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Abstract
Dual specificity phosphatase 1 (DUSP1) and valosin-containing protein (VCP) have both been reported to regulate mito-
chondrial homeostasis. However, their impact on mitochondrial quality control (MQC) and myocardial function during LPS-
induced endotoxemia remains unclear. We addressed this issue by modeling LPS-induced endotoxemia in DUSP1 transgenic 
(DUSP1TG) mice and in cultured DUSP1-overexpressing HL-1 cardiomyocytes. Accompanying characteristic structural and 
functional deficits, cardiac DUSP1 expression was significantly downregulated following endotoxemia induction in wild type 
mice. In contrast, markedly reduced myocardial inflammation, cardiomyocyte apoptosis, cardiac structural disorder, cardiac 
injury marker levels, and normalized systolic/diastolic function were observed in DUSP1TG mice. Furthermore, DUSP1 
overexpression in HL-1 cells significantly attenuated LPS-mediated mitochondrial dysfunction by preserving MQC, as 
indicated by normalized mitochondrial dynamics, improved mitophagy, enhanced biogenesis, and attenuated mitochondrial 
unfolded protein response. Molecular assays showed that VCP was a substrate of DUSP1 and the interaction between DUSP1 
and VCP primarily occurred on the mitochondria. Mechanistically, DUSP1 phosphatase domain promoted the physiologi-
cal DUSP1/VCP interaction which prevented LPS-mediated VCP Ser784 phosphorylation. Accordingly, transfection with a 
phosphomimetic VCP mutant abolished the protective actions of DUSP1 on MQC and aggravated inflammation, apoptosis, 
and contractility/relaxation capacity in HL-1 cardiomyocytes. These findings support the involvement of the novel DUSP1/
VCP/MQC pathway in the pathogenesis of endotoxemia-caused myocardial dysfunction.

Keywords  Endotoxemia-caused myocardial dysfunction · DUSP1 · VCP · Mitochondrial quality control · Mitochondria · 
Myocardial inflammation · Apoptosis · Oxidative stress

Introduction

Sepsis is a systemic condition caused by an abnormal host 
response to infection. Endotoxemia-caused myocardial 
dysfunction is a frequent complication of sepsis, charac-
terized by acutely depressed left ventricular ejection frac-
tion (LVEF) with ventricular dilation [1]. Although most 
patients with myocardial dysfunction induced by endotox-
emia recover within 7–10 days, endotoxemia-related mortal-
ity remains high [2]. Several pathophysiological factors have 
been proposed to explain the etiology of endotoxemia-caused 
myocardial dysfunction. These include oxidative stress, 
an abnormal inflammatory response, complement system 
activation, intracellular calcium overload, reduced micro-
vascular perfusion, fibrin deposition, and tissue hypoxia [3, 
4]. Accumulating evidence highlights the important role 
played by mitochondrial dysfunction in endotoxemia-caused 
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myocardial dysfunction. Abnormal mitochondrial fission [5], 
defective mitochondrial metabolism [6], and increased mito-
chondrial reactive oxygen species (ROS) production [7] are 
closely associated with heart failure during endotoxemia. 
In addition, dysregulated mitochondrial calcium handling 
[8] and mitochondria-dependent apoptosis [9] were also 
reported to contribute to endotoxemia-related cardiomyocyte 
damage and dysfunction. In response to mitochondrial dam-
age, two intrinsic repairing mechanisms are typically acti-
vated: the mitochondrial unfolded protein response (UPRmt), 
which acts to restore mitochondrial proteostasis, and the 
mitochondrial quality control (MQC) system, which serves 
to preserve mitochondrial dynamics through regulating fis-
sion and fusion events, mitophagy, and mitochondrial bio-
genesis. Our previous study described the molecular basis 
of altered UPRmt in the progression of endotoxemia-related 
myocardial dysfunction [10]. However, little is known about 
the precise role and regulatory mechanism of MQC in endo-
toxemia-caused cardiac depression.

Dual specificity phosphatase 1 (DUSP1) is a phosphatase 
with dual specificity for tyrosine and threonine. It is able 
to recognize phospho-Ser/Thr and phospho-Tyr residues in 
substrates [11]. It was originally discovered as an upstream 
regulator of mitogen-activated protein kinase (MAPK) 
via dephosphorylation of MAPK/extracellular regulated 
protein kinases (ERK), MAPK/c-Jun N-terminal kinase 
(JNK), and MAPK/p38 [12, 13]. Our recent study demon-
strated a protective role of DUSP1, mediated by inhibition 
of mitochondrial fission and mitophagy activation, in the 
context of cardiac ischemia/reperfusion (I/R) injury [14]. 
In line with these findings, several reports further confirmed 
the beneficial effects offered by DUPS1 on mitochondrial 
homeostasis. Thus, DUSP1 expression was shown to reduce 
mitochondria-related oxidative stress injury in sensorineural 
hearing loss [15], repress mitochondrial fission in diabetic 
nephropathy [16], restore PARKIN-related mitophagy in the 
post-ischemic myocardium [17], inhibit neuroinflammation-
related, mitochondria-initiated apoptosis [18], and improve 
mitochondrial metabolism in obesity [19]. Adding to this 
evidence suggestive of a central role for DUSP1 in main-
taining MQC, numerous studies highlighted the anti-inflam-
matory properties of DUSP1 in endotoxemia-related organ 
dysfunction [20–24]. Hence, we hypothesized that DUSP1 
activity might attenuate endotoxemia-caused myocardial 
dysfunction through improving MCQ and counteracting the 
inflammatory response.

Valosin-containing protein (VCP), a member of the AAA 
class of ATPases, is highly conserved from archaebacteria 
to humans and is mainly located in subcellular organelles 
such as the endoplasmic reticulum (ER), mitochondria, and 
nucleus. The primary function of VCP is to assist protein 
degradation by the proteasome. Gain-of-function muta-
tions in VCP have been reported to cause a hereditary 

multisystem disease known as inclusion body myopathy 
associated with Paget's disease of bone and frontotempo-
ral dementia (IBMPFD) [25]. Molecular studies on inclu-
sion body myopathy with early-onset Paget disease and 
frontotemporal dementia (IBMPFD) pathogenesis revealed 
reduced ATP levels, depressed reserve respiratory capac-
ity, and increased proton leak and glycolysis in IBMPFD 
patient-derived myoblasts/fibroblasts [26]. A role for VCP 
in cardiovascular disease was suggested by a study showing 
that selective inhibition of VCP through administration of 
KUS121 was able to reduce cardiac damage in murine and 
porcine models of myocardial infarction [27]. Meanwhile, 
a study reported that VCP recruitment to mitochondria 
induces excessive mitophagy and promotes neurodegen-
eration in Huntington's disease models [28]. Interestingly, 
aggregation of VCP at perinuclear regions was shown to 
promote survival of serum-starved prostate cancer cells 
by lowering the cells’ metabolic rate through decreasing 
mitochondrial activity [29]. Importantly, VCP was shown 
to play an essential role in the regulation of MQC through 
interactions with the PINK1/PARKIN pathway [30]. Recent 
evidence revealed that VCP phosphorylation at Ser784 is 
promoted by the DNA damage response and enhances VCP 
function in various diseases, such as H. pylori-induced 
gastritis and breast cancer [31–33]. However, it remains 
unknown whether VCP phosphorylation contributes to the 
progression of endotoxemia-caused myocardial dysfunction 
through disrupting MQC.

Considering the protective role of DUSP1 against sepsis-
related organ dysfunction through its phosphatase activity, 
in this study we asked whether DUSP1 is able to reduce or 
prevent VCP phosphorylation to normalize MQC and allevi-
ate heart dysfunction caused by endotoxemia.

Results

DUSP1 overexpression alleviates LPS‑mediated 
myocardial inflammation and cardiomyocyte death

To analyze potential alterations in DUSP1 expression in the 
course of endotoxemia, Western blot analysis was performed 
in mouse heart lysates after LPS-induced endotoxemia. Car-
diac expression of DUSP1 was significantly downregulated 
in LPS-treated compared to control mice (Fig. 1A and B). 
To investigate the role of DUSP1 in endotoxemia, DUSP1 
transgenic (DUSP1TG) mice were injected with LPS and 
immunofluorescence assays were used to assess myocardial 
inflammation. As shown in Fig. 1C and D, compared with 
the control group, extensive GR1+ immunoreactivity indi-
cated marked neutrophil infiltration in heart tissues from 
wild type (WT) mice treated with LPS. In contrast, no sig-
nificant change in GR1+ neutrophil numbers was observed 
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in cardiac samples from LPS-treated DUSP1TG mice. Con-
sistent with these findings, immunohistochemistry results 
showed that after treatment with LPS the expression of 
ICAM1 (a cell adhesion factor) was increased in heart tis-
sue from WT mice, while this change was virtually unde-
tectable in heart samples from DUSP1TG mice (Fig. 1E and 

F). Moreover, qPCR assays indicated that the transcription 
of pro-inflammation cytokines, namely Il-6, Mcp1, and 
Tnfα, was significantly increased in response to LPS treat-
ment in WT mice. However, this pro-inflammatory pheno-
type was not evident in cardiac tissue from DUSP1TG mice 
(Fig. 1G–I).

Fig. 1   DUSP1 overexpression alleviates LPS-induced myocardial 
inflammation and cardiomyocyte death. A, B Western blot analysis 
of DUSP1 expression in heart extracts from control and LPS-treated 
mice. GAPDH was used as internal control for normalization. Scale 
bar, 125 μm. C, D Representative GR1 immunofluorescence images 
and quantification of Gr-1+ neutrophils in heart tissues. E, F Repre-
sentative images of ICAM1 immunohistochemistry in heart tissues 

and corresponding quantification data. Scale bar, 150 μm. G–I Rela-
tive expression of Il-6, Mcp1, and Tnfα in cardiac tissue determined 
via qPCR. Gapdh was used as internal control to normalize expres-
sion data. J, K Representative images of TUNEL staining in HL-1 
cells and quantification of TUNEL-positive cells. Scale bar, 100 μm. 
Data are shown as mean ± SEM (n = 10 mice per group). *p < 0.05
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In addition to myocardial inflammation, cardiomyocyte 
death has been regarded as a potential mechanism contrib-
uting to depressed cardiac function during endotoxemia. 
TUNEL staining demonstrated that relative to control mice, 
LPS-treated WT mice showed extensive apoptosis of cardio-
myocytes (Supporting Fig. S1A, B). Consistently, compared 
to control tissues, the activity of caspase-3, a marker of cel-
lular apoptosis, was relatively increased in heart samples 
from LPS-treated mice (Supporting Fig. S1C). However, 
no significant changes in TUNEL labeling (Supporting Fig. 
S1A, B) and caspase-3 activity (Supporting Fig. S1C) were 
detected in hearts from DUSP1TG mice.

To further verify the cardioprotective actions of DUSP1, 
we used cultured HL-1 cells challenged with LPS as an 
in vitro model of endotoxemia. DUSP1 overexpression 
was induced through adenovirus-mediated gene transfer 
(Ad-DUSP1), and Ad-β-gal-transduced cells were used as 
a control group. LPS treatment upregulated the transcrip-
tion of pro-inflammatory factors in Ad-β-gal-transduced, but 
not in Ad-DUSP1-transduced, cardiomyocytes (Supporting 
Fig. S1D-F). In turn, TUNEL positivity was increased after 
LPS exposure in control but not in DUSP1-overexpressing 
cardiomyocytes (Fig. 1J and K). These results indicate that 
DUSP1 overexpression reduces the cardiac inflammatory 
response and prevents cardiomyocyte death mediated by 
LPS.

DUSP1 overexpression reduces 
endotoxemia‑induced myocardial structural 
disorder

Next, we used electron microscopy (TEM) to assess whether 
DUSP1 overexpression preserves myocardial ultrastructure 
during LPS-induced endotoxemia. Displaced myofibrils with 
tortuous, mismatched Z discs were noted in the myocardium 
of LPS-treated WT mice (Fig. 2A, white arrows). In addi-
tion, most cardiomyocytes in these samples showed disor-
ganized mitochondria with disrupted contact sites, while 
some mitochondria presented also as large vacuoles, formed 
upon complete cristae destruction and “watering” of the 
matrix (Fig. 2A, yellow arrows). However, these structural 
alterations were largely absent in the hearts of LPS-treated 
DUSP1TG mice (Fig. 2A). In line with these findings, HE 
staining results also showed disarranged myofibrils in LPS-
treated WT mice, and marked preservation of cardiac myofi-
brils in LPS-treated DUSP1TG mice (Fig. 2B). Consistent 
with these changes, serum troponin T (TnT), CK-MB, and 
LDH levels were significantly upregulated in LPS-treated 
WT mice (Fig. 2C–E). However, overexpression of DUSP1 
prevented the upregulation of the above cardiac injury mark-
ers in response to LPS (Fig. 2C–E).

Next, myosin immunofluorescence was conducted in 
HL-1 cells to assess the impact of DUSP1 overexpression 

on cardiomyocyte structure after exposure to LPS. Results 
showed obvious disruption of myosin filaments in LPS-treated 
control cells (Fig. 2F and G). Additionally, the expression of 
myosin was slightly downregulated in these cells (Fig. 2F and 
G). Interestingly, transfection with Ad-DUSP1 normalized 
the expression and organization of myosin (Fig. 2F and G). 
We next used ELISA to evaluate the release of cardiac injury 
markers by HL-1 cells. Cell culture supernatant levels of TnT, 
CK-MB, and LDH were markedly increased by LPS exposure 
in Ad-β-gal-transduced but not Ad-DUSP1-transduced car-
diomyocytes (Fig. 2H–J). These results confirmed that LPS-
induced myocardial structural alterations can be attenuated by 
DUSP1 overexpression.

DUSP1 overexpression prevents 
endotoxemia‑induced cardiac dysfunction

Cardiac dysfunction, especially decreased LVEF, has been 
regarded as a diagnostic standard for endotoxemia-caused 
myocardial dysfunction. Accordingly, echocardiography was 
used to analyze changes in cardiac function upon LPS treat-
ment. As shown in Table 1, cardiac systolic indicators, includ-
ing LVEF, ratio of left ventricular fractional shortening, and 
left ventricular systolic dimension, were altered in WT mice 
treated with LPS (Table 1). In turn, ratio of early to late trans-
mitral flow velocities and left ventricular diastolic dimension, 
the diastolic function parameter, were markedly elevated in 
these mice (Table 1). Moreover, reduction in interventricular 
septum (IVS) thickness was also noted in LPS-treated WT 
mice (Table 1). However, improved systolic/diastolic capacity 
and normalized cardiac function parameters were recorded in 
DUSP1TG mice (Table 1).

We next analyzed the contractile capacities of single, 
freshly isolated cardiomyocytes from WT or DUSP1TG mice. 
Neither LPS stress nor DUSP1 overexpression influenced 
resting cardiomyocyte length (Fig. 3A). However, suppressed 
contractile capacity, evidenced by decreased peak shortening 
(PS), maximal velocity of shortening (+ dL/dt), and time-to-
peak shortening (TPS), was apparent following exposure to 
LPS (Fig. 3B–D). Similarly, cardiomyocyte relaxation param-
eters, including maximal velocity of relengthening (− dL/dt) 
and time-to-90% relengthening (TR90), were also impaired 
by LPS (Fig. 3E, F). Of note, LPS failed to perturb single 
cardiomyocyte contractile/relaxation capacities in DUSP1-
overexpressing cells (Fig. 3A–F). These findings indicate that 
DUSP1 activity protects cardiomyocyte function and pre-
serves myocardial performance in the setting of LPS-induced 
endotoxemia.
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DUSP1 overexpression prevents LPS‑mediated 
mitochondrial dysfunction

Mitochondrial dysfunction is considered a key inducer 
of myocardial inflammation, structural disorder, and 
dysfunction during hypoxic and septic insults. We thus 
asked whether DUSP1-mediated cardioprotection dur-
ing endotoxemia is attributable to improved mitochon-
drial function. ELISA results showed that LPS treatment 
reduced ATP production in Ad-β-gal-transduced but not in 

Ad-DUSP1-transduced HL-1 cardiomyocytes (Fig. 4A). In 
light of the indispensable role played by the mitochondrial 
membrane potential (MMP) in ATP production, changes in 
MMP were recorded in HL-1 cells loaded with the JC-1 
probe. After exposure to LPS, MMP was reduced in Ad-β-
gal-transduced cardiomyocytes (Fig. 4B and C). This change 
was undetectable, however, in DUSP1-overexpressing cells 
(Fig. 4B and C). Moreover, the production of mitochon-
drial ROS, assessed with MitoSOX Red, was significantly 
increased by LPS, and DUSP1 overexpression nullified this 

Fig. 2   DUSP1 overexpression reduces LPS-mediated myocardial 
structural disorder. A Representative TEM images of heart tissues 
from control and LPS-treated mice. White arrows indicate disorgan-
ized myofibrils and tortuous Z discs while yellow arrows indicate 
swollen mitochondria. Scale bar, 2 μm. B Representative HE images 
of heart tissues after endotoxemia induction. Scale bar, 300 μm. C–E 
Serum TnT, CK-MB, and LDH levels were determined by ELISA. F, 

G Representative myosin immunofluorescence images of cardiomyo-
cytes exposed to LPS. Myosin expression levels were normalized to 
those of the control group. Scale bar, 35 μm. H–J TnT, CK-MB, and 
LDH levels in cell culture supernatants were determined by ELISA. 
Data are shown as mean ± SEM (n = 10 mice per group or ten inde-
pendent cell isolations per group). *p < 0.05
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effect (Fig. 4D and E). To investigate the mechanism under-
lying LPS-mediated MMP depolarization, we measured 
mitochondrial permeability transition pore (mPTP) open-
ing. As shown in Fig. 4F, LPS extended the opening time 

of the mPTP in Ad-β-gal-transduced, but not in DUSP1-
overexpressing, cardiomyocytes. Mitochondrial oxygen 
consumption rate (OCR) results further demonstrated that 
LPS treatment markedly reduced mitochondrial respiration 

Table 1   Echocardiographic 
analysis of systolic (LVEF, FS, 
and LVDs) and diastolic (LVDd, 
E/A) function and structural 
myocardial parameters (IVS and 
PW thickness) in mice treated 
with LPS

Data are shown as means ± standard error of the mean (SEM)
BW body weight; HW, heart weight; LVDd diastolic dimension of left ventricle; LVDs systolic dimension 
of left ventricle; IVS thickness of interventricular septum; PW thickness of posterior wall; E/A ratio of early 
to late transmitral flow velocities; FS ratio of left ventricular fractional shortening
# p < 0.05 vs. PBS + WT mice, *p < 0.05 vs. PBS + DUSP1TG mice

Parameter PBS LPS

WT mice DUSP1TG mice WT mice DUSP1TG mice

BW, g 26.1 ± 0.9 26.1 ± 1.0 25.9 ± 1.1 26.0 ± 0.9
HW, mg 156.4 ± 7.9 155.6 ± 8.7 232.6 ± 7.1# 184.7 ± 9.1*
HW/BW, mg/g 5.91 ± 0.28 5.99 ± 0.31 7.88 ± 0.34# 6.42 ± 0.41*
LVDd, mm 3.25 ± 0.14 3.30 ± 0.12 3.95 ± 0.16# 3.56 ± 0.13*
LVDs, mm 2.23 ± 0.08 2.30 ± 0.09 3.24 ± 0.19# 2.53 ± 0.11*
IVS, mm 0.81 ± 0.03 0.82 ± 0.03 0.69 ± 0.04# 0.78 ± 0.04*
PW, mm 0.77 ± 0.05 0.76 ± 0.04 0.73 ± 0.02 0.77 ± 0.03
FS, % 33.8 ± 1.8 33.9 ± 2.1 21.3 ± 2.4# 29.8 ± 2.1*
EF, % 62.1 ± 2.5 62.3 ± 2.7 43.5 ± 5.4# 57.9 ± 4.5*
E/A 1.29 ± 0.21 1.32 ± 0.17 0.84 ± 0.09# 1.12 ± 0.16*

Fig. 3   DUSP1 overexpression prevents LPS-induced cardiac dysfunc-
tion. A–F Analysis of contractility/relaxation properties in acutely 
isolated adult mouse cardiomyocytes. Cardiomyocyte length, peak 
shortening (PS), maximal velocity of shortening (+ dL/dt), time-to-

peak shortening (TPS), the maximal velocity of relengthening (− dL/
dt) and time-to-90% relengthening (TR90) were recorded. Data are 
shown as mean ± SEM (n = ten independent cell isolations per group). 
*p < 0.05
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in control but not in DUSP1-overexpressing cardiomyocytes 
(Fig. 4G–K). These data indicate that DUSP1 sustains mito-
chondrial function during LPS stress.

Mitochondrial quality control is normalized 
by DUSP1

Mitochondrial dysfunction can be attenuated or prevented 
by activation of the MQC system, which regulates mito-
chondrial fission/fusion cycles and biogenesis, as well as 
mitophagy. Considering the protective impact of DUSP1 on 
mitochondrial homeostasis, we questioned whether MQC 
activation was induced by DUSP1 to maintain mitochondrial 

function. Western blot analysis in heart lysates showed that 
LPS upregulated the expression fission-related proteins 
(DRP1 and FIS1) and inhibited the expression of fusion-
related proteins (MFN2/OPA1) (Fig. 5A–E). Consistent 
with these results, in vitro exposure of HL-1 cells to LPS 
promoted the formation of round, small, fragmented mito-
chondria, suggesting increased fission and decreased fusion 
(Fig. 5F–H). However, overexpression of DUSP1 restored 
the balance of fission and fusion markers both in the heart 
(Fig. 5A–E) and in HL-1 cells in vitro (Fig. 5F–H).

Additional western blot assays showed that cardiac 
expression of the mitophagy-related proteins ATG5, BEC-
LIN1, and PARKIN was downregulated by LPS treatment 

Fig. 4   DUSP1 supports mitochondrial function during LPS exposure. 
A ELISA analysis of total ATP production in cultured HL-1 cardio-
myocytes. B, C Representative images of mitochondrial membrane 
potential (MMP) detection in cardiomyocytes loaded with the JC-1 
probe and corresponding quantification data. Scale bar, 125  μm. D, 
E Representative images of mitochondrial ROS (mROS) detection in 
HL-1 cells loaded with the superoxide indicator MitoSOX Red. Scale 
bar, 95 μm. F Analysis of mPTP opening rate in HL-1 cells loaded 

with tetramethylrhodamine ethyl ester. G–K Mitochondrial oxygen 
consumption rate (OCR) was determined by the Seahorse XF real-
time ATP rate assay using an XF-24 Extracellular Flux Analyzer. 
ATP turnover, baseline OCR, maximal respiration capacity and pro-
ton leak were measured in HL-1 cells treated with Ad-β-gal or Ad-
DUSP1. Data are shown as mean ± SEM (n = ten independent cell 
isolations per group). *p < 0.05



	 H. Zhu et al.

1 3

213  Page 8 of 21

(Fig. 5I–M), suggestive of defective mitophagy. In line 
with these data, in vitro assessment of mitophagy in HL-1 
cells expressing the fluorescent mt-Keima reporter showed 
that mitophagic activity was significantly impaired by 
LPS (Fig. 6A and B). Interestingly, DUSP1 overexpres-
sion not only prevented the downregulation of mitophagy-
related proteins (Supporting Fig. S2A–E), but also res-
cued mitophagic activity in cultured HL-1 cardiomyocytes 
(Supporting Fig. S2A–E).

Notably, the accumulation of mitophagy-related proteins 
may be derived from mitophagy induction or the interrup-
tion of autophagic flux. To rule out the latter, Bafilomy-
cin-A1 (Baf-A1) was employed. In DUSP1-overexpressed 
cells, Baf-A1 further upregulated mito-LC3II and LC3II 
expressions but disrupted p62 degradation (Supporting Fig. 
S2A-E). Moreover, the levels of TIM23 (mitochondrial inner 
membrane marker) and TOM20 (outer membrane marker) 
were significantly elevated upon LPS treatment and was 

Fig. 5   DUSP1 overexpression normalizes mitochondrial fission and 
mitophagy during endotoxemia-caused myocardial depression. A–E. 
Western blot analysis of DRP1, FIS1, MFN2, and OPA1 expression 
in heart extracts. GAPDH was used as internal control. F–H Repre-
sentative images of Tom-20 immunofluorescence in cardiomyocytes 
illustrating mitochondrial morphology in the absence and presence 

of LPS and quantification of average mitochondrial length and per-
centage of cardiomyocytes with fragmented mitochondria. Scale bar, 
25 μm. I–M Western blots analysis of ATG5, BECLIN1, PARKIN, 
and PGC-1α expression in heart lysates. GAPDH was used as internal 
control. Data are shown as mean ± SEM (n = 10 mice per group or ten 
independent cell isolations per group). *p < 0.05
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reduced in response to DUSP1 overexpression. Supplemen-
tation of Baf-A1 promoted the accumulation of TIM23 and 
TOM20 in DUSP1-overexpressed cells (Supporting Fig. 
S2A-E). Overall, mitophagy is inhibited by LPS and was 
restored by DUSP1 overexpression.

Mitochondrial biogenesis is primarily regulated by 
PGC-1α and its downstream transcription factors Nrf1 
and Tfam1. We noted that LPS treatment reduced PGC-1α 
protein expression (Fig. 5I and M) and transcriptional lev-
els of Nrf1/Tfam1 in heart tissue from WT mice but not 
from DUSP1TG mice (Fig. 6C and D). To understand the 
net effects of altered mitophagy and abnormal biogenesis 
on mitochondrial mass, the ratio of mtDNA/nDNA were 
determined. LPS significantly elevated the ratio of mtDNA/
nDNA in the heart tissues from WT mice while this result 
was reversed in DUSP1TG mice (Fig. 6E).

Lastly, mitochondrial unfolded protein response (UPRmt) 
has been identified as a regulator of MQC. In our study, 
the parameters related to UPRmt were slightly increased 
at the transcriptional levels in answer to LPS treatment 

(Fig. 6F–H), suggesting an activation of mitochondrial stress 
response. However, DUSP1 overexpression suppressed the 
levels of UPRmt-related markers (Fig. 6F–H). In sum, these 
data suggest that MQC function is impaired during endotox-
emia-caused myocardial dysfunction and that this effect can 
be largely prevented by DUSP1 overexpression.

DUSP1 binds to VCP and prevents 
endotoxemia‑mediated VCP phosphorylation

Recent evidence identified VCP as a novel regulator of MQC 
via induction of proteasome-mediated protein degradation 
[27], an effect promoted by VCP phosphorylation [31–33]. 
Thus, we asked whether an altered VCP phosphorylation 
status might mediate LPS-induced MQC impairment. West-
ern blot assays in cardiac tissue demonstrated that total VCP 
level was not affected by LPS. However, VCP phosphoryla-
tion at Ser784 was upregulated by LPS and downregulated 
by DUSP1 overexpression (Fig. 7A–C). These data led us 
to speculate that the protective effect of DUSP1 on cardiac 

Fig. 6   Overexpression of DUSP1 reverses mitophagy, mitochon-
drial biogenesis and mitochondrial unfolded protein response dur-
ing endotoxemia-caused myocardial depression. A, B Detection and 
quantification of mitophagic activity in cardiomyocytes expressing 
the mt-Keima reporter. Scale bar, 85  μm. C, D Relative Nrf1 and 
Tfam expression levels were determined via qPCR. GAPDH was 

used as internal control. E The Co1 gene of the mtDNA and the 
Ndufv1 nDNA gene were amplified by qPCR to determine the relative 
mtDNA/nDNA ratio. F–H Relative Lonp1, mtHsp70, Atf6 expression 
levels were determined via qPCR. GAPDH was used as internal con-
trol. Data are shown as mean ± SEM (n = 10 mice per group or ten 
independent cell isolations per group). *p < 0.05
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cells and mitochondria in endotoxemia-caused myocardial 
dysfunction are mediated by preventing VCP phosphoryla-
tion. Kinase assays demonstrated that DUSP1 inhibited LPS-
mediated VCP phosphorylation (Fig. 7D), and this effect 
could be abrogated by triptolide, a DUSP1-specific inhibitor.

To clarify the mechanism by which DUSP1 dephospho-
rylates VCP in the presence of LPS, we investigated whether 
DUSP1 directly binds to VCP and thus promotes its dephos-
phorylation. The protein interaction database inBio Discover 
(https://​inbio-​disco​ver.​com) indicated potential interaction 

Fig. 7   DUSP1 binds to VCP and prevents LPS-mediated VCP phos-
phorylation. A–C Western blot analysis of total and phosphorylated 
(Ser784) VCP expression in cardiac lysates and cultured HL-1 cells. 
GAPDH was used as internal control. Data are shown as mean ± SEM 
(n = ten independent cell isolations per group). D Recombinant 
DUSP1 and VCP proteins were incubated together in kinase assay 
buffer with ATP in the presence or absence of LPS. VCP phospho-
rylation and DUSP1 expression were determined by western blotting. 
Triptolide, a DUSP1 specific inhibitor, was used to prevent DUSP1-
mediated protein dephosphorylation. n = three independent cell isola-

tions per group. E DUSP1/VCP interaction, as predicted by the inBio 
Discover tool. F Detailed docking model of the DUSP1/VCP interac-
tion and corresponding docking pockets. G Binding sites of DUSP1 
and VCP. (H) Immunofluorescent staining of VCP, DUSP1 and mito-
chondria in HL-1 cells in the presence or absence of LPS. n = three 
independent cell isolations per group. Scale bar, 25  μm. I Mapping 
of regions of DUSP1. J Different DUSP1 mutants were transfected 
into HL-1 cells. Then, immunoprecipitation, and immunoblot of cell 
lysates from HL-1 cells. Data are shown as mean ± SEM (n = ten 
independent cell isolations per group). *p < 0.05

https://inbio-discover.com
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between DUSP1 and VCP (Fig. 7E). In turn, a molecular 
docking assay demonstrated that DUSP1 interacts with the 
active region of VCP (Fig. 7F). We detected the existence 
of H-bond interactions or hydrophobic interactions between 
DUSP1 and VCP (Fig. 7G). The minimum binding energy 
for the interaction between DUSP1 and VCP was found to 
be − 12.3 kcal·mol−1.

Co-IP (Supporting Fig. S3A–C) assay firstly showed that 
the interaction between DUSP1 and VCP was impaired by 
LPS in cardiomyocytes. Since VCP has been showed to 
localize to the mitochondria or endoplasmic reticulum (ER) 
[34–38], we further isolated the mitochondrial fractions 
and ER-related proteins to determine where the interaction 
between DUSP1 and VCP takes place in the absence or pres-
ence of LPS. The results displayed that DUSP1 interaction 
with VCP primarily occurred on the mitochondria rather 
than on the ER (Supporting Fig. S3A-C). Immunofluores-
cence assay further showed that the physiological interaction 
between DUSP1 and VCP mainly occurred on mitochondria 
(Fig. 7H). The overlap between DUSP1 and VCP signals was 
attenuated by LPS relative to untreated cells, possibly due to 
a reduced expression of DUSP1 in cardiomyocyte (Fig. 7H). 
Further, we also observed that the localization of VCP on 
mitochondria were not affected by LPS although mitochon-
drial fragmentation was induced upon LPS (Fig. 7H).

To figure out the molecular basis of the interaction 
between DUSP1 and VCP, we analyzed the regions of 
DUSP1 that are required for cross-linking. DUSP1 pos-
sesses two major domains [39] and thus two kinds of DUSP1 
domain-deletion mutants were generated (Fig. 7I). DUSP1 
mutant lacking the rhodanese-like domain (DUSP1ΔRL) 
could interact with VCP whereas DUSP1 mutant lacking the 
phosphatase domain (DUSP1ΔPhos) interrupted the bind-
ing of DUSP1 and VCP (Fig. 7J). Further, transfection of 
DUSP1ΔRL rather than DUSP1ΔPhos was able to interrupt 
LPS-mediated VCP phosphorylation (Supporting Fig. S3D). 
Overall, our data indicate that DUSP1 phosphatase domain 
promotes the physiological DUSP1/VCP interaction which 
prevents LPS-induced VCP phosphorylation at Ser784.

Transfection of a phosphorylated VCP mutant 
abolishes DUSP1‑mediated MQC protection

To determine whether the protective effect of DUSP1 on 
MQC was achieved through suppressing VCP phospho-
rylation, we transfected HL-1 cardiomyocytes with a phos-
phomimetic VCP mutant (VCPS784D) in which serine 784 
was replaced with aspartic acid to mimic p-VCPS784. The 
reduction in the ratio of fragmented to normal mitochon-
dria observed in DUSP1ΔRL-overexpressing cells treated 
with LPS was cancelled upon transfection with VCPS784D 
(Fig.  8A–C). Moreover, after VCPS784D transfection, 
DUSP1ΔRL overexpression was largely unable to restore 

defective mitophagy (Fig. 8D and E) and to normalize the 
expression of mitochondrial biogenesis markers, namely 
Pgc1α (Fig. 8F) and Nrf1/Tfam1 (Fig. 8G and H) in the pres-
ence of LPS. These results indicate that induction of VCP 
phosphorylation abrogates the protective effects of DUSP1 
on MQC in LPS-treated cardiomyocytes.

DUSP1 reduces cardiomyocyte inflammation 
and structural/functional abnormalities 
through suppressing VCP phosphorylation

We next conducted further in vitro experiments to con-
firm whether DUSP1-mediated cardioprotection results 
from preventing VCP phosphorylation. Results from qPCR 
assays showed that the transcriptional inhibition of pro-
inflammatory factors (Il-6, Mcp1, and Tnfα) observed in 
LPS-exposed DUSP1ΔRL-overexpressing cells was nulli-
fied upon VCPS784D transfection (Fig. 9A–C). Similarly, in 
VCPS784D-transfected cardiomyocytes, DUSP1ΔRL overex-
pression failed to mitigate LPS-induced apoptosis (Fig. 9D 
and E).

Myosin immunofluorescence further showed that upon 
LPS exposure the stabilizing effect of DUSP1ΔRL over-
expression on myosin conformation and expression was 
neutralized by VCPS784D transfection (Fig. 9F and G). Fur-
thermore, after VCPS784D transfection, DUSP1ΔRL over-
expression was unable to attenuate the LPS-induced release 
of TnT, CK-MB, and LDH by cultured cardiomyocytes 
(Fig. 9H–J). These data further confirm that DUSP1-medi-
ated cardiomyocyte protection against LPS-induced inflam-
mation, apoptosis, and dysfunction are abrogated by VCP 
phosphorylation.

Discussion

In the present study, we provided evidence for novel roles 
played by DUSP1 and VCP in the progression of endotox-
emia-caused myocardial dysfunction. Through in vivo and 
in vitro experiments, in combination with genetic modifica-
tion methods and gain-of-function assays, we demonstrated 
that DUSP1 directly binds to VCP and prevents VCP phos-
phorylation at Ser784, resulting in normalized MQC and 
improved heart function. The main relevant findings of 
our study can be summarized as follows: (1) LPS-induced 
endotoxemia downregulates cardiac DUSP1 expression; 
(2) overexpression of DUSP1 reduces myocardial inflam-
mation, inhibits cardiomyocyte apoptosis, improves cardiac 
structural disorder, suppresses serum levels of cardiac injury 
markers, and increases cardiac systolic/diastolic function 
in vivo and contractility/relaxation parameters in vitro; (3) 
at the molecular level, DUSP1 overexpression sustains mito-
chondrial function in the presence of LPS, as evidenced by 
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Fig. 8   Transfection of a phosphomimetic VCP mutant abolishes 
DUSP1-mediated MQC protection. HL-1 cells were transfected with 
DUSP1 mutant lacking rhodanese-like domain (22–147 amino acids) 
(DUSP1ΔRL), DUSP1 mutant lacking phosphatase domain (173–313 
amino acids) (DUSP1ΔPhos), or a phosphomimetic VCP mutant (the 
serine at 784 site of VCP was replaced with aspartic acid, VCPS784D) 
before LPS treatment. A–C Representative images of TOM20 immu-
nofluorescence in HL-1 cardiomyocytes and quantification of aver-

age mitochondrial length and percentage of cardiomyocytes with 
fragmented mitochondria. Scale bar, 25  μm. D, E Detection of 
mitophagic activity in cardiomyocytes transfected with the mt-Keima 
reporter. Scale bar, 85 μm. F–H qPCR analysis of Pgc1α, Nrf1 and 
Tfam1 expression levels in HL-1 cardiomyocytes. Gapdh was used as 
internal control. Data are shown as mean ± SEM (n = ten independent 
cell isolations per group). *p < 0.05



DUSP1 interacts with and dephosphorylates VCP to improve mitochondrial quality control against…

1 3

Page 13 of 21  213

increased MMP, decreased mitochondrial oxidative stress, 
restored mitochondrial respiration, and inhibition of mPTP 
opening; (4) the beneficial effects of DUSP1 on mitochon-
drial function in LPS-treated cardiomyocytes are mediated 

through MQC maintenance, denoted by balanced mitochon-
drial fission/fusion dynamics, restored mitophagy, improved 
mitochondrial biogenesis, and normalized mitochondrial 
unfolded protein response; (5) mechanistically, DUSP1 

Fig. 9   DUSP1 reduces cardiomyocyte inflammation and cardiac 
structural and functional abnormalities by suppressing VCP phos-
phorylation. HL-1 cells were transfected with DUSP1 mutant lack-
ing rhodanese-like domain (22–147 amino acids) (DUSP1ΔRL), 
DUSP1 mutant lacking phosphatase domain (173–313 amino acids) 
(DUSP1ΔPhos), or a phosphomimetic VCP mutant (the serine at 784 
site of VCP was replaced with aspartic acid, VCPS784D) before LPS 
treatment. A–C Relative Il-6, Mcp1, and Tnfα expression in HL-1 
cells determined via qPCR. Gapdh was used as internal control. D, E 

Representative images of TUNEL staining in HL-1 cardiomyocytes 
and quantification of TUNEL-positive cells. Scale bar, 100  μm. F, 
G Representative images of myosin immunofluorescence in cultured 
cardiomyocytes. Myosin expression levels were normalized to those 
of the control group. Scale bar, 35 μm. H–J. TnT, CK-MB, and LDH 
levels in cell culture media were determined by ELISA. Data are 
shown as mean ± SEM (n = ten independent cell isolations per group). 
*p < 0.05
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binds to VCP and prevents LPS-mediated VCP phosphoryla-
tion at Ser784; (6) transfection of a phosphomimetic VCP 
mutant abolishes the protective actions of DUSP1 on MQC 
and on cardiomyocyte inflammation, function, and survival. 
Based on our findings, restoration of DUSP1 expression and 
suppression of VCP phosphorylation may be considered as 
potential targets for drug design and development for the 
treatment of endotoxemia-caused myocardial dysfunction.

DUSP1 was originally described as an upstream regula-
tor of MAPK pathway molecules and consequently termed 
mitogen-activated protein kinase phosphatase-1 (MKP-1). 
Subsequent studies uncovered the anti-inflammatory effects 
of DUSP1 in various diseases. In C. difficile-induced colonic 
inflammation, dysregulated DUSP1 expression promotes 
NF-κB pathway activation, resulting in increased produc-
tion of IL-1β and Tnfα [40]. Experiments in mouse models 
of septic peritonitis revealed increased lethality in global 
DUSP1 knockout (DUSP1−/−) mice compared with WT 
animals [41]. During septic peritonitis, DUSP1−/− mice 
showed increased levels of CCL4, IL-10, and IL-6 in serum, 
impaired spleen and liver function, and decreased bacterial 
clearance [41]. An indispensable role of DUSP1 in the acti-
vation of host innate antimicrobial responses was further 
demonstrated in an experimental mouse model of pneumo-
nia. Following nasal infection with the intracellular pathogen 
Chlamydophila pneumoniae, DUSP1−/− mice mounted an 
enhanced pro-inflammatory response, characterized by aug-
mented cytokine (IL-6 and IL-1b) and chemokine (CCL3, 
CCL4, CXCL1, CXCL2) release and leading to increased 
pulmonary leukocyte infiltration [42]. In line with these 
findings, another study demonstrated that overexpression of 
DUSP1 sustained cardiomyocyte viability and reduced car-
diac inflammation in a mouse model of TNF-α-induced sep-
tic cardiomyopathy [43]. However, it is necessary to point 
out that the pathology of endotoxemia-caused myocardial 
dysfunction depends not only on its associated inflamma-
tory response; this is because anti-inflammatory approaches 
have failed to demonstrate clinical benefit in multiple set-
tings, despite a strong biological rationale and supportive 
data from both preclinical models and some clinical pilot tri-
als [44–46]. Importantly, clinical use of anti-TNF-α therapy 
with etanercept or infliximab was also not beneficial and, in 
some instances, appeared to be deleterious [47–49]. Accord-
ingly, other pathological mechanisms besides inflammation 
must be regulated by DUSP1 to support cardiac function 
during endotoxemia.

MQC activation sets off an integrated stress response 
that involves regulation of mitochondrial fission/fusion 
cycles, mitophagy, and mitochondrial biogenesis. Due to 
the fundamental role of mitochondria in regulating car-
diomyocyte contraction, growth, metabolism, signal trans-
duction, and apoptosis, recent research has increasingly 
focused on the impact of MQC on various cardiovascular 

disorders. It has been reported that improved MQC 
enhances the resistance of the myocardium to I/R injury 
[50], myocardial infarction [51], aging-related dysfunc-
tion [52], chronic hypoxic stress [53], heart failure [54], 
hypertension [55], and diabetic cardiomyopathy [56]. In 
the present study, we provide further evidence that abnor-
mal MQC, evidenced by disturbed mitochondrial fission/
fusion, defective mitophagy, suppressed mitochondrial 
biogenesis, and activated mitochondrial unfolded protein 
response, is a key feature of endotoxemia-caused myocar-
dial dysfunction. Our findings indicate that DUSP1 exerts 
cardioprotective effects through a novel role as a posi-
tive upstream regulator of MQC. This finding adds to our 
knowledge on the molecular function of DUSP1 and iden-
tifies the DUSP1/MQC pathway as an interventive target 
for the management of endotoxemia-caused myocardial 
dysfunction.

We found that upon LPS challenge the protective action 
of DUSP1 on cardiomyocytes and mitochondria was attrib-
utable to its inhibitory effect on VCP phosphorylation. 
VCP is an ATP-dependent protein unfoldase involved in 
protein degradation through cooperation with the protea-
some. However, the role of VCP in cardiovascular disor-
ders is under debate. Gain-of-function mutations in VCP 
have been reported to cause inclusion body myopathy 
associated with IBMPFD [25]. Of note, cardiac-restricted 
RNAi-mediated knockdown of TER94, the Drosophila VCP 
homolog, severely perturbed myofibrillar organization and 
heart function in adult flies [57]. These results suggested 
that VCP expression is necessary to maintain cardiomyocyte 
structure and function. Reconfirming a necessary role for 
VCP in cardioprotection, a study in mice demonstrated that 
cardiac-specific VCP overexpression significantly reduced 
infarct size after I/R injury [37]. Interestingly, selective inhi-
bition of VCP through administration of KUS121 was able 
to reduce cardiac damage in murine and porcine models of 
myocardial infarction [27], suggesting that moderate inhibi-
tion of VCP function may be therapeutically relevant. In our 
study, we found that VCP expression in cardiomyocytes was 
not affected by LPS. However, LPS treatment induced VCP 
phosphorylation at Ser784 and this effect was prevented by 
DUSP1 overexpression. Importantly, forced expression of 
a phosphomimetic VCP mutant abolished the protective 
actions of DUSP1 on MQC and aggravated cardiomyocyte 
inflammation, apoptosis, and mechanical function. In line 
with these findings, recent evidence revealed that VCP 
phosphorylation at Ser784 is a clinically relevant enhancer 
of VCP function in the progression of various diseases and 
hence a potential therapeutic target. For instance, increased 
VCP phosphorylation was associated with sorafenib-medi-
ated hepatocellular carcinoma cell death [58]. Consistently, 
slower tumor growth, associated with apoptosis induction, 
was observed in nude mice implanted with phosphomimetic 
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VCPT76A-reconstituted cancer cells, compared to control 
mice bearing VCPWT-expressing tumors [59].

There are several limitations in the present study. First, 
we used a high dose of LPS (20 mg/kg) to induce endotox-
emia-caused myocardial dysfunction based on our previous 
works [10, 60, 61]. In addition, there are several studies also 
used a high concentration of LPS (20 mg/kg) to establish a 
sepsis-related multiple organs dysfunction model in vivo, 
such as septic kidney injury[62] and septic cardiomyopathy 
[63, 64]. In fact, a low dose of LPS often causes endotox-
emia, not sepsis, an effect that is followed by systolic inflam-
mation response. By comparison, a high dose of LPS always 
induces the sepsis-related complications in 1 or 2 days. 
Second, recent studies [65] have reported that lower doses 
of LPS stimulate autophagy/mitophagy during endotoxin-
induced cardiomyopathy, and that this adaptive response is 
diminished at higher doses. Sun et al. found [65] that low 
concentrations of LPS (0.25 mg/kg, 0.5 mg/kg, 1.0 mg/
kg, 1.5 mg/kg, and 2.5 mg/kg) seem to dose-dependently 
elevate LC3II expression and promote p62 degradation in 
LPS-induced septic cardiomyopathy. However, high con-
centrations of LPS (5.0 mg/kg, 10 mg/kg, and 15 mg/kg) 
are able to dose-dependently repress LC3II formation and 
thus accelerate p62 accumulation. These results suggest 
that lower LPS doses-caused mild inflammation response 
may be an inducer of autophagy/mitophagy, and that higher 
LPS concentrations-mediated multiple organs inflamma-
tory cascades are correlated with a depression of autophagy/
mitophagy. Although our results are similar to the previous 
findings [65], it requires more data to show the cardiopro-
tective effects of DUSP1 during endotoxemia induced by a 
low dose of LPS.

In conclusion, our results demonstrated that DUSP1 func-
tions as a protective factor against endotoxemia-mediated 
myocardial injury through normalizing mitochondrial func-
tion. At the molecular level, DUSP1 directly binds to VCP 
and prevents LPS-mediated VCP phosphorylation at Ser784, 
resulting into improved MQC and normalized cardiac func-
tion. Our findings highlight DUSP1/VCP/MQC as a novel 
pathway involved in the pathogenesis of endotoxemia-caused 
myocardial dysfunction and may thus help advance new 
strategies to prevent myocardial damage and mitochondrial 
dysfunction associated with this condition.

Materials

Animals

All procedures related to animal treatment and surgery 
were approved by the Chinese PLA General Hospital. 
Male mice (aged 8–10 weeks) from a C57BL/6J genetic 
background were bred and housed in individually vented 

cages under ABSL-2 conditions in the Chinese PLA 
General Hospital Animal Center. DUSP1 transgenic 
(DUSP1TG) mice were established as previously described 
[14]. Briefly, the pBSII-12.4kbVill-DUSP1 plasmids were 
obtained from OriGene (Rockville, MD, USA). Then, the 
pBSII-12.4kbVillDUSP1 plasmids were digested with 
EcoRI and KpnI to obtain villinDUSP1 DNA fragments. 
Then the transgene was purified and injected into mouse 
blastocysts to generate transgenic mice. Mice were sac-
rificed at their respective endpoint studies by removal of 
vital organs under deep anesthesia with ketamine (100 mg/
kg, i.p.) and xylazine (10 mg/kg, i.p.). No animals were 
excluded due to premature death or failure to achieve the 
predicted phenotypes. Mice were injected intraperito-
neally with a single dose of lipopolysaccharide (20 mg/kg, 
Sigma-Aldrich, St. Louis, MO, USA) dissolved in phos-
phate buffer saline for 48 h to induce endotoxemia-caused 
myocardial dysfunction based on our previous studies [10, 
61] and recent experiments [63, 64]. Mice administered an 
equal volume of phosphate buffer saline served as controls. 
Blood samples were collected with EDTA (1.8 mg/ml) and 
centrifuged (400 rpm, 20 min, 4 °C) to separate plasma. 
Heart tissues were removed rapidly and stored at − 80 °C 
for further analysis.

ELISA and seahorse assay

Serum Creatine Kinase MB (CK-MB) (BioVision, MA, 
USA), Troponin T (TNT) (MyBioSource, Inc., San Diego, 
CA, USA), and Lactate Dehydrogenase (LDH) (MyBio-
Source, Inc., San Diego, CA, USA) were measured by 
Colorimetric/Fluorometric Assay Kits. ELISA was used 
to determine caspase-3 activity (MyBioSource, Inc., San 
Diego, CA, USA) and ATP production (MyBioSource, 
Inc., San Diego, CA, USA) according to the manufac-
turers’ instructions. The Agilent Seahorse XF real-time 
ATP rate assay was performed using an XF-24 Extracel-
lular Flux Analyzer (Agilent Technologies) once HL-1 
cells reached 95% confluence (4 × 104/well) on XF24 Cell 
Culture Microplates (Agilent, Santa Clara, CA, USA). 
Medium was replaced with unbuffered XF medium (Agi-
lent, Santa Clara, CA, USA), and cells were equilibrated 
for 1 h at 37 °C without CO2. XF24 Sensor Cartridges 
were pre-hydrated overnight in calibration buffer, then 
loaded with XF Real-Time ATP Rate Assay compounds 
(final concentrations: 2.5 μg/mL oligomycin, 2 μM rote-
none, 4 μM antimycin A). Integrated sensor cartridges and 
cell culture microplates were inserted into XF96 Analyzer 
and subjected to built-in XF Real-Time ATP Rate Assay 
protocol. Data were analyzed by Agilent ATP Assay 
Report Generator, with statistical analysis by GraphPad 
Prism 7 software (La Jolla, CA, USA).
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Transmission electron microscopy

Transmission electron microscopy (TEM) was applied for 
ultrastructural analysis of cardiac tissues [66]. Samples were 
fixed in a 1.6% glutaraldehyde solution in 0.1 M sodium 
phosphate buffer at room temperature (RT) and stored over-
night at 4 °C. After triple rinsing in 0.1 M cacodylate buffer 
(15 min/rinse), cells were postfixed in 1% osmium tetroxide 
and 1% potassium ferrocyanide solution in 0.1 M cacodylate 
buffer for 1 h at RT. Samples were subsequently dehydrated 
in a series of acetone baths (90% and 100%, three times, 
15 min each) and progressively embedded in Epon 812 resin 
(acetone/resin 1:1, 100% resin, two times, 2 h/bath). Resin 
blocs were finally left to harden in a 60 °C oven for 2 days. 
Ultrathin sections (70 nm) were obtained with a Reichert 
Ultracut S ultramicrotome equipped with a Drukker Inter-
national diamond knife and collected on 200 mesh copper 
grids. Sections were stained with lead citrate and uranyl 
acetate. TEM was performed with a JEOL JEM-1400 micro-
scope equipped with a Morada camera (CLSM, Olympus, 
Japan), at a 100 kV accelerating voltage.

Cell culture

Immortalized mouse cardiac muscle HL-1 cells were 
obtained from American Type Culture Collection (Manas-
sas, VA, USA). Cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) with glutamine at 37 °C in 
a 5% CO2 incubator. The media were supplemented with 
10% FBS and 100 μg/ml penicillin/streptomycin. The HL-1 
cell line was authenticated by short tandem repeats (STRs) 
DNA profiling. To induce endotoxemia in vitro, HL-1 cells 
were treated with 10 μg/mL of LPS for 24 h according to our 
previous studies [10, 61].

Cardiomyocyte isolation and contractility analysis

Mouse hearts were dissected and retrogradely perfused 
with HEPES-Tyrode’s buffer (130 mM NaCl, 5.4 mM KCl, 
0.5 mM MgCl2, 0.33 mM NaH2PO4, 0.25 mM HEPES, 
22 mM glucose; 37 °C; pH 7.4) containing 100 mg/ml col-
lagenase type 2 using the Langendorff method. Hearts were 
then mechanically sheared and filtered through a 100-mm 
mesh filter. The single-cell suspension was centrifuged at 
200 rpm for 3 min. The pellets, which contained the major-
ity of cardiomyocytes, were washed twice with HEPES-
Tyrode’s buffer containing CaCl2 and were collected after 
centrifugation at 200  rpm. Contractility measurements 
were performed in field-stimulated cells at a pace of 1 Hz 
using an IonOptix Fluorescence and Contractility System 
(IonOptix, MA, USA) as previously described [66, 67]. Con-
tractions were elicited by rectangular depolarizing pulses, 
2 ms in duration and twice-diastolic threshold in intensity, 

by platinum electrodes. Cell shortening was measured by 
edge-track detection, and calcium transients were meas-
ured by epifluorescence after loading the cardiomyocytes 
with 1 µM Fura-2 AM (Thermo Fisher Scientific, MA, 
USA) for 10 min. Contractility and calcium transients were 
recorded, and 5 to 10 consecutive single-cell contractions 
during steady state were analyzed using IonWizard software 
(IonOptix, MA, USA).

Echocardiography

Cardiac function was determined via echocardiography 
(FUJIFILM VisualSonics Inc., Toronto, Canada,). After 
alignment in the transverse B-mode with the papillary mus-
cles, cardiac function was measured on M-mode images. 
Echocardiography results were analyzed blindly.

Immunofluorescence staining

Cells were grown in 4-well chamber glass slides for 48 h 
(24 h in media with 10% FBS and an additional 24 h in 
media without serum). Primary antibodies against TOM20 
(1:500, #ab78547, Abcam, Cambridge, MA, USA) and Myo-
sin IIB (1:500; #ab254472, Abcam, Cambridge, MA, USA) 
were used in cultured cells. Heart tissues were fixed with 
4% paraformaldehyde, embedded in paraffin, sectioned, and 
permeabilized with 0.1% saponin prior to incubation with 
GR1 (1:500, #ab25377, Abcam, Cambridge, MA, USA) 
and TnT (1:500; #MBS533262, MyBioSource, Inc., San 
Diego, CA, USA) antibodies. Indirect fluorescent detection 
was done through incubation with goat IgG (H + L) highly 
cross-adsorbed secondary antibody-Alexa Fluor™ Plus 647 
(1:2000, #A32733, Thermo Fisher Scientific, MA, USA), 
goat IgG (H + L) highly cross-adsorbed secondary antibody-
Alexa Fluor™ Plus 488 (1:2000, #A48262, Thermo Fisher 
Scientific, MA, USA), goat IgY (H + L) cross-adsorbed sec-
ondary antibody-Alexa Fluor™ Plus 405 (1:2000, #A48260, 
Thermo Fisher Scientific, MA, USA). Nuclei were stained 
with DAPI. The stained slides were examined under a 
Zeiss Axio Observer microscope with Apotome attachment 
(Oberkochen, Germany).

ICAM1 immunohistochemistry

Heart tissues were fixed in 4% PFA overnight, dehydrated 
in ethanol, and embedded in paraffin. Immunohistochem-
istry was performed using an ICAM1 (1:500;#179707, 
Abcam, Cambridge, MA, USA) antibody. HRP-conjugated 
anti-mouse secondary antibodies were then applied. Images 
were acquired using a Vectra 2 Multispectral Imaging Sys-
tem (PerkinElmer, Shanghai, China) and ICAM1-positive 
cells were quantified using NIH Image J2 software.
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Mitochondrial fractions and endoplasmic reticulum 
(ER) fractions extraction assays

For mitochondrial protein lysates, mitochondrial fractions 
from HL-1 cells were isolated using the Mitochondria Iso-
lation Kit (Thermo Fisher Scientific, MA, USA) according 
to manufacturer’s protocol. In brief, cells were harvested, 
rinsed with PBS, and suspended in isolation buffer (3 mM 
Hepes–KOH (pH 7.4), 0.21 M mannitol, 0.07 M sucrose, 
0.2 mM EGTA) on ice. Then, homogenates were overlaid 
on 0.34 M sucrose followed by centrifugation at 500 rpm. 
These steps were repeated for three times before centrifuga-
tion of supernatants at 10,000 rpm to extract mitochondrial 
fractions. Endoplasmic reticulum (ER) fractions from HL-1 
cells were isolated using the Endoplasmic Reticulum Iso-
lation Kit (Sigma-Aldrich, St. Louis, MO, USA). Briefly, 
cells were harvested, rinsed with PBS, and centrifuged for 
5 min at 4 °C at 500 rpm. The supernatant was removed and 
the pellet resuspended in 1 ml buffer E (20 mM Hepes, pH 
7.4, 250 mM sucrose, 1 mM EDTA, and protease inhibitor 
cocktail) for 15 min. After centrifugation of supernatants at 
4 °C for three times (centrifugation at 10,000 rpm for 5 min, 
centrifugation at 80,000 rpm for 20 min, and centrifugation 
at 100,000 rpm for 1 h), the supernatant was removed and 
retained as the soluble fraction, and the pellet was retained 
as the ER fraction for analysis.

Immunoprecipitation and immunoblotting assays

Heart tissues or HL-1 cardiomyocytes were homogenized 
in ice-cold lysis buffer (25 mM Tris pH 8.0, 150 mM NaCl, 
1 mM CaCl2, 1% Triton X-100) with EDTA-free protease 
inhibitors. Proteins were precipitated by centrifugation at 
4 °C, 12,000 rpm for 10 min and concentrations determined 
using a BCA assay kit. For immunoblotting experiments, 
proteins were separated on 10% SDS–polyacrylamide gels, 
transferred to PVDF membranes (Millipore, Germany), and 
probed with primary antibodies overnight. For immunopre-
cipitation (IP) experiments, primary antibodies and cell 
lysates were co-incubated overnight at 4 °C, and immuno-
precipitated complexes were captured by incubation for 
6 h at 4 °C with Protein A/G PLUS-Agarose beads (Santa 
Cruz Biotechnology, Inc., Texas, USA; pre-blocked with 
0.1% BSA for 1 h at 4 °C). Beads were washed with wash 
buffer (50 mM Tris–HCl, 400 mM NaCl, and 0.8% Triton-
X-100, pH 7.5) 3–5 times by centrifugation (300 rpm, 4 min 
at 4 °C). For co-IP experiments, IP samples were quanti-
fied and incubated overnight at 4 °C with magnetic beads 
coated with primary antibodies. After 5 washes, bound pro-
teins were eluted in sample buffer at 95 °C for 10 min, sepa-
rated by SDS-PAGE, and transferred to PVDF membranes 
for immunoblotting. Primary antibodies included: DUSP1 
(1:1000; #ab217347, Abcam, Cambridge, MA, USA), 

PGC-1α (1:1000; #ab188102, Abcam, Cambridge, MA, 
USA), DRP1 (1:1000; #ab184247, Abcam, Cambridge, MA, 
USA), FIS1 (1:1000; #ab156865, Abcam, Cambridge, MA, 
USA), MFN2 (1:1000; #ab124773, Abcam, Cambridge, 
MA, USA), OPA1 (1:1000; #ab42364, Abcam, Cambridge, 
MA, USA), GAPDH (1:1000; #ab8245, Abcam, Cambridge, 
MA, USA), TOM20 (1:1000; #ab186735, Abcam, Cam-
bridge, MA, USA), ATG5 (1:1000; #ab108327, Abcam, 
Cambridge, MA, USA), VCP (1:1000; #ab109240, Abcam, 
Cambridge, MA, USA), p-VCPSer784 (1:1000; #OAAF00581-
Biotin, Aviva Systems Biology, San Diego, CA, USA), PAR-
KIN (1:1000; #ab77924, Abcam, Cambridge, MA, USA), 
BECLIN1 (1:1000; #ab207612, Abcam), LC3 (1:1000, 
#ab192890, Abcam, Cambridge, MA, USA), p62 (1:1000, 
#ab109012, Abcam, Cambridge, MA, USA), and TIM23 
(1:1000, #ab230253, Abcam, Cambridge, MA, USA).

Real‑time quantitative PCR

Total RNA from 10 mg heart tissue was extracted with TRI-
zol reagent (Invitrogen) followed by chloroform purifica-
tion and isopropanol precipitation. RNA concentration was 
measured using a NanoDrop instrument (Thermo Fisher 
Scientific, MA, USA). RNA was reverse transcribed using 
PrimeScript™ RT Reagent Kit (Takara Bio Inc., Beijing, 
China) and the resulting cDNA was amplified using a Fast 
Real-Time PCR instrument (ABI-7900–384, Applied Bio-
systems, Thermo Fisher Scientific, MA, USA) with TB 
Green Premix Ex Taq™ II (RR820A, Takara, Japan). The 
Cytochrome c oxidase subunit I (Co1) gene of the mtDNA 
and the NADH: Ubiquinone oxidoreductase core subunit v1 
(Ndufv1) nDNA gene were amplified by qPCR. The reac-
tion was initiated at 94 °C for 10 min, followed by 40 cycles 
through 94 °C × 10 s, 60 °C × 30 s, and 94 °C × 10 s. All 
reactions were run in duplicate. Amplification curves were 
analyzed using SDS 1.9.1 software (Applied Biosystems, 
Thermo Fisher Scientific, MA, USA), and these curves 
were used to determine the relative mtDNA: nDNA ratio 
in each sample based on a previous study [68]. The follow-
ing primer pairs were used: Tnfα (Forward, 5ʹ-AGA​TGG​
AGC​AAC​CTA​AGG​TC-3ʹ; Reverse, 5ʹ-GCA​GAC​CTC​GCT​
GTT​CTA​GC-3ʹ), Il-6 (Forward, 5ʹ-CAG​ACT​CGC​GCC​TCT​
AAG​GAGT-3ʹ; Reverse, 5ʹ-GAT​AGC​CGA​TCC​GTC​GAA​
-3ʹ), Mcp1 (Forward, 5ʹ-GGA​TGG​ATT​GCA​CAG​CCA​
TT-3ʹ; Reverse, 5ʹ-GCG​CCG​ACT​CAG​AGG​TGT​-3ʹ), Nrf1 
(Forward, 5ʹ-GCA​CCT​TTG​GAG​AAT​GTG​GT-3ʹ; Reverse, 
5ʹ-CTG​AGC​CTG​GGT​CAT​TTT​GT-3ʹ), Tfam (Forward, 
5ʹ-GGC​GAA​TTC​CTC​GAG​GCC​ACC​ATG​GCG​CTG​
TTC​CGG​GGA​ATG​T-3ʹ; Reverse, 5ʹ-CAT​ACG​CGT​ATG​
CTC​AGA​GAT​GTC​TCC​GGA​TCGT-3ʹ), Lonp1 (Forward, 
5ʹ-GGT​TGA​GAA​TGT​AGC​CCA​TGA-3ʹ; Reverse, 5ʹ-CGA​
TGA​TAT​CCC​GAA​TGG​TC-3ʹ), Mthsp70 (Forward, 5ʹ-CTC​
TGG​GAG​GCG​TCT​TTA​CC-3ʹ; Reverse, 5ʹ-CGT​TCC​CCC​
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TGA​CAC​ACT​TT-3ʹ), Atf6 (Forward, 5ʹ-TTA​TCA​GCA​
TAC​AGC​CTG​CG-3ʹ; Reverse, 5ʹ-CTT​GGG​ACT​TTG​
AGC​CTC​TG-3ʹ), Co1 (Forward, 5ʹ-TGC​TAG​CCG​CAG​
GCA TTAC-3ʹ; Reverse, 5ʹ-GGG​TGC​CCA​AAG​AAT​CAG​
AAC-3ʹ), Ndufv1 (Forward, 5ʹ- CTT​CCC​CAC​TGG​CCT​
CAA​G-3ʹ; Reverse, 5ʹ-CCA​AAA​CCC​AGT​GAT​CCA​GC-3ʹ).

Adenoviral vector construction and plasmid 
infection

DUSP1 and VCP expression plasmids were constructed 
by cloning the open reading frame of each cDNA into the 
multiple cloning sites of pcDNA3.0 vectors with HA-tag 
or Myc-tag epitope sequences. DUSP1 lacking rhodanese-
like domain (22–147 amino acids) (DUSP1ΔRL), DUSP1 
lacking phosphatase domain (173–313 amino acids) 
(DUSP1ΔPhos), and full length (1–367 amino acids) of 
DUSP1 were amplified using PCR and the produces were 
introduced into pcDNA3.1/Myc (Invitrogen) to construct 
the Myc-DUSP1 mutants. Plasmids encoding a phosphomi-
metic VCP mutant (pcDNA3.0-ALDOB-R46A and K108A) 
were constructed by replacing serine 784 with aspartic acid 
(VCPS784D) as previously described [61, 69]. A recombinant 
adenovirus vector encoding the mouse Dusp1 gene was con-
structed and transfected into HEK293 cells to generate Ad-
DUSP1 adenovirus for DUSP1 overexpression in HL-1 cells. 
Adenoviruses were generated using an AdEasy Adenoviral 
Vector System Kit (Agilent Technologies, Thermo Fisher 
Scientific, MA, USA). Recombinant adenoviruses were 
plaque purified and tittered to 1010 plaque-forming units 
(PFU) per ml. The verification of virus production was based 
on a restriction enzyme-mediated DNA analysis of plaque 
purified virus. Adenovirus encoding β-gal (Ad-β-gal) was 
used as a control.

TUNEL staining, mitochondrial ROS detection, 
and mitochondrial membrane potential (MMP) 
measurement

TUNEL staining was performed using a Click-iT™ Plus 
TUNEL Assay Kit for In Situ Apoptosis Detection (Thermo 
Fisher Scientific, MA, USA). Mitochondrial ROS was 
detected using the MitoSOX Red mitochondrial superox-
ide indicator (Thermo Fisher Scientific, MA, USA). MMP 
was analyzed using a JC-1 Mitochondrial Potential Sensor 
(Thermo Fisher Scientific, MA, USA).

Kinase activity and molecular docking assays

For in vitro kinase assay, Recombinant DUSP1 Protein 
(Novus Biologicals, LLC., Toronto, Canada) and Recom-
binant VCP Protein (Novus Biologicals, LLC., Toronto, 
Canada) were incubated together in kinase assay buffer 
(Cell Signaling Technology) with adenosine 5′-triphos-
phate (ATP), according to the manufacturer’s instructions. 
Triptolide (Selleck Chemicals, Shanghai, Beijing) was 
used to prevent the activity of DUSP1. The Schrödinger 
2017-1 suite (Schrödinger Inc., New York, NY, USA) was 
employed to perform the docking analysis. The DUSP1 
and VCP structures were retrieved from the available crys-
tal structures and prepared for docking following the pro-
tein Preparation Wizard workflow in the Maestro package. 
The binding site was selected using the Grid Generation 
procedure. The prepared ligand was flexibly docked into 
the receptor using Glide (XP mode) with default param-
eters. Microscale thermophoresis (MST) was applied to 
determine binding affinity between VCP and DUSP1.

Statistical analysis

Results were analyzed using GraphPad Prism 5.0 statisti-
cal software. Data are shown as means ± standard error of 
the mean (SEM). For comparisons between two groups, 
parametric Student t-test or nonparametric Mann–Whit-
ney test were used. For comparisons between more than 
two groups, parametric one-way ANOVA test followed by 
Bonferroni test was used. Histopathological parameters 
were statistically analyzed using Chi-square test. P < 0.05 
was considered significant.
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