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Abstract: Background: Mitochondrial flashes (mitoflashes) are transient signals from transient bursts of reactive 
oxygen species (ROS) and changes in pH that occur in certain physiological or pathological conditions. Mitoflashes 
are closely related to metabolism, cell differentiation, stress response, diseases, and aging. Sepsis can trigger mi-
tochondrial dysfunction in myocardial cells, which leads to ROS overproduction, while uncoupling protein 2 (UCP2) 
can reduce ROS production. This study aims to observe whether UCP2 overexpression can regulate the frequency of 
mitoflashes in cardiomyocytes during sepsis and thereby play a protective role. Methods: A cell model for sepsis-in-
duced myocardial damage was established using lipopolysaccharide (LPS). UCP2 overexpression in cardiomyocytes 
was achieved by adenovirus transfection. Creatinine kinase (CK), lactate dehydrogenase (LDH), tumor necrosis 
factor (TNF-α), and interleukin (IL-6) activities were detected, and mitochondrial membrane potentials (MMP) were 
measured. The frequency of mitoflashes in cardiomyocytes was observed. Results: With LPS stimulation, mito-
flashes in cardiomyocytes increased significantly, and the MMP was damaged. Additionally, significant increases in 
CK, LDH, TNF-α, and IL-6 expression levels were observed. UCP2 overexpression can significantly reverse myocardial 
cell injuries that result from LPS stimulation. Compared with the LPS group, the LPS+UCP2 overexpression group 
showed a decrease in mitoflash frequency, an improved MMP, and decreases in CK, LDH, TNF-α, and IL-6 expres-
sion levels. Conclusion: This study is the first to demonstrate the function of UCP2 overexpression in protecting the 
myocardium by regulating mitoflash frequency and reversing sepsis-induced myocardial injuries. 
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Introduction

The occurrence of sepsis has gradually in- 
creased over the years, and it has become one 
of the top 10 causes of death [1-3]. Sepsis-
induced myocardial injury was first recognized 
during the 1990s [4]. Compared with the 20% 
mortality rate among myocardial injured pa- 
tients without sepsis complications, the mortal-
ity rate is as high as 70-90% for those compli-
cated by sepsis. Therefore, improving sepsis-
induced myocardial injuries has become the 
key for effective sepsis treatment.  

Sepsis can trigger mitochondrial dysfunction in 
the myocardium and is considered a critical 

factor in this process [5-8]. Under sepsis condi-
tions, the activity of one or more membrane 
protein complexes in the mitochondrial respira-
tory chain is reduced. The reduced activity 
causes mitochondrial respiratory dysfunction in 
the myocardium impairs oxidative phosphoryla-
tion and ATP synthesis and triggers cardiac dys-
function. Myocardial energy metabolism disor-
der results in the inability of cytochrome oxi-
dase to restore oxygen to H2O and is associated 
with excessive reactive oxygen species (ROS) 
production and insufficient ROS elimination. 
The excessive ROS can not only directly attack 
mitochondria by damaging the integrity of the 
membrane also cause irreversible damage to 
mitochondria through calcium overload. Fur- 
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thermore, excessive ROS then leads to reduc-
tions in myocardial contractility and cardiac 
dysfunction [9, 10]. Therefore, reduced mito-
chondrial ROS production and treatments for 
oxidative damage could be effective methods 
to address sepsis-induced myocardial injury 
[11]. 

A mitoflash is considered a transient quantized 
burst of superoxide in the mitochondrial matrix 
of a resting cell. In other words, a mitoflash is 
an elementary event in ROS production caused 
by an individual mitochondrion [12]. A Mitoflash 
is a transient signal from transient bursts of 
ROS and changes in pH that occurs in certain 
physiological or pathological conditions. Mito- 
flashes randomly occurs in space and time and 
can be detected using circular permuted yellow 
fluorescent protein (cpYFP) localized in the 
mitochondrial matrix. The mitoflash phenome-
non can be observed in various cells, including 
myocardial cells, neurons, and non-excitable 
cells [13]. Several studies have indicated that 
the mitochondrial permeability transition pore 
(mPTP) opening is critical for the occurrence of 
mitoflashes, as the stochastic mPTP transient 
opening may trigger mitoflashes [12, 14, 15]. 
Many research groups have performed studies 
on mitoflashes [16-21]. It is commonly agreed 
that each mitoflash event involves multiple 
interconnected signals that constitute bursts of 
superoxide anion formation, conversion from a 
reduction state to an oxidation state, matrix 
alkylation, and an action potential-like mem-
brane potential depolarization [22, 23]. Mito- 
chondrial ROS is typically determined by ex- 
trapolation from quantified ROS metabolites. 
Mitoflash detection is an intuitive method for 
the real-time monitoring of mitochondrial ROS 
production bursts. Mitoflash regulation in myo-
cardial cells under the influence of sepsis has 
been seldom reported.  

Uncoupling protein 2 (UCP2) is a member of the 
uncoupling protein family that localizes on the 
inner mitochondrial membrane. When a UCP2 
ion carrier opens, protons can leak through the 
mitochondrial intermembrane space into the 
mitochondrial matrix without ATP synthase 
[24]. The function of UCP2 in inhibiting ROS pro-
duction is known; excessive ROS can activate 
UCP2 and regulate ROS production through 
negative feedback [25, 26]. When hyperpolar-
ization of the inner mitochondrial membrane 
potential occurs, electron transport chain func-

tion decreases and the half-lives of semiqui-
none anions increase. These changes then 
lead to stagnant electron transport chain inter-
mediate functions and an increased chance for 
electron escape; these escaped electrons are 
then accepted by oxygen to form ROS. The high 
proton transport activity of UCP2 allows for the 
consumption of free energy from the proton 
electrochemical potential in the form of heat. 
UCP2 can reduce the membrane potential and 
inhibit ROS formation [27, 28]. We hypothesi- 
zed that when sepsis-induced myocardial in- 
jury occurs, UCP2 overexpression could reduce 
ROS production and regulate mitoflash fre-
quency, resulting in myocardial protection.  

In our study, endogenous UCP2 was the puta-
tive target for intervention. UCP2 overexpres-
sion was induced in lipopolysaccharide (LPS)-
stimulated primary myocardial cells from neo-
natal rats. Mitoflash regulation was observed, 
and indicators of mitochondrial function were 
monitored. The protective function of overex-
pressed UCP2 in sepsis-induced myocardial 
injury was explored with the aim of revealing 
the protection mechanism. The results from 
this study could constitute a novel support 
method for treating sepsis-induced myocardial 
injury. 

Materials and methods

Animals

This study was approved by the First Affiliated 
Hospital of Zunyi Medical University Animal 
Ethics Committees. One-day-old Sprague-Da- 
wley (SD) rats were provided by the Laboratory 
Animal Center of the Third Military Medical 
University (Chongqing, China); the accreditation 
number was SCXK (Yu) 2012-0005. The rats 
were cared for in accordance with the Policy on 
the Humane Care and Use of Laboratory 
Animals published by the U.S. Public Health 
Service (NIH publication No.23-85, revised 
1996) and the Policy on Laboratory Animal 
Care and Use of Zunyi Medical University.     

Experimental groupings

Primary myocardial cells from neonatal rats 
were randomly grouped into 6 groups: normal 
(given saline stimulation), UCP2 overexpressed 
(myocardial cells were infected with UCP2-
overexpressing adenovirus), empty vector (myo-
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cardial cells infected with empty vector), LPS 
(cells were given LPS stimulation), LPS+UCP2 
overexpressed (myocardial cells infected with 
UCP2-overexpressing adenovirus and then 
given LPS stimulation), and LPS+empty vector 
(myocardial cells infected with empty vector 
and then given LPS stimulation). The final con-
centration of LPS in the abovementioned trans-
fections was 2 µg/ml and stimulation lasted for 
24 h. An adenovirus that induces UCP2 overex-
pression and the empty vector was used. The 
adenovirus that induces UCP2 overexpression 
was purchased from HanBio (Shanghai, China). 

Cell culture

Ventricle tissues from one day old SD neonatal 
rats were sectioned into 1-mm3 cubes. The 
cubes were transferred into digestion fluid con-
taining 0.08% collagenase and 0.1% trypsin. 
Fractional digestion was performed 12 times at 
37°C (5 min per digestion). The supernatants 
were collected and the digestion was terminat-
ed by the addition of serum-containing culture 
medium. The collected supernatants were cen-
trifuged at 800 rpm for 5 min. Cells were re-
suspended in DMEM/F12 culture medium con-
taining 10% fetal bovine serum and 10 nM bro-
modeoxyuridine (BrdU). Samples were passed 
through a 100-mesh filter. Fibroblasts were 
removed by a 90-min differential velocity adher-
ent technique. Myocardial cells were seeded on 
a 6-well plate. After 48 hrs and following myo-
cardial cell adhesion, the culture medium was 
replaced with serum-free medium along with 
LPS for stimulation.  

Determination of LDH and CK levels

The levels of LDH and CK were determined 
using colorimetry with a multifunctional micro-
plate reader. Detection was performed using 
an LDH and CK detection kit purchased from 
the Nanjing Jiancheng Bioengineering Institute 
according to the manufactures’s protocol.    

Determination of IL-6 and TNF-α levels

In our study, IL-6 and TNF-α levels were deter-
mined using an enzyme linked immunosorbent 
assay (ELISA). The levels were determined 
using the RAT IL-6 ELISA KIT purchased from 
Shanghai HuDing Biotechnology (Shanghai, 
China) according to the manufactures’s pro- 
tocol.  

Western blot analysis

RIPA lysis buffer was employed to lyse the cells. 
Total protein was extracted and its concentra-
tion was determined by bicinchoninic acid (BCA) 
assay. A fixed amount of extracted protein was 
subjected to SDS-PAGE (10% gel) and then 
transferred to a PVDF membrane. Samples 
were then blocked for 2 hrs with blocking buf-
fer. Subsequently, the samples were treated 
with UCP2/tubulin primary antibody and kept at 
4°C overnight. Detection was performed with 
HRP secondary antibody; the samples were 
incubated at room temperature for 2 h followed 
by ECL illumination. The membranes were then 
scanned with an absorbance image scanner. 
ImageJ was employed for the grayscale image 
analysis. Data analysis was performed using 
tubulin as an internal standard, and the results 
were expressed relative to the amount of pro-
tein expressed in the control group. 

Mitoflash measurements

Expression of cpYFP in the cultured myocardial 
cells from neonatal rat was detected by adding 
AAV-mito-cpYFP adenovirus. Mitoflash data an- 
alysis was performed utilizing FlashSniper, a 
program developed based on the Interactive 
Data Language (IDL) environment. The main 
steps of the workflow include reading the LSM 
image data, image pretreatment (to correct for 
photoconversion, optical blurring, and photo-
bleaching), auto-detection of the mitoflashes, 
manual confirmation of the detection, automat-
ic analysis of the characteristic mitoflash pa- 
rameters, manual verification of the analysis, 
and storage of the analysis results. Subsequent 
statistical analysis and graphing were per-
formed in GraphPad. 

Mitochondrial membrane potential (MMP)

Samples were treated with 100 nM tetrameth-
ylrhodamine methyl ester (TMRM) for 10 min 
and rinsed 3 times with Tyrode’s solution. The 
fluorescence intensity was measured in a ran-
domly selected field of view using confocal 
laser scanning microscopy. The standardized 
MMP was obtained by inter-group comparison 
of the relative fluorescence intensity.

Statistical analysis

Statistical analysis was performed utilizing 
SPSS 17.0. Quantitative data are expressed as 
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the means ± SD. When the quantitative data 
were normally distributed, they were subjected 

to one-way analysis of variance (ANOVA). If the 
differences between groups were statistically 
significant, the least significant difference (LSD) 
was employed to perform multi-sample pair-
wise comparisons of means for data with 
homogeneous variance, while Dunnett’s T3 
test was used for data with heterogeneous vari-
ance. Differences with P<0.05 were considered 
statistically significant. Differences in the mito-
flash frequency between the two groups were 
compared using the t-test.

Results

Effects of overexpressed UCP2 on IL-6 and 
TNF-α levels in the myocardial cells with sepsis

IL-6 and TNF-α levels in the LPS group were sig-
nificantly higher than in the normal group 
(P<0.05). However, IL-6 and TNF-α levels in the 
LPS+UCP2 overexpressed group were signifi-
cantly lower than the LPS group (P<0.05), sug-
gesting that UCP2 overexpression provided pro-
tection for the LPS-stimulated myocardial cells. 
When comparing the UCP2 overexpressed 
group vs. the empty vector group and the LPS 
group vs. the LPS+empty vector group, there 
were no significant differences in IL-6 and 
TNF-α levels (P>0.05) (Figures 1 and 2). 

LDH and CK release

The levels of LDH and CK in the LPS group were 
significantly higher than in the normal group 
(P<0.05). Interestingly, LDH and CK levels in 
the LPS+UCP2 overexpressed group were sig-
nificantly lower than in the LPS group (P<0.05). 
There were no significant differences in the 
LDH and CK levels when comparing the UCP2 
overexpressed group vs. the empty vector 
group or the LPS group vs. the LPS+empty vec-
tor group (P>0.05) (Figures 3 and 4).

Regulation of mitoflash in the myocardial cells 
with sepsis by UCP2 overexpression 

In neonatal rat cardiac myocytes stably express-
ing the mitochondrial superoxide biosensor 
cpYFP, time-lapse confocal imaging visualized 
mitoflash activity that occurred upon challenge 
by LPS induced (2 μg/ml, 24 h). UCP2 overex-
pression reversed the LPS challenge, leading to 
enhanced mitoflash frequency. Individual flash-
es were identified as sudden, discrete ROS 
bursts that were randomly ignited over space 

Figure 1. UCP2 overexpression reverses the elevated 
expression of IL-6 in cardiomyocytes that is induced 
by LPS stimulation. The IL-6 level of the LPS group 
was significantly higher than that of the normal 
group. However, the IL-6 level in the LPS+UCP2 over-
expressed group was significantly lower than that of 
the LPS group. N=6. *P<0.05.

Figure 2. UCP2 overexpression reverses the elevated 
expression of TNF-α in cardiomyocytes that is in-
duced by LPS stimulation. The TNF-α level of the LPS 
group was significantly higher than that of the normal 
group. However, the TNF-α level in the LPS+UCP2 
overexpressed group was significantly lower than 
that of the LPS group, but were higher than normal 
group. N=6. *P<0.05.
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and time (Figure 5A-D, Supplementary Movies 
1, 2, 3, 4, 5, 6). After stimulating myocardial 

cells with LPS, the mitoflash frequency was sig-
nificantly increased compared with the normal 
group (P<0.05). UCP2 overexpression signifi-
cantly reversed the increased mitoflash fre-
quency resulting from LPS stimulation (LPS 
group vs. LPS+UCP2 overexpressed group, 
P<0.05). Transfection of the empty vector had 
no effect on the mitoflash frequency; there 
were no significant differences in the mitoflash 
frequencies when comparing the normal group 
to the empty vector group or the LPS group to 
the LPS+empty vector group (P>0.05) (Figure 
5A-D). 

Changes in the mitochondrial membrane po-
tential of each group

To further explore the effects of overexpressed 
UCP2 on the MMP of cardiomyocytes with sep-
sis, TMRM (100 nM, 10 min) was employed. 
After staining, quantitative analysis was per-
formed utilizing confocal laser scanning micros-
copy, and the relative fluorescence intensity 
was analyzed to explore the changes in the 
MMP. Compared with the normal group, the 
fluorescence intensities from the LPS and 
LPS+empty vector groups were significantly 
lower (P<0.05), while the fluorescence from the 
LPS+UCP2 overexpressed group was signifi-
cantly higher than that the LPS group (P<0.05). 
The differences between the normal, UCP2 
overexpressed, and empty vector groups were 
not statistically significant (P>0.05). The differ-
ences between the LPS group and the LPS+ 
empty vector were also not significant (P>0.05) 
(Figure 6).

UCP2 protein expression

In the UCP2 and LPS+UCP2 overexpressed 
groups, UCP2 protein expression levels were 
significantly increased (P<0.05 vs. the normal 
group, the empty vector group, the LPS group, 
or the LPS+empty vector). Compared with the 
normal group, UCP2 expression in the LPS 
group was significantly upregulated. However, 
no significant differences were detected in 
UCP2 protein expression between the LPS and 
LPS+empty vector groups (P>0.05) (Figure 7).

Discussion

The results from this study suggest that UCP2 
overexpression functions to protect myocar- 
dial cells injured by LPS stimulation. We also 

Figure 3. UCP2 overexpression reverses the elevated 
expression of LDH in cardiomyocytes that is induced 
by LPS stimulation. The level of LDH in the LPS group 
was significantly higher than that of the normal group. 
Interestingly, the level of LDH in the LPS+UCP2 over-
expressed group was significantly lower than that of 
the LPS group, but were higher than normal group 
(P<0.05). N=6. *P<0.05. 

Figure 4. UCP2 overexpression reverses the elevated 
expression of CK in cardiomyocytes that is induced 
by LPS stimulation. The level of CK in the LPS group 
was significantly higher than that of the normal 
group, and the level of CK in the LPS+UCP2 overex-
pressed group was significantly lower than that of the 
LPS group, but were higher than normal group. N=6. 
*P<0.05.
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observed that the mitoflash frequency in LPS-
stimulated myocardial cells was significantly 
increased, suggesting an overproduction of 
mitochondrial ROS. UCP2 overexpression can 

reverse this process; the reversal mechanism 
could be due to the leakage of hydrogen ions 
from the intermembrane space of the mito-
chondria into the mitochondrial matrix through 

Figure 5. Single mitochondrial flashes detected in cardiomyocytes. (A) Representative images of the intact myocar-
dium showing the colocalization of cpYFP and TMRM. Scale bar = 20000 nm. (B) Image of a single cardiomyocyte in 
the intact myocardium. The area highlighted by the white boxes is enlarged to show a mitochondrial flash accompa-
nied with a decrease in the membrane potential (white arrows). Scale bars = 20000 and 5000 nm for the full size 
and enlarged images, respectively. (C) Traces showing the fluorescence changes during the single mitochondrial 
flash highlighted in (B). (D) Effects of UCP2 overexpression or LPS treatment (2 μg/ml, 24 h) on mitoflash activity in 
cardiomyocytes. 40/oil immersion field per group. N=6. *P<0.05. 
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the UCP2 ion carrier. Thus, the excessive poten-
tial resulted from the decreased function of  
the mitochondrial complex induced by LPS. 
Therefore, ROS production decreases by reduc-
ing the interactions between electrons and 
oxygen. 

LPS is a components in the cell walls of Gram-
negative bacteria and a trigger for sepsis [29]. 
It is also a mediator of shock and inflammation. 
LPS can enter the lymphatic circulation system 
and trigger a systemic inflammatory response 
[30]. Pro-inflammatory cytokines, such as 
TNF-α and IL-6, participate in the occurrence 
and regulation of this inflammatory response 
[31]. CK, LDH, and MMP are commonly recog-
nized indicators of myocardial injuries. In our 
study, we found that CK, LDH, IL-6, and TNF-α 
expression levels in primary myocardial cells 
increased significantly with LPS stimulation, 
while a decrease in the MMP was observed. 

ROS have both positive and negative functions 
in the cell environment. An appropriate level of 
ROS is beneficial for defending the body from 
bacterial infection. However, excessive ROS 
can result in cellular damage [32, 33]. In the 
context of sepsis, excessive ROS damages the 
functional proteins and enzymes on the mito-
chondrial membrane and further worsens mi- 
tochondrial dysfunction [7, 34, 35]. LPS can 
increase NADH oxidase expression and oxide 
levels, which can lead to increased ROS pro-
duction [36, 37]. Studies have reported that 
the oxidative stress response can result in 
mitochondrial dysfunction, the opening of 
mPTPs, and the release of pro-apoptotic pro-
teins. All of these changes can cause cell death 
in the form of either apoptosis or necrosis [38, 
39]. In our study, the frequency of mitoflashes 

Figure 6. Cardiomyocytes were stained with TMRM and a confocal microscope was used to observe the fluorescence 
intensity at 561 nm. The contrast in relative fluorescence intensity reflects the magnitude of the mitochondrial 
membrane potentials of cardiomyocytes from various groups. LPS stimulation causes the mitochondrial membrane 
potential to decrease significantly, which is reversed by UCP2 overexpression. N=6. *P<0.05. 

Figure 7. UCP2 protein expression in the LPS+UCP2 
overexpression group is significantly higher than the 
in the normal, LPS, or empty viral vector groups. UCP2 
protein expression in the LPS group is significantly 
higher than in the normal group. N=3. *P<0.05. 
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in LPS-stimulated myocardial cells was signifi-
cantly increased, suggesting a significant in- 
crease in ROS production in the presence of 
LPS stimulation [12]. A possible mechanism for 
these changes is the abnormal increase in 
mPTP opening in myocardial cells caused by 
LPS stimulation. These openings allow for the 
transfer of water and cations into the mitochon-
drial matrix, membrane potential depolariza-
tion, and inner membrane edema. This mechan-
ical pressure could cause the dislocation of 
proteins in the respiratory electron transport 
chain, and these electrons could leak through 
protein molecules interfaces and interact with 
oxygen, resulting in bursts of ROS. The vicious 
cycle perpetuated by excessive ROS production 
can cause severe myocardial injury. Membrane 
depolarization and bursts of ROS formation 
stimulate the operation of the respiratory elec-
tron transport chains, increasing transmem-
brane proton pumping and causing matrix alkyl-
ation [23]. 

UCP2 is a mitochondrial anion carrier protein 
that achieves oxidative phosphorylation uncou-
pling by clearing the proton gradients on the 
two sides of the inner mitochondrial membrane 
during ATP production, which then reduces the 
electrochemical gradients on the two sides of 
the inner mitochondrial membrane [40]. Kizaki 
T et al. transfected macrophages with UCP2 
cDNA and found that ROS production by macro-
phages decreased [41].  Blanc J found that the 
lack of UCP2 in blood cells can lead to increased 
ROS synthesis and can cause the worsening of 
atherosclerosis [42]. The results from these 
studies are similar to those found in our study. 
With LPS stimulation and UCP2 overexpres-
sion, the frequency of mitoflash occurrence 
was significantly lower compared with cells 
without UCP2 overexpression. Additionally, CK, 
LDH, IL-6, and TNF-α expression levels de- 
creased, and the decreased MMP was reversed. 
These results suggested that UCP2 overexpres-
sion effectively reduced ROS production and 
provided a certain degree of protection for myo-
cardial cells from sepsis-induced injury. A pos-
sible mechanism for these effects is an en- 
hanced uncoupling function resulting from 
UCP2 overexpression. This enhanced function 
allows protons to leak from the intermembrane 
space into the mitochondrial matrix, which par-
tially relieves the mitochondrial complex dys-
function triggered by LPS stimulation, reduces 

excessive potential, decreases the interactions 
between electrons and oxygens, and therefore 
reduces ROS production. Additionally, trans-
membrane proton pumping and matrix alkyla-
tion are also reduced. The mitochondrial ho- 
meostasis then approaches a natural state, 
resulting in a certain degree of protection for 
the myocardium. 

The results from our study indicated that se- 
psis can cause ROS overproduction in the mito-
chondria of myocardial cells. ROS overproduc-
tion then leads to increases in mitoflash fre-
quency and pro-inflammatory cytokine release 
and decreases in myocardial enzymatic activity 
and MMP. These changes then cause myocar-
dial injury. UCP2 overexpression may decrease 
ROS production by applying its uncoupling func-
tion and facilitating the decrease in mitoflash 
frequency. Thus the myocardial injury caused 
by sepsis is then reversed.  

There are some limitations in our study. First, 
the function of UCP2 overexpression in protect-
ing the myocardium by reducing ROS produc-
tion under LPS stimulation was only supported 
by in vitro experiments. Additionally, the ob- 
served significant regulation of mitoflash fre-
quency by UCP2 overexpression could be due 
to the uncoupling function of UCP2. However, 
the mechanism of this effect is unclear and 
requires further investigation. 

In conclusion, this study is the first demonstrat-
ing the function of UCP2 overexpression in pro-
tecting the myocardium by regulating mitoflash 
frequency and reversing sepsis-induced myo-
cardial injuries.   
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Supplementary Movie 1. Mitoflash activity under basal condition (Normal group).

Supplementary Movie 2. Mitoflash activity in response to UCP2 overexpressed condition.

Supplementary Movie 3. Mitoflash activity in response to empty vector.

Supplementary Movie 4. Mitoflash activity in response to LPS induced (2 μg/ml, 24 h).

Supplementary Movie 5. Mitoflash activity in LPS+UCP2 overexpressed group (2 μg/ml, 24 h).

Supplementary Movie 6. Mitoflash activity in LPS+empty vector.


