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A B S T R A C T

Objective: Selenium(Se)is an important trace element for human health. Studies have shown that selenium de-
ficiency and low protein(Pr) intake are the primary risk factors for Keshan disease.The relationship between the
cardiac malfunction induced by these two risk factors and the mitochondria-mediated apoptotic pathway is
poorly understood.This study aimed to determine the effect of selenium deficiency and low protein intake on the
mitochondria-mediated apoptotic pathway.
Methods: In the present study, 120 weaning Wistar rats were randomly fed one of six different diets. The
myocardial tissue sections were deparaffinized in water and subjected to hematoxylin-eosin staining.
Mitochondrial changes in the myocardial tissue were observed and photographed using an H-7650 Hitachi
transmission electron microscope. Levels of whole blood Se were measured using hydride generation atomic
fluorescence spectrometry. Whole blood glutathione peroxidase (GSH-Px) activity was measured using a glu-
tathione peroxidase cellular activity assay kit. Malondialdehyde (MDA), total-anti-oxidizing-capability(T-AOC)
and reactive oxygen species(ROS)levels in serum and myocardial tissue were measured using MDA, T-AOC and
ROS kits. Apoptosis was detected by immunohistochemistry.
Results: Experimental results showed that the selenium-deficient diet decreased serum selenium levels and GSH-
PX activity, which caused severe cardiac dysfunction. Importantly, the levels of MDA and ROS in serum and
myocardial tissue defects were significantly increased, where as total-anti-oxidizing-capability(T-AOC) levels
were dramatically decreased as a result of the combination of selenium deficiency and low protein intake
(P< 0.05).The levels of cleaved caspase-9 and cleaved caspase-3 were enhanced, but the expression of B-cell
lymphoma-2 (Bcl-2) was reduced (P<0.05).
Conclusions: Our results suggest that selenium deficiency and low protein intake can cause oxidative stress in the
myocardium and induce cell apoptosis via the mitochondria-mediated pathway.

1. Introduction

Selenium is an important component of glutathione peroxidase
(GSH-Px) and a trace element that is important for human health.
Selenium deficiency is closely linked to many diseases, such as Keshan
disease [1]. Dietary selenium deficiency and low protein intake are the
primary risk factors for Keshan disease [2–7], and the combined effects
of the two factors are more harmful than a single factor alone [8].The
early pathological changes associated with Keshan disease are ab-
normal structure and function of cardiac mitochondria. The

combination of selenium deficiency and low protein intake causes mi-
tochondrial damage due to the low activity of GSH-Px and the accu-
mulation of ROS in the cell [9].The activity and content of GSH-Px are
important indicators that are used in biological studies to measure se-
lenium levels [10]. Mitochondrial initiation of endogenous pathway
was found in myocardial tissue in autopsy of acute, subacute and
chronic Keshan disease, which is closely related to selenium deficiency
[11].

The mitochondria-mediated apoptotic pathway plays a key role in
maintaining a balance between cell proliferation and death. When the
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balance is disturbed as a result of selenium deficiency and low protein
intake, the mitochondria-mediated pathway are activated. In this study,
we compared the level of cleaved caspase-9,cleaved caspase-3, and Bcl-
2 in the mitochondrial pathway and further explored the effects of se-
lenium deficiency and a low protein diet in rats.

2. Materials and methods

2.1. Animals and experimental groups

The animal procedures and subsequent experiment described in this
study were approved by the Institutional Animal Use and Care
Committee of Harbin Medical Sciences University. One hundred and
twenty weaning male Wistar rats (SPF class, 18days old, body weight
78 ± 2 g) were purchased from Beijing Vital River Laboratory Animal
Technology Co.,Ltd. The rats were randomly divided into six groups.
They had free access to demineralized water and were kept under en-
vironmental conditions (12 h light-darkcycle, temperature 22 ± 2 °C,
humidity 65 ± 4%).The six treatment groups were fed for 90 days, and
all of the diets were purchased from Beijing Keao Xieli Feed Co.,Ltd.,
according to theAIN-93M formula [12].The control group and the
doxorubicin group were fed a standard diet according to the AIN-93 G
formula [13,14]. The other groups were fed a corresponding diet, as
shown in Table 1.

2.2. Selenium status and glutathione peroxidase activity

Levels of whole blood Se were measured using hydride generation
atomic fluorescence spectrometry. The whole blood samples were di-
gested with concentrated nitric acid and perchloric acid in a 4:1 ratio.
Thermal digestion was performed at 180 °C by using a digital KXS-3.6
electric sand bath (Lei Yun Test Instrument Manufacturing Co., Ltd.,
Shanghai, China). The calibration curves were prepared in a solution
containing 6% (v/v) hydrochloric acid with different volumes of 1 μg/L
Se standard solution (CAS#7782-49-2). Serum samples were de-
termined by AFS-930 dual channel atomic fluorescence spectrometry
(Jitian Instrument Co., Ltd., Beijing, China). Quality control (QC) was
ensured by analyzing certified reference material (GBW080193) from
the 301 Hospital Clinical Research Institute and the Ministry of Geology
and Minerals Rock and Minerals Laboratory.

Whole blood GSH-Px activity was measured using a glutathione
peroxidase cellular activity assay kit (Nanjing Jian cheng
Bioengineering Institute, China) according to the manufacturer’s in-
structions.

2.3. Hematoxylin-eosin staining

The myocardial tissue sections were deparaffinized in water and
subjected to hematoxylin-eosin staining as follows. Tissues were soaked
in hematoxyl in stain for 3–5min, tap water for 1min, hydrochloric
acid differentiation solution for 2 s (dipped twice), tap water for 5min
(back to blue), eosin stain for 2–3min, and tap water for 30 s. Then, the
tissue sections were dehydrated with 85% ethanol for 20 s, 95% hex-
anol I for 1min, 95% ethanol II for 1min, 100% ethanol I for 2min.,
and 100% ethanol II for 2min. The tissue sections were then trans-
parentized via xylene I for 5min and xylene II for 5min. Finally, an
eutral gum seal was applied. Myocardial tissue damage was observed
and compared among the Se deficiency, low protein, and control
groups. Photographs were taken using an OLYMPUS BX53 microscope
(Olympus Corporation of Japan).

2.4. Transmission Electron microscopy of myocardial tissue

The cardiac apex (1.0 mm3) was fixed in 2.5% glutaraldehyde and
rinsed with 1M phosphate buffer (pH=7.2), then fixed with 1% os-
mium tetroxide for 1 h and stained with 1% uranyl acetate. Tissue was
dehydrated by soaking in acetone (acetone to the embedding
liquid= 1:137 °C, 2 h; acetone to the embedding liquid=1:4, 37 °C,
overnight; 100% of the embedding liquid,45 °C, 2 h) and embedded at
45 °C for 3 h and 65 °C for 48 h. Mitochondrial changes in the myo-
cardial tissue of Se-deficient rats and normal controls were observed
and photographed using an H-7650 Hitachi transmission electron mi-
croscope (Hitachi, Japan).

2.5. TUNEL analysis

Myocardial apoptosis was quantified using a terminal deox-
ynucleotidyl transferase nick-end labeling (TUNEL) kit (Roche
Diagnostics) according to the manufacturer’s instructions. The
ImagePro Plus image analysis software and 400× optical microscope
images were analyzed to determine the cumulative optical density
(IOD) of positive cells in each group for a semiquantitative analysis.

2.6. Levels of MDA, ROS and T-AOC in serum and myocardial tissue

Malondialdehyde (MDA), total-anti-oxidizing-capability (T-AOC)
and reactive oxygen species (ROS) levels in serum and myocardial
tissue were measured using MDA, T-AOC and ROS kits (Nanjing
Institute of Bioengineering, China) according to the manufacturer's in-
structions.

2.7. Apoptosis was detected by immunohistochemistry

The sections were deparaffinized. Then, 3% H2O2 was added to
inactivate endogenous peroxidases. Subsequently, 0.01M/L citric acid
was used to retrieval the antigen, and protein expression was detected
by SABC immunohistochemistry (the SABC kit was purchased from
Wuhan Bude Bioengineering Co., Ltd.). All of the sections were devel-
oped with DAB, stained with hematoxylin, and sealed with a neutral
resin. In the negative control group, the primary antibody was replaced
with PBS, and the other steps were the same as those mentioned pre-
viously. Images were analyzed using ImagePro Plus image analysis
software and an optical microscope 400×, and brown-yellow particles
in the cytoplasm or nucleus were used as positive criteria. The cumu-
lative optical density (IOD) of positive signals in each group was
measured, and a semiquantitative analysis was performed.

2.8. Statistical analysis

In immunohistochemistry and TUNEL images, brownish yellow is
positively stained and the total amount of cumulative optical density

Table 1
Ingredients of diet.

Group Number Selenium
(mg/kg)

Protein(%) other nutrients
ingredients

Control 20 0.24 18.8 a
Deficiency selenium 20 0.01 18.8 a
Deficiency protein 20 0.24 10 a
Deficiency selenium

and protein(se-pr)
20 0.01 10 a

Corn from Keshan
disease area

20 0.01 7.2 b

Doxorubicin 20 0.24 18.8 a

Note: 1. Doxorubicin group：doxorubicin 2mg/kg, intraperitoneal injection,
once a week for 7 times.
2. a: Other nutrient ingredients: Corn Starch 39.7%, Casein-Vitamin Free
20.0%,Maltodextrin13.2%, Sucrose10.0%, Soybean Oil 7.0%, Powdered
Cellulose 5.0%, AIN93 G Mineral Mix 3.5%, AIN 93 Vitamin Mix1.0%, L-
Cystine0.3%, Choline Bitartrate0.25%, t-Butylhydroquinone 0.0014%.
b: Other nutrient ingredients: Starch 70%, unsaturated fatty acid52%, Mineral
Mix 3.0%, Vitamin Mix1.0%, Lysine 0.27%, threonine 0.31%, methio-
nine+ cystine 0.31%.
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values per unit area is compared between groups. The relative values of
IOD SUM between the experimental group and the control group were
compared. The data obtained is normally distributed, so we use one-
way ANOVA to test the differences between the groups. Statistical
analysis was performed using SPSS for Windows software (version 19;
IBM, Armonk, NY, USA) and expressed as the mean ± SD. P < 0.05 is
considered significant for all analyses.

3. Results

3.1. Comparison of body weight

The body weights of rats were measured once a week for12 weeks to
evaluate the general nutritional status of experimental animals in dif-
ferent groups. The results showed that the bodyweights of rats fed with
corn from Keshan disease area (corn groups) were significantly lower
than rats in other groups from the second week. After sixth week,
doxorubicin was injected, the body weight of rats were lower than other
groups, but still higher than corn group. Except for these two groups,
the body weights of rats in other treatment groups were lower than
control rats in the last 6 weeks (Fig. 1).

3.2. Concentrations of blood Se and GSH-Px activity

Selenium concentrations in whole blood were measured to de-
termine the effect of dietary selenium deficiency. The results showed
that the levels of selenium in whole blood were significantly lower in
the treatment groups than in the control group (P < 0.05) (Fig. 2).

Many human studies have estimated selenium status through the
activity of GSH-P× . GSH-Px has been considered an important in-
dicators since it is a selenoenzyme. Decreased GSH-Px activity was
observed in whole blood of the Se-deficient rats (p < 0.05) (Fig. 3)
compared to the GSH-Px activity in the control group. This finding
indicates that the biosynthesis of GSH-Px was already affected to a large
extent after rats were fed a selenium-deficient diet.

3.3. Hematoxylin-eosin staining

To determine whether the selenium-deficient diet had an effect on
myocardial cell morphology, we stained the myocardial tissue with a
hematoxylin-eosin staining solution to compare the morphological
changes between the cardiomyocytes in the Se-deficient rats and those
in the control group. In the control group, the myocardial fibers were
arranged neatly, and the nucleus and cytoplasm were uniformly
stained. Compared with the results from the control group, myocardial
damage was increased in the selenium-deficient rats. In the treatment

group, parenchymal degeneration and necrosisac companied by in-
flammatory cell infiltration were observed in the endocardium and
interventricular septum, and some cardiomyocytes were pyknotic and
deeply stained. (Fig. 4).

3.4. Transmission electron microscopy of Myocardial tissue

To determine whether the selenium-deficient diet had an impact on
the mitochondria in the myocardium, we compared the ultrastructural
changes in Se-deficient rats with the ultrastructural changes in the
normal controls. The mitochondria of the normal control rats showed a
uniform distribution and good alignment of myofilaments. Most mi-
tochondria in the selenium-deficient rats showed irregular swelling,

Fig. 1. Weight of each treatment group of rats.

Fig. 2. Selenium content in whole blood of each treatment group of rats.

Fig. 3. GSH-PX activity in whole blood of each treatment group of rats.
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fractured myofilaments, sarcoplasmic reticulum expansion, a contrac-
tion band, multiple calcifications around the mitochondria, mitochon-
drial membrane rupture and lamellar body formation or myeloid
changes (Fig. 5).

3.5. Comparison of levels of MDA, ROS and T-AOC in serum and
myocardial tissue

To determine whether the selenium-deficient diet had an impact on
the myocardial oxidative defense system, we compared MDA, ROS and
T-AOC in the serum and myocardial tissue of selenium-deficient rats
and normal controls. The serum MDA and ROS levels were significantly
higher in the treatment group than in the control group (P < 0.05).The
level of serum T-AOC was significantly lower in the treatment group
than in the control group (P < 0.05) (Figs. 6–8).The myocardial MDA
level was significantly higher in the treatment groups than in the con-
trol group, with the exception of the selenium-deficient group

(P < 0.05). The level of ROS in the myocardium was significantly
higher in the treatment groups than in the control group, with the ex-
ception of the selenium-deficient group and the low protein group
(P < 0.05). The level of myocardial T-AOC was significantly lower in
the treatment group than in the control group (P < 0.05) (Figs. 9–11).

3.6. TUNEL assay

To determine whether the selenium-deficient diet had an impact on
cardiomyocyte apoptosis, we used the TUNEL assay method to compare
the apoptotic cell changes in Se-deficient rats and normal controls. The
apoptotic cells were determined according to the optical density (OD)
value of the slices from the myocardial tissue samples in different
groups. Apoptotic cell were gradually increased and widely distributed
in experimental groups, which brown-yellow staining was stronger,
compared with control group.The OD value of apoptotic cells in control
group (0.58 ± 0.14), the selenium-deficient group (0.66 ± 0.19), the

Fig. 4. Myocardial tissue from Wistar rats was
used for HE staining (200x magnification). The
control group, the myocardial fibers were ar-
ranged neatly, and the nucleus and cytoplasm
were uniformly stained. Selenium-deficient
group, there were some areas of cardiomyo-
cytes degeneration, necrosis. The protein-defi-
cient group, there were some areas of cardio-
myocytes degeneration, necrosis, similar to
selenium-deficient group. The selenium-defi-
cient and low protein group, myocardial da-
mage was increased, cardiomyocytes degen-
eration and necros were more serious. Corn
from the Keshan disease area group and the
doxorubicin group, myocardial damage were
increased, cardiomyocytes degeneration and
necros were most serious, parenchymal de-
generation and necrosisac companied by in-
flammatory cell infiltration were observed in
the endocardium and interventricular septum,
and some cardiomyocytes were pyknotic and
deeply stained.

Fig. 5. Myocardial tissue from Wistar rats was used for transmission electron microscopy (200x magnification). The mitochondria of control group showed a uniform
distribution and good alignment of myofilaments. The mitochondria of selenium-deficient group showed mitochondria swell, form autophagosomes, appear calci-
fication. The protein-deficient group showed dissolve the disk, mitochondria swell, form autophagosomes, appear calcification, dissolve the disk, sarcoplasmic
reticulum expansion. The selenium-deficient and low protein group showed more serious, there were more dissolve the disk, mitochondria swell, autophagosomes,
calcification, dissolve the disk, sarcoplasmic reticulum expansion. Corn from the Keshan disease area and the doxorubicin group, mitochondria damage were most
serious, showed irregular swelling, fractured myofilaments, sarcoplasmic reticulum expansion, a contraction band, multiple calcifications around the mitochondria,
mitochondrial membrane rupture and lamellar body formation or myeloid changes.
Note: Circle: swollen mitochondria;single arrow: Intercalated disk dissolving; square: calcification point; triangle: autophagy lysosome; pentagon: sarcoplasmic
reticulum expansion; hexagon: autophagosome.
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low protein group (0.66 ± 0.18), the protein and selenium-deficient
group (0.76 ± 0.19), corn from the Keshan disease area group
(0.81 ± 0.17), the doxorubicin group (0.82 ± 0.22) (P < 0.05)
(Fig. 12). The result in Fig. 13 shows the relative number of the OD
value, which is the ratio of each OD value to control group.

3.7. Comparison of gene expression in the mitochondrial apoptotic pathway

The effect of a Se-deficient diet on gene expression in the mi-
tochondrial apoptotic pathway was determined by comparing cleaved
caspase-9, cleaved caspase-3, and Bcl-2 levels in the myocardial tissues
of Se-deficient rats and normal controls. The differences in protein
expression were determined according to the optical density (OD) value
of the slices from the myocardial tissue samples in different groups. The

expression of cleaved caspase-9 protein in Se-deficient group
(7.39 ± 2.13), low protein group (7.70 ± 1.59), protein and sele-
nium-deficient group (9.66 ± 1.97), corn from the Keshan disease area
group (10.13 ± 1.88) and doxorubicin group (10.39 ± 2.18) were
higher compared with control group (5.64 ± 0.94) (Fig. 14).The ex-
pression of cleaved caspase-3 protein in Se-deficient group
(3.70 ± 0.52), low protein group (3.97 ± 0.69), protein and sele-
nium-deficient group (5.75 ± 1.17), corn from the Keshan disease area
group (7.30 ± 0.97) and doxorubicin group (7.84 ± 1.07) were
higher compared with control group (2.96 ± 0.58) (Fig. 15).Compared
with the control group (2.39 ± 0.32), the protein expression of Bcl-2 in
Se-deficient group (2.15 ± 0.44), low protein group(1.92 ± 0.46),
protein and selenium-deficient group (1.25 ± 0.48), corn from the
Keshan disease area group (0.91 ± 0.35) and doxorubicin group
(0.86 ± 0.29) gradually decreased (Fig. 16), (P < 0.05). The result in

Fig. 6. MDA content in serum of each treatment group of rats.

Fig. 7. ROS content in serum of each treatment group of rats.

Fig. 8. T-AOC content in serum of each treatment group of rats.

Fig. 9. MDA content in myocardial of each treatment group of rats.
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Fig. 17 shows the relative number of the OD value, which is the ratio of
each OD of value to control group.

4. Discussion

In this study, we investigated how selenium deficiency and a low
protein diet affected the mitochondria-mediated apoptotic pathway,
which is related to mitochondrial apoptosis and oxidative stress in
Wistar rats. Our results suggest that selenium deficiency and low pro-
tein intake can induce pathological changes via the mitochondria-
mediated apoptotic pathway. Combined selenium and protein defi-
ciency has been implicated in the etiology of cardiovascular diseases,

such as Keshan disease. Thus, the observed alterations might be early
indicators of a predisposition to this disease.

Keshan disease occurs more frequently in a low-selenium zone from
northeast to southwest China [15,16]. Chinese researchers have carried
out in-depth research on the etiology and pathogenesis of Keshan dis-
ease and have proposed various hypotheses, such as single dietary
factors, selenium deficiency, viral infection, etc. [17–19]; However, no
single hypothesis can fully explain the cause of Keshan disease. It is
currently believed that Keshan disease may be caused by multiple
factors. Our previous studies have found that the susceptible residents
live in a low selenium environment and have poor nutritional status
without enough supplement of non-staple food [20]. Studies by Al-
Rasheed and Chan have shown that a low selenium diet can aggravate
heart damage [21,22]. Multiple studies, including a study by Zhang YC,
have demonstrated that, in the case of low selenium, cardiac damage
was mainly related to mitochondrial structure and dysfunction, myo-
cardial necrosis and aggravation of apoptosis [23].

We replicated animal models of myocardial injury using selenium-
deficient and low protein diets in this study. All different treatment
groups have the similar damage in different degrees compared with the
doxorubicin group, which is the positive group of myocardial injury.
Degeneration and necrosis of the subendocardial myocardium, ven-
tricular septum and parenchyma were observed under a light micro-
scope. Individual myocardial cell pyknosis, deep staining and small
focal necrosis were accompanied by an infiltration of inflammatory
cells. Myocardial mitochondrial swelling was notable under an electron
microscope. Many mitochondria were dissolved, and some myofibril
fibers were broken. Myofilament was decomposed, and the sarco-
plasmic reticulum was dilated. A contraction band, multiple calcifica-
tions around the mitochondria, mitochondrial membrane rupture, la-
mellar body formation and myeloid changes were observed. These
finding are consistent with those obtained in the Yang FY study
[24].The above experimental results indicate that the myocardial injury
model induced by selenium deficiency and low protein intake was re-
plicated successfully, which lays a foundation for the study of myo-
cardial injury mechanisms.

Selenium deficiency reduces the synthesis of Gsh-px, which in turn
reduces the body's antioxidant function. Low nutrition is mainly due to
inadequate protein intake which means lack of methionine in the body.
Methionine deficiency will lead to hindrance of protein synthesis in
vivo, which will lead to excessive oxidation of membrane lipids caused
by oxygen free radicals in vivo, damage non-sulfur redox systems, and
decrease the activity of glutathione peroxidase. The lack of selenium
and protein at the same time can aggravate lipid peroxidation and
oxidative changes of low density lipoprotein, thus impairing cardio-
vascular function. The levels of blood selenium and GSH-PX activity in
patients with Keshan disease are decreased. In our study, the con-
centrations of blood Se and GSH-Px activity were significantly lower in
the Se-deficient rats than in the normal controls. The selenium contents
and GSH-Px activities in rats fed selenium-deficient or/and low pro-
teindiets were decreased, which was consistent with the results of Zeng
XH et al. [25].

The T-AOC oxidative defense system consists of enzymatic and
nonenzymatic reactions, reflecting the total antioxidant capacity of the
organism [26]. MDA is a lipid peroxidation product formed by the at-
tack of free radicals in biomembrane structures by free radicals. The
level of MDA can reflect the degree of cellular lipid peroxidation da-
mage and the presence of reactive oxygen species. ROS are mainly
produced by the oxidative phosphorylation of the respiratory chain in
the mitochondrial inner membrane. In the body, the stimulation of
unfavorable factors can promote the mitochondria to produce ROS,
destroy the antioxidant defense system, cause cell structure abnormal-
ities and dysfunction, and induce oxidative stress [27–30]. In this study,
the levels of MDA and ROS in the serum and myocardium were sig-
nificantly higher in the treatment group than in the control group. The
levels of T-AOC in the serum and myocardium were significantly lower

Fig. 10. ROS content in myocardial of each treatment group of rats.

Fig. 11. T-AOC content in myocardial of each treatment group of rats.
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in the treatment group than in the control group. These results in-
dicated that lipid peroxidation in the selenium-deficientand low protein
group was enhanced and cell function was affected, which resulted in
oxidative damage in the body. This finding is consistent with that of a
previous study that found that selenium-deficient rats had decreased
antioxidant capacity, excessive free radical production, lipid perox-
idation, and cardiac tissue damage [31].

Mitochondria play a decisive role in the apoptotic pathway [32].

The mitochondrial pathway is one of the major mechanisms for apop-
tosis, and it is a highly conserved process that is regulated by the
apoptosis gene. After the apoptosis signals are received by the mi-
tochondria, the permeability of the mitochondrial membrane is
changed, which leads to related substances (Protease Caspase、Bcl-2)
from the mitochondria entering the cytoplasm and triggers cell apop-
tosis. Thus, mitochondria may be the master switch in apoptosis. The
mitochondrial pathway of apoptosis is regulated by the Caspase family,
the Bcl-2 family, Smac and IAP. Normally, Bcl-2 and Caspase are mu-
tually restricted to maintain a balance of cell proliferation and death
[33,34], and if this balance is disturbed, apoptosis occurs. In this study,
we found that the scattered nuclei were stained with brown in rat
myocardial tissue of the selenium-deficient and low-protein groups. The
number of apoptotic cells in yellow increased, which was significantly
different from the results obtained from the control group. The ex-
pression of caspase-9 and caspase-3 was enhanced. The expression of
Bcl-2 was weakened, which is crucial in the process of cardiomyocyte
apoptosis. In summary, when selenium deficiency and a low protein
diet cause myocardial injury in rats, oxidative stress damage occurs in
myocardial tissue, resulting in the degradation of mitochondrial mem-
brane potential, matrix edema, rupture of the outer membrane, and
activation of caspase-9. The amplifying form activates procaspase-3
into caspase-3, inhibits Bcl-2 expression, leads to apoptosis, enhances
mitochondrial apoptosis, and aggravates myocardial damage.

Regardless of body weight gain, pathological changes, redox reac-
tion system indicators and expression of apoptotic regulatory genes, the
changes of rats in corn from Keshan disease area group were sig-
nificantly higher than those in Deficiency selenium and protein group
with the same nutritional level. This suggests that besides selenium and
protein deficiency, other nutritional factors play a role in myocardial
injury, such as vitamin E, which may play a role in the pathogenesis of
Keshan disease.

Fig. 12. Relative apoptotic cells in the control and experimental groups (200-fold magnification). Compared with the control group, the apoptotic cells in the
experimental group gradually increased. In corn of Keshan disease area group and doxorubicin group had extensive areas of apoptotic cell expression, and the brown-
yellow staining were stronger than the other groups. Regardless of the distribution of apoptotic cells or the degree of staining, the change of the protein and selenium-
deficient group was more obvious than selenium-deficients group and low-protein group, but less than corn of Keshan disease area group and doxorubicin group (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

Fig. 13. Relative OD value of apoptotic cell in the myocardial tissue samples in
different groups. *P < 0.05 vs. control.
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Fig. 14. Relative protein expression of cleaved caspase-9 in the control and experimental groups (400-fold magnification). Compared with the control group, the
protein expression of cleaved caspase-9 in the experimental group gradually increased. In corn from Keshan disease area group and doxorubicin group had extensive
areas of cleaved caspase-9 protein expression, and the brown-yellow staining were stronger than the other groups. Regardless the range of cleaved caspase-9 protein
expression or the degree of staining, the change of the protein and selenium-deficient group was more obvious than selenium-deficient group and low-protein group,
but less than corn of Keshan disease area group and doxorubicin group (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.).

Fig. 15. Relative protein expression of cleaved caspase-3 in the control and experimental groups (400-fold magnification). Compared with the control group, the
protein expression of cleaved caspase-3 in the experimental group gradually increased. In corn from Keshan disease area group and doxorubicin group had extensive
areas of cleaved-caspase3 protein expression, and the brown-yellow staining were stronger than the other groups. Regardless the range of cleaved caspase-3 protein
expression or the degree of staining, the change of the protein and selenium-deficient group was more obvious than selenium-deficient group and low-protein group,
but less than corn of Keshan disease area group and doxorubicin group (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.).
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5. Conclusions

In conclusion, our research work suggests that the combination of
deficiency selenium and low protein diet is one of the risk factors for
Keshan disease. MDA and ROS increase and T-AOC decreases in low
selenium/protein diets and Keshan diet, which indicates oxidative da-
mage of cardiomyocytes. Meanwhile, variation of cleaved caspase-9,
cleaved caspase-3 and BCL-2 illuminate that cardiomyocyte apoptosis is
mediated by mitochondrial pathway. The findings will help us better
understand selenium and protein deficiency-related cardiomyopathy
and provide possible new therapeutic targets such as the use of sele-
nium and protein supplementation for cardioprotection. However, the
mechanisms linking mitochondria-mediated apoptosis related to sele-
nium deficiency and low protein have not yet been clarified. Further
studies in this field will be needed to elucidate the interactions between
the mitochondria-mediated apoptosis pathway and selenium and pro-
tein depletion, which can be integrated into the molecular mechanisms

used for the treatment of cardiomyopathy.
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