellular bacteria.
Nat Immunol. 2010;11:1136–42.

4. Yang JR, Yao FH, Zhang JG, Ji ZY, Li KL, Zhan J, et al. Ischemia-reperfusion induces
renal tubule pyroptosis via the CHOP-caspase-11 pathway. Am J Physiol Ren
Physiol. 2014;306:F75–84.

5. Peng X, Yang T, Liu G, Liu H, Peng Y, He L. Piperine ameliorated lupus nephritis by
targeting AMPK-mediated activation of NLRP3 inflammasome. Int Immuno-
pharmacol. 2018;65:448–57.

6. Li X, Zeng L, Cao C, Lu C, Lian W, Han J, et al. Long noncoding RNA MALAT1
regulates renal tubular epithelial pyroptosis by modulated miR-23c targeting of
ELAVL1 in diabetic nephropathy. Exp Cell Res. 2017;350:327–35.

7. Haque S, Lan X, Wen H, Lederman R, Chawla A, Attia M, et al. HIV Promotes NLRP3
Inflammasome Complex Activation in Murine HIV-Associated Nephropathy. Am J
Pathol. 2016;186:347–58.

8. Ronco P, Debiec H. Molecular pathogenesis of membranous nephropathy. Annu
Rev Pathol. 2020;15:287–313.

9. van de Logt AE, Fresquet M, Wetzels JF, Brenchley P. The anti-PLA2R antibody in
membranous nephropathy: what we know and what remains a decade after its
discovery. Kidney Int. 2019;96:1292–302.

10. Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed necrotic cell
death. Trends Biochemical Sci. 2017;42:245–54.

11. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. 2015;526:660–5.

12. Miao N, Yin F, Xie H, Wang Y, Xu Y, Shen Y, et al. The cleavage of gasdermin D by
caspase-11 promotes tubular epithelial cell pyroptosis and urinary IL-18 excretion
in acute kidney injury. Kidney Int. 2019;96:1105–20.

13. Zhan JF, Huang HW, Huang C, Hu LL, Xu WW. Long non-coding RNA NEAT1
regulates pyroptosis in diabetic nephropathy via mediating the miR-34c/NLRP3
axis. Kidney Blood Press Res. 2020;45:589–602.

14. Debiec H, Ronco P. Immunopathogenesis of membranous nephropathy: an
update. Semin Immunopathol. 2014;36:381–97.

15. AV C. Membranous Nephropathy. Contrib Nephrol. 2011;169:107–25.
16. Heymann W. Production of nephrotic syndrome in rats by freund’s adjuvant and

rat kidney suspensions. Proc Soc Exp Biol Med. 1959;100:660–4.
17. Mouawad F, Aoudjit L, Jiang R, Szaszi K, Takano T. Role of guanine nucleotide

exchange factor-H1 in complement-mediated RhoA activation in glomerular
epithelial cells. J Biol Chem. 2014;289:4206–18.

18. Tegla CA, Cudrici C, Patel S, Trippe R 3rd, Rus V, Niculescu F, et al. Membrane
attack by complement: the assembly and biology of terminal complement
complexes. Immunol Res. 2011;51:45–60.

19. Lasagni L, Lazzeri E, Shankland SJ, Anders HJ, Romagnani P. Podocyte mitosis - a
catastrophe. Curr Mol Med. 2013;13:13–23.

20. Koscielska-Kasprzak K, Bartoszek D, Myszka M, Zabinska M, Klinger M. The
complement cascade and renal disease. Arch Immunol Ther Exp. 2014;62:47–57.

21. Zhang X, Chen Y, Yu S, Jin B, Liu W. Inhibition of C3a/C3aR axis in diverse stages
of ulcerative colitis affected the prognosis of UC by modulating the pyroptosis
and expression of caspase-11. Inflammation. 2020;43:2128–36.

22. Zheng R, Deng Y, Chen Y, Fan J, Zhang M, Zhong Y, et al. Astragaloside IV
attenuates complement membranous attack complex induced podocyte injury
through the MAPK pathway. Phytother Res. 2012;26:892–8.

23. Chen JH, Hales CN, Ozanne SE. DNA damage, cellular senescence and organismal
ageing: causal or correlative? Nucleic Acids Res. 2007;35:7417–28.

24. Lovell MA, Markesbery WR. Oxidative DNA damage in mild cognitive impairment
and late-stage Alzheimer’s disease. Nucleic Acids Res. 2007;35:7497–504.

25. Kaushal GP, Chandrashekar K, Juncos LA. Molecular interactions between reactive
oxygen species and autophagy in kidney disease. Int J Mol Sci. 2019;20:15.

Fig. 7 Inhibitors of pyroptosis ameliorate PHN-induced proteinuria and podocyte damage. A Schematic diagram of experiment procedure.
B The efficiency of NLRP3, caspase-1, or GSDMD-N inhibitors in the renal cortex of PHN rats. C Albumin-to-creatinine ratio of normal control
(NC) and PHN rats with or without inhibitors of pyroptosis. The data represent the mean ± SEM. *p < 0.05, PHN compared with NC at 14d; #p <
0.05, PHN+MCC950/ PHN+ VX-765/ PHN+ Ac-FLTD-CMK compared with PHN at 14d. D Silver staining of urine protein of PHN rats with or
without inhibitors of pyroptosis. E Electron microscopy observation of renal morphology in normal control rats and PHN rats with or without
inhibitors of pyroptosis. Triangles (Δ), electron-dense deposits. F Electron microscopy observation of mitochondrial morphology in podocytes
of normal control rats and PHN rats with or without inhibitors of pyroptosis. Triangles (Δ), electron-dense deposits; Arrows (→), mild
mitochondrial dysfunction: mitochondrial cristae disappearance and mitochondrial swelling; Arrowheads (>), severe mitochondrial damage:
vacuolar degeneration of mitochondria. G Schematic diagram of the molecular mechanism of podocyte pyroptosis induced by complement.

H. Wang et al.

11

Cell Death and Disease          (2022) 13:281 



26. Al-Gubory KH. Mitochondria: omega-3 in the route of mitochondrial reactive
oxygen species. Int J Biochem Cell Biol. 2012;44:1569–73.

27. Zhang Y, Su SS, Zhao S, Yang Z, Zhong CQ, Chen X, et al. RIP1 autopho-
sphorylation is promoted by mitochondrial ROS and is essential for RIP3
recruitment into necrosome. Nat Commun. 2017;8:14329.

28. Kim JJ, Lee SB, Park JK, Yoo YD. TNF-α-induced ROS production triggering
apoptosis is directly linked to Romo1 and Bcl-X(L). Cell Death Differ.
2010;17:1420–34.

29. Qiu Z, He Y, Ming H, Lei S, Leng Y, Xia ZY. Lipopolysaccharide (LPS) aggravates
high glucose- and hypoxia/reoxygenation-induced injury through activating
ROS-dependent NLRP3 inflammasome-mediated pyroptosis in H9C2 cardio-
myocytes. J Diabetes Res. 2019;2019:8151836.

30. Sun Y, Rong X, Li D, Jiang Y, Lu Y, Ji Y. Down-regulation of CRTAC1 attenuates
UVB-induced pyroptosis in HLECs through inhibiting ROS production. Biochem
Biophys Res Commun. 2020;532:159–65.

31. Liu M, Lu J, Chen Y, Shi X, Li Y, Yang S, et al. Sodium sulfite-induced mast cell
pyroptosis and degranulation. J Agric Food Chem. 2021;69:7755–64.

32. Dan Dunn J, Alvarez LA, Zhang X, Soldati T. Reactive oxygen species and mito-
chondria: A nexus of cellular homeostasis. Redox Biol. 2015;6:472–85.

33. Wei P, Yang F, Zheng Q, Tang W, Li J. The potential role of the NLRP3 inflam-
masome activation as a link between mitochondria ROS generation and neu-
roinflammation in postoperative cognitive dysfunction. Front Cell Neurosci.
2019;13:73.

34. Zhang MH, Fan JM, Xie XS, Deng YY, Chen YP, Zhen R, et al. Ginsenoside-Rg1
protects podocytes from complement mediated injury. J Ethnopharmacol.
2011;137:99–107.

35. Liu Y, Xu X, Xu R, Zhang S. Renoprotective effects of isoliquiritin against cationic
bovine serum albumin-induced membranous glomerulonephritis in experimental
rat model through its anti-oxidative and anti-inflammatory properties. Drug Des
Devel Ther. 2019;13:3735–51.

36. Pippin JW, Brinkkoetter PT, Cormack-Aboud FC, Durvasula RV, Hauser PV,
Kowalewska J, et al. Inducible rodent models of acquired podocyte diseases. Am J
Physiol Ren Physiol. 2009;296:F213–229.

37. He W, Long T, Pan Q, Zhang S, Zhang Y, Zhang D, et al. Microglial NLRP3
inflammasome activation mediates IL-1beta release and contributes to central
sensitization in a recurrent nitroglycerin-induced migraine model. J Neuroin-
flammation. 2019;16:78.

38. Luo Y, Lu J, Ruan W, Guo X, Chen S. MCC950 attenuated early brain injury by
suppressing NLRP3 inflammasome after experimental SAH in rats. Brain Res Bull.
2019;146:320–6.

39. Bassil F, Fernagut PO, Bezard E, Pruvost A, Leste-Lasserre T, Hoang QQ, et al.
Reducing C-terminal truncation mitigates synucleinopathy and neurodegenera-
tion in a transgenic model of multiple system atrophy. Proc Natl Acad Sci.
2016;113:9593–8.

40. Li L, Liu Y, Li S, Yang R, Zeng C, Rong W, et al. Signal regulatory protein alpha
protects podocytes through promoting autophagic activity. JCI Insight. 2019;5:
e124747.

41. Zhong F, Chen Z, Zhang L, Xie Y, Nair V, Ju W, et al. Tyro3 is a podocyte protective
factor in glomerular disease. JCI Insight. 2018;3:e123482.

42. Xie X, Zhao Y, Ma CY, Xu XM, Zhang YQ, Wang CG, et al. Dimethyl fumarate
induces necroptosis in colon cancer cells through GSH depletion/ROS increase/
MAPKs activation pathway. Br J Pharm. 2015;172:3929–43.

43. Watanabe K, Iwahara C, Nakayama H, Iwabuchi K, Matsukawa T, Yokoyama K,
et al. Sevoflurane suppresses tumour necrosis factor-alpha-induced inflammatory
responses in small airway epithelial cells after anoxia/reoxygenation. Br J
Anaesth. 2013;110:637–45.

44. Kumar RP, Ray S, Home P, Saha B, Bhattacharya B, Wilkins HM, et al. Regulation of
energy metabolism during early mammalian development: TEAD4 controls
mitochondrial transcription. Development. 2018;145:dev162644.

45. Meng J, Li L, Zhao Y, Zhou Z, Zhang M, Li D, et al. MicroRNA-196a/b mitigate renal
fibrosis by targeting TGF-beta receptor 2. J Am Soc Nephrol. 2016;27:3006–21.

46. Bao H, Chen H, Zhu X, Xu F, Zhu M, Zhang M, et al. Clinical and morphological
features of collagen type III glomerulopathy: a report of nine cases from a single
institution. Histopathology. 2015;67:568–76.

ACKNOWLEDGEMENTS
This work was supported by grants from the National Natural Science Foundation of
China Special Project (32141004), the National Natural Science Foundation of China
(32170897, 31670917), National Key Research and Development Program
(2016YFC0904100, 2016YFC0904103), Key R&D Projects of Jiangsu Province
(BE2019720), Jiangsu Biobank of Clinical Resources (BM2015004-1).

AUTHOR CONTRIBUTIONS
ZHL, LML, and KZ designed the experiments. HW, DYL, SL, and LZ participated in the
experiments and data analysis. CXZ collected patient tissue samples. SJ, QH, ZHC,
CHZ, JL, MCZ, and FY guided the experimental process. XDZ guided the electron
microscopy observations. XDX and JQW guided the operation of the flow cytometer
instrument. HW, ZHL, and LML drafted the manuscript. All authors read and approved
the final manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-04737-5.

Correspondence and requests for materials should be addressed to Zhihong Liu or
Limin Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

H. Wang et al.

12

Cell Death and Disease          (2022) 13:281 

https://doi.org/10.1038/s41419-022-04737-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Complement induces podocyte pyroptosis in membranous nephropathy by mediating mitochondrial dysfunction
	Introduction
	Results
	Pyroptosis in the kidneys of MN patients
	Pyroptosis plays a role in complement-induced podocyte damage in�vitro
	Mitochondrial depolarization and ROS production are involved in complement-induced pyroptosis of podocytes, and inhibition of pyroptosis ameliorate above damages
	Inhibition of ROS reverses complement-induced pyroptosis of podocytes
	Pyroptosis exists in the kidneys of PHN rats, and inhibition of pyroptosis relieves PHN-induced renal damage in�vivo

	Discussion
	Materials and methods
	Patient kidney tissues
	Rat models
	Cell culture and treatment
	RNA extraction and Real-time PCR
	Western blotting
	Detection of cell membrane integrity and apoptosis
	Lactate dehydrogenase detection
	Detection of urine protein and creatinine in rats
	Mitochondrial membrane potential detection
	Active oxygen detection
	Immunohistochemistry staining
	Ultrastructural study by transmission electron microscopy
	Statistical analysis
	Study approval

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




