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Background: The morbidity and mortality of sepsis are increasing year by year. Statistically, 40e50% of
patients with sepsis have concomitant myocardial injury, and its mortality rate is higher than that of
patients with sepsis only. Therefore, it is of great significance to elucidate the mechanism of sepsis-
induced myocardial injury.
Methods and results: Human monocytes (THP-1) were used to induce M0 macrophages, followed by
treated with lipopolysaccharide (LPS). Cardiomyocytes (AC16) were co-cultured with the conditioned
medium of LPS-induced macrophages to induce injury. Quantitative real-time PCR was employed to
detect the mRNA levels of peroxisome proliferator-activated receptor a (PPARA) and dual specificity
phosphatase 1 (DUSP1). Protein levels of PPARA, macrophage polarization-related markers, apoptosis-
related markers, mitochondria-related proteins, and DUSP1 were analyzed by Western blot. Flow
cytometry was used to assess M1/M2 cell rates and apoptosis. Low PPARA expression could serve as a
biomarker for patients with sepsis. PPARA overexpression enhanced M2 polarization and suppressed M1
polarization in LPS-induced macrophages, and it could alleviate cardiomyocyte injury in co-cultured
system. PPARA bound to the DUSP1 promoter region and facilitated its expression. DUSP1 knockdown
reversed the effect of PPARA overexpression on M2 polarization and cardiomyocyte injury.
Conclusion: PPARA attenuated cardiomyocyte injury by promoting macrophage M2 polarization through
increasing DUSP1 expression, suggesting that PPARA might be a therapy target for sepsis-induced
myocardial injury.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Sepsis can lead to severe systemic inflammatory response syn-
drome and organ dysfunction [1,2]. The incidence of sepsis has
increased at a rate of 8e13% per year, accounting for 11% of all acute
and severe diseases [3]. Myocardial injury is one of the serious
complications in patients with sepsis, and its mortality rate is
approximately up to 90% [4,5]. Although great progress has been
made in the treatment of sepsis-induced myocardial injury, the
underlying molecular mechanisms still need to be further studied.
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Studies have shown that macrophage polarization is closely related
to the process of myocardial injury in sepsis [6,7]. Therefore,
revealing the underlying molecular mechanisms regulating
macrophage polarization may provide new strategies for the
treatment of sepsis-induced myocardial injury.

Peroxisome proliferator-activated receptors (PPARs), have a,
d (b) and g isoforms, are a group of nuclear receptor proteins [8,9].
Previous studies have shown that PPARA (PPARa) is involved in
regulating the progression of various diseases. It was reported that
PPARA activation attenuated iron overload-induced ferroptosis via
the Gpx4/TRF axis [10]. Besides, PPARA could inhibit the process of
sepsis-associated acute kidney injury, which overexpression alle-
viated lipopolysaccharide (LPS)-induced kidney cell apoptosis and
oxidative stress [11,12]. Importantly, PPARA knockdown exacer-
bated LPS-induced cardiac dysfunction in mice and promoted
mitochondrial dysfunction in LPS-induced cardiomyocytes [13].
Thus, PPARA may be an important regulator for septic
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Table 1
Primer sequences used for qRT-PCR.

Name Primers for PCR (50-30)

DUSP1 Forward GGATACGAAGCGTTTTCGGC
Reverse CCAGGTACAGAAAGGGCAGG

PPARA Forward GCGAACGATTCGACTCAAGC
Reverse CATCCCGACAGAAAGGCACT

b-actin Forward CTTCGCGGGCGACGAT
Reverse CCACATAGGAATCCTTCTGACC

Fig. 1. PPARA expression and diagnosis importance in sepsis patients. (A) PPARA
expression in the serum of sepsis patients with normal heart function (n ¼ 10), heart
dysfunction (n ¼ 19), and healthy normal controls (n ¼ 29) was analyzed by qRT-PCR.
(B) The ROC curve showed the diagnosis importance of PPARA in sepsis patients and
healthy normal controls. *P < 0.05.
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cardiomyopathy. Moreover, the activation of PPARA has been
confirmed to promote the M2 polarization of macrophages [14].
However, whether PPARA mediates myocardial injury in sepsis by
regulating M2 polarization remains unclear.

Dual specificity phosphatase 1 (DUSP1) is a phosphatase that
dephosphorylates the MAP kinase MAPK1/ERK2, leading to its
involvement in mediating several cellular processes, including in-
flammatory responses [15e17]. Recent studies found that DUSP1
was underexpressed in the cardiac tissues of LPS-treated mice, and
its overexpression could mitigate LPS-induced myocardial
dysfunction by affecting mitochondrial dynamics [18]. Besides, Xin
et al. reported that miR-101e3p downregulation attenuated sepsis-
induced myocardial injury via enhancing DUSP1 expression [19].
Therefore, DUSP1may have a protective role against sepsis-induced
myocardial injury. Meanwhile, DUSP1 is considered to regulate
macrophage polarization to mediate disease progression [20,21].
PPARA has been found to influence gene expression through
binding to gene promoter regions [22]. In this, we found that PPARA
could bind to the DUSP1 promoter region. However, whether
PPARA affects the progression of sepsis-induced myocardial injury
via mediating macrophage polarization by regulating DUSP1
expression is unclear.

Here, our study aimed to reveal the role and mechanism of
PPARA regulating sepsis-induced myocardial injury through
affecting macrophage polarization. In this, we pointed out that
PPARA ameliorated sepsis-induced myocardial injury by promoting
macrophage M2 polarization through the regulation of DUSP1.

2. Materials and methods

2.1. Serum samples

A total of 29 sepsis patients (10 normal heart function and 19
heart dysfunction) and 29 healthy normal controls from Xinxiang
Central Hospital were included for our study. Serum samples were
separated from the blood specimens of each participant by
centrifugation. All participants signed written informed consent,
and this study was approved by the Ethics Committee of Xinxiang
Central Hospital.

2.2. Cell culture, transfection and treatment

Human monocytes (THP-1; Procell, Wuhan, China) were
cultured in RPMI-1640 containing 10% FBS, 0.05 mM b-mercap-
toethanol and 1% penicillin/streptomycin (Gibco, Carlsbad, CA,
USA). For inducing M0 macrophages, THP-1 cells were treated with
100 ng/mL PMA (MedChemExpress, Monmouth Junction, NJ, USA)
for 24 h. Besides, M0 macrophages were exposed with 50 ng/mL
LPS to induce polarization. In addition, M0 macrophages were
transfected with pcDNA PPARA/DUSP1 overexpression vector,
siRNA against PPARA (si-PPARA) and negative controls (pcDNA and
si-NC) using Lipofectamine 3000 before LPS treatment.

Human cardiomyocytes (AC16; Procell) were grown in DMEM/
F12 plus 10% FBS and 1% penicillin/streptomycin. For co-culture
system, the medium of LPS-induced macrophages transfected
with or without pcDNA/PPARA/DUSP1/si-NC/si-PPARA was
collected and centrifuged to obtain conditioned medium, and
AC16 cells were cultured with conditioned medium for 24 h to
explore the effect of macrophage polarization on cardiomyocyte
injury.

2.3. Quantitative real-time PCR (qRT-PCR)

Total RNAs were extracted from the serum samples using TRIzol
reagent (Takara, Tokyo, Japan) and then reverse-transcribed into
34
cDNA using cDNA Synthesis Kit (Takara). Target gene was amplified
using SYBR Green (Takara) and specific primers (Table 1). Relative
expression of PPARA and DUSP1 was normalized to b-actin and
calculated using the 2�DDCT method.
2.4. Western blot (WB)

Total proteins were extracted and quantified by RIPA buffer and
BCA Kit (Beyotime, Shanghai, China), respectively. Protein samples
(30 mg) were separated on SDS-PAGE gel and transferred to PVDF
membranes. After blocking with 5% skim milk, membranes were
incubated with antibodies, followed by detecting protein signals
using ECL reagent (Beyotime). All antibodies (Abcam, Cambridge,
MA, USA) were listed as follows: anti-PPARA (1:1000, ab126285),
anti-iNOS (1:1000, ab283655), anti-Arg-1 (1:1000, ab124917), anti-
Bcl-2 (1:1000, ab32124), anti-Bax (1:1000, ab32503), anti-DUSP1
(1:500, ab61201), anti-NRF1 (1:1000, ab34682), anti-NRF2 (1:500,
ab62352), anti-mtTFA (1:10000, ab176558), anti-b-actin (1:1000,
ab8227) and Goat anti-Rabbit IgG (1:50000, ab205718).
2.5. Flow cytometry

After treatment or transfection, macrophages were collected
and resuspended in a flow cytometry buffer (BD Biosciences, San
Diego, CA, USA). Then, macrophages were stained with anti-CD11b
(ab24874) plus anti-iNOS (M1 marker, ab283655) or anti-CD206
(M2 marker, ab270682). The rates of M1 cells (CD11bþ and
iNOSþ) and M2 cells (CD11bþ and CD206þ) were analyzed by flow
cytometer and FlowJo software.

For detecting apoptosis rate, co-cultured AC16 cells were
collected and suspended with binding buffer, followed by stained
with Annexin V-FITC and PI (BD Biosciences). Cell apoptosis rate
was assessed under a flow cytometer.
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3. ELISA

The levels of TNF-a, IL-1b, IL-6 and IL-4 in the supernatant of
macrophages were detected using commercial ELISA Kits (PT518,
PI305, PI330, PI618, Beyotime). Besides, the levels of myocardial
injury markers (cTnI, CK-MB and LDH) in the supernatant of co-
cultured AC16 cells were examined using cTnI ELISA Kit (CSB-
E05139h), CK-MB ELISA Kit (CSB-E05140h) and LDH ELISA Kit (CSB-
E11720h) (Cusabio, Wuhan, China), respectively. Besides, TNF-a, IL-
1b, IL-6, IL-4, cTnI, CK-MB and LDH levels in mice serum samples
were determined by corresponding kits (PT512, PI301, PI326, PI612,
CSB-E08421 m, CSB-E14404 m and CSB-E11723 m), respectively.

3.1. Cell counting kit 8 (CCK8) assay

Co-cultured AC16 cells were collected and re-seeded into 96-
well plates. After 48 h, cells were incubated with CCK8 reagent
(Beyotime) for 2 h. Cell viability was assessed by a microplate
reader at 450 nm.

3.2. ChIP assay

Cells transfected with pcDNA DUSP1 binding site 1 (from �497
to �480 bp)/2 (from �872 to �855 bp) were fixed with formalde-
hyde, and sonicated nuclear lysates were processed for the
immunoprecipitation with anti-PPARA or anti-IgG using EZ-ChIP
Fig. 2. Effect of PPARA on M2 and M1 polarization in LPS-induced macrophages. M0 macroph
(A) PPARA protein expression was analyzed by WB. (BeD) Flow cytometry was used to an
performed to assess TNF-a, IL-1b, IL-6 and IL-4 levels. (G) Protein levels of iNOS and Arg-1

35
Kit (Millipore, Billerica, MA, USA). Then, the precipitated DNA was
collected for qRT-PCR with specific ChIP primers.

3.3. Dual-luciferase reporter assay

The wild-type and mutant-type sequences of DUSP1 promoter
containing PPARA binding sites and mutated sites were introduced
into the pGL3-basic vector to generateWT-DUSP1 and MUT-DUSP1
vectors. 293T cells were co-transfected with si-NC/si-PPARA/
pcDNA/PPARA and WT/MUT-DUSP1 vectors. Luciferase activity
was analyzed by Dual-Luciferase Reporter Assay Kit (Beyotime)
after 48 h.

3.4. Cecal ligation and puncture (CLP) mice models

C57BL/6 mice (Vital River, Beijing, China) was anesthetized by
5.0% isoflurane and then exposed abdominal cavity. The cecumwas
ligated with 4-0 silk and punctured twice by a 25-gauge needle.
After squeezed the feces from the formed holes, the peritoneum
and skin were sutured in turn. The sham surgery was performed as
the control group. The mice in CLP þ PPARA and CLP þ sh-PPARA
groups were administered with lentiviral particles containing
PPARA or sh-PPARA through tail veins. After 48 h, the myocardial
tissues and blood samples were collected for further investigation.
All animal experiments were approved by the Ethics Committee of
Xinxiang Central Hospital.
ages were transfected with pcDNA/PPARA overexpression vector and induced with LPS.
alyze iNOS and CD206 positive cells to assess M1 and M2 cell rates. (EeF) ELISA was
were analyzed by WB. *P < 0.05.
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3.5. Statistical analysis

Data were assessed by GraphPad Prism 7.0 software and shown
as mean ± SD. Differences were compared by Student's t-test or
ANOVA. P < 0.05 was considered significantly different.

4. Results

4.1. Low PPARA expression could be used as a diagnostic index for
sepsis patients

PPARA expression in sepsis patients with normal heart function
and heart dysfunction was lower than that in healthy normal
controls, and it was significantly reduced in sepsis patients with
heart dysfunction compared to patients with heart function
(Fig.1A). The diagnostic importance of PPARA in sepsis patients was
evaluated by ROC curve analysis, and the results showed that the
AUC value of PPARA was 0.8983 (Fig. 1B), revealing that the popu-
lation of sepsis patients and healthy normal controls could be
distinguished according to PPARA expression.

4.2. PPARA promoted M2 polarization in LPS-induced macrophages

To reveal the effect of PPARA on the polarization of macro-
phages, M0 macrophages were transfected with PPARA over-
expression vector and then induced with LPS. LPS treatment
markedly reduced PPARA protein expression, and the transfection
of PPARA overexpression vector abolished this effect (Fig. 2A).
Through analyzing the positive cells of M1 phenotype marker iNOS
Fig. 3. Effect of LPS-induced macrophages overexpressed PPARA on cardiomyocyte injury. A
transfected with pcDNA/PPARA overexpression vector. (AeC) ELISA was employed to detect t
to measure cell viability and apoptosis. (FeG) Protein levels of Bcl-2, Bax, NRF1, NRF2 and

36
and M2 phenotype marker CD206, we confirmed that LPS treat-
ment enhanced M1 cell rate and reduced M2 cell rate, while PPARA
overexpression reversed these effects (Fig. 2BeD). Also, PPARA
overexpression reduced the levels of pro-inflammation factors
(TNF-a, IL-1b and IL-6) and promoted the level of anti-
inflammation factor (IL-4) in LPS-induced macrophages (Fig. 2E
and F). Upregulation of PPARA decreased the protein expression of
M1 polarization marker iNOS and increased M2 polarization
marker Arg-1 in LPS-induced macrophages (Fig. 2G). These data
showed that PPARA promoted M2 polarization and suppressed M1
polarization in LPS-induced macrophages.
4.3. PPARA alleviated cardiomyocyte injury by promoting M2
polarization

To explore whether PPARA regulated M2 macrophage polari-
zation to mediate sepsis-induced myocardial injury, AC16 cells
were co-cultured with the conditioned medium from LPS-induced
macrophages. Through detecting the contents of myocardial injury
markers (cTnI, CK-MB and LDH), we confirmed that LPS-induced
macrophages accelerated AC16 cell injury, and PPARA over-
expression reversed this effect (Fig. 3AeC). Also, upregulation
PPARA in LPS-induced macrophages promoted AC16 cell viability
and Bcl-2 protein level, while reduced apoptosis rate and Bax
protein level (Fig. 3DeF). Moreover, PPARA overexpression
enhanced the levels of mitochondria-related proteins (NRF1, NRF2
and mtTFA) (Fig. 3G). Above all, PPARA promoted M2 polarization
to inhibit cardiomyocyte injury.
C16 cells were co-cultured with conditioned medium from LPS-induced macrophages
he contents of cTnI, CK-MB and LDH. CCK8 assay (D) and flow cytometry (E) were used
mtTFA were tested by WB. *P < 0.05.
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4.4. DUSP1 expression was positively correlated with PPARA
expression in sepsis patients

DUSP1 was downregulated in sepsis patients with normal heart
function and heart dysfunction compared to healthy normal con-
trols, and was lower expressed in sepsis patients with heart
dysfunction than that in patients with heart function (Fig. 4A).
DUSP1 had diagnostic importance for sepsis patients (AUC value
was 0.8639) (Fig. 4B). Also, DUSP1 had decreased protein expres-
sion in LPS-induced macrophages (Fig. 4C). Pearson correlation
analysis suggested that there had a positively correlation between
DUSP1 and PPARA mRNA levels in the serum of sepsis patients
(Fig. 4D).
4.5. PPARA interacted with DUSP1

Jaspar software predicted that PPARA had 2 targeted binding
region to the DUSP1 promoter (Fig. 5A). Furthermore, ChIP assay
suggested that immunoprecipitated DUSP1 promoter site 2 frag-
ments (from �872 to�855 bp) were significantly enriched by anti-
PPARA (Fig. 5B). Moreover, the luciferase activity of WT-DUSP1
vector could be reduced by PPARA knockdown and enhanced by
PPARA overexpression, while that of the MUT-DUSP1 vector was
not affected (Fig. 5C and D). These data confirmed the interaction
between PPARA and DUSP1 promoter. Besides, PPARA knockdown
could decrease DUSP1 protein expression, and PPARA over-
expression had an opposite effect (Fig. 5E). Thus, PPARA bound to
DUSP1 promoter region to positively regulate its expression.
Fig. 4. DUSP1 expression in sepsis patients and LPS-induced macrophages. (A) DUSP1 exp
function (n ¼ 10), heart dysfunction (n ¼ 19), and healthy normal controls (n ¼ 29). (B) The
normal controls. (C) DUSP1 protein expression in macrophages treated with or without LPS w
between DUSP1 and PPARA expression. *P < 0.05.
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4.6. PPARA regulated M2 polarization in LPS-induced macrophages
by mediating DUSP1 expression

To explore DUSP1 roles in macrophage polarization and
whether PPARA regulated DUSP1 to mediate macrophage polari-
zation, M0 macrophages were co-transfected with PPARA over-
expression vector and si-DUSP1 followed by induced with LPS. The
transfection of PPARA overexpression vector significantly increased
DUSP1 protein expression, and si-DUSP1 abolished this effect
(Fig. 6A). DUSP1 knockdown reversed PPARA-mediated the
reduced M1 cell rate and promoted M2 cell rate (Fig. 6B and C).
Meanwhile, the regulation of PPARA on the levels of inflammation
factors could be reversed by DUSP1 knockdown (Fig. 6D and E).
Also, DUSP1 silencing overturned the decreasing effect of PPARA
overexpression on iNOS protein level and the increasing on Arg-1
protein level (Fig. 6F). These data showed that PPARA increased
DUSP1 expression to promote M2 polarization in LPS-induced
macrophages.
4.7. PPARA regulated DUSP1 to alleviate cardiomyocyte injury

After co-cultured with the conditioned medium, we assessed
the functions of AC16 cells. PPARA overexpression in LPS-induced
macrophages reduced the contents of cTnI, CK-MB and LDH in
AC16 cells after co-culture, while this effect was abolished by
DUSP1 knockdown (Fig. 7AeC). DUSP1 knockdown also elimi-
nated the promoting effect of PPARA overexpression on cell
viability and Bcl-2 protein level, as well as the repressing effect on
ression was examined by qRT-PCR in the serum of sepsis patients with normal heart
ROC curve showed the diagnosis importance of DUSP1 in sepsis patients and healthy
as examined byWB. (D) Pearson correlation analysis was used to detect the correlation



Fig. 5. PPARA interacted with DUSP1. (A) Jaspar software predicted the binding region of PPARA in the DUSP1 promoter. ChIP assay (B) and dual-luciferase reporter assay (CeD)
were used to confirm the interaction between PPARA and DUSP1 promoter. (E) DUSP1 protein expression was analyzed by WB in macrophages transfected with si-NC/si-PPARA/
pcDNA/PPARA. *P < 0.05.
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apoptosis rate and Bax protein level in AC16 cells after co-culture
(Fig. 7DeF). Furthermore, the facilitation effect of PPARA on the
levels of NRF1, NRF2 and mtTFA were abolished by DUSP1
downregulation (Fig. 7G). Therefore, PPARA restrained car-
diomyocyte injury via promoting M2 polarization by increasing
DUSP1 expression.
Fig. 6. Effect of PPARA and si-DUSP1 on M1 and M2 polarization in LPS-induced macrophag
with LPS. (A) WB was used for detecting DUSP1 protein expression. (BeC) iNOS and CD206
TNF-a, IL-1b, IL-6 and IL-4 levels were examined by ELISA. (FeG) Protein levels of iNOS an

38
4.8. PPARA alleviated myocardial injury in CLP mice models

To further confirm our results, we constructed a septic CLP
model. PPARA protein was upregulated in CLP þ PPARA group and
downregulated in CLP þ sh-PPARA group (Supplementary Fig. 1A).
PPARA overexpression could inhibit the levels of pro-inflammatory
es. M0 macrophages were transfected with pcDNA/PPARA/si-NC/si-DUSP1 and induced
positive cells were analyzed by flow cytometry to assess M1 and M2 cell rates. (DeE)
d Arg-1 were examined using WB. *P < 0.05.



Fig. 7. Effect of LPS-induced macrophages overexpressed PPARA and silenced DUSP1 on cardiomyocyte injury. AC16 cells were co-cultured with conditioned medium from LPS-
induced macrophages transfected with pcDNA/PPARA/si-NC/si-DUSP1. (AeC) The contents of cTnI, CK-MB and LDH were evaluated by ELISA. Cell viability and apoptosis were
examined by CCK8 assay (D) and flow cytometry (E). (FeG) Bcl-2, Bax, NRF1, NRF2 mtTFA protein levels were tested using WB. *P < 0.05.
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factors (TNF-a, IL-1b and IL-6), promote anti-inflammatory factor
IL-4 level, decrease the contents of myocardial injurymarkers (cTnI,
CK-MB and LDH), reduce the M1 polarization marker iNOS
expression, increase the M2 polarization marker Arg-1 expression,
and enhance the expression of mitochondria-related proteins
(NRF1, NRF2 and mtTFA). However, sh-PPARA had the opposite
effect (Supplementary Fig. 1B-H). The information suggested that
PPARA promoted M2 polarization, inhibited M1 polarization and
improved mitochondrial function to alleviate sepsis-related
myocardial injury.
5. Discussion

Sepsis remains a serious public health problemworldwide [23].
Although the treatment of sepsis has achieved great clinical suc-
cess, the mortality rate of patients is still increasing due to its
secondary complications, among which septic cardiomyopathy is
regarded as an important cause of death in patients [24,25]. Mac-
rophages are one of the important components of innate and
adaptive immunity, and their polarization process plays an
important role in regulating inflammatory response and cell injury
[26,27]. Macrophage polarization is associated with sepsis-induced
myocardial injury [28e30]. Therefore, exploring the potential
39
molecular targets that regulate macrophage polarization is ex-
pected to provide new ideas for treating sepsis-induced myocardial
injury.

PPARA, a nuclear transcription factor that regulates gene
expression, is a key mediator of lipid metabolism and inflamma-
tion. Su et al. demonstrated that abnormally expression of PPARA
was related to sepsis-induced acute kidney injury [11]. It had been
revealed that etinoic acid improved the cardiac function of LPS-
treated mice by increasing PPARA expression [31]. Also, PPARA
deficiency in cardiomyocytes led to an exacerbation of LPS-induced
cardiac dysfunction [13]. In regulating macrophage polarization,
PPARA knockdown promoted M1 polarization and suppressed M2
polarization in bone marrow-derived macrophages [32]. Besides,
PPARA enhanced M2 macrophage polarization to mediate sec-
ondary bacterial infection [14]. The above information confirmed
the protective effect of PPARA on sepsis-induced myocardial injury,
as well as the promoting effect on M2 polarization. Consistent with
above evidences, we found that PPARA overexpression repressed
M1 polarization and accelerated M2 polarization in LPS-induced
macrophages. After AC16 cells were co-cultured with the condi-
tioned medium of LPS-induced macrophages, we confirmed that
PPARA overexpression facilitated AC16 cell viability and alleviated
apoptosis, suggesting that PPARA enhanced M2 polarization to
suppress cardiomyocyte injury. In addition, PPARA was lowly
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expressed in sepsis patients and had significant diagnostic signifi-
cance, revealing that PPARA might be a potential biomarker for
sepsis.

There is growing evidence that DUSP1 plays an important role in
septic myocardial injury. Zhu et al. reported that DUSP1 over-
expression ameliorated inflammation and apoptosis in LPS-
induced cardiomyocytes [18]. Besides, overexpression of DUSP1
relieved apoptosis and inflammation in sepsis-induced cardiomy-
opathy [19]. Previous study showed that DUSP1 overexpression
inhibited M1 polarization and promoted M2 polarization, thus
alleviating inflammation and injury in lung [20]. Moreover, DUSP1
(also named asMKP-1) is able to shift macrophage activation from a
proinflammatory (M1) phenotype to an anti-inflammatory (M2)
phenotype [21]. Here, we found that DUSP1 was downregulated in
sepsis patients and could serve as a biomarker for sepsis diagnosis.
Activated PPARA has been found to positively/negatively regulate
the expression of target genes [33]. Through analysis and valida-
tion, we revealed that PPARA positively regulated DUSP1 expres-
sion by binding to its promoter region. In functional experiments,
PPARA overexpression enhanced M2 polarization and alleviated
cardiomyocyte injury, while these effects could be abolished by
DUSP1 knockdown. These data further confirmed the conclusion
that PPARA interacted with DUSP1 to alleviate cardiomyocyte
injury via increasing M2 polarization.

In conclusion, our study suggests a novel mechanism for regu-
lating sepsis-induced myocardial injury. This study revealed that
PPARA and DUSP1 might be potential biomarkers for the diagnosis
of sepsis. PPARA inhibited cardiomyocyte injury by promoting M2
polarization through increasing DUSP1 expression. These results
provide potential molecular targets for the treatment of sepsis-
induced myocardial injury.
Ethics approval and consent to participate

Written informed consents were obtained from all participants
and this study was permitted by the Ethics Committee of Xinxiang
Central Hospital.
Consent for publication

Not applicable.
Funding

None.
Authors’ contributions

Li Cheng designed and performed the research; Dezhi Liu,
Shanglan Gao analyzed the data; Li Chengwrote themanuscript. All
authors read and approved the final manuscript.
Declaration of competing interest

The authors declare that they have no conflicts of interest.
Acknowledgements

None.
40
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.reth.2024.04.017.
References

[1] Lima MR, Silva D. Septic cardiomyopathy: a narrative review. Rev Port Cardiol
2023;42:471e81.

[2] Chand S, Kumar N, Mawari G, Sarkar S, Daga MK, Raghu RV, et al. Systemic
inflammatory response syndrome criteria (SIRS) and sepsis 3 criteria for
assessing outcomes in sepsis: a prospective observational study. Lung India
2023;40:200e4.

[3] Zhou B, Zhang J, Chen Y, Liu Y, Tang X, Xia P, et al. Puerarin protects against
sepsis-induced myocardial injury through AMPK-mediated ferroptosis
signaling. Aging (Albany NY) 2022;14:3617e32.

[4] Meares GP, Qin H, Liu Y, Holdbrooks AT, Benveniste EN. AMP-activated protein
kinase restricts IFN-gamma signaling. J Immunol 2013;190:372e80.

[5] Storgaard M, Hallas J, Gahrn-Hansen B, Pedersen SS, Pedersen C, Lassen AT.
Short- and long-term mortality in patients with community-acquired severe
sepsis and septic shock. Scand J Infect Dis 2013;45:577e83.

[6] Zou XZ, Hao JF, Hou MX. Hmgcs2 regulates M2 polarization of macrophages to
repair myocardial injury induced by sepsis. Aging (Albany NY) 2023;15:
7794e810.

[7] Ruan W, Ji X, Qin Y, Zhang X, Wan X, Zhu C, et al. Harmine alleviated sepsis-
induced cardiac dysfunction by modulating macrophage polarization via the
STAT/MAPK/NF-kappaB pathway. Front Cell Dev Biol 2021;9:792257.

[8] Wagner N, Wagner KD. PPAR beta/delta and the hallmarks of cancer. Cells
2020;9.

[9] Kersten S. Integrated physiology and systems biology of PPARalpha. Mol
Metabol 2014;3:354e71.

[10] Xing G, Meng L, Cao S, Liu S, Wu J, Li Q, et al. PPARalpha alleviates iron
overload-induced ferroptosis in mouse liver. EMBO Rep 2022;23:e52280.

[11] Hu Q, Zen W, Zhang M, Wang Z, Cui W, Liu Y, et al. Long non-coding RNA
CASC2 overexpression ameliorates sepsis-associated acute kidney injury by
regulating MiR-545-3p/PPARA Axis. J Surg Res 2021;265:223e32.

[12] Wang F, Zhang F, Tian Q, Sheng K. CircVMA21 ameliorates lipopolysaccharide
(LPS)-induced HK-2 cell injury depending on the regulation of miR-7-5p/
PPARA. Autoimmunity 2022;55:136e46.

[13] Zhu XX, Wang X, Jiao SY, Liu Y, Shi L, Xu Q, et al. Cardiomyocyte peroxisome
proliferator-activated receptor alpha prevents septic cardiomyopathy via
improving mitochondrial function. Acta Pharmacol Sin 2023;44:2184e200.

[14] Lucarelli R, Gorrochotegui-Escalante N, Taddeo J, Buttaro B, Beld J, Tam V.
Eicosanoid-activated PPARalpha inhibits NFkappaB-dependent bacterial
clearance during post-influenza superinfection. Front Cell Infect Microbiol
2022;12:881462.

[15] Chen FM, Chang HW, Yang SF, Huang YF, Nien PY, Yeh YT, et al. The mitogen-
activated protein kinase phosphatase-1 (MKP-1) gene is a potential methyl-
ation biomarker for malignancy of breast cancer. Exp Mol Med 2012;44:
356e62.

[16] Shi L, Zha H, Pan Z, Wang J, Xia Y, Li H, et al. DUSP1 protects against ischemic
acute kidney injury through stabilizing mtDNA via interaction with JNK. Cell
Death Dis 2023;14:724.

[17] Keyse SM. Dual-specificity MAP kinase phosphatases (MKPs) and cancer.
Cancer Metastasis Rev 2008;27:253e61.

[18] Zhu H, Wang J, Xin T, Chen S, Hu R, Li Y, et al. DUSP1 interacts with and
dephosphorylates VCP to improve mitochondrial quality control against
endotoxemia-induced myocardial dysfunction. Cell Mol Life Sci 2023;80:213.

[19] Xin Y, Tang L, Chen J, Chen D, Wen W, Han F. Inhibition of miR-101-3p pro-
tects against sepsis-induced myocardial injury by inhibiting MAPK and NF-
kappaB pathway activation via the upregulation of DUSP1. Int J Mol Med
2021;47.

[20] Ying H, Kang Y, Zhang H, Zhao D, Xia J, Lu Z, et al. MiR-127 modulates
macrophage polarization and promotes lung inflammation and injury by
activating the JNK pathway. J Immunol 2015;194:1239e51.

[21] Pemmari A, Paukkeri EL, Hamalainen M, Leppanen T, Korhonen R, Moilanen E.
MKP-1 promotes anti-inflammatory M(IL-4/IL-13) macrophage phenotype
and mediates the anti-inflammatory effects of glucocorticoids. Basic Clin
Pharmacol Toxicol 2019;124:404e15.

[22] Luo R, Su LY, Li G, Yang J, Liu Q, Yang LX, et al. Activation of PPARA-mediated
autophagy reduces Alzheimer disease-like pathology and cognitive decline in
a murine model. Autophagy 2020;16:52e69.

[23] Cheng B, Hoeft AH, Book M, Shu Q, Pastores SM. Sepsis: pathogenesis, bio-
markers, and treatment. BioMed Res Int 2015;2015:846935.

[24] Lu C, Lei W, Sun M, Wu X, Liu Q, Liu J, et al. Identification of CCR2 as a hub in
septic myocardial injury and cardioprotection of silibinin. Free Radic Biol Med
2023;197:46e57.

[25] Bi CF, Liu J, Yang LS, Zhang JF. Research progress on the mechanism of sepsis
induced myocardial injury. J Inflamm Res 2022;15:4275e90.

https://doi.org/10.1016/j.reth.2024.04.017
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref1
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref1
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref1
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref2
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref2
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref2
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref2
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref2
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref3
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref3
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref3
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref3
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref4
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref4
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref4
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref5
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref5
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref5
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref5
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref6
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref6
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref6
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref6
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref7
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref7
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref7
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref8
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref8
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref9
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref9
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref9
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref10
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref10
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref11
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref11
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref11
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref11
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref12
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref12
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref12
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref12
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref13
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref13
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref13
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref13
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref14
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref14
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref14
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref14
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref15
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref15
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref15
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref15
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref15
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref16
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref16
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref16
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref17
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref17
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref17
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref18
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref18
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref18
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref19
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref19
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref19
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref19
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref20
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref20
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref20
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref20
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref21
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref21
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref21
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref21
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref21
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref22
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref22
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref22
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref22
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref23
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref23
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref24
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref24
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref24
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref24
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref25
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref25
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref25


L. Cheng, D. Liu and S. Gao Regenerative Therapy 26 (2024) 33e41
[26] Ren J, Zhu B, Gu G, Zhang W, Li J, Wang H, et al. Schwann cell-derived exo-
somes containing MFG-E8 modify macrophage/microglial polarization for
attenuating inflammation via the SOCS3/STAT3 pathway after spinal cord
injury. Cell Death Dis 2023;14:70.

[27] Luo J, Wang J, Zhang J, Sang A, Ye X, Cheng Z, et al. Nrf2 deficiency
exacerbated CLP-induced pulmonary injury and inflammation through auto-
phagy- and NF-kappaB/PPARgamma-Mediated macrophage polarization. Cells
2022;11.

[28] Luo YY, Yang ZQ, Lin XF, Zhao FL, Tu HT, Wang LJ, et al. Knockdown of lncRNA
PVT1 attenuated macrophage M1 polarization and relieved sepsis induced
myocardial injury via miR-29a/HMGB1 axis. Cytokine 2021;143:155509.

[29] Xiao L, Xi X, Zhao M, Zhang L, Zhang K, Xu Z. Buyang huanwu decoction
(BYHWD) alleviates sepsis-induced myocardial injury by suppressing local
immune cell infiltration and skewing M2-macrophage polarization. Am J
Transl Res 2023;15:2389e406.
41
[30] Chen XS, Wang SH, Liu CY, Gao YL, Meng XL, Wei W, et al. Losartan attenuates
sepsis-induced cardiomyopathy by regulating macrophage polarization via
TLR4-mediated NF-kappaB and MAPK signaling. Pharmacol Res 2022;185:
106473.

[31] Wang X, Kong C, Liu P, Zhou B, Geng W, Tang H. Therapeutic effects of
retinoic acid in lipopolysaccharide-induced cardiac dysfunction: network
pharmacology and experimental validation. J Inflamm Res 2022;15:
4963e79.

[32] Xie G, Song Y, Li N, Zhang Z, Wang X, Liu Y, et al. Myeloid peroxisome
proliferator-activated receptor alpha deficiency accelerates liver regeneration
via IL-6/STAT3 pathway after 2/3 partial hepatectomy in mice. Hepatobiliary
Surg Nutr 2022;11:199e211.

[33] Pawlak M, Lefebvre P, Staels B. Molecular mechanism of PPARalpha action and
its impact on lipid metabolism, inflammation and fibrosis in non-alcoholic
fatty liver disease. J Hepatol 2015;62:720e33.

http://refhub.elsevier.com/S2352-3204(24)00079-8/sref26
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref26
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref26
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref26
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref27
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref27
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref27
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref27
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref28
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref28
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref28
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref29
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref29
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref29
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref29
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref29
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref30
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref30
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref30
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref30
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref31
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref31
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref31
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref31
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref31
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref32
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref32
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref32
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref32
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref32
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref33
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref33
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref33
http://refhub.elsevier.com/S2352-3204(24)00079-8/sref33

	PPARA ameliorates sepsis-induced myocardial injury via promoting macrophage M2 polarization by interacting with DUSP1
	1. Introduction
	2. Materials and methods
	2.1. Serum samples
	2.2. Cell culture, transfection and treatment
	2.3. Quantitative real-time PCR (qRT-PCR)
	2.4. Western blot (WB)
	2.5. Flow cytometry

	3. ELISA
	3.1. Cell counting kit 8 (CCK8) assay
	3.2. ChIP assay
	3.3. Dual-luciferase reporter assay
	3.4. Cecal ligation and puncture (CLP) mice models
	3.5. Statistical analysis

	4. Results
	4.1. Low PPARA expression could be used as a diagnostic index for sepsis patients
	4.2. PPARA promoted M2 polarization in LPS-induced macrophages
	4.3. PPARA alleviated cardiomyocyte injury by promoting M2 polarization
	4.4. DUSP1 expression was positively correlated with PPARA expression in sepsis patients
	4.5. PPARA interacted with DUSP1
	4.6. PPARA regulated M2 polarization in LPS-induced macrophages by mediating DUSP1 expression
	4.7. PPARA regulated DUSP1 to alleviate cardiomyocyte injury
	4.8. PPARA alleviated myocardial injury in CLP mice models

	5. Discussion
	Ethics approval and consent to participate
	Consent for publication
	Funding
	Authors’ contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


