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Background: Mitochondrial dysfunction plays an important role in the development of septic 
cardiomyopathy. This study aimed to reveal the protective role of uncoupling protein 2 (UCP2) in 
mitochondria through AMP-activated protein kinase (AMPK) on autophagy during septic cardiomyopathy. 
Methods: UCP2 knockout mice via a cecal ligation and puncture (CLP) model and the H9C2 
cardiomyocyte cell line in response to lipopolysaccharide (LPS) in vitro were used to study the effect. The 
myocardial morphological alterations, indicators of mitochondrial injury and levels of autophagy-associated 
proteins (pAMPK, pmTOR, pULK1, pTSC2, Beclin-1, and LC3-I/II) were assessed. In addition, the 
mechanism of the interaction between UCP2 and AMPK was further studied through gain- and loss-of-
function studies. 
Results: Compared with the wild-type mice, the UCP2 knockout mice exhibited more severe 
cardiomyocyte injury after CLP, and the AMPK agonist AICAR protected against such injury. Consistent 
with this result, silencing UCP2 augmented the LPS-induced pathological damage and mitochondrial injury 
in the H9C2 cells, limited the upregulation of autophagy proteins and reduced AMPK phosphorylation. 
AICAR protected the cells from morphological changes and mitochondrial membrane potential loss and 
promoted autophagy. The silencing and overexpression of UCP2 led to correlated changes in the AMPK 
upstream kinases pLKB1 and CAMKK2. 
Conclusions: UCP2 exerts cardioprotective effects on mitochondrial dysfunction during sepsis via the 
action of AMPK on autophagy.
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Introduction

Sepsis contributes to multiple organ dysfunction and is 
a major cause of mortality in critically ill patients (1). 
The cardiovascular system is an important organ system 
that is frequently involved in sepsis, and sepsis-induced 
cardiomyopathy is among the most life-threatened 
complications of sepsis (2,3). As one of the most critical 

mechanisms of septic cardiomyopathy, myocardial energy 
metabolism has been studied by an increasing number of 
studies, and mitochondrial dysfunction has been identified 
as the key pathological change (4,5). Cardiac mitochondria 
are responsible for energy generation and are essential for 
cardiac function. However, current clinical practice does 
not include mitochondria-targeted management, although 
both human sepsis and septic cardiomyopathy are associated 
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with mitochondrial impairment (6). Further exploration of 
the mechanism of mitochondrial dysfunction may lead to 
future treatments for septic cardiomyopathy.

Mitochondrial uncoupling proteins, which are located 
in the inner membrane of mitochondria, can promote 
the leakage of protons and act as crucial mitochondrial 
membrane potential regulators (7,8). Mitochondrial 
uncoupling protein 2 (UCP2) in this family is the most 
investigated. Many studies have revealed that UCP2 
has a myocardial protective effect, and UCP2 deficiency 
has been shown to aggravate septic cardiomyopathy in 
both UCP2 knockout mice and cardiomyocytes (9-11), 
demonstrating the crucial role of UCP2 in the mechanism 
of cardiovascular involvement in sepsis. Our previous 
study revealed that the serum UCP2 levels were markedly 
increased in patients with sepsis (12) and that UCP2 
exerted a protective effect against lipopolysaccharide (LPS) 
by regulating the myocardial autophagy and apoptosis  
balance (13). Under a physiological status, programmed 
cell death processes, such as autophagy and apoptosis, 
play crucial roles in cell renewal and repair. However, the 
mechanism by which UCP2 regulates autophagy in septic 
cardiomyopathy is still unknown.

Therefore, based on previous studies, we hypothesized 
that UCP2 may exert protective effects against septic 
cardiomyopathy through the regulation of autophagy 
possibly via AMP-activated protein kinase (AMPK), which 
is an essential player in autophagy. Both UCP2 knockout 
(UCP2-KO) mice and in vitro cultures of cardiomyocytes 
(H9C2 cells) were used in this study to test this hypothesis. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4819).

Methods

Animal model and treatment

Wild C57BL/6J mice (19–23 g) were obtained from Vital 
River Laboratory Animal Technology Company (Beijing), 
and all mice were 8-week-old male mice. The UCP2-KO 
mice were obtained from Nanjing Biomedical Research 
Institute of Nanjing University. The knockout mice 
genotypes were identified by PCR amplification of genomic 
DNA from the tail. The sex, age in weeks and body weight 
of the UCP2-KO mice did not significantly differ from 
those of their littermates. All wild type (WT) and UCP2-
KO mice were housed in specific pathogen-free conditions 

under a constant humidity (40–60%) and temperature 
(20–24 ℃) with free access to food and water under a 12/12 
h light/dark cycle. The experiments were performed under 
a project license (NO. XHDW-2019002) granted by the 
Animal Care Ethics and Use Committee of Peking Union 
Medical College in compliance with the guidelines of the 
Care and Use of Laboratory Animals published by the US 
National Institutes of Health.

All mice (n=24) were initially housed together (5 animals/
cage) for adaption for one week before randomization into 
the following groups of 6 mice each: (I) WT sham operation 
group, (II) WT + cecal ligation and puncture (CLP) group, 
(III) UCP2-KO + CLP group, and (IV) UCP2-KO + CLP 
+ AICAR (AMPK agonist) group. The model of mild-
grade sepsis was established through CLP (14). A midline 
laparotomy was performed to expose the cecum of the mice 
after anesthesia with 4% chloral hydrate. The cecum was 
punctured by a 22 G needle at a middle point. In the sham 
group, only the laparotomy procedures were conducted 
without CLP. All mice immediately received fluid 
resuscitation (50 mL/kg sterile saline subcutaneously) after 
surgery. In the treatment groups (IV), the AMPK agonist 
AICAR (500 mg/kg) was administered intraperitoneally. In 
the vehicle-treated group (III), the same volume of distilled 
water was administered. AICAR was purchased from 
Topscience Corporation, Shanghai (Cat. No. T1477). Based 
on a previous study (13), twelve hours after surgery, the 
mice were sacrificed via an injection of 10 % chloral hydrate 
to induce overdose anesthesia, and the cardiac tissue was 
collected for further evaluation.

Cell culture and treatment

H9C2 cardiomyocytes were purchased from Shanghai 
Zhong Qiao Xin Zhou Biotechnology. The cells were 
maintained in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco, USA) and penicillin/streptomycin. The 
cell surface area was measured in four independent high-
power fields using Image Pro Plus system (Carlsbad, CA, 
USA).

UCP2 siRNA (siUCP2) and negative control siRNA 
(siNC) were purchased from Invitrogen and transiently 
transfected into cells using Lipofectamine 2000 (Invitrogen, 
USA). 24 h after the cells were transfected with siUCP2 
or siNC, protein was extracted and analyzed by Western 
blotting. Then, the H9C2 cells were subjected to 10 μg/mL 
lipopolysaccharide (LPS, Sigma, USA) with or without 1 mM 
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of the AMPK agonist AICAR (Topscience Corporation, 
Shanghai) as indicated below. The cells were treated with 
LPS 18 h after the transfection, and protein was extracted 
and analyzed by Western blotting 6 h later. Images of the 
H9C2 cells were acquired under an inverted microscope 
(Olympus IX-61, Tokyo, Japan). The ultrastructural 
changes were observed by transmission electron microscopy 
(JEOL, Tokyo, Japan).

Histopathological examination

Formalin-fixed, paraffin-embedded tissue specimens were 
stained with H&E. The morphological evaluation was 
performed using light microscopy by a pathologist blinded 
to our experimental protocol. The histopathological 
evaluation was scored as follows: no damage, 0; focal 
edema or necrosis, 1; scattered swollen cells and necrosis, 
2; confluent cell necrosis with neutrophil infiltration, 
3; and massive areas of cell necrosis and neutrophil 
infiltration, 4 (15). 

Myocardial tissue inflammation was evaluated according 
to the percentage of infiltration of inflammatory cells and 
scored as follows: no lesion, 0; <25%, 1; 25–50 %, 2; 50–
75%, 3; and >75%, 4 (16).

Measurement of protein expression

The samples were lysed using RIPA lysis buffer (Thermo 
Fisher Scientific, USA); then, the total protein was 
quantitated using the BCA method. Primary antibodies 
against UCP2 (1:1,000; ab97931, Abcam), pAMPKα 
[1:500; 2535, Cell Signaling Technology (CST)], AMPKα 
(1:1,000; 2532, CST), Beclin1 (1:500; ab62557, Abcam), 
LC3B (1:200; NB100-2220, Novus), pLKB1 (1:500; 3482, 
CST), ULK1 (1:500; ab203207, Abcam), TCS2 (1:200; 
23402, CST), CAMKK2 (1:200; HPA017389, Sigma), 
and GAPDH (1:5,000; ab181602, Abcam) were used for 
the protein labeling. After washing with TBST 3 times, 
the membranes were incubated with an HRP-conjugated 
secondary antibody (Applygen Gene Technology Corp). 
The immunoreactions were detected using an ECL kit 
(Thermo Fisher Scientific, USA) and exposed using Kodak 
500 film (Midwest Scientific, Valley Park, MO, USA).

Formalin-fixed, paraffin-embedded sections were 
stained by standard immunohistochemical procedures. 
Briefly, 5-µm-thick sections were blocked with avidin and 
biotin according to the manufacturer’s instructions. The 
sections were incubated with the primary antibody (anti-

pAMPK rabbit polyclonal antibody, 1:50; ab23875, Abcam) 
overnight at 4 ℃. Following washes, the sections were 
incubated with biotinylated IgG (Zsbio Commerce Store, 
Beijing) for 30 min at room temperature. The peroxidase 
reaction was visualized using diaminobenzidine (Sigma). 
The images were captured by IX80 microscopy (Olympus, 
Tokyo, Japan) and analyzed with Image Pro Plus system 
(Carlsbad, CA, USA).

Detection of myocardial mitochondrial injury

Myocardial  mitochondrial  injury was detected by 
assessing the mitochondrial membrane potential and ATP 
concentration. A JC-1 mitochondrial membrane potential 
assay kit (Cat. No. 10009172, Cayman, USA) was used to 
detect myocardial mitochondrial injury according to the 
manufacturer’s instructions. A colorimetric/fluorometric 
assay kit (Cat. No. MAK190, Sigma, UK) was used to 
quantify the ATP concentration. The mitochondrial size 
and number were measured based on their morphology and 
analyzed with Image Pro Plus system (Carlsbad, CA, USA).

Statistical analysis

All data of the continuous variables are shown as the mean 
± standard deviation. Statistical significance was assessed by 
a one-way analysis of variance (ANOVA), followed by the 
least significant difference (LSD) test for the comparisons 
between any two groups. SPSS 18.0 software (IBM Corp.) 
was used for all statistical calculations. P values less than 0.05 
were considered statistically significant.

Results

Myocardial damage to heart tissue and H9C2 cells

Before randomization into the different groups and 
experiment procedures, the sex, age in weeks and body 
weight of all mice did not significantly differ. The mice 
treated with the CLP procedure began to show clinical sign 
of sepsis, such as chills, generalized weakness and reduced 
movement, approximately 8–10 h following CLP. 12 h after 
the surgery, the mice were sacrificed, and the cardiac tissue 
was collected for further evaluation.

Figure 1A,B,C,D,E,F shows the pathological changes in 
the myocardial tissue of the model mice. Compared with the 
WT + sham group, the WT + CLP group displayed marked 
myocardial injury with myocardial edema and interstitial 
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Figure 1 Myocardial damage to heart tissue. (A,B,C,D) H&E staining of heart tissues (×40); (E,F) histological evaluation of heart tissues; (G) 
cTnI levels were assessed in the mice following CLP and/or the AICAR treatment as described in the methods. *P<0.05, **P<0.01.
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inflammatory cell infiltration (Figure 1B vs. Figure 1A, Figure 1F).  
The hematoxylin and eosin (H&E) staining revealed 
marked severe necrosis and myocardial fiber rupture in the 
UCP2-KO + CLP mice (Figure 1C). The AICAR treatment 
significantly alleviated the histopathological damage to the 
heart tissue (Figure 1D,E).

cTnI was quantified to assess myocardial damage after 
CLP. The WT + CLP group had higher cTnI levels than 
the WT group, and the cTnI level was increased even 
further in the UCP2-KO + CLP group (Figure 1G, P<0.05). 
The elevated cTnI level in the UCP2-KO + CLP + AICAR 
group was reduced after the AICAR treatment (Figure 1G, 
P<0.01).

Figure 2A,B,C,D,E shows the morphological alterations 
in the H9C2 cells in response to LPS exposure following 
the overexpression or silencing of UCP2 and treatment with 
AICAR. After the LPS exposure, the H9C2 cells became 
sparsely distributed and swollen and lost their original 
spindle shape relative to the control (non-treated) cells 
(Figure 2B vs. Figure 2A). The silencing of UCP2 enhanced 
the LPS-induced morphological alterations in the H9C2 
cells (Figure 2C), but this enhancement was reduced by the 
AICAR treatment (Figure 2D,E).

UCP2 expression in heart tissue and myocardial cells 

The UCP2 protein expression levels were detected in 
different groups of mice (Figure 3A,B). UCP2 protein 
expression was increased in the WT + CLP group. In the 
H9C2 cells, UCP2 protein expression was verified after 
overexpression or silencing (Figure 3C,D).

Mitochondrial injury in myocardial cells

Mitochondrial injury was analyzed by transmission electron 
microscopy, and the myocardial fibers and mitochondria 
were well ordered in the WT + sham group mice  
(Figure 4A). However, some myocardial fibers exhibited 
a scattered distribution and were disorganized, and the 
mitochondria were swollen in the WT + CLP group (Figure 4B).  
The above sepsis-induced morphological alterations were 
enhanced in the UCP2-KO + CLP group (Figure 4C) and 
alleviated by the AICAR treatment in the UCP2-KO + 
CLP + AICAR group (Figure 4D,E,F).

After CLP, the WT mice showed significantly decreased 
mitochondrial membrane potential compared with the 
control mice (P<0.05), which was further decreased in the 
UCP2-KO mice after CLP (UCP2-KO + CLP group, 

P<0.05) as shown in Figure 4G. However, AICAR increased 
the mitochondrial membrane potential in the UCP2-KO 
mice (UCP2-KO + CLP + AICAR group). Additionally, 
the ATP level was significantly reduced after CLP, and this 
decrease was further enhanced in the UCP2-KO group; 
however, the AICAR treatment significantly alleviated the 
CLP-induced reduction in ATP (Figure 4H, P<0.05).

The transmission electron microscopy observation of the 
H9C2 cells showed intact mitochondrial membranes with 
clear inner ridges that were neatly arranged (Figure 5A). 
The LPS exposure decreased the number of mitochondria 
and led to morphological changes with vacuolar structures, 
broken membranes, and ruptured or even vanished crests 
(Figure 5B). The cells with the UCP2 silencing exhibited 
further morphological and structural changes in the 
mitochondria (Figure 5C). In addition, the AICAR treatment 
protected the mitochondria in the LPS-treated cells from 
these subcellular structural alterations (Figure 5D).

Effect on proteins associated with autophagy

The expression of proteins associated with autophagy, 
including AMPK, beclin-1 and LC-3β, was assessed 
by immunoblotting. As shown in Figure 6A, after CLP, 
pAMPK/AMPK, beclin-1 and LC-3β were increased in 
the WT mice and decreased in the UCP2-KO CLP mice. 
The AICAR treatment promoted the expression of these 
autophagy-associated proteins. To further explore the 
expression of other proteins associated with autophagy, the 
levels of pmTOR, pULK1, pTSC2, beclin-1 and LC-3β 
were measured in cultured H9C2 cells. The LPS exposure 
significantly upregulated these proteins, except for the 
autophagy inhibitor pmTOR (Figure 6B). Silencing UCP2 
inhibited the upregulation of pULK1, pTSC2, beclin-1 
and LC-3β expression and promoted the upregulation of 
pmTOR, but the AICAR pretreatment reversed these effects 
on the regulation of these proteins (Figure 6B). Furthermore, 
the overexpression of UCP2 significantly increased the levels 
of pULK1, pTSC2, beclin-1 and LC-3β (Figure 6B).

Interaction between UCP2 and AMPK and the underlying 
mechanism

To investigate the interaction between UCP2 and 
AMPK, the expression level of AMPK in tissue samples 
from different groups was evaluated (Figure 7A-D). The 
phosphorylation of AMPK was significantly promoted 
after CLP, and the AMPK phosphorylation level was 
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Figure 2 Myocardial damage to H9C2 cells. Morphological observation of H9C2 cells under phase-contrast microscopy (×200). *P<0.05.

reduced in the UCP2-KO groups. The treatment with 
AICAR increased AMPK phosphorylation (Figure 7E). To 
explore the mechanism of the interaction between UCP2 
and AMPK, the upstream kinases CAMKK2 and pLKB1 
were analyzed. As illustrated in Figure 7F, the silencing or 
overexpression of UCP2 led to corresponding changes in 
the levels of CAMKK2 and pLKB1, which may result in 
AMPK activation.

Discussion

The principal findings in our study were as follows. First, the 
UCP2-KO mice showed more severe cardiomyocyte injury 
after CLP than the WT mice. AICAR, which is an agonist 
of AMPK, ameliorated the cardiomyocyte injury induced 
by CLP. The LPS exposure damaged the H9C2 cells (rat 
cardiomyocytes), and the cells with UCP2 silencing were 
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Figure 3 UCP2 expression in heart tissue and myocardial cells. (A,B) UCP2 protein expression and representative image of immunoblotting 
of UCP2 in mouse heart tissues; (C,D) UCP2 protein expression and representative image of immunoblotting of UCP2 in cultured H9C2 
cells subjected to various treatments. **P<0.01, ***P<0.001.

more severely affected than the control cells, indicating that 
UCP2 can protect against sepsis. Second, the CLP- or LPS-
induced mitochondrial injury and mitochondrial membrane 
potential loss were exacerbated by the UCP2 knockout. 
Moreover, both the septic animal and cell models exhibited 
increased levels of proteins associated with autophagy; the 
upregulation of autophagy-promoting proteins, such as 
pAMPK, pULK1, pTSC2, Beclin-1, and LC3-I/II, and 
the downregulation of the autophagy-inhibiting protein 
pmTOR were obviously limited by the UCP2 silencing. 
The AICAR treatment protected the cardiomyocytes, even 
those with UCP2 silencing, from CLP- or LPS-induced 
damage and attenuated the related mitochondrial injury 
and mitochondrial membrane potential loss. AICAR likely 
exerted these protective effects through AMPK activation, 

resulting in the promotion of autophagy. Finally, to explore 
the interaction between UCP2 and AMPK, we performed 
gain- and loss-of-function studies and found that the changes 
in the AMPK phosphorylation levels were correlated with 
UCP2 overexpression or silencing. UCP2 may regulate 
AMPK through its upstream kinases pLKB1 and CAMKK2. 
In summary, our findings reveal that UCP2 is essential for 
protection against septic cardiomyopathy and mitochondrial 
dysfunction and that these protective effects are mediated 
through the promotive effect of AMPK on autophagy. 
In addition, targeting the UCP2/AMPK axis may be a 
therapeutic approach to regulate mitochondrial dysfunction 
in septic cardiomyopathy.

Sepsis is a major public health concern worldwide (1). The 
function of the heart highly depends on abundant amounts of 
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Figure 4 Mitochondrial injury in heart tissue. (A,B,C,D) Transmission electron microscopy observation of heart tissues (×200); (E,F) 
analysis of mitochondrial size and number; (G) effect on the mitochondrial membrane potential in mouse heart tissue; (H) effect on ATP 
synthesis in mouse heart tissue. *P<0.05; **P<0.01; ***P<0.001.

WT + Sham WT + CLP

KO + CIP KO + CLP + AICAR

W
T 

+ S
ha

m
 

W
T 

+ S
ha

m
 

W
T 

+ S
ha

m
 

W
T 

+ S
ha

m
 

W
T 

+ C
LP

W
T 

+ C
LP

W
T 

+ C
LP

W
T 

+ C
LP

KO +
 C

IP

KO +
 C

IP

KO +
 C

IP

KO +
 C

IP

KO +
 C

LP
 +

 A
IC

AR

KO +
 C

LP
 +

 A
IC

AR

KO +
 C

LP
 +

 A
IC

AR

KO +
 C

LP
 +

 A
IC

AR

10

8

6

4

2

0

8

6

4

2

0

50

40

30

20

10

0

300

200

100

0

AT
P

 (n
m

ol
/L

)

M
ito

 s
iz

e

M
ito

ch
on

dr
ia

l 
m

em
br

an
e 

po
te

nt
ia

l 
JC

-1
 re

d/
gr

ee
n 

flo
re

sc
en

ce
 r

at
io

N
um

be
r 

of
 m

ito

A B

C D

E F

G H



Annals of Translational Medicine, Vol 9, No 3 February 2021 Page 9 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(3):259 | http://dx.doi.org/10.21037/atm-20-4819

Figure 5 Mitochondrial injury in H9C2 cells (A,B,C,D): Transmission electron microscopy observation of heart tissues (×200).

ATP, and studies have proven that mitochondrial dysfunction 
plays an important role in mediating organ damage in 
septic cardiomyopathy (2,4). UCP2, which is the most well-
known isoform in the mitochondrial uncoupling protein 
family, is widely expressed in tissues and performs various of 
functions (9). Previous studies have shown that UCP2 can 
be upregulated in sepsis (8,11,13,17). A UCP2 knockout 
mouse model in vivo and cardiomyocytes transfected with 
siUCP2 in vitro were used to further investigate the effect 
of UCP2 on septic cardiomyopathy. Our studies show that 
UCP2 deficiency resulted in exacerbated morphologic cell 
damage, mitochondrial injury and mitochondrial membrane 
potential loss, indicating that UCP2 plays a protective role in 
cardiovascular disease during sepsis.

The loss of mitochondrial function is associated with 
different types of diseases (18). Intracellular quality control 
of mitochondria includes mitochondrial biogenesis, dynamic 

fusion and fission, and degradation. Mitochondrial degradation 
is executed via autophagy, which removes dysfunctional 
mitochondria (19,20). To date, several studies have explored 
UCP2 regulation of autophagy in nerve cells (21), cumulus 
cells (22), hepatocytes (23), and pancreatic cancer cells (24). 
Our previous study first confirmed that UCP2 participated 
in the regulation of the balance between autophagy and 
apoptosis in human cardiomyocytes during sepsis (13). 
However, the mechanism by which UCP2 regulates 
autophagy in septic cardiomyopathy is unknown.

Eukaryotes have evolved a very sophisticated system 
to sense low energy levels. AMPK is a key player in the 
elegant system that modulates metabolism (25). AMPK 
not only participates in energy switching, cell growth 
control, and other cellular processes, including lipid and 
glucose metabolism, but also is involved in various aspects 
of mitochondrial homeostasis, including mitophagy 
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Figure 6 Effect on the expression of autophagy-associated proteins. (A) Expression of autophagy-associated proteins in mouse heart tissues; 
(B) expression of autophagy-associated proteins in cultured H9C2 cells. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

(26,27). The autophagy machinery comprises several 
multiprotein complexes that control every step, and AMPK 
regulates various aspects of this machinery. AMPK acts by 
activating ULK1, directly inactivating mTOR, or indirectly 
phosphorylating TSC2, all of which promote the formation 
of PI3K complex I to form autophagosomes. Subsequently, 
autophagosomes mature and fuse with lysosomes to induce 
the degradation of the cargo by lysosomal enzymes.

In our study, we explored the detailed changes in 
autophagy in both septic animal models and cell models. As 
a key regulator of autophagy, AMPK exhibited a significantly 
increased phosphorylation level but no visible change in 
expression. Moreover, the levels of autophagy-promoting 

proteins downstream of AMPK, such as pULK1 and 
pTSC2, were correspondingly increased, and the level of the 
autophagy-inhibiting protein pmTOR was decreased. Finally, 
the core components of the autophagosome complexes 
Beclin-1 and LC3-I/II were upregulated. However, with 
UCP2 silencing, the compensatory change in autophagy 
during sepsis was obviously limited, suggesting that UCP2 
may contribute to cardiomyocyte activity through the 
regulation of the autophagy process. To further explore the 
mechanism by which UCP2 regulates autophagy, AICAR, 
which is an agonist of AMPK, was employed. As an agonist 
of the key regulator of autophagy, AICAR promoted the 
abovementioned autophagy progress even with UCP2 
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Figure 7 Interaction between UCP2 and AMPK and the underlying mechanism. (A,B,C,D) pAMPK expression in heart tissue; (E) AMPK 
phosphorylation levels measured in heart tissue; (F) effect on protein levels in cultured H9C2 cells treated with the indicated reagents. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

silencing. Moreover, AICAR protected against morphological 
damage to cardiomyocytes and attenuated the related 
mitochondrial injury and mitochondrial membrane potential 
loss. Therefore, we suggest that UCP2 may exert protective 
effects against septic cardiomyopathy through the regulation 
of autophagy possibly via AMPK.

Finally, we further explored the mechanism of the 
interaction between UCP2 and AMPK through gain- and 
loss-of-function studies. With UCP2 overexpression or 

silencing, the phosphorylation level of AMPK changed 
correspondingly, but AMPK expression did not noticeably 
change. Some previous studies identified a connection 
between UCP2 and AMPK in infantile hypertrophic 
cardiomyopathy (28) and hypertension (29). However, the 
specific mechanism is unclear. AMPK is a heterotrimeric 
complex comprising a catalytic subunit, α, and two 
regulatory subunits, β and γ. The α-subunit contains the 
kinase domain and a critical residue that is phosphorylated 
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by an upstream kinase (25,30). One upstream kinase of 
AMPK is the tumor suppressor LKB1, which provides a 
direct connection between cancer and metabolism; LKB1 
is the primary regulator of AMPK activation under energy 
stress in most mammalian tissues examined (31-33).  
AMPK can also be directly phosphorylated in response 
to calcium flux by the calcium-sensitive kinase CAMKK2 
(also known as CAMKKβ), thus linking calcium signaling 
to the regulation of energy metabolism by AMPK (34,35). 
Our results show a similar change in pLKB1 and CAMKK2 
following UCP2 overexpression or silencing. Therefore, 
we suggest that UCP2 may regulate AMPK through its 
upstream kinases pLKB1 and CAMKK2.

Conclusions

In conclusion, our study reveals that UCP2 plays a 
protective role in septic cardiomyopathy. Mechanistically, 
UCP2 may regulate mitochondrial function through 
AMPK-mediated promotion of  autophagy,  which 
contributes to maintaining cardiomyocyte activity. 
Targeting the UCP2/AMPK axis may be a therapeutic 
approach for the regulation of mitochondrial dysfunction in 
septic cardiomyopathy.
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