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Abstract

Background Rhabdomyolysis (RM) is a common complication of exertional heat stroke (EHS) and constitutes a direct
cause of death. However, the mechanism underlying RM following EHS remains unclear.
Methods The murine EHS model was prepared by our previous protocol. RNA sequencing is applied to identify the
pathological pathways that contribute to RM following EHS. Inhibition of the acyl-CoA synthetase long-chain family
member 4 (ACSL4) was achieved by RNA silencing in vitro prior to ionomycin plus heat stress exposure or pharmaco-
logical inhibitors in vivo prior to heat and exertion exposure. The histological changes, the iron accumulation, oxidized
phosphatidylethanolamines species, as well as histological evaluation and levels of lipid metabolites in skeletal muscle
tissues were measured.
Results We demonstrated that ferroptosis contributes to RM development following EHS. Ferroptosis inhibitor
ferrostatin-1 administration once EHS onset significantly ameliorated the survival rate of EHS mice from 35.357% to
52.288% within 24 h after EHS (P = 0.0028 compared with control) and markedly inhibited RM development induced
by EHS. By comparing gene expression of between sham heat rest (SHR) (n = 3) and EHS (n = 3) mice in the gastroc-
nemius (Gas) muscle tissue, we identified that Acsl4 mRNA expression is elevated in Gas muscle tissue of EHS mice
(P = 0.0038 compared with SHR), so as to its protein levels (P = 0.0001 compared with SHR). Followed by increase
in creatine kinase (CK) and myoglobin (MB) levels, the labile iron accumulation, decrease in glutathione peroxidase
4 (GPX4) expression, and elevation of lipid peroxidation products. From in vivo and in vitro experiments, inhibition
of Acsl4 significantly improves muscle cell death caused by EHS, thereby ameliorating RM development, followed by
reduction in CK and MB levels by 30–40% (P < 0.0001; n = 8–10) and 40% (P < 0.0001; n = 8–10), restoration of
GPX4 expression, and decrease in lipid peroxidation products. Mechanistically, ACSL4-mediated RM seems to be
Yes-associated protein (YAP) dependent via TEA domain transcription factor1/TEA domain transcription factor4.
Conclusions These findings demonstrate an important role of ACSL4 in mediating ferroptosis activation in the
development of RM following EHS and suggest that targeting ACSL4 may represent a novel therapeutic strategy to limit
the skeletal muscle cell death and prevent RM after EHS.
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Introduction

Rhabdomyolysis (RM) is one of the most common complica-
tions of exertional heat stroke (EHS).1 It is a clinical emer-
gency caused by the rapid (rhabdo) skeletal muscle (myo)
breakdown (lysis), resulting in the subsequent release of in-
tracellular muscle components into the systemic circulation.
The event could potentially lead to multiple organ injury
and failure.2 If the patients are not promptly treated, RM
can result in considerable morbidity and mortality induced
by EHS.3 However, the mechanism underlying RM following
EHS remains unclear.

Massive degenerative changes of skeletal muscle cells, in-
cluding cell death, are the most common pathological change
of EHS.3,4 Apoptosis,5 necroptosis,6 and autophagy7,8 repre-
sent extremes of the response of the muscle to injury and of-
ten coexisted in experimental models of acute muscle injury.9

However, the above-mentioned various deaths cannot clarify
the mechanism of RM development following EHS.10 Ferrop-
tosis is a novel form of regulated cell death characterized by
the iron-dependent accumulation of lipid peroxides to lethal
levels, which is morphologically, biochemically, and geneti-
cally distinct from apoptosis, necroptosis, and autophagy.11

A recent study suggested that the activation of ferroptosis
impeded the skeletal muscle regeneration in aged mice.12

Although the role of ferroptosis in mouse skeletal muscles
under ageing or injury conditions has been reported,13 the
role of cell ferroptosis in the RM following EHS has not yet
been addressed.

ACSL4 has been identified as an essential component for
ferroptosis execution.14 ACSL4 enriches cellular membranes
with long polyunsaturated ω 6 fatty acids, such as arachidonic
acid (AA) and adrenic acid (AdA), which were able to sensitize
the cells to undergo ferroptosis compared with the ω 3 fatty
acids,14 and suppression of ω 6 fatty acids esterification into
PE by genetic or pharmacological inhibition of ACSL4 acts as
a specific antiferroptotic rescue pathway.15 ACSL4-mediated
ferroptosis has been reported to exacerbate the tissue injury,
such as the intestinal injury caused by ischaemia/
reperfusion16 and the brain injury induced by ischemic
stroke17; however, there is no even research to clarify the
effects of ACSL4 induced ferroptoisis on RM development
after EHS.

In this study, using the previous established murine EHS
model,18 we demonstrate that YAP, acting through TEAD1/
TEAD4 relevant Hippo signalling, mediated EHS-
induced upregulation of ACSL4 which in turn, increased lipid
peroxiadation level, as well as skeletal muscle cell ferroptosis
and subsequent augmented skeletal muscle tissue injury.
Inhibition of YAP, pharmacological inhibition of ACSL4, or
blocking lipid peroxidation prevented EHS-induced ferroptosis
and ameliorated skeletal muscle tissue injury. These findings
suggest that targeting ACSL4 may represent a novel therapeu-
tic strategy to limit cell death and prevent RM after EHS.

Materials and methods

Murine model of exertional heat stroke with
rhabdomyolysis

Briefly, the animals were placed in the climate chamber in the
absence of food and water. The chamber temperature was
then increased to 39.5°C within 40 min, with a relative hu-
midity (RH) 65%. The core temperatures (Tc) were measured
at 10-min intervals. The mice were allowed to run on the
treadmill at a constant speed of 15 rpm/min. The time point
of at which the Tc start to reach 43°C or the mice appeared to
be exhausted was taken as a reference point of EHS onset.
Immediately after the onset of EHS, the mice were then
removed from the climate chamber, weighed, and returned
to their original cages with an ambient temperature of 25°C
and with ad libitum access to food and water.18

Results

Exertional heat stroke onset induces
rhabdomyolysis development

To investigate the mechanism of RM development following
EHS, we have established an EHS murine model with the high
incidence rate for RM, which may truly reflect the clinical
characteristics.18 Based on the murine model, we observed
that the CK and MB levels were powerful increased after
EHS onset, and reached to the peak levels at 6 h after EHS
(Figure S1A–S1B). Then, we focused on the 6 h after EHS as
the monitoring point and measured the severity of skeletal
muscle injury among the four different types: transverse
abdominal, extensor digitorum longus, soleus (Figure
S1C–S1D), and gastrocnemius (Gas) (Figures 1A and S1D).
Figure 1A demonstrates the most severely histological
changes in Gas at 6 h after EHS, as indicated by the markedly
decreased muscle fibre density, remarkably disorganized
muscle fibre arrangement, and significantly swelling degener-
ation. These phenomena indicated the most serious damage
in Gas muscle. In order to investigate the potential death
mode of skeletal muscle cells in RM following EHS, we per-
formed the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway and gene ontology (GO) enrichment analysis
based on the RNA sequencing data (Figures S2 and 1B–1C).
Interestingly, as one of the pathways that affected cell death,
ferroptosis pathway was suggested to play a significant role
in RM following EHS (Figure 1B). A total of 14 genes with sig-
nificant expression differences were enriched in ferroptosis
pathway, of which 13 genes were significantly upregulated
(Figure S2B). In addition, ferroptosis-related lipid and iron
metabolism were found dysregulated (Figure S2C–S2F). Fer-
roptosis is an iron-dependent, lipid peroxidation-driven cell
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Figure 1 Distinguishing features of ferroptosis in RM after EHS. All samples of muscle tissues were collected at 6 h after SHE, CHS, and EHS onset, SHR
as the control group (A–F). (A) Representative H&E staining of Gas muscle (SHR, SHE, CHS, and EHS, scale bar = 50 μm in H&E). (B) KEGG pathway
enrichment analysis of upregulated differentially expressed genes (DEGs) identified ferroptosis-related genes highly expressed in Gas muscle of EHS
mice. (C) Gene ontology (GO: biological process) analysis against upregulated genes between SHR and EHS mice. (D) TEM representative images among
SHR, SHE, CHS, and EHS groups. (E) Relative levels of Ptgs2 mRNA expression were measured in the Gas muscle suffering from SHE, CHS, EHS, or SHR
(n = 6 mice/group). (F) LC–MS/MS assessment of pro-ferroptotic PEox (PE (18:0/22:4 + 1[O])) (n = 6 mice/group). Gas muscle tissues were collected at
intervals of 0, 6, 12, and 24 h following SHE, CHS, and EHS onset, SHR as the control group. (G–I) In parallel, the levels of MDA, 12-HETE, and 15-HETE
from 0 to 24 h were assayed using the respective kits (n = 6 mice/group). (J) The non-heme iron level in each group from 0 to 24 h (n = 6 mice/group).
Significance in (F) was calculated using the Student’s t-test; ****P < 0.0001. Summary data are presented as the mean ± SEM. Significance was cal-
culated using a one-way ANOVA with Tukey’s post hoc test; groups labelled with different letters differed significantly (*P < 0.05).
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death cascade, with special mitochondria characteristics.19

Figure 1D shows the changes in the Gas muscle tissue
ultrastructure at 6 h after EHS. The images reveal that
the outer mitochondrial membrane has ruptured and
mitochondrial cristae has disappeared, which is consistent
with the ferroptosis ultrastructure features in intestinal
ischaemia/reperfusion.16 The prostaglandin-endoperoxide
synthase 2 (Ptgs2) mRNA, a universal marker of ferroptosis
marker,20,21 showed the maximal increase at 6 h after EHS
(Figure 1E). The oxidized PE species, the key phospholipids
that undergo oxidation and drive ferroptosis,15 especially
the PE (18:0/22:4 + 1[O]), was upregulated at 6 h after
EHS (Figure 1F). Consistently, the lipid metabolites as
potential markers of ferroptosis, including malondialdehyde
(MDA), 12-hydroxyeicosatetraenoic acid (12-HETE), and
15-hydroxyeicosatetraenoic acid (15-HETE), were also mark-
edly increased in the Gas muscle and reached to the peak
levels at 6 h after EHS (Figure 1G–1I).

The tissue non-heme iron was accumulated in RM tissue
following EHS, and archived to the peak levels at 6 h after
EHS (Figure 1J). Furthermore, the iron accumulation in RM
tissue was confirmed by the Prussia blue staining (Figure
S3A), and this process is accompanied by significant degrada-
tion of heme (Figure S3B). Based on our KEGG pathway and
GO enrichment analysis (Figure S2), we found that the
expression of the iron homoeostasis-related genes in Gas
muscle tissue, such as the transferrin receptor (TFR),5

SLC39A14,22 and heme oxygenase 1 (Hmox1),21 were dysreg-
ulated, and we performed the western blotting to determine
the expression of the iron homoeostasis-related genes in Gas
muscle tissue, such as TFR, nuclear receptor coactivator 4
(NCOA4),23 ferroportin1 (FPN),24 SLC39A14, Hmox1, and ferri-
tin heavy chain 1 (FTH1)23 (Figure S3C). Our analysis demon-
strate that the levels of TFR reached to the peak levels once
EHS onset, the levels of NCOA4 and SLC39A14 significantly
increased once EHS onset, and reached to the peak level at
6 h, then slightly decreased at 24 h after EHS. The level of
FPN showed gradually increase once EHS onset, and reached
to the peak levels at 12 h, thus decreased at 24 h after EHS
(Figure S3C). The level of Hmox1 showed marked increase
as early as EHS onset and further elevated in a
time-dependent manner (Figure S3C). However, the expres-
sion of FTH1 do not changed once EHS onset but decreased
from 6 h after EHS (Figure S3C).

Based on the changes of several crucial iron
homoeostasis-related proteins, we speculate that the iron ac-
cumulation from 0 to 6 h after EHS onset is mainly due to the
influx of extracellular iron mediated by TFR and SLC39A14.
Consistently, the non-heme iron level in the Gas muscle tissue
was significantly upregulated after EHS (Figure 1J). In addi-
tion, the heme degradation by the increased Hmox1 might
also contribute to the iron accumulation in Gas muscle after
EHS, as indicated by the degradation of tissue heme
(Figure S3B). Moreover, the increase in NCOA4 expression

and the decrease in FTH1 demonstrated the ferritinophagy
might be involved in the RM development following EHS.
The decrease of the cellular iron levels in EHS group since
6 h after EHS might be due to the efflux of iron mediated
by the upregulation of FPN. Taken together, the iron accumu-
lation is due to the complex regulatory mechanism of iron
homoeostasis-related gene regulation after EHS.

Ferroptosis contributes to rhabdomyolysis
development following exertional heat stroke

To determine the pathogenic role of ferroptosis in RM devel-
opment following EHS, we treated a single dose of various in-
hibitors of cell death at 2 h prior to EHS experiment and
measured the CK and MB levels at 6 h after EHS. The results
demonstrate that the treatment of ferroptosis inhibitor
ferrostatin-1 (Fer-1) significantly attenuated the Gas muscle
injury in RM following EHS; in contrast, the injury was not sig-
nificantly reversed in mice that received emricasan (an inhib-
itor of apoptosis), necrostatin-1 (Nec-1, a specific inhibitor of
receptor interacting protein kinase 1-mediated necroptosis),
or 3-methyladenine (3-MA, an inhibitor of autophagy)
(Figure S4).

Our previous study also demonstrated that the mortality
rate of EHS model with RM could reached to 62.66% within
24 h after EHS.18 To evaluate the therapeutic effects of fer-
roptosis activation on the mortality rate of EHS mice within
24 h, we administered the single dose of Fer-1 at 0, 6, and
12 h to the mice separately after EHS and then measured
the mortality rate within 24 h after EHS, respectively. Our
analysis revealed that the single-dose treatment of Fer-1 at
0 h powerfully improved the survival rate from EHS within
24 h and remarkably blocked skeletal muscle injury induced
by EHS, as indicated by the decrease in CK and MB levels at
6 h after EHS (Figure S5A–S5C). Furthermore, the Fer-1 inter-
vention at 6 h clearly ameliorated the survival from EHS
within 24 h and inhibited the skeletal muscle injury at 12 h
after EHS. However, the Fer-1 intervention at 12 h has little
effects on the survival but clearly inhibits the skeletal muscle
injury at 24 h after EHS (Figure S5A–S5C). Additionally, the
various forms of Fer-1 intervention did not significantly influ-
ence the survival rate and the Gas tissue injury from CHS or
SHE groups (Figure S5D–S5I).

The Gas muscle tissue injury at 6 h after EHS was shown
with H&E staining, and the images demonstrate that the
treatment of Fer-1 2 h prior to EHS experiment significantly
prevented the Gas muscle injury in RM following EHS, which
is manifested by the decrease in Evans blue dye penetration,
improvement in the grip strength, the reduction of the serum
CK and MB levels, and the inhibition of lipid peroxidation, as
indicated by the reduction of MDA, 12-HETE, and 15-HETE
levels (Figures 2A–2G and S6A–S6B). Additionally, we found
that the RM following EHS was involved in acute kidney injury
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Figure 2 The effects of Fer-1 on the skeletal muscle injury of EHS mice in vivo and on the viability and lipid peroxidation of primary myoblast cells
exposed to io + hs in vitro. Mice were treated with ferrostatin-1 (10 mg/kg) by intraperitoneal injection 2 h before experiment. All samples of Gas
muscle were collected at 6 h following SHE, CHS, and EHS onset, SHR as the control. (A) Representative H&E staining and EBD fluorescence of Gas
muscle slices were imaged by microscopy (scale bar = 50 μm in H&E, 200 μm in EBD testing image). (B) The fibres injury score in EHS mice with or
without Fer-1 treatment (n = 6 mice/group). (C) The degree of permeability in muscle cells was detected by measuring the quality of EBD permeating
into muscle cells under standard concentration curve (n = 6 mice/group). (D) The grip strength test in each group (n = 10 mice/group). (E–G) In parallel,
serum creatine kinase (CK) levels and MB level were measured at 6 h after SHE, CHS, and EHS onset, SHR as the control (n = 6 mice/group); before
io + hs induction experiment (containing 5 μM of ionomycin in medium, heat stress, 43°C 5% CO2 incubator heat stress for 2 h), primary myoblasts
pretreatment with ferropstatin-1 (20 μM) for 6 h. All samples were collected at 6 h following io + hs exposure. (H) LDH cytotoxicity percent was
assayed at 6 h after io + hs induction (n = 6). (I) Cell lipid peroxidation signal was detected by C11 BODIPI 581/591 staining by flow cytometry. (J–L)
In parallel, the levels of MDA, 5-HETE, and 15-HETE were assayed at 6 h following io + hs exposure (n = 6). Summary data are presented as the
mean ± SEM. Significance was calculated using a one-way ANOVA with Tukey’s post hoc test; groups labelled with different letters differed significantly
(*P < 0.05).
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(AKI), and the treatment of Fer-1 significantly rescued the
AKI, as confirmed by histological and serological measure-
ments, such as the H&E staining, Paller score, and blood urea
nitrogen levels (Figure S6C–S6E). Briefly, ferroptosis activa-
tion played an essential role in the RM associated AKI follow-
ing EHS onset.

To investigate the activation of ferroptosis in RM in vitro,
the primary myoblasts cells were exposed to ionomycin plus
heat stress (io + hs) for simulating the effects of exercise
and heat stress.18 For the treatment of ionomycin leads to
calcium overload, which is frequently accompanied by RM
following EHS.20 The treatment of Fer-1 protect against the
primary myoblasts death induced by io + hs, as shown by
the decrease in LDH release (Figure 2H); the inhibited lipid
peroxidation, as indicated by C11 BODIPY 581/591 fluores-
cence (Figure 2I); and the reduced lipid metabolites levels
of MDA, 5-HETE, and 15-HETE (Figure 2J–2L). The effects of
Fer-1 treatment were further confirmed by the other two
ferroptosis inhibitors treatment, such as liproxstatin-1 and
deferoxamine (Figure S7A–S7C), as well as the results in
primary myoblasts were validated in C2C12 cells (Figure
S7D–S7H).

ACSL4-mediated ferroptosis contributes to
rhabdomyolysis development following exertional
heat stroke

Lipid peroxidation is the main cause of ferroptosis.25 To
explore the regulatory mechanism of the lipid peroxidation
induced by EHS (Figure 1F–1I), the KEGG pathway enrich-
ment analysis and GO analysis were performed and the anal-
ysis showed that Acsl4 was significantly enriched in the
ferroptosis pathway, lipid biosynthetic process, and fatty
acid metabolism (Figure S2). ACSL4 has been reported to
dictate ferroptosis sensitivity by shaping cellular lipid
composition.14 In current study, the ACSL4 expression was
upregulated after EHS and reached to the peak levels at
6 h after EHS (Figure 3A). The treatment of ACSL4 inhibitor
rosiglitazone (Rosi) significantly attenuated the skeletal
muscle injury induced by EHS, as indicated by the decrease
in Evans blue dye penetration, the improvement of the grip
strength and the reduction of the serum CK and MB levels
(Figure 3B–3E and Figure 3G–3H). Moreover, the treatment
of Rosi restored the GPX4 expression (Figure 3A), which is
a universal inhibitor of ferroptosis20; reduced the
cyclooxygenase-2 (COX2, Ptgs2 gene) expression (Figure
3F); and diminished the lipid metabolites levels, such as
MDA, 5-HETE (Figure 3I–3J), 12-HETE, and 15-HETE (Figure
S8A–S8B). The effects of Rosi on the RM following EHS were
further confirmed by the other ACSL4 inhibitor pioglitazone
(Piog) (Figure S8C–S8K).

The elevated ACSL4 expression was observed in primary
myoblasts cells induced by io + hs (Figure 4A). The treatment

of si-Acsl4 markedly decreased the io + hs induced ACSL4 up-
regulation, restored GPX4 expression, inhibited COX2 expres-
sion, and rescued the io + hs induced cell death, as shown by
the decrease in LDH release (Figure 4B–4D). Furthermore, the
si-Acsl4 intervention significantly inhibited the lipid peroxida-
tion and diminished the levels of lipid metabolites, as indi-
cated by the levels of MDA, 5-HETE, 12-HETE, and 15-HETE
(Figure 4E–4I). The results in primary myoblasts cells were
also validated in C2C12 cells (Figure S9).

YAP-dependent upregulation of ACSL4-mediated
ferroptosis in rhabdomyolysis following exertional
heat stroke

We performed the KEGG pathway enrichment analysis to
find the mechanism by which EHS upregulated ACSL4 expres-
sion, and our analysis suggested that the Hippo signalling
may play a significant role in RM following EHS (Figure 5A),
the strong and rapid YAP activation in cancer cells was
induced by heat stress for the expression of heat shock
proteins.26 This is consistent with our analysis, and the
Hspb1, Hsp90aa1, and Hspa1a were significantly upregulated
in EHS groups (Figure S10A), and the Yap expression was sig-
nificantly increased in the EHS group (Figure S10B). The pri-
mary myoblasts were treated with io + hs to simulate the
exercise and heat stress in vitro, and the YAP in primary
myoblasts showed clear colocalization with the nucleus
(Figure 5B–5C). The mRNA levels of Acsl4 and Yap were both
increased in primary myoblasts exposed to io + hs and Gas
muscle tissue of EHS mice, respectively (Figure 5D–5E). The
treatment of si-Yap protects against the primary myoblasts
cells death induced by io + hs, as revealed by the decreased
LDH release (Figure S10C). The si-Yap intervention inhibits
the lipid peroxidation and the levels of lipid metabolites,
such as MDA, 5-HETE, induced by the treatment of io + hs
(Figure S10D–S10F). The results with si-Yap were further con-
firmed by results with YAP–TEAD interaction inhibitor
verteporfin in vivo (Figure S11). In primary myoblasts, over-
expression of Yap mRNA elevated the ACSL4 expression in
the absence or presence of io + hs (Figure 5F–5H). Inversely,
si-Yap inhibited the ACSL4 expression (Figure 5I–5K). The
results in primary myoblasts were also validated in the
C2C12 cells (Figure S12).

TEAD1/TEAD4 binding to the promoter of Acsl4
regulates its expression

We have proved that YAP promotes the Acsl4 mRNA expres-
sion. Thus, we performed a database analysis to predict the
binding motif(s) on the Acsl4 promoter region and confirm
the binding position. The fragments (�700 to 0 bp relative
to the transcription to start site [TSS]) in Acsl4 promoter
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Figure 3 The effects of pharmacological inhibition of ACSL4 by Rosi on the development of RM after EHS onset. (A) The expression levels of ACSL4 and
GPX4 in EHS mice were detected using the western blotting test. The representative western blotting images were from three independent experi-
ments. Rosi (0.4 mg/kg, intravenous injection, 2 h before EHS experiment) was administered to mice. All samples were collected at 6 h after EHS onset.
(B) Representative H&E staining and Evans blue fluorescence of Gas muscle slices were imaged by microscopy (scale bar = 50 μm in H&E, 200 μm in
Evans blue testing image). (C) The fibre injury score in EHS mice with or without Rosi treatment (n = 6 mice/group). (D) The degree of permeability in
muscle cells was detected by measuring the quality of EBD permeating into muscle cells under standard concentration curve (n = 6 mice/group). (E)
The grip strength test in each group (n = 10 mice/group). (F) GPX4 and COX2 protein levels were assessed by western blotting, muscle tissues were
collected at 6 h after EHS onset, the representative images of western blotting were from three independent experiments. (G–J) In parallel serum
CK levels and MB levels, Gas muscles levels of MDA and 5-HETE were measured in each groups (n = 6 mice/group). Summary data are presented
as the mean ± SEM. Significance was calculated using a one-way ANOVA with Tukey’s post hoc test; groups labelled with different letters differed sig-
nificantly (*P < 0.05).
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Figure 4 The effects of genetic inhibition of Acsl4 on the viability and lipid peroxidation of primary myoblasts cells exposed to io + hs in vitro. (A) West-
ern blotting was used to determine ACSL4 expression of primary myoblasts in the presence or absence of io + hs exposure, the representative images
of western blotting were from three independent experiments. (B) Primary myoblast were transfected with si-NC or si-Acsl4 for 2 days before io + hs
induction. All samples were collected at 6 h after io + hs induction. ACSL4 expression level under io + hs induction for 2 h after siRNA transfection was
assessed by western blotting, the representative images of western blotting were from three independent experiments. (C) GPX4 and ACSL4 protein
levels were determined by western blotting after io + hs induction, the representative images of western blotting were from three independent ex-
periments. (D) The LDH cytotoxicity percent was assayed at 6 h after io + hs induction (n = 6). (E) Cell lipid peroxidation signal was detected by
C11 BODIPI 581/591 staining by flow cytometry. (F–I) In parallel, the levels of MDA, 5-HETE, and 15-HETE were assayed at 6 h following io + hs expo-
sure (n = 6). Significance was calculated using the Student’s t-test; *P < 0.05. Summary data are presented as the mean ± SEM. Significance was cal-
culated using a one-way ANOVA with Tukey’s post hoc test; groups labelled with different letters differed significantly (*P < 0.05).
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Figure 5 The regulation of the transcription and expression of ACSL4 by YAP entry into the nucleus in primary myoblasts. (A) KEGG analyses of
RNA-seq data showing the top 10 enriched pathways in EHS mice compared with SHR mice. (B–C) The location of YAP in nuclear was determined
by laser scanning confocal microscopy (n = 6). (D–E) In parallel, QPCR analysis of Acsl4 and Yap mRNA levels in primary myoblast subjected to
io + hs and Gas muscle tissues of mice with EHS, samples were collected at 6 h after EHS onset or after io + hs induction during recovery time
(n = 6 mice/group or n = 6). (F–K) Primary myoblast cells were transfected with Yap overexpression plasmid or siRNA for 2 days, and then subjected
to io + hs induction. The YAP protein levels and the mRNA and protein levels of ACSL4 were determined after io + hs induction. The representative
western blotting images were from three independent experiments. Summary data are presented as the mean ± SEM. Significance was calculated
using a one-way ANOVA with Tukey’s post hoc test; groups labelled with different letters differed significantly (*P < 0.05).
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sequence was validated as the effective binding target com-
pared with other fragments (Figure 6A–6B). YAP-dependent
gene induction requires the TEAD family transcription
factors.27 The si-TEAD1, si-TEAD2, si-TEAD3, and si-TEAD4
were used to determine their regulatory role in the expres-
sion of Acsl4, and the si-TEAD1 and si-TEAD4 significantly di-
minish the ACSL4 mRNA and protein levels (Figure 6C–6G).
Moreover, the ChIP assay showed two effective binding sites
for TEAD1 (one binding site, located �190 to �220 bp rela-
tive to the TSS, and another binding site, located �540 to
�560 bp relative to the TSS), as confirmed by the Mut plas-
mids (Figure 6H–6I). And another two effective binding sites
for TEAD4 (one binding site, located �68 to �90 bp relative
to the TSS, and another binding site, located �170 to
�180 bp relative to the TSS) (Figure 6J–6L), as confirmed by
the Mut and Del plasmids.

Discussion

Rhabdomyolysis, a common complication of EHS, causes sig-
nificant modification of the tissue and blood parameters,
which in turn challenge multiple organs function and subse-
quent patients’ death.10The mechanism by which EHS in-
duces RM remains unclear. In the current study, using a
murine EHS model,18 we uncovered an important role of
ACSL4 in mediating EHS-induced RM. We demonstrated that
EHS-induced YAP acting through TEAD1/TEAD4 upregulates
ACSL4, which, in turn, promotes lipid peroxidation, skeletal
muscle cells ferroptosis, thereby, leading to loss of functional
skeletal muscle cells and subsequent RM (Figure 7).

According to the murine EHS model with RM we estab-
lished previously,18 EHS markedly induced RM as early as
the onset of EHS and reached to the peak levels at 6 h after
EHS. The Gas muscle tissue showed the mostly severe dam-
age, as indicated by the markedly decreased muscle fibre
density, remarkably disorganized muscle fibre arrangement,
and significantly swelling degeneration. And it might be due
to the increased fibre work done of the Gas muscle, as the
mice suffered from EHS via running on a rotating running
wheel in the hot and humid environment which considered
as the uphill running, mice performed uphill running mainly
with the fore foot strike pattern, which is characterized by a
higher step frequency, increased internal mechanical work,
shorter swing/aerial phase duration, and greater duty
factor.28 Moreover, the heat production of the Gas muscle
is more as the murine fast-twitch muscle than that of the
slow-twitch soleus muscles.2 Collectively, the types of cell
death in Gas muscle tissue were still not addressed. Our bio-
informatics analysis showed that the activation of ferroptosis
potentially play an important role in the RM development fol-
lowing EHS. We found the hallmarks of ferroptosis were in-
duced following EHS, such as ultrastructural changes in

mitochondrial membrane, iron accumulation, and the in-
crease in lipid peroxidation. The data suggest a direct effect
of ferroptosis on EHS-induced RM development.

It is well known that the standard mortality ratio, a key el-
ement in intensive care unit (ICU), is calculated based on the
data available within the first 24 h of ICU stay.29 Recent stud-
ies have reported that the content of the CK and MB levels
were powerfully elevated in the nonsurvival group of EHS pa-
tients within 24 h in ICU, which indicated that RM has an im-
portant contribution to the mortality of EHS patients.30,31

Fer-1 was identified as a small molecule inhibitor of
ferroptosis.11 In the current study, the treatment of Fer-1 sig-
nificantly attenuated the skeletal muscle injury in RM follow-
ing EHS compared with other forms of cell death inhibitors,
which is manifested by diminishing the increased serum CK
and MB levels induced by EHS. Then, the mice with Fer-1
treatment markedly ameliorated survival rate from EHS
within 24 h, and the earlier the treatment, the better the ef-
fect. Briefly, the current study demonstrates for the first time
that EHS induces skeletal muscle cell ferroptosis, which in
turn promotes RM development.

Additionally, ferroptosis activation has been reported to in-
duce acute kidney failure and early death in mice caused by
the disruption of GPX4.26 In addition, a recent study demon-
strated that ferroptosis is involved in RM associated kidney
damage in vivo and in vitro.32 RM causes the release of MB
and other muscle cell components to the bloodstream. MB
is freely filtered by glomeruli and reabsorbed by proximal tu-
bules, promoting ferroptosis-mediated cell death, thus lead-
ing to AKI, the treatment of Fer-1 strongly inhibits the
severity of AKI via decreasing the MB-derived iron accumula-
tion and lipid peroxidation.32 This is consistent with the re-
sults in current study, RM following the EHS could induce
remarkable AKI and the severity of AKI induced by the RM af-
ter EHS were strongly ameliorated by the Fer-1 administra-
tion in vivo.

Lipid peroxidation, the key characteristics of ferroptosis, is
the process by which oxygen combines with lipids to gener-
ate lipid hydroperoxides via intermediate formation of
peroxyl radicals.25 The accumulation of lipid peroxidation
products in skeletal muscle tissue was induced by EHS, and
reducing the lipid peroxidation products markedly prevents
the EHS development.10 Consistently, our analysis revealed
that the increased lipid peroxidation and the elevated lipid
metabolites, such as oxidized PE, MDA, 12-HETE, and 15-
HETE, were induced by EHS, and inhibiting the lipid peroxida-
tion levels significantly block the RM development, which in
turn improve the survival from EHS. However, the regulatory
mechanism of lipid peroxidation by EHS remains unclear.
Then, the KEGG and GO analysis were performed to
investigate how EHS onset regulates the lipid peroxidation
process, and Acsl4 may play a potential vital role in the RM.
ACSL4 is one of the most widely recognized mediator
of ferroptosis.14,15 We observed that ACSL4 expression
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Figure 6 TEAD1/TEAD4 acting through binding to the ACSL4 promoter region for its expression. (A) Regions of the 2000-bp proximal promoter se-
quence of Acsl4 gene via distinct promoter-luciferase reporters are identified. Luciferase activity measurements of designated promoter-reporter con-
structs in C2C12 cells were transfected with Yap plasmids (n = 3). The region �700-bp upstream of the translation start site of the Acsl4 promoter was
essential for YAP-induced promoter-reporter induction. (B) C2C12 cells were collected for assay in four conditions. Cells cotransfected with the Yap and
WT (�700 bp) plasmids were collected and luciferase activity was analysed (n = 3). (C) siRNA transfection significantly decreased the expression of
Tead1, Tead2, Tead3, and Tead4. N = 3 independent experiments (n = 6). (D) C2C12 cells were transfected with Tead1, Tead2, Tead3, and Tead4 siRNA
or scramble siRNA for 48 h, respectively. Total RNA was isolated analysis of mRNA expression of Acsl4. (E–F) C2C12 cell were transfected with Tead1,
Tead4, and Tead1 + Tead4 siRNA or scrambled siRNA (Scr) for 48 h, and then, western blotting for ACSL4 expression was performed, the representative
images of western blotting were from three independent experiments. (G) Luciferase reporter constructs harbouring the WT (0–700 bp) Acsl4 pro-
moter were cotransfected with the Yap overexpression plasmid and scramble siRNA or Tead1/4 siRNA into C2C12 cells. Forty-eight post-transfection,
the cells were harvested for dual luciferase assays (n = 3). N = 3 independent experiments. (H) TEAD1 binding to the promoter region of Acsl4 was
analysed by ChIP monitoring the occupancy of Tead1 on the Acsl4 promoters in two different part of promoter (n = 3). (I) Cells transfected with three
Mut plasmid were used in luciferase assay and the results were normalized to those of the WT group (n = 3). (J) TEAD4 binding to the promoter region
of Acsl4 was analysed by ChIP monitoring the occupancy of TEAD4 on the Acsl4 promoters in three different part of promoter (n = 3). (K–L) Cells
transfected with two Del plasmid or Mut plasmid were used in the luciferase assay and the results were normalized to those of the WT group
(n = 3). Significance in (C), (H), and (J) were calculated using the Student’s t-test; *P < 0.05, ****P < 0.0001. Summary data are presented as the
mean ± SEM. Significance was calculated using a one-way ANOVA with Tukey’s post hoc test; groups labelled with different letters differed significantly
(*P < 0.05).

ACSL4 in ferroptosis-mediated rhabdomyolysis 1727

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1717–1730
DOI: 10.1002/jcsm.12953



paralleled the RM development, and pharmacological inhibi-
tion of ACSL4 with Rosi and Piog blocked RM following EHS
in vivo, respectively. Genetic inhibition of Acsl4 ameliorated
primary myoblasts and C2C12 cells ferroptosis following EHS
in vitro. In addition, the reduction of GPX4 in presence of
ASCL4 upregulation is very interesting, as suggested by previ-
ous studies demonstrating upregulation of ACSL4 induced by
iron-uptake be required for GPX4 degradation.33 GPX4 has
been proved to be an essential regulator of ferroptosis, and
the insufficiency of GPX4 is thought to lead to increased
levels of uncontrolled lipid peroxidation, culminating in fer-
roptotic cell death in vitro and in vivo.20,26 However, the lipid
oxidation upon GPX4 inhibition requires ACSL4, which cataly-
ses the addition of coenzyme A to the long-chain polyunsatu-
rated bonds of AA or AdA, thereby promoting the
esterification of polyunsaturated fatty acids to phospholipids,
specifically towards the PE.14 The oxidized AA and AdA PEs

were found to be more abundant in Gpx4 knockout (KO)
cells,15 in line with this, the free AA or AdA preferentially sen-
sitize Acsl4 KO cells to undergo ferroptosis.14 Compared with
the Gpx4 KO cells, the Acsl4 and Gpx4 double-KO cells were
viable and proliferated normally in cell culture for an ex-
tended period, underscoring an important functional inter-
play between GPX4 and ACSL4. In current study, we found
the expression of ACSL4 was significantly upregulated since
6 h after EHS onset, even at the same time the expression
of GPX4 was markedly downregulated (Figure 3A), so the
GPX4 expression seems to be dependent on ACSL4 expres-
sion, which is suggested by the published research demon-
strating that the treatment of the ACSL4-specific inhibitor
Rosi can significantly block the brain injury and improve the
neurological function after stroke.34 Additionally,
iron-uptake induced upregulation of ACSL4 was required for
GPX4 degradation.33 In brief, the current study suggests a

Figure 7 The mechanism of RM mediated by ferroptosis following EHS.
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key pathologic role of ACSL4 in mediating EHS-induced skele-
tal muscle cell ferroptosis activation via lipid peroxidation.

Our KEGG enrichment analysis suggest that the Hippo sig-
nalling may play a significant role in RM following EHS, and
the Yap expression was significantly increased in the EHS
group. The strong and rapid YAP activation in cancer cells
was induced by heat stress for the expression of heat shock
proteins,26 which is also suggested by our analysis. Addition-
ally, YAP is involved in the heat stress mediated testicular
damage.35 In addition, the Hippo signalling pathway in skele-
tal muscle is involved in the regulation of exercise
adaptation.28 However, both the exercise (physiological limi-
tation) and heat stress (environmental factor) are the most
importantly predisposing factors for EHS.36 In current study,
genetic inhibition of Yap was able to suppress the primary
myoblasts ferroptosis following EHS in vitro, and pharmaco-
logical inhibition of YAP with verteporfin blocks the RM de-
velopment following EHS in vivo; overexpression of Yap
mRNA can upregulate the expression of ACSL4, while genetic
inhibition of YAP can downregulate the expression of ACSL4
in vitro. YAP-dependent gene induction requires the TEAD
family transcription factors.37 In current study, we proved
that the TEAD1/TEAD4 acts through binding to the Acsl4 pro-
moter region for its expression. We further validated two ef-
fective binding sites for TEAD1 and TEAD4, respectively.
Taken together, the Hippo signalling pathway played an es-
sential role in the upregulation of ACSL4 expression by EHS.

In summary, this study demonstrates a novel mechanism
by which YAP mediates ACSL4 upregulation and the conse-
quent skeletal muscle cell ferroptosis, in turn, promotes RM
development following EHS. Targeting ACSL4 and ferroptosis
may serve as effective approaches to terminate the
injury-promoted mechanism and a new therapeutic strategy
of post-EHS RM.

Limitation of study

The current research mainly focuses on the study of
EHS-induced lipid peroxidation that causes ferroptosis. We

have observed the accumulation of iron and changes in some
proteins that are closely related to iron homoeostasis, but the
mechanism of iron accumulation has not been studied in
depth. In addition, we have also observed the correlation be-
tween GPX4 and ACSL4. This interesting phenomenon is also
worthy of further exploration.
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