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Abstract

Previous studies have indicated that PRDM16 suppresses apoptosis and ferroptosis, thereby mitigating the development of
AKI triggered by ischemia, cisplatin, and sepsis. Nevertheless, the exact function and control mechanisms of PRDM16 in
rhabdomyolysis-induced AKI are not fully understood. In this investigation, PRDM16 was found to inhibit ferrous myoglobin-
induced pyroptosis in Boston University mouse proximal tubule (BUMPT) cells. At the molecular level, PRDM16 binds to
the USP10 promoter, enhancing its expression and subsequently inhibiting the NLRP3-Caspase1-GSDMD and Caspase3-
GSDME pathways. Rhabdomyolysis-induced AKI was alleviated in PRDM16 KI mice, whereas PRDM16 KO exacerbated
the condition. Furthermore, PNPs-encapsulated formononetin significantly attenuated the progression of rhabdomyolysis-
induced AKI. In conclusion, PRDM16 suppresses pyroptosis and ameliorates thabdomyolysis-induced AKI by regulating
the USP10/NLRP3-Caspasel-GSDMD and Caspase3-GSDME pathways. PNPs-encapsulated formononetin emerges as a
promising therapeutic strategy.

Graphical Abstract
PRDM16 binds to the USP10 promoter, enhances its expression, and subsequently suppresses pyroptosis, thereby attenuating
the progression of AKI caused by rhabdomyolysis.
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PNPs Platelet membrane-coated nanoparticles
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USP10 Ubiquitin Specific Peptidase 10
Introduction

Rhabdomyolysis (RM), characterized by the destruction of
skeletal muscle fibers, leads to the release of myoglobin into
the bloodstream. This myoglobin is filtered by the glomerulus,
where it reaches the proximal tubules, causing damage and
inducing acute kidney injury (AKI) [1-3]. RM is typically
caused by crush injuries, medications, or intense physical
exertion, with approximately 50% of cases resulting in AKI
[4]. Furthermore, some AKI cases progress to chronic kid-
ney disease (CKD) [5], leading to higher morbidity, mortality,
and medical costs associated with RM [6, 7]. To date, effec-
tive therapies to prevent the progression of RM-induced AKI,
apart from dialysis, remain unavailable. Thus, understanding
the underlying mechanisms of renal tubular injury and iden-
tifying novel therapeutic strategies to alleviate RM-induced
AKT s crucial.

RM induces extensive proximal tubule cell death, with
apoptosis being the primary mode of cell death. Recent stud-
ies have highlighted that ferroptosis and pyroptosis also con-
tribute to AKI progression [8—14]. Nevertheless, the control
pathways governing pyroptosis in RM-induced AKI remain
predominantly unexplored. Previous research demonstrated
that PRDM 16 mitigates AKI induced by LPS, cisplatin, and
ischemia by inhibiting ferroptosis and apoptosis [15, 16].
However, it remains to be determined whether PRDM16 can
also inhibit pyroptosis to attenuate RM-induced AKI.

This study reports for the first time that PRDM16 func-
tions as an inhibitor of pyroptosis in tubular cells induced
by myoglobin and glycerol in both in vitro and in vivo mod-
els. At the molecular level, PRDM16 suppresses pyroptosis
through the upregulation of USP10, which in turn inhibits the
ROS-NLRP3-Caspase1-GSDMD and Caspase3-GSDME
pathways, along with LDH, IL-1f, and IL-18 level. Moreover,
PNPs-encapsulated formononetin significantly ameliorates the
progression of RM-induced AKI, presenting a promising novel
therapeutic approach.

Material and methods
Antibodies and reagents

The primary antibodies employed in this investigation
consisted of: anti-PRDM16 (Cat# PA5-20872, Thermo
Scientific), anti-p-actin (Cat# 66009-1-Ig, Proteintech),
anti-USP10 (Cat# 19374-1-AP, Proteintech), anti-GSDME
(Cat# ab215191, Abcam), anti-HA-Tag (Cat# 3724, CST),
anti-Caspase-3 (Cat# 9662, CST), anti-Cleaved Caspase-3
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(Cat# 9664, CST), anti-NLRP3 (Cat# T55651, Abmart),
anti-GSDMD (Cat# 20770-1-AP, Proteintech), anti-Cleaved
GSDMD (Cat# 10137, CST), anti-Cleaved Caspase-1 (Cat#
89332, CST), anti-CD62p (Cat# bs-0561R, Bioss). Sec-
ondary antibodies were procured from Affinity (Wuhan,
China). An enhanced chemiluminescence assay kit (Cat#
180-5001, Tanon, Shanghai, China) was used for protein
band detection. USP10 plasmid, PRDM16 shRNA, and
USP10 shRNA were procured from Genechem (Shanghai,
China). Doxycycline (DOX) was sourced from Shenzhen
Institutes of Advanced Technology, Chinese Academy of
Sciences. PLGA 50:50 (Cat# MB5649-1, Meilunbio) and
formononetin were obtained from the Guangzhou Institute
of Biomedicine and Health, Guangzhou, China.

Cell culture and treatments

The BUMPT cell line (Boston University mouse proxi-
mal tubular cells) was kept in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum, 0.5% penicillin, and streptomycin, and incubated
in a 5% CO, atmosphere at 37 °C [17]. A DOX-induced
HA-PRDM16 stable cell line was established following
our previous protocol [18], using 500 ng/ml of doxycy-
cline. Cells underwent transfection with PRDM16 shRNA
(100 nM), USP10 shRNA (100 nM), USP10 plasmid (1 pg/
ml), or scramble shRNA and empty plasmid utilizing Lipo-
fectamine™ 2000 (Thermo Scientific, USA). The cellular
model of RM-AKI was established as described previ-
ously [10, 19], where BUMPT cells were incubated with
200 mM ferrous myoglobin for 24 h. Cells were pretreated
with Disulfiram (0.5 pM, HY-B0240, MCE, China) and
Z-DEVD-FMK (100 pM, HY-12466, MCE, China) for 2 h
prior to experimentation.

Animal model of rhabdomyolysis-induced AKI

All animal experiments were executed per the protocols
set by the Animal Care Ethics Committee of the Sec-
ond Xiangya Hospital of Central South University (No.
2018065). Steps were taken to reduce animal usage and min-
imize their distress. Eight-to-ten-week-old male C57BL/6J
mice were procured from SJA Laboratory Animal Ltd
(Changsha, China) and kept in the Animal Experimental
Center of the Second Xiangya Hospital. Mice were anesthe-
tized using sodium pentobarbital. The proximal tubule-spe-
cific PRDM16-knockout (PT-PRDM16-KO) and PRDM 16
knock-in (PT-PRDM16-KI) mice were generated as previ-
ously described [18]. These mice were kept under regulated
conditions with alternating 12-h light/dark periods and unre-
stricted food and water availability. To induce RM-induced
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acute kidney injury (RM-AKI), mice received a 7.5 mL/kg
injection of 50% glycerol diluted in sterile water into the
skeletal muscles of the hind limbs bilaterally, as previously
reported [20]. The control group received an equivalent
amount of normal saline. Mice were sacrificed at 12- and
24-h post-injection, and kidney tissue and blood samples
were collected for analysis. PNPs encapsulated with 20 mg/
kg formononetin were administered via tail vein injection
30 min following RM-AKI induction.

Assessment of cell viability and LDH

Cells were placed at 5000 cells/100 pL in 96-well plates.
After treatment, cell viability and LDH levels were assessed
utilizing the Viability/Cytotoxicity Multiplex Assay Kit
(CK17, Dojindo, Japan) per the supplier’s protocol. Absorb-
ance was ascertained utilizing a Spark® Multi-function
Microplate Detector (TECAN, Switzerland).

Flow cytometry detection of ROS

Cellular reactive oxygen species (ROS) levels were ascer-
tained utilizing the Reactive Oxygen Species Assay Kit
(MAO0219, Meilunbio, China). The fluorescence intensity
change of the DCFH-DA (2,7-Dichlorod-hydrofluorescein
diacetate) probe was utilized to quantify intracellular ROS
levels. Fluorescence intensity was measured by flow cytom-
etry (Cytek, USA) according to the kit protocol.

Relative quantitative real-time PCR (RT—qPCR)

Total RNA was procured from the renal cortex or BUMPT
cells utilizing RNAiso Plus reagent (Cat# 9108, Takara,
Japan). cDNA was generated utilizing the Evo M-MLV
Reverse Transcription Kit (Cat# AG11705, Accurate Biol-
ogy, China). RT-PCR quantification was executed utilizing
SYBR Green Pro Taq HS reagent (Cat# AG11702, Accurate
Biology, China) and a LightCycler 96 system (Roche). Rela-
tive quantification was calculated utilizing the AACT tech-
nique. The primer sequences employed for RT-qPCR were
as follows: (Mouse) p-actin: forward Primer 5'-GGCTGT
ATTCCCCTCCATCG-3', reverse Primer 5'-CCAGTTGGT
AACAATGCCATGT-3"; (Mouse) PRDM 16: forward Primer
5'-CAGCACCTCCAGCGTCACATC-3', reverse Primer
5-GCGAAGGTCTTGCCACAGTCAG-3"; (Mouse) USP10:
forward Primer 5'- AACCCACAGTATATCTTTGGCG-3',
reverse Primer 5-CCCTCACTAGGTTCGATGACTTC-3'.

Western blotting (WB)
Protein extracts from mouse renal cortex or BUMPT cells

were procured utilizing RIPA buffer comprising protease
inhibitors. Equal amounts of protein samples underwent

SDS-PAGE fractionation and were subsequently blotted
onto Polyvinylidene difluoride (PVDF) membranes. The
membranes underwent blocking with 5% skim milk and sub-
sequent overnight exposure to primary antibodies at 4 °C.
Following PBST washes, the membranes were exposed to
horseradish peroxidase (HRP)-linked secondary antibodies.
Protein band detection was accomplished utilizing NemECL
Ultra (Cat# P10200, NCM Biotech, China). WB images
were captured using a gel documentation system (Tanon,
China), and band density quantification was performed using
Imagel (version 1.54 g).

Immunofluorescence staining

Immunofluorescence staining of BUMPT cells was per-
formed as per the manufacturer's instructions (Cat# P0183,
Beyotime, China). Cells grown on coverslips were incubated
with PRDM16 antibody (1:500 dilution) overnight at 4 °C,
succeeded by exposure to the secondary antibody for 1 h at
ambient temperature. Cell nuclei underwent DAPI staining
for 3—5 min. Immunofluorescence images were procured
utilizing an Eclipse Ti laser scanning confocal microscope
(Nikon, Japan), and relative fluorescence intensity was quan-
tified using ImageJ software (version 1.54 g).

ChIP analysis

Chromatin immunoprecipitation sequencing (ChIP-seq) data
utilized in this investigation were obtained from two sources.
The first part of the data was from our previous study, which
involved ChIP-seq analysis of a DOX-induced HA-PRDM16
stable cell line [18]. The second part was procured from the
Gene Expression Omnibus (GEO) database, with the access
number GSE131487. This dataset includes ChIP-seq data
from the intestine tissue of control and PRDM16-knockout
mice [21]. All ChIP-seq data were depicted through Inte-
grative Genomics Viewer (IGV, version 2.18.4) [22]. The
binding sites and motifs of PRDM16 in the USP10 promoter
region were predicted using the online tool MoloTool [23].
ChIP PCR and ChIP qPCR experiments were performed per
the protocol outlined in the ChIP Assay Kit (Cat# P2078,
Beyotime, China). The primers used in these experiments
were designed using NCBI's online tool (primer blast), and
the target amplified fragments contain the predicted bind-
ing sites. The primers are as follows: P1 Forward primer
5'-TCCCCAATGCCAGGTAAAACA-3’, Reverse primer
5'-TCCCCAATGCCAGGTAAAACA-3'; P2 Forward primer
5'-GTACTAGGGAAGTAGGGGCGG-3', Reverse primer
5'-TGTAAAGCCCCAGCTGTCCTG-3".
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Measurement of IL-18, IL-1B, BUN, and creatinine

ELISA experiments for the detection of cytokines were
performed using the Mouse IL-1p ELISA Kit (Cat# PI301,
Beyotime, China) and Mouse IL-18 ELISA Kit (Cat# PI553,
Beyotime, China). BUN and creatinine levels were meas-
ured using the Urea-Nitrogen-Content Assay Kit (Beijing
Boxbio Science & Technology) and Creatinine (Cr) Assay
Kit (sarcosine oxidase) (Nanjing-Jiancheng Bioengineering
Institute, Nanjing, China), respectively.

HE, TUNEL, DHE staining, immunohistochemical
staining, and qualification

Histological damage was assessed using Hematoxylin and
eosin (H&E) staining. Tubular damage [24] was scored uti-
lizing the percentage of injured tubules, with the following
grading scale: 0% (0); <25% (1); 25%-50% (2); 50%-75%
(3); and>75% (4). Four fields chosen at random were evalu-
ated, and their mean score was determined. TUNEL staining
was executed utilizing the TUNEL kit (Cat # G1502, Ser-
vicebio, China), and the number of TUNEL-positive cells
was counted in 10-20 randomly selected fields per tissue
section. Dihydroethidium (DHE) staining was employed to
examine ROS levels in kidney tissue. Renal cryosections
were incubated with DHE solution (Cat #D7008, Sigma
Aldrich, Germany) for 1 h, washed, and examined under flu-
orescence microscopy. The DHE fluorescence intensity was
analyzed using ImagelJ software (version 1.54 g). Four arbi-
trarily chosen fields were scored, and the geometric mean
fluorescence intensity was calculated. Immunohistochemical
(IHC) analysis was performed as described in previous stud-
ies [25]. Specimens of tissue underwent overnight incuba-
tion at 4 °C utilizing primary antibodies (PRDM 16, diluted
at 1:100). IHC scores were semi-quantitatively assessed by
computing the product of staining strength and the percent-
age of cells exhibiting positive staining [26].

Preparation of PNPs

Platelet membrane-coated nanoparticles (PNPs) were pre-
pared using emulsified solvent evaporation and ultrasonica-
tion techniques, as described in previous studies [27]. Ini-
tially, poly(lactic-co-glycolic acid) (PLGA)-encapsulated
formononetin was prepared following the methods outlined
in our previous research [16]. Platelet membranes were then
isolated from mice according to a previously established pro-
tocol [28]. In the final step, PLGA-encapsulated formonon-
etin and the pre-prepared platelet membranes were sonicated
at 30% amplitude for 10 min to form the platelet membrane-
coated nanoparticles (PNPs). The structural features of the
microspheres were examined through Transmission Elec-
tron Microscopy (TEM, HITACHI HT7800, Japan). The size
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distribution of the microspheres was evaluated utilizing a
Nanoparticle Tracking Analyzer (NTA, Particle Metrix, Ger-
many), with measurements performed three times to verify
reproducibility. The electrical surface properties (zeta poten-
tial, mV) of the nanoparticles were assessed by employing a
Zetasizer Nano ZS particle analyzer (Malvern Instruments).

Statistical analysis

Statistical analysis was executed employing SPSS (version
25.0) and GraphPad Prism (version 9.0) software. Results
are denoted as means =+ standard deviation (SD). Statistical
comparisons between two groups were examined via two-
tailed Student’s t-tests, whereas multiple group comparisons
utilized one-way ANOVA. Statistical significance was set at
P-values <0.05.

Results

Both PRDM16 and pyroptosis were induced
by the ferrous myoglobin and glycerol in BUMPT
cells and C57BL/6, respectively

The cellular model of RM-induced AKI was established by
treating cells with ferrous myoglobin, following previously
established protocols [10, 19]. In this study, RT-qPCR and
WB analyses suggested that the mRNA and protein levels
of PRDM16 were slightly elevated at 6 h, further increased
at 12 h, and peaked at 24 h (Fig. 1A—C). These findings
were confirmed by immunofluorescence staining, which
indicated that PRDM16 was predominantly localized in
the nucleus (Fig. 1D and E). Additionally, ROS level and
lactate dehydrogenase (LDH) were slightly elevated at
6 h, further elevated at 12 h, and peaked at 24 h, while
cell viability decreased at the corresponding time points
(Fig. 1F-I). WB also revealed a time-dependent increase
in two key pyroptosis proteins, GSDMD and GSDME, fol-
lowing ferrous myoglobin treatment (Fig. 1J-N). To exam-
ine the function of pyroptosis in cell viability, BUMPT
cells were treated with Disulfiram (DSF), a GSDMD
inhibitor. DSF reduced the increase in GSDMD-N and
LDH levels induced by ferrous myoglobin and reversed
the decrease in cell viability (Supplement Fig. 1A, B, F,
and G). Similarly, Z-DEVD-FMK, a Caspase-3-GSDME
pathway inhibitor, suppressed the increase in Cleaved Cas-
pase-3, GSDME-N, and LDH levels, while also reversing
the loss of cell viability (Supplement Fig. 1C, D, E, H,
and I). These findings indicate that pyroptosis serves as a
crucial factor in enhancing renal tubular cell damage dur-
ing ferrous myoglobin treatment.

Glycerol injection is a standard method for establishing
an animal model of RM-AKI [20]. In this study, glycerol
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Fig. 1 Ferrous myoglobin
induces pyroptosis and upregu-
lates PRDM 16 expression in
BUMPT cells. BUMPT cells
was treated with 200 mM fer-
rous myoglobin for 6 h, 12 h,
24 h. A The RT-qPCR results
of PRDM16 in BUMPT cells.
B The immunoblot analysis

of PRDM16 and f-actin in
BUMPT cells. C Quantification
of PRDM16 immunoblot. D
The expression and localization
of PRDM16 in BUMPT cells
were analyzed by immunofluo-
rescence, magnification X 600.
Scale bar: 20 um. E Relative
fluorescence intensity. F ROS
levels, measured by flow cytom-
etry. G Relative change in mean
fluorescence intensity (MFI) of
ROS levels. H Cell viability of
BUMPT cells subject to ferrous
myoglobin. I LDH levels of
BUMPT cells subject to ferrous
myoglobin. J The immunoblot
analysis of Cleaved-Caspase3,
Caspase3, GSDME and p-actin
in BUMPT cells. K and L
Quantification of Cleaved
Caspase3. M The immunoblot
analysis of GSDMD and p-actin
in BUMPT cells. N Quantifi-
cation of GSDMD. All data

are presented as means +SD
from at least three independent
experiments (n=3 for immuno-
fluorescence experiment; n=6
for remaining experiments). #
indicates significance (p <0.05)
versus Control group
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treatment led to increased serum blood urea nitrogen (BUN)
and creatinine levels at 12 h, with peak values observed at
24 h in C57BL/6 mice (Fig. 2A and B). These findings
aligned with the degree of renal tubular damage assessed
by HE staining, as well as the increasing trend of mRNA
and protein levels of PRDM16 measured by RT-qPCR
and WB (Fig. 2C-G). Immunohistochemical staining of
PRDM16 further confirmed these findings (Fig. 2H and
I). TUNEL and DHE staining demonstrated that glycerol
induced renal tubular cell death and the release of ROS at
12 h, peaking at 24 h (Fig. 2J and L). Notably, in line with
the results observed in the cellular model, glycerol treatment
increased the expression levels of two key pyroptosis pro-
teins, GSDMD and GSDME, as well as Cleaved Caspase-3
(Fig. 2M—Q). These observations collectively indicate that
PRDM 16 exhibits a connection with pyroptosis in the mouse
model of RM-induced AKI.

PRDM16 suppresses the ferrous myoglobin-induced
pyroptosis in BUMPT cells

Previous studies have shown that PRDM16 reduces ROS
generation and the expression of Cleaved Caspase-3 [29].
ROS production is linked to NLRP3-Caspase-1-GSDMD
pathway activation [30-32], while Cleaved Caspase-3 is
associated with the activation of GSDME [33-35]. There-
fore, it was hypothesized that PRDM16 could regulate
both GSDMD and GSDME pyroptosis pathways. To test
this hypothesis, BUMPT cells underwent transfection with
PRDM16 shRNA and scramble shRNA. RT-qPCR and
WB results suggested that PRDM 16 shRNA markedly sup-
pressed the mRNA and protein levels of PRDM16 under
both saline and ferrous myoglobin treatment conditions
(Fig. 3A-C). The data showed that PRDM16 shRNA nota-
bly increased ferrous myoglobin-induced ROS generation,
LDH release, and IL-1p and IL-18 levels while decreasing
cell viability (Fig. 3D-I). Notably, WB analysis revealed
that PRDM16 shRNA markedly enhanced the expression
of Cleaved Caspase-3, GSDME, NLRP3, Caspase-1-p20,
and GSDMD in response to ferrous myoglobin treatment
(Fig. 3J-P). Conversely, overexpression of PRDM16 showed
an opposite effect, suggesting that PRDM16 has an anti-
pyroptosis function through inhibition of both the NLRP3-
Caspasel-GSDMD and Caspase3-GSDME axes during fer-
rous myoglobin treatment (Fig. 4).

PRDM16 binds to the promoter region of USP10
and promotes transcription

Since PRDM16 is a transcription factor that regulates gene

transcription, its anti-pyroptosis mechanism was explored.
Our recent ChIP-seq study of a DOX-induced HA-PRDM16
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stable cell line was examined [18]. Among the sequencing
results, USP10 stood out, one recent study found that USP10
regulates PANoptosis by suppressing GSDMD and GSDME
in tumor cell lines [36]. By visualizing the ChIP-seq data
using IGV, a significantly higher enrichment of PRDM16
was observed at the USP10 promoter (Fig. 5SA). Addition-
ally, data from publicly available databases of intestinal
tissue further confirmed that PRDM16 is enriched at the
USP10 promoter region [21] (Fig. 5B). Using the online tool
MoloTool (Motif Location Toolbox, http://molotool.autos
ome.ru), identified two potential binding sites of PRDM16
on the USP10 promoter region, designated as P1 and P2
(Fig. 5C and D). Subsequently, ChIP-PCR and ChIP-qPCR
results confirmed that PRDM16 binds to both sites of the
USP10 promoter (Fig. SE and F). A time-dependent rise
in USP10 level was noted following treatment with ferrous
myoglobin (Fig. 5G-I). Furthermore, WB analysis suggested
that USP10 level was reduced upon PRDM16 knockdown
(Fig. 5J-L), while overexpression of PRDM16 enhanced
USP10 expression (Fig. SM-0). These results suggest that
PRDM16 directly binds to and positively regulates USP10
expression.

USP10 inhibits the ferrous myoglobin-induced
pyroptosis in BUMPT cells

Although the above findings established USP10 as a
downstream target of PRDM16, the function and precise
mechanism by which PRDM16 modulates pyroptosis
remain largely unclear. Earlier research has demonstrated
that USP10 diminishes ROS production and decreases
Cleaved Caspase-3 levels [37-42]. One study also found
that USP10 regulates PANoptosis by suppressing GSDMD
and GSDME in tumor cell lines [36]. These studies sug-
gest that USP10 may be associated with pyroptosis. In
the current study, USP10 expression in BUMPT cells was
knocked down using USP10 shRNA under both saline and
ferrous myoglobin treatment conditions (Fig. 6A—C). The
data showed that USP10 shRNA induced cellular ROS gen-
eration, LDH release, elevated levels of IL-1p and IL-18,
and diminished cell viability during ferrous myoglobin
treatment (Fig. 6D-I). Notably, WB analysis revealed that
USP10 shRNA significantly enhanced the level of Cleaved
Caspase-3, GSDME, NLRP3, Caspase-1-p20, and GSDMD
in response to ferrous myoglobin treatment (Fig. 6J-P). In
contrast, overexpression of USP10 exhibited an opposite
effect, suggesting that USP10 has an anti-pyroptosis func-
tion by inhibiting both the NLRP3-Caspase-1-GSDMD and
Caspase-3-GSDME axes during ferrous myoglobin treat-
ment (Fig. 7).
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Fig.2 PRDM16 is upregulated
and pyroptosis is triggered in
RM-AKI mice. Wild-type mice
were injected with 50% glycerol
to establish a rhabdomyolysis-
associated acute kidney injury
(RM-AKI) model, mice were
sacrificed at 12 h and 24 h. A
Serum Creatinine of mice. B
Serum Blood Urea Nitrogen

of mice. C Hematoxylin—eosin
staining of mouse kidney.

D Tubular damage score of
mouse kidney. E RT-qPCR
quantification of PRDM16 in
mouse kidney. F The immu-
noblot analysis of PRDM16
and B-actin in mouse kidney.

G Quantitative analysis of
immunoblot band density. H
Immunohistochemical staining
of PRDM16. I Quantification
analysis of PRDM 16 staining.
J Representative regions of
TUNEL-positive staining and
DHE staining. K and L Quan-
tification of TUNEL-positive
staining and DHE staining. M
The immunoblot analysis of
Cleaved-Caspase3, Caspase3,
GSDME and f-actin in mouse
kidney. N and O Quantifica-
tion of Cleaved-Caspase3 and
GSDME. (P) The immunoblot
analysis of GSDMD in mouse
kidney. Q The quantification of
GSDMD. Data are presented as
means + SD from six inde-
pendent experiments (n=06). #
indicates significance (p <0.05)
versus Control group (glycerol
0 h group)
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«Fig.5 PRDM16 binds to the promoter region of USP10 and pro-
motes transcription. A ChIP-seq image of doxycycline (DOX)-
induced HA- PRDM16 stable cell visualized in IGV. B ChIP-seq
image of PRDM16-knock out mice and wild type mice, data from
publicly available datasets (GSE131487). C and D Visualization of
PRDM16 binding site on USP10 gene promoter predicted by Molo-
Tool database. E ChIP-PCR assays showing the binding of PRDM16
to the P1 and P2 region of USP10 gene promoter. F ChIP-qPCR
assays. G The RT-qPCR results of USP10 in BUMPT cells with fer-
rous myoglobin treatment duration. H and I The immunoblot analysis
and quantification of USP10 in BUMPT cells with ferrous myoglo-
bin treatment duration. BUMPT cells were transfected with PRDM16
shRNA and treated with ferrous myoglobin. J RT-qPCR results of
USP10 mRNA. K and L The immunoblot analysis and quantifica-
tion of USP10. Doxycycline (DOX)-induced HA-PRDM16 stable
cell overexpressing PRDM16 and treated with ferrous myoglobin. M
RT-gPCR results of USP10 mRNA. N and O The immunoblot analy-
sis and quantification of USP10. Data are presented as means=+SD
(n=6). # indicates significance (p<0.05) versus Myoglobin 0 h
group, scramble/Saline group or Saline group. * indicates signifi-
cance (p<0.05) versus scramble/myoglobin group or myoglobin

group

PRDM16-mediated pyroptosis resistance in BUMPT
cells is dependent on USP10

To further confirm whether the anti-pyroptosis function of
PRDM16 depends on USP10, USP10 shRNA was transfected
into a DOX-induced HA-PRDM16 stable cell line. The
experimental groups were divided into five conditions: con-
trol, myoglobin, DOX/myoglobin, USP10 shRNA/myoglo-
bin, and DOX + USP10 shRNA/myoglobin. RT-qPCR and
WB confirmed that USP10 shRNA effectively suppressed
the mRNA and protein expression of USP10, while DOX
successfully induced PRDM 16 expression (Fig. 8A-E). The
outcomes showed that DOX/myoglobin treatment markedly
suppressed the ferrous myoglobin-induced increase of ROS,
Cleaved Caspase-3, GSDME, NLRP3, Caspase-1-p20, and
GSDMD, but these changes were reversed by transfection
with USP10 shRNA (Fig. 8F-N). As a reverse validation,
PRDM16 shRNA and USP10 plasmid were simultaneously
transfected into BUMPT cells. Five experimental groups
were classified according to treatment conditions: control,
myoglobin, PRDM16 shRNA/myoglobin, USP10 plasmid/
myoglobin, and PRDM16 shRNA + USP10 plasmid/myo-
globin. Transfection with the USP10 plasmid resulted in
elevated mRNA and protein expression of USP10, while
PRDM16 shRNA effectively suppressed USP10 expression
(Supplement Fig. 2A-E). The data showed that PRDM16
shRNA markedly enhanced the ferrous myoglobin-induced
increase of ROS, Cleaved Caspase-3, GSDME, NLRP3,
Caspase-1-p20, and GSDMD, which was reversed by over-
expression of USP10 (Supplement Fig. 2F-N). Collectively,
these results suggest that USP10 mediates the anti-pyropto-
sis role of PRDM16 during ferrous myoglobin treatment in
BUMPT cells.

PRDM16 protested the progression

of rhabdomyolysis-induced AKI via suppression
of USP10/NLRP3-Caspase1-GSDMD as well

as the Caspase3-GSDME axes

To verify the in vitro findings, proximal tubule-PRDM16-
knockout (PT-PRDM16-KO) and knock-in (PT-PRDM16-
KI) mice were employed as described in previous studies
[15, 16, 18]. These mice were subjected to glycerol or saline
treatment for 24 h. The glycerol treatment induced an ele-
vation of BUN and creatinine (Fig. 9D and E), as well as
increased ROS generation (Fig. 9F and H), renal tubular
damage (Fig. 9F and G), enhanced apoptosis (Fig. 9F and I),
and upregulation of Cleaved Caspase-3, GSDME, NLRP3,
Caspase-1-p20, and GSDMD (Fig. 9J-P). These effects were
further exacerbated in PT-PRDM16-KO mice. Conversely,
PT-PRDM16-KI mice exhibited the opposite results to PT-
PRDM16-KO (Fig. 10). These results suggest that PRDM16
suppresses pyroptosis and ameliorates the development of
RM-AKI through inhibition of the USP10/NLRP3-Caspase-
1-GSDMD and Caspase-3-GSDME axes.

PNPs-encapsulated formononetin attenuates
pyroptosis and renal injury in RM-AKI

Our recent exploration identified that formononetin, a phy-
toestrogen derived from the leaves of red clover, binds to and
induces PRDM 16 levels in diabetic kidney disease (DKD).
Nevertheless, formononetin exhibits restricted bioavailabil-
ity, and its application has primarily focused on preventive
measures instead of therapeutic interventions. To overcome
this limitation, PNPs were utilized, as they exhibit supe-
rior biocompatibility and controlled drug release proper-
ties, facilitating the rapid release of formononetin. Platelet
membranes and PLGA (poly(lactic-co-glycolic acid)) were
used to form PNPs, which encapsulated formononetin and
were administered via tail vein injection 30 min after glyc-
erol treatment (Fig. 11A). TEM revealed that the PNPs had
a well-dispersed spherical morphology with a distinct outer
envelope (Fig. 11B). NTA showed that the average particle
size of PNPs was larger than that of PLGA alone (Fig. 11C
and D). Furthermore, the zeta potential of PNPs was altered
after modification with platelet membranes (Fig. 11E). WB
analysis confirmed the presence of platelet membrane pro-
tein CD62p in both the platelet membrane (PM) and PNPs
(Fig. 11F). After administration of various doses of PNPs-
encapsulated formononetin via tail vein for 24 h, the expres-
sion of PRDM16 was slightly increased at a concentration of
10 mg/kg of PNPs, peaked at 20 mg/kg and declined at 30
and 40 mg/kg (Fig. 11G and H). Following administration
of a 20 mg/kg injection in mice, PRDM16 levels exhibited
a progressive elevation, stabilizing after four hours (Fig. 111
andJ). Glycerol treatment induced the elevation of BUN and
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Fig.6 Downregulation of
USP10 exacerbates pyroptosis
in BUMPT cells. BUMPT cells
were transfected with USP10
shRNA or scramble ShRNA,
followed by treatment with
saline or ferrous myoglobin for
24 h. A Relative quantitative of
RT-qPCR of USP10 in BUMPT
cells. B Immunoblot analysis for
USP10 and p-actin. C Quantita-
tive analysis of USP10 immu-
noblot bands. D Levels of ROS
as measured by flow cytometry.
E Relative change in mean
fluorescence intensity (MFI) of
ROS levels. F Cell viability of
BUMPT cells. G LDH level.

H and I [L-1b and IL-18 levels
measured by ELISA assay. J
The immunoblot of Cleaved-
Caspase3, Caspase3, GSDME
and f-actin. K and L The
quantification of Cleaved-Cas-
pase3 and GSDME immunoblot
results. M The immunoblot

of NLRP3, Caspasel-p20,
GSDMD and $-actin. N-P

The quantification of NLRP3,
Caspasel-p20, GSDMD
immunoblot results. Data are
presented as means +SD (n=4
for IL-1b and IL-18 levels; n=6
for remaining experiments). #
indicates significance (p <0.05)
versus scramble/Saline group. *
indicates significance (p <0.05)
versus scramble/myoglobin

group
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Fig.7 Upregulation of USP10 A . B C USP10/ B -astin
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«Fig.8 Overexpression of PRDMI16 attenuated cellular pyropto-
sis, which was antagonized by suppression of USP10. Doxycycline
(DOX)-induced HA-PRDM16 stable BUMPT cell line was trans-
fected with USP10 shRNA, followed by treatment with ferrous
myoglobin for 24 h. A and B Relative quantitative of RT-qPCR of
PRDM16 and USP10 in BUMPT cells. C Immunoblot analysis
for USP10, PRDM16 and fB-actin. D and E Quantitative analysis of
PRDM16 and USP10 immunoblot bands. F Relative change in mean
fluorescence intensity (MFI) of ROS levels. G ROS Levels meas-
ured by flow cytometry. H The immunoblot of Cleaved-Caspase3,
Caspase3, GSDME and f-actin. I and The quantification of Cleaved-
Caspase3 and GSDME immunoblot results. K The immunoblot of
NLRP3, Caspasel-p20, GSDMD and B-actin. L-N The quantification
of NLRP3, Caspasel-p20, GSDMD immunoblot results. Data are
presented as means +SD (n=6). * Indicates significance of compari-
son between two groups (p <0.05)

creatinine (Fig. 11K and L), as well as increased ROS gen-
eration (Fig. 11M and O), renal tubular damage (Fig. 11M
and N), apoptosis (Fig. 11M and P), and upregulation of
Cleaved Caspase-3, GSDME, NLRP3, Caspase-1-p20, and
GSDMD (Supplement Fig. 3M). However, these changes
were attenuated by PNPs-coated formononetin at the 20 mg/
kg dose. The findings indicate that PNPs-coated formonon-
etin demonstrates therapeutic potential in alleviating renal
injury and attenuating pyroptosis in RM-AKI mice by tar-
geting PRDM 16 to suppress the USP10/NLRP3-Caspase-
1-GSDMD and Caspase-3-GSDME axes.

Discussion

Previous studies have demonstrated that PRDM16 pro-
tects against the development of AKI induced by cisplatin,
ischemia, and sepsis [15, 16]. In line with these findings,
the present study reveals, for the first time, that PRDM16
inhibits pyroptosis to alleviate renal tubular injury in vitro.
Mechanistically, PRDM16 binds to the USP10 promoter,
promoting its transcription, which in turn suppresses the
USP10/NLRP3-Caspasel-GSDMD and Caspase3-GSDME
signaling pathways. Moreover, PT-PRDM16-KI mice and
PNPs-coated formononetin significantly attenuated the pro-
gression of RM-induced AKI, offering a potential therapeu-
tic approach for this condition.

PRDMI16, a zinc finger transcription factor, is widely
known for its role in the biogenesis of brown and beige adi-
pocytes [43—45]. However, its function in regulating cell
death has received limited attention. Recent studies have
shown that PRDM16 mitigates renal tubular apoptosis and
ferroptosis induced by cisplatin, ischemia, and sepsis [15,
16], suggesting its protective role against renal tubular cell
death. Pyroptosis, a pro-inflammatory form of programmed
cell death, plays a critical role in the progression of AKI,
often driven by NF-xB activation, mitochondrial dysfunc-
tion, and excessive endoplasmic reticulum (ER) stress [12,

46]. Notably, the current study demonstrates that PRDM16
suppresses pyroptosis induced by ferrous myoglobin and
glycerol in vitro and in vivo (Figs. 3, 4, 9, and 10), further
reinforcing the previous evidence that PRDM16 functions
as a suppressor of cell death.

Ubiquitin-specific peptidase 10 (USP10), a member of
the deubiquitinase family, removes ubiquitin from proteins.
The role of USP10 in kidney diseases remains underex-
plored. Two studies have shown that USP10 suppresses
ROS generation and renal cell apoptosis in sepsis-induced
AKI [42, 47]. Furthermore, one study reported that USP10
regulates PANoptosis by inhibiting GSDMD and GSDME in
tumor cell lines [36], suggesting its potential involvement in
pyroptosis. Notably, our data provide the first evidence that
USP10 inhibits pyroptosis induced by ferrous myoglobin by
suppressing the NLRP3-Caspase1-GSDMD and Caspase3-
GSDME axes (Figs. 6 and 7). Additionally, USP10 was
regulated by PRDM16, and its function aligned with that
of PRDM16. Collectively, the findings show that PRDM16
upregulates USP10 expression, thereby suppressing pyrop-
tosis through inhibition of the NLRP3-Caspase1-GSDMD
and Caspase3-GSDME axes.

Previous studies suggested that ferromentin pretreat-
ment could protect against the progression of DKD and AKI
induced by ischemia and cisplatin by upregulating PRDM16
[15, 18]. Further investigations using PLGA-coated ferro-
mentin demonstrated its efficacy in sepsis-induced AKI
treatment [16]. However, some studies have reported that
nanoparticles lacking a cell membrane layer are prone to
rapid clearance from the body [48]. Interestingly, PNPs can
overcome this limitation, exhibiting platelet-like binding
properties for collagen and damaged vascular areas [49-54].
Two studies found that PNPs targeted AKI injury sites and
were retained in the body for extended periods [28, 55]. The
current study demonstrated that PNPs-coated ferromentin
significantly alleviated RM-induced pyroptosis and AKI
progression by targeting PRDM16 to suppress the NLRP3-
Caspase-GSDMD and Caspase3-GSDME axes (Fig. 11).

Despite the encouraging findings of our study, some limi-
tations remain. First, although we identified a regulatory role
for USP10 in pyroptosis, the exact molecular mechanisms of
this process remain to be elucidated and require further com-
prehensive studies. Second, the lack of validation of clinical
samples is a limitation, as it limits the translational relevance
and applicability of our findings in clinic. Third, a systematic
investigation of the stability characteristics of platelet mem-
brane-encapsulated nanoparticles in vitro is needed, espe-
cially their optimal storage time and conditions, which are
crucial factors for their potential therapeutic applications.

The establishment of animal model for Rhabdomyoly-
sis-associated Acute Kidney Injury (AKI) can be achieved
through two primary methodologies: glycerol muscle
injection and non-invasive physical crush injury (e.g.,
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Fig. 9 Renal injury and
pyroptosis exacerbated in
PT-PRDM16-KO RM-AKI
mice. Wild-type mice and
PT-PRDM16-KO mice were
injected with 50% glycerol

to establish rhabdomyolysis-
associated acute kidney injury
(RM-AKI) model, mice were
sacrificed at 24 h. A The immu-
noblot analysis of PRDM16,
USP10 and B-actin in mouse
kidney. B and C Quantita-

tive analysis of PRDM16 and
USP10 immunoblot band
density. D The levels of serum
BUN in mice. E The levels

of serum Creatinine in mice.

F Representative regions of
Hematoxylin—eosin staining,
Dihydroethidium staining and
TUNEL staining of mouse kid-
ney. G Tubular damage score of
mouse kidney. H Quantification
of DHE staining. I Quantifica-
tion of TUNEL-positive stain-
ing. J The immunoblot analysis
of Cleaved-Caspase3, Caspase3,
GSDME and p-actin in mouse
kidney. K and L Quantifica-
tion of Cleaved-Caspase3 and
GSDME. M The immunoblot
analysis of NLRP3, Caspasel-
p20 and GSDMD in mouse
kidney. N-P The quantification
of NLRP3, Caspasel-p20 and
GSDMD. Data are presented as
means + SD (n=06). # indi-
cates significance (p <0.05)
versus PT-PRDM16-WT/Saline
group. * indicates significance
(p<0.05) versus PT-PRDM16-
WT/ Glycerol group
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Fig. 10 Renal injury and A B C

pyroptosis is alleviated in PT-PRDMIGWT 4+ + - - PROUIS/ B -actin USP10/ B -actin
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acute kidney injury (RM-AKI) Practin [ ] 42

model, mice were sacrificed

at 24 h. A The immunoblot
analysis of PRDM16, USP10
and B-actin in mouse kidney. B
and C) Quantitative analysis of
PRDM16 and USP10 immuno-
blot band density. D The levels
of serum BUN in mice. E The
levels of serum Creatinine in
mice. F Representative regions
of Hematoxylin—eosin staining,
Dihydroethidium staining and
TUNEL staining of mouse kid- G
ney. G Tubular damage score of F

mouse kidney. H Quantification PT-PRDM16-WT PT-PRDM16-KI
of DHE staining. I Quantifica- Saline Glycerol
tion of TUNEL-positive stain-
ing. J The immunoblot analysis
of Cleaved-Caspase3, Caspase3,
GSDME and f-actin in mouse
kidney. K and L Quantifica- 3
tion of Cleaved-Caspase3 and €2 < o z !
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Fig. 11 (Formononetin)PNPs
attenuates renal injury in
RM-AKI. Rhabdomyolysis-
associated acute kidney injury
(RM-AKI) mice were injected
with (Formononetin)PNPs. A
Flowchart for the preparation of
(Formononetin)PNPs. B Repre-
sentative transmission electron
microscopy (TEM) images

of (Formononetin)PLGA and
(Formononetin)PNPs, Scale
bar 100 nm. C NTA results for
(Formononetin)PLGA and (For-
mononetin)PNPs. D Average
particle size of (Formononetin)
PNPs. Mean+SEM. n=3. E
Surface Zeta potentials of (For-
mononetin)PNPs. Mean + SEM.
n=3. F Western blotting to
detect the expression of CD62P.
G and H Immunoblot analysis
of PRDM16 and f-microtubule
proteins in mice injected with
different doses (Formonon-
etin)PNPs. I and J Immu-
noblot analysis of PRDM16
and B-microtubule proteins at
different time points in mice
injected with 20 mg/kg dose
(Formononetin)PNPs. K The
levels of serum BUN in mice. L
The levels of serum Creatinine
in mice. M Representative
regions of Hematoxylin—eosin
staining, Dihydroethidium
staining and TUNEL staining
of mouse kidney. N Tubular
damage score of mouse kidney.
O Quantification of DHE
staining. P Quantification of
TUNEL-positive staining. Data
are presented as means +SD
(n=3 for particle size and
Surface Zeta potentials; n=6
for Remaining experiments). #
indicates significance (p <0.05)
versus (Formononetin) PNPs

0 mg/kg group, (Formononetin)
PNPs 0 h group, Saline group. *
indicates significance (p <0.05)
versus Glycerol group
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caused by heavy objects). Glycerol injection is a widely
used method for constructing the Rhabdomyolysis-asso-
ciated Acute Kidney Injury (RM-AKI) model due to its
high reproducibility and experimental controllability. In
contrast, a major limitation of the non-invasive physical
crush injury model is the lack of standardized methodol-
ogy, factors such as mouse weight, the magnitude of force
applied, the duration and area of compression, and post-
injury care protocols can vary across studies, which lim-
its the reproducibility of the model conditions and results
[56]. Additionally, the experimental equipment required
for glycerol injection is more readily available. However,
it is important to acknowledge that the glycerol injection
model may yield results that differ from those of the physi-
cal crush injury model [57], which represents a limitation
of this study.

In summary, this research indicates that PRDM 16 inhibits
pyroptosis and the progression of RM-induced AKI. Mecha-
nistically, PRDM16 promotes USP10 expression, limiting
the NLRP3-Caspasel-GSDMD and Caspase3-GSDME
axes. The data suggest that PNPs-coated ferromentin repre-
sents a promising treatment for RM-induced AKI.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-025-05666-0.
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