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Effects of selenium on myocardial apoptosis by
modifying the activity of mitochondrial STAT3 and
regulating potassium channel expression
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Abstract. The present study investigated the effects of
myocardial mitochondrial signal transduction and activator of
transcription 3 (STAT3), succinate dehydrogenase activity and
changes of potassium channel expression on cardiomyocyte
apoptosis under low selenium conditions. Primary cultured
cardiomyocytes from neonatal mice were divided into the
non-toxic control group (0.1 M sodium selenite) and low sele-
nium treatment group (0.05 #M sodium selenite) according
to different selenium concentrations. The expression of
mitochondrial STAT3, p-STAT3, p-Kv1.2 potassium channel
and apoptosis-related proteins, Bax and Bcl-2, were assessed
by immunoblotting. Succinate dehydrogenase activity was
measured by spectrophotometry. Flow cytometry was used
to detect cardiomyocyte apoptosis. Low selenium treatment
reduced the expression of p-STAT3, but did not affect the
expression of STAT3. In addition, low selenium treatment
reduced the activity of mitochondrial STAT3 and succinate
dehydrogenase in cardiomyocytes, leading to injury of
myocardial mitochondria. Compared with the control group,
low selenium conditions reduced the activity of p-Kv1.2 and
reduced the normal electrophysiological function of cardio-
myocytes. In the low selenium-treated group, the expression
of Bax protein increased, whereas the expression of Bcl-2
protein decreased. The apoptotic rate increased. In conclusion,
selenium deficiency in cardiomyocytes leads to decreased
potassium channel expression and decreased mitochondrial
STAT3 activity and mitochondrial function, which in turn
promotes the apoptosis of cardiomyocytes.
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Introduction

As an essential trace element for humans, selenium plays
pivotal regulatory functions in maintaining human health
by supporting the function of various enzymes (1). Previous
experimental and clinical studies have shown that selenium
level and cardiovascular disease are correlated. The incidence
of coronary heart disease is negatively correlated with blood
selenium levels, and blood selenium level is an important
indicator for the determination of coronary heart disease (2).
Atherosclerosis is primarily caused by the peroxidation of endo-
thelial cell membrane lipids. Low selenium leads to decreased
activity of antioxidant enzymes, resulting in the aggravation of
atherosclerosis. Selenium supplements have significant thera-
peutic effects in patients with atherosclerosis (3). In addition,
low selenium is a major cause of Keshan disease, which mani-
fests with myocardial necrosis (4). Therefore, selenium plays
an important role in the apoptosis of cardiomyocytes. STAT3
is important in signal transduction and the formation of various
cardiac cells. STAT3 has a variety of functions, which include
effects on mitochondrial transport pores and the regulation
of energy metabolism. Changes in mitochondrial STAT3
expression and activity can reflect myocardial cell activity (5).
Succinate dehydrogenase is located in the mitochondrial inner
membrane, and is involved in mitochondrial ATP production.
Changes in the levels of succinate dehydrogenase can reflect
intracellular mitochondrial activity. Myocardial repolariza-
tion current abnormalities and the prolongation of action
potential duration are important causes for the development of
arrhythmia, in which potassium channel-mediated K* currents
play an important role. In addition, heart failure affects the
expression of various potassium channels (6). Potassium chan-
nels and apoptosis are closely related. The loss of potassium
ions can promote the apoptosis of normal cells and further lead
to the occurrence and aggravation of myocardial disease (7).
Low selenium affects the expression of mitochondrial
STAT3 and potassium channels (8), although its relationship
with cardiomyocyte apoptosis remains unclear. To investigate
the effects of low selenium on mitochondrial activity and
myocardial cell apoptosis and the molecular mechanism, the
levels of STAT3, succinate dehydrogenase, the Kvl.2 potas-
sium channel, and apoptosis-related proteins in primary
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cultured cardiomyocytes of neonatal mice were measured
under low selenium and normal selenium conditions.

Materials and methods

Extraction and culture of neonatal rat cardiomyocytes. Six
3-day-old C57BL/6 mice from the Model Animal Research
Center of Nanjing (Nanjing, China), were immersed in
75% absolute ethanol for 1-2 min. The sternum was cut to
harvest the heart. The heart was then placed in precooled
Hanks broth to remove excess surrounding tissue, and rinsed
three times with precooled Hanks broth. The heart was then
placed in trypsin and sectioned. Samples were placed in a
37°C water bath for 10 min. The supernatant was removed
after precipitation, followed by additional trypsin digestion for
10 min. The samples were mixed with a pipette and medium
was added to stop the digestion. The digestion process was
repeated 6 times. The digested cells were centrifuged at
111.8 x g for 10 min, and mixed with an appropriate volume
of medium. Finally, the samples were cultured in an incubator
with 5% CO, at 37°C. Cell status was observed 24 h later.

Approval for animal studies was obtained from the
Ethics Committee of Central Hospital of Enshi Autonomous
Prefecture.

Determination of the concentration of low selenium culture
medium. Well-grown primary cardiomyocytes were cultured
in medium containing 0 ,0.01 ,0.05,0.08 ,0.1 ,0.5 and 1 M
sodium selenite, and normal culture medium, respectively.
After 36 h, the cell death rates under different concentra-
tions of selenium were calculated. Lactate dehydrogenase
test showed no significant difference in toxicity between
the 0.1 M selenium treatment and normal culture medium
groups. The 0.1 uM selenium treatment group was suitable
for use as the normal selenium control group. Compared with
the 0.1 M selenium treatment, medium containing higher or
lower selenium concentrations resulted in different degrees
of cell death. Cardiomyocyte mortality was 50% in the group
treated with 0.05 yM selenium. Medium containing 0.05 yM
selenium was used in the low selenium-treated group.

Extraction of myocardial mitochondria. Appropriate amounts
of cardiomyocytes were collected from the control and low sele-
nium treatment groups. The cells were digested with trypsin.
After centrifugation, appropriate amounts of lysis buffer
were added, and the samples were placed in a homogenizer
and ground on ice. Nuclei were removed by centrifugation
at 1,200 x g for 15 min at 4°C, followed by centrifugation at
10,000 x g for 10 min. The supernatant was discarded, and the
mitochondrial precipitate was retained. Finally, an appropriate
amount of mitochondrial storage solution was added for -80°C
storage of samples.

Detection of mitochondrial succinate dehydrogenase activity.
A succinate dehydrogenase activity assay kit (Sigma-Aldrich,
St. Louis, MO, USA) was used. Samples and standards for
analysis were diluted according to the instructions of the kit,
and were added to enzyme-linked immunosorbent assay plates.
Plates were blocked and placed at 37°C for 30 min. The liquid
was discarded, samples were washed with washing buffer, and
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50 pl of enzyme-labeled reagent was added to each well. The
plates were then subjected to 37°C incubation for 30 min. The
color development step was performed in the dark at 37°C for
10 min after five washes. Succinate dehydrogenase activity
was measured at 600 nm using a spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA).

Immunoblotting. Mitochondria from myocardial cells in the
control and low selenium treatment groups were harvested, and
protein concentration was measured with a NanoDrop 2000
(Thermo Fisher Scientific) after lysis. In addition, whole cell
protein concentration in the control and low selenium treatment
groups were measured after whole cell lysis. Equal amounts
of mitochondrial lysate or whole cell lysate were subjected
to SDS-PAGE. After electrophoresis at 120 V for 80 min, the
protein was transferred to membranes under 350 mA for 4 h.
The membranes were blocked with 5% sugar-free skim milk
for 1 h. After incubation with primary antibody for 4 h at room
temperature according to the instructions, the membranes were
washed three times with TBST and incubated with secondary
antibody for 1 h at room temperature, followed by radiography.
Rabbit monoclonal STAT3 antibody (dilution, 1:500; cat.
no. ab68153), rabbit monoclonal p-STAT3 antibody (dilution,
1:500; cat. no. ab76315), rabbit polyclonal Kvl.2 antibody
(dilution, 1:500; cat. no. ab55987), rabbit polyclonal p-Kv1.2
antibody (dilution, 1:500; cat. no. ab65789) and secondary
goat anti-rabbit (HRP) IgG antibody (dilution, 1:2,000; cat.
no. ab6721) were all purchased from Abcam (Cambridge, MA,
USA). The images obtained were scanned. Image J (National
Institutes of Health, Bethesda, MD, USA) was used to analyze
grayscale values for each band and the data were recorded for
statistical analysis. Antibodies used for immunoblotting were
from Abcam (Chicago, IL, USA).

Flow cytometric detection of myocardial cell apoptosis.
Cardiomyocytes were collected from the normal control and
low selenium treatment groups. After washing with 0.01 MPBS,
the cells were fixed in precooled 70% ethanol for 2 h. The
cells were then resuspended in PBS and filtered, followed by
centrifugation at 111.8 x g for 5 min. PBS was discarded. The
samples were incubated with propidium iodide (PI) staining
solution for 0.5 h at 4°C in the dark. Cardiomyocyte apop-
tosis was measured using flow cytometry (BD Biosciences,
San Jose, CA, USA) at 488 nm.

Statistical analysis. Statistical analysis was performed using
SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). Data are presented
as mean + standard deviation. Differences between groups were
analyzed by t-test. P<0.05 was considered statistically significant.

Results

Determination of myocardial mitochondrial enzyme
activity and changes of STAT3 expression. After 36 h of
culture, myocardial mitochondria of the control and low
selenium-treated groups were extracted, and succinate dehy-
drogenase activity was measured. Compared with the control
group, succinate dehydrogenase activity in the low selenium
group was significantly decreased (P<0.05) (Fig. 1A). p-STAT3
is the active state of STAT3. After mitochondrial lysis, the
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Figure. 1 Changes of succinate dehydrogenase activity and STAT3 expression. (A) Mitochondria from the control and low selenium treatment groups were
extracted, and succinate dehydrogenase activity was measured. Succinate dehydrogenase activity in the low selenium treatment group was significantly
decreased. (B) The levels of p-STAT3 and STATS3 in the control and low selenium treatment groups were measured by immunoblotting. (C) Statistical analyses
showed that mitochondrial STAT3 activity (p-STAT3/STAT?3) in the low selenium-treated group was significantly lower than that of the normal control group,
but no significant change in STAT3 level was detected. “P<0.01. NS, no significant difference. STAT3, signal transduction and activator of transcription 3.
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Figure 2. Expression of the potassium channel protein, KCN, in the normal control and low selenium treatment groups. Expression of the Kv1.2 potas-
sium channel and p-Kv1.2 in cardiomyocytes of the low selenium-treated group was measured by immunoblotting. Active Kv1.2 (p-Kv1.2) level in the low
selenium-treated group was significantly lower than that in the normal control group. “P<0.01.

expression of p-STAT3 and total STAT3 was assessed by
immunoblotting. STAT3 activity is represented by the ratio of
p-STAT3 (active state) to total STAT3. Mitochondrial STAT3
activity (p-STAT3/STATS3) in the low selenium treatment
group was significantly lower than that in the normal control
group (P<0.01), but there was no significant difference in
STAT3 level between the two groups (Fig. 1B).

Potassium channel protein expression. Potassium channel
expression in cardiomyocytes is diverse with different degrees
of activity. We selected the Kv1.2 potassium channel as the
detection index. Kv1.2 protein becomes active through an auto-
phosphorylation reaction. The expression of Kv1.2 and p-Kv1.2
in myocardial cells of the low selenium treatment group was
assessed by immunoblotting. Compared with the normal
control group, the level of p-Kv1.2 in the low selenium-treated
group was significantly lower (Fig. 2).

Detection of changes in apoptosis-related protein expression.
Bax and Bcl-2 are important factors in apoptosis. When

apoptosis occurs, related signaling pathways become activated.
Apoptosis can be determined by the expression pattern of
these two proteins. Whole cell lysates from normal and low
selenium treated myocardial cells were prepared, and the levels
of Bax and Bcl-2 in primary cardiomyocytes were assessed by
immunoblotting. As shown in Fig. 3, Bax protein level in the
low selenium-treated group was significantly increased, while
Bcl-2 protein level was decreased.

Flow cytometric detection of myocardial cell apoptosis in the
low selenium-treated group. Cardiomyocytes were harvested
from the normal control and low selenium-treated groups
after 36 h of culture, and the apoptotic rate was determined
by flow cytometry. PI staining showed that cells in the normal
control group were mainly non-apoptotic, while the low
selenium-treated group showed severe apoptosis and a large
number of dead cells. After statistical analyses, we found that
the apoptotic rate of cardiomyocytes in the low selenium-treated
group was 42.62+2.21%, which was significantly higher than
that of the normal control group (6.13+2.32%), indicating that



2204 ZHANG et al: MYOCARDIAL APOPTOSIS THROUGH STAT3 AND POTASSIUM CHANNEL EXPRESSION

g [ The control group
*g B The low selenium treatment group
£
a -
= 25 %%
2
0
= 2.0
-+
S
Bel-2 SR e g 15 .
E - —_
Bax W a— < 107
)
— ) =
S 0549
p-actin E -
2 0.0 T T
o0 i z
o > - Ba
) 0\%( | sa\e‘\‘oﬁQ rg Bel-2 X
N o™ e\"i\e“‘ ‘
‘ﬂ“ Q‘:‘e‘b"

Figure 3. Changes in the expression of apoptosis-related proteins, Bax and Bcl-2. Expression of Bax and Bcl-2 in primary cardiomyocytes was assessed by
immunoblotting. Expression of Bax was significantly increased, while the expression of Bcl-2 was decreased in the low selenium-treated group. “P<0.01.
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Figure 4. Apoptotic rate of the control and low selenium treatment groups detected by flow cytometry. ““P<0.001.

low selenium conditions have significant proapoptotic effects
on cardiomyocytes (Fig. 4).

Discussion

As one of the essential trace elements of humans, selenium
is related to various biological processes such as antioxida-
tion, immunity, aging and disease (8). Selenium deficiency
can cause a variety of diseases, most of which are caused by
oxidative damage. Studies found that mitochondrial injury
was the primary result of cardiomyocyte injury caused
by decreased blood selenium level and is reflected by the
damage of the mitochondrial membrane, generation of reac-
tive oxygen species, and elevation of lipid oxide, eventually
leading to apoptosis of cardiomyocytes (9). As a member of
the mitochondrial signal transduction and transcription factor
family, p-STATS3 is closely related to cell damage (10). Both
clinical and experimental data have shown that the levels of
STAT3 protein are reduced in cardiomyopathy patients and
animal models, indicating the involvement of STAT3 in the
pathogenesis of cardiomyopathy (11). A previous study found
that STAT3 plays an important role in preserving electron

transport chain complexes, and stabilizing intracellular ATP
levels to maintain the normal function of mitochondrial
protection through interaction with mitochondrial respiratory
chain complex I (12). In addition, selenium can upregulate
the activity of STAT3 in cells, which in turn regulates the
expression of downstream genes and participates in the apop-
totic process (12). Myocardial mitochondrial STAT3 activity
was shown to be positively correlated with cardiac function
in rats (13). In this study, we isolated cardiomyocytes from
C57BL/6 neonatal mice. Cardiomyocytes were subjected to
low selenium treatment to simulate the pathological envi-
ronment of selenium deficiency. After mitochondria were
isolated from cardiomyocytes, changes in p-STAT3/STAT3
were assessed by immunobloting to demonstrate changes
in mitochondrial STAT3 activity. The results showed that
STATS3 activity was decreased under low selenium conditions,
although the expression of STAT3 protein did not change.
Detection of succinate dehydrogenase activity can indirectly
indicate changes of mitochondrial activity. Our results
showed that mitochondrial activity in cardiomyocytes was
significantly lower in the low selenium treatment group than
in the control group. These data suggest that low selenium
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treatment may affect the activity of mitochondrial STAT3,
leading to impaired mitochondrial function.

As the most diverse and widespread ion channels of
cellular membranes, potassium channels are closely related
to cytokine secretion, gene expression, proliferation, and
apoptosis (14). The molecular structure of potassium channels
and their function in anti-heart failure have been previously
reported. However, the role of potassium channels in cell
proliferation, division, and apoptosis remains unclear. The
roles and functional mechanisms of potassium channels in
cardiomyocyte injury remain unknown (15,16). It was found
that apoptotic rate was increased in cardiomyocytes with
increased expression of cysteinyl aspartate specific protein-
ases (caspases), and potassium channels decreased the rate
of apoptosis by reducing potassium influx (17). Studies have
also reported that potassium channel blockers can inhibit
cell apoptosis (18). These studies suggest that intracellular
potassium efflux and apoptosis are closely related (19). There
are various potassium channels with diverse functions (20).
The role of the Kvl.2 potassium channel in myocardial
disease remains unclear. STAT3 plays a protective role in the
myocardial ischemia model. Potassium channels also play an
important role in maintaining normal physiological function
and inhibiting autophagy of cardiomyocytes. However, there
is no report on whether the effects of selenium deficiency on
the activity of mitochondrial STAT3 and Kvl1.2 in cardio-
myocytes can induce the generation of apoptotic signals,
and further lead to cardiomyocyte apoptosis. Therefore, we
isolated cardiomyocytes and treated them with low selenium
to investigate this phenomenon at the cellular level. Kv1.2 level
did not change significantly after low selenium treatment,
although p-Kvl1.2 level decreased significantly, indicating
that the activity of potassium channels in myocardial cells
decreased under low selenium conditions. The expression of
the apoptosis-related proteins, Bax and Bcl-2, was measured
under the same conditions where both STAT3 and potassium
channels were affected. The expression of apoptosis-related
proteins Bax was significantly increased while Bcl-2 was
significantly decreased in the low selenium treatment group.
Flow cytometry showed that the rate of apoptosis of cardio-
myocytes was increased after treatment with low selenium.

In conclusion, selenium deficiency reduced mitochondrial
STAT3 activity and reduced the activity of mitochondria.
In addition, selenium deficiency reduced the expression of
potassium channels in cardiomyocytes and promoted the
expression of apoptosis-related proteins such as Bax, leading
to the apoptosis of cardiomyocytes. This study further
elucidated the pathogenic mechanism of selenium deficiency
in myocardial diseases and provided a theoretical basis for the
development of selenium-related therapeutic drugs.
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