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Abstract: The present study aimed to investigate abnormal fetal cardiac pathological injury with exposure to a hy-
poxic environment during pregnancy. Pregnant hypoxia sheep models were prepared using artificial cabins. Sixteen 
pregnant sheep were randomly divided into three groups: normal group (NG), mild hypoxia group (MHG), and severe 
hypoxia group (SHG). The degree of SpO2, SaO2, breathing and heart rate, CO, and MDA were determined. HE stain-
ing, SEM, and TEM were used to evaluate the pathological changes of fetal myocardium. iTRAQ-based quantitative 
proteomics was employed to identify differentially expressed proteins. At day 30 and 90, the levels of SpO2 and SaO2 
in SHG and MHG sheep met the diagnostic criteria. Ninety days after modeling, a dramatic reduction of breathing 
rate and increase of heart rate was observed in MHG and SHG comparing with that in NG (P < 0.05). At day 120, CO 
and MDA increased significantly in SHG and MHG than those in NG (P < 0.05), also in SHG compared with that in 
MHG (P < 0.05). HE staining and electron microscopy scanning showed that the myocardium in SHG and MHG had 
different levels of tissue edema and abnormal distribution of mitochondrion compared to NG. Eighty differentially 
expressed proteins were identified in fetal cardiac tissues. In conclusion, different degrees of pregnant hypoxia 
sheep models were successfully established. Prenatal hypoxia can cause serious damage to heart development of 
fetal sheep, as well as lead to the significant changes of hypoxia-associated proteins expression, which may be used 
to the further investigation for clinical applications.
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Introduction 

All over the world, more than 140 million people 
settle in high altitude environments at > 2500 
m. Of them, about 80 million live in Asia, and 
35 million live in the Andean mountains [1]. 
High altitude regions are of thin air and low  
oxygen availability. As we known, oxygen con-
tent is critical for cell survival and embryo 
development [2]. Camm et al. reported that 
when Wistar dams undergo a prolonged hypox-
ic condition, the PaO2 level will drop to 40 
mmHg, which can decrease the PaO2 content  
of the fetus to 10~12 mmHg, and further result 
in fetal hypoxia [3]. Therefore, in humans,  
fetal hypoxia is one of the most common sub-
optimal conditions in complicated pregnancy, 
specially, high-altitude pregnancy offers one of 
the prevalent forms of sustained fetal hypoxia. 
Hypoxic environments not only contribute to 
the redistribution of blood flow and oxygen mol-

ecule, but also trigger a series of abnormal res- 
ponses including hypoxic stress and pathologi-
cal changes of multiple tissues or organs, finally 
enlarge the risks of fetal growth restriction and 
dysplasia [3]. Studies of highland populations 
have proven that decreased birth weight and 
adverse cardiovascular alterations can occur in 
babies born at a high altitude in contrast with 
those born at sea level [4, 5]. Meanwhile, pre-
natal hypoxia also increases the possibility of 
suffering from multiple chronic adult diseases, 
such as coronary atherosclerotic heart disease, 
hypertension, diabetes, etc. [6].

Cardiogenesis is started at the formation of the 
embryonic heart. After the heart has emerged, 
its volume growth rises rapidly during fetal de- 
velopment. Oxygen concentration plays a vital 
regulatory role in the process of heart forma-
tion and maturation. Compared with the adult 
heart, the fetal heart is more liable to hypoxia-
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induced cell death because of its strong ability 
to increase glycolytic flux [7], which means that 
the fetus has a great tendency to congenital 
heart defects with exposure to a hypoxic envi-
ronment induration of pregnancy. Congenital 
heart defects, a common hypoxia-induced car-
diopathy in high-altitude populations, is charac-
terized by the cardiac structural change and 
myocardial microstructures damage, which can 
lead to the occurrence of diversified congenital 
heart diseases or cardiomyopathy. Relative stu- 
dies reported the prevalence rate of congenital 
heart defects at sea level is 0.8-1.2% [8], but 
the value rise to 2.5-2.8% at high altitude [5]. 
Emerging epidemiological statistical analyses 
and related studies indirectly supported that 
there is a close relationship between congeni-
tal heart defects and prenatal hypoxia [9, 10].

Despite numerous investigations have focused 
on the role of hypoxia in fetal heart develop-
ment, thus far, the exact pathophysiological 
impact and potential mechanisms have not be 
completely understood due to the lack of suc-
cessful animal models. In this study, we sum-
marize the data associated with hypoxia to con-
firm the successful establishment of highland 
hypoxia model, and then characterize myocar-
dial development and its pathological structur-
al changes of fetal sheep. Next, we performed 
proteomics analysis to identify the hypoxia-
independent proteins and the relative path-
ways in fetal hearts. The objective of this study 
was to gain knowledge of the relationship 
between prenatal hypoxia and cardiogenesis, 
as well as the possible molecular mechanisms, 
which may provide the important theoretical 
basis for the prevention and treatment of con-
genital heart diseases.

Material and methods

Animals

Thirty healthy pregnant sheep weighting 25~35 
kg were provided by the laboratory animal cen-
ter of Urumqi General Hospital in Lanzhou 
Military Region. The animals were randomly 
divided into three groups (10 sheep for each) 
consisting of a: low altitude control group (nor-
mal group, NG), mild hypoxia exposure group 
(mild hypoxia group, MHG), and severe hypoxia 
exposure group (severe hypoxia group, SHG). 
NG sheep were kept in the artificial cabin of 
plain environment at sea level with 20°C tem-

perature, 11.0 g/m3 relative humidity, 260 g/
m3 oxygen content, and 100.0 kPa pressure. 
MHG and SHG sheep were respectively main-
tained in the cabins of high altitude environ-
ment at 3000 m (temperature of 5°C, humidity 
of 3.68 g/m3, oxygen content of 206 g/m3, 
pressure of 67.7 kPa) and 5000 m (tempera-
ture of -6°C, humidity of 1.77 g/m3, oxygen  
content of 166 g/m3, pressure of 54.1 kPa) 
above sea level, and the cabins were gradually 
increased to the high altitude with 10 m/s 
speed. All animals were given free access to 
water and food. The levels of SpO2 (percutane-
ous oxygen saturation) and SaO2 (arterial oxy-
gen saturation) were detected to confirm whe- 
ther different degrees of hypoxia models of 
pregnant sheep were established successfu- 
lly. MHG-sheep and SHG-sheep were required 
to meet the following requirements: 30 < SpO2 
< 60 mmHg and 60% < SaO2 < 90%; SpO2 < 30 
mmHg and SaO2 < 60%, respectively [11]. All 
tests were performed at the second trimester. 
The experimental procedures were in accor-
dance with the “Guide for the Care and Use of 
Laboratory Animals of China”.

Measurement of life indicators

At day 90 of experiments, the sheep in different 
groups were anesthetized by an intraperitoneal 
injection of chloral hydrate (400 pl/100 g), then 
thoracotomy was done and fresh liver tissues 
were extracted. 0.1~0.2 g liver tissues were 
mixed with 0.01 mol/l cold phosphate buffer in 
a ratio of 1:20, and then homogenized at the 
temperature of 0~4°C. The content of CO (car-
bonyl groups) was determined using the spec-
trophotometric method [12], and the fluoromet-
ric thiobarbituric acid reactive substances 
(TBARS) method was conducted to measure 
MDA (malondialdehyde) level. Also, the breath-
ing rate and heart rate of parental sheep were 
observed and recorded. The arterial blood sam-
ples were collected and assayed for the level of 
SpO2 and SaO2 within 2 hours at the time point 
of 30, 90, 120 d.

Echocardiography

Echocardiography was performed using a Visu- 
alsonics Series 2100 high-resolution imaging 
system with a 38 MHz Microscan transducer 
probe. Briefly, pregnant sheep from all groups 
were anesthetized using sevoflurane by inhala-
tion, and then were placed on the inspection 
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table after removing abdominal hairs for echo-
cardiography examination. Fetal sheep were 
also examined by echocardiography to further 
confirm whether the cardiac malformation 
occurred or not according to previous articles 
[13, 14]. 

Histology and ultrastructural analysis 

The heart tissues extracted from fetal sheep 
were washed, frozen, and stored at -80°C. The 
frozen sections were cut into 6 um thickness, 
and stained with hematoxylin and eosin (HE)  
for morphological evaluation by a light micros-
copy (Olympus, CX23RTFS). Transmission elec-
tron microscopy (TEM) and scanning electron 
microscopy (SEM) were applied to determine 
the ultrastructural integrity of cardiac tissues 
slices. Tissues were fixed with 2.5% buffered 
glutaraldehyde, post fixed with 1% osmium 
tetroxide, dehydrated in ascending grades of 
ethyl alcohol, and immersed in propylene-epon 
mixture, embedded in epoxy, then stained with 
1% uranyl acetate and 1% lead citrate for TEM. 
Samples for SEM were prepared in a similar 
manner, in addition to the slices were critically 
point dried and sputter coated with gold. TEM 
samples were assayed by a JEOL 1200EX 
(Welwyn Garden City, UK), and SEM samples 
were detected using a JEOL 35 SEM at 15 kV.

Protein extraction

All samples were obtained from the heart  
tissues of fetal sheep with approval of the 
Institutional Ethics Committee. The collected 
samples were homogenized in lysis buffer (4% 
SDS, 1 mM DTT, 150 mM Tris-HCl pH 8.0, pro-
tease inhibitor), incubated in boiling water for 5 
minutes, and then sonicated on ice. The crude 
extract was then boiled in a water bath again 
and centrifuged at 25°C for 10 min. Total pro-
tein was quantified using the BCA protein assay 
reagent (Beyotime), and then stored at -20°C.

Digestion and iTRAQ labeling 

Protein digestion was conducted according to 
FASP procedure [15]. Briefly, a total of 200 μg 
proteins from each sample were incubated with 
trypsin (Promega, Madison, WI, USA) overnight 
at 37°C. After digestion, the peptides were 
dried and collected by vacuum centrifugation, 
then quantification was done by UV light spec-
tral density. Labeling was performed following 

the manufacturer’s manual for the iTRAQ 
(Applied Biosystems, Foster City, CA USA). Nor- 
mal group samples (100 mg) were labeled with 
tags 113 and 114 at room temperature for 1 h 
with the following groups: mild hypoxia samples 
were labeled with tags 115, 116, and 117 and 
severe hypoxia samples were labeled with tags 
118, 119, and 121.

Strong cationic-exchange (SCX) chromatogra-
phy separation 

The labeled peptides were pooled, dried, and 
fractionated by an SCX chromatography (LC- 
20AB HPLC pumpsystem, Shimadzu Corpor- 
ation, Kyoto, Japan). Briefly, each of the peptide 
mixture was reconstituted in 2 mL buffer A (10 
mM KH2PO4 in 25% of ACN, pH 2.7), loaded into 
a PolySulfoethyl column (4.6 × 100 mm, 5 μm, 
200 Å, PolyLCInc, Maryland, USA). The peptides 
were eluted at 1 mL/min with a gradient of 
0%-10% buffer B (10 mM KH2PO4, pH 3.0, 500 
mM KCl, 25% acetonitrile) for 2 min, 10% to 
20% buffer B for 25 min followed by 20%  
to 45% buffer B for 5 min and 50% to 100% 
buffer B for 5 min. The UV absorbance at 214 
nm was monitored when the fractions were  
collected. Fractions were then combined into 
10 pools, and desalted on Empore SPEC18 
Cartridges (Sigma, Santa Clara, CA, USA). Each 
fraction was concentrated by vacuum centrifu-
gation and reconstituted in 40 μL of 0.1% for-
mic acid for LC-MS/MS analysis.

LC-electrospray Ionization (ESI)-MS/MS analy-
sis by Q exactive

Experiments were carried out on an Easy  
nLC 1000 system coupled to Q Exactive mass 
spectrometer (Proxeon Biosystems, now Ther- 
mo Fisher Scientific). In brief, 5 μg peptide mix-
ture was loaded onto a Zorbax 300SB C18-
reversed phase column (Agilent Technologies, 
Wilmington, DE, USA) for 20 min in buffer A 
(0.1% formic acid), then separated with a linear 
gradient of buffer B (80% acetonitrile and  
0.1% formic acid) at 250 nl/min controlled by 
IntelliFlow technology over 140 min. MS data 
was acquired using the 10 most abundant pre-
cursor ions from the survey scan (300-1800 
m/z) for HCD fragmentation. Target values were 
obtained based on predictive automatic gain 
control (pAGC). Dynamic exclusion duration was 
60 s. Survey scans were acquired at a resolu-
tion of 70000 at m/z 200 and resolution for 
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HCD spectra was set to 17500 at m/z 200. 
Normalized collision energy was 30 eV and the 
underfill ratio was set as 0.1%. The instrument 
was operated with peptide recognition mode 
enabled. The whole workflow of iTRAQ was 
exhibited as Figure 2A.

Data analysis

Protein identification and iTRAQ quantification 
were performed as previously described by a 
MASCOT engine (Matrix Science) embedded 
into Proteome Discoverer 1.4 (Thermo Electron, 
San Jose, CA) [16]. Briefly, protein identification 
was performed with peptide mass tolerance at 
20 ppm, MS/ MS tolerance at 0.1 Da, enzyme 
of trypsin, number of missed cleavage up to  
2, fixed modification of carbamidomethyl (C), 
iTRAQ 8plex (K), iTRAQ8plex (N-term), variable 
modification of oxidation (M), and FDR ≤ 0.01. 
For iTRAQ data, to be identified as being signifi-
cantly differentially changed, a protein must 
pass the test with P < 0.05 and a ratio fold 

change > 1.3 or < 0.77 must be identified in at 
least two of the three biological replicates. 
These limits were selected according to previ-
ous studies using iTRAQ reagents with some 
modifications [17].

Bioinformatics 

The molecular functions of identified proteins 
were classified based on their gene ontology 
annotations and biological functions. Hierar- 
chical clustering of proteins abundance was 
conducted by Heat mapper server (http://www.
heatmapper.ca) [18]. Gene Ontology (GO) analy-
ses (http://www.geneontology.org) were per-
formed according to a previous report [19]. 
KEGG pathway database (http://www.genome.
jp/kegg/pathway.html) was used to analysis 
the metabolic pathways of the identified pro-
teins. Protein-protein interaction networks were 
processed by the publicly available program 
STRING (http://string-db.org/).

Figure 1. Prenatal hypoxic sheep showed different oxidative stress and their fetal hearts had different histomorpho-
logical characteristics. A. The levels of carbonyl groups (CO) and malondialdehyde (MDA) in prenatal hypoxic sheep; 
*P < 0.05, **P < 0.01, ##P < 0.01. B. Representative photomicrographs of fetal sheep myocardial tissues sections 
stained by hematoxylin and eosin (HE). C. Representative scanning electron microscopy (SEM) micrographs of fetal 
sheep myocardial tissues sections. D. Representative transmission electron microscopy (TEM) micrographs of fetal 
sheep myocardial tissues sections.
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Statistical analysis

Statistical analysis was conducted using SPSS 
16.0 software. All data are presented as  
mean ± SD (standard deviation). Student’s 
t-test was performed to make comparisons 
between two groups. One-way analysis of vari-
ance (ANOVA) and SNK-q test were applied to 
analyze the differences between groups. P < 
0.05 was considered as the significant differ- 
ence.

Results

Establishment of the prenatal hypoxic sheep 
model

To confirm whether the hypoxia models of preg-
nant sheep were established successfully, we 
determined the levels of SpO2 and SaO2, as well 
as the breathing rate and heart rate (Table 1). 
Compared with normal group, SpO2 and SaO2 of 
mild hypoxia- and severe hypoxia-sheep were 
both diminished remarkably from the 30th day 
(P < 0.05, P < 0.01), whereas the levels in SHG 
was much lower than that in MHG (P < 0.05).  
At day 90 of the experiment, a dramatically 
reduction of breathing rate was observed in 
MHG and SHG comparing with NG (P < 0.05, P 
< 0.01), while the heart rate was significantly 
increased (P < 0.05). According to the diagnos-
tic criteria of hypoxia [11], we successfully 
established the mild hypoxic sheep model at 
30th day, as well as severe hypoxic sheep 
model at 90th day.

Prenatal hypoxia aggravated the heart dam-
age of fetal sheep 

Echocardiography was performed to explore 
the effect of hypoxia on cardiovascular struc-

ture of parental sheep, and no obvious abnor-
malities were found in both pregnant sheep 
and fetal sheep. Also, the cardiac hemodynam-
ics did not manifest any abnormality based  
on the images of CDFI (Color Doppler). Specific 
results are shown in our previous published 
article [20]. Furthermore, compared with NG, 
the levels of CO and MDA were significantly 
increased in both MHG (P < 0.05, P < 0.01) and 
SHG sheep (P < 0.01, P < 0.01), simultaneous-
ly, MDA level in SHG were much higher than 
that in MHG (P < 0.01), implying that hypoxia 
would aggravate oxidative damage of heart tis-
sues (Figure 1A). Next, H&E staining was per-
formed to provide a global histology and mor-
phology representation of myocardium. Com- 
pared with NG, the MHG showed much worse 
morphology, with myocardial fibers being disor-
derly arranged with large spaces, and myocar-
dial cells appeared rounded or irregular. When 
the hypoxia environment deteriorated, except 
for the aggravation of above damage, some 
other significant changes also presented, such 
as rupture of the myofilaments and agglomera-
tionof the cardiomyocytes (Figure 1B). Simul- 
taneously, SEM and TEM were carried out  
to assess ultrastructural integrity of heart tis-
sues exposed to different hypoxia conditions. 
SEM revealed the disrupted myocardium and 
disorganized mitochondria in hypoxia treated-
sheep. The normal group demonstrated a good 
ultrastructural morphology, characterized by 
well-organized myocardial tissues, intact mito-
chondria, and all myofilaments were coplanar. 
However, myocardial tissues from hypoxia-
treated sheep were in disorder with dilated 
space, and myofilaments were on different 
planes. Particularly, myocardial fibers stimulat-
ed by severe hypoxia appeared to be disrupted 

Figure 2. Work flow of iTRAQ (A) and protein purity verified with SDS-PAGE (B).
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and then redistributed. Magnifying the speci-
men, some mitochondria presented abnorma- 
lly dispersed and clumped, which suggested a 
negative effect of hypoxia on the metabolism 
process of myocardial tissues (Figure 1C). 
Figure 1D exhibited evident ultrastructural 
changes in the organization of microfilaments 
simulated by normal conditions or severe hy- 
poxia based on the following reasons: 1) no evi-
dent difference of TEM images between mild 
hypoxia and severe hypoxia group; 2) obvious 
characteristic lesions were occurred in severe 
hypoxia-treated myocardium. Clearly, the heart 
samples in NG showed a dense matrix, visible 
fine cristae and Z lines, and arranged in lines 
between the microfilaments. However, severe 
hypoxia treatment contributed to significant 
changes in myocardium, such as the disorgani-
zation of microfilaments with the loss of Z lines, 
degeneration of microfibers and mitochondria, 
increase of the collagen fibers in the intrace- 
llular spaces, the slightly swollen of mitochon-
dria, and the indentation of nuclear envelop. 
The above outcomes suggested that prenatal 
hypoxia can lead to an obvious damage of fetal 
heart in a dependent manner.

Identification of differentially expressed pro-
teins under the three hypoxia conditions

Figure 2B provided the result of SDS-PAGE 
analysis. Obviously, the eight protein samples 
showed a complete parallelism, and the corre-
sponding bands could be subsequently visual-
ized, suggesting a very good extraction. There- 

fore, the purified samples were appropriate for 
LC/MS/MS. In tissue analysis, a total of 16679 
peptides (Table S1) and 2506 proteins (Table 
S2) were quantified. Compared with NG, 113 
proteins were upregulated and 70 proteins 
were downregulated in MHG, respectively;  
47 proteins were upregulated and 54 proteins 
were downregulated in SHG (Table 2). Com- 
pared with MHG, SHG showed 80 upregulated 
proteins and 117 downregulated proteins 
(Table 2). To access the proteins with gradient 
change (up- or down-regulated proteins), we 
used more than 1.3-fold or less than 0.77-fold 
(severe hypoxia vs. normal condition), and more 
than 1-fold or less than 1-fold (severe hypoxia 
vs. mild hypoxia) cut off to define the proteins 
that had significantly expression difference 
with the degree of hypoxia in a dependent man-
ner. Finally, a total of 80 differentially expressed 
proteins with 41 upregulated and 39 downre- 
gulated proteins were identified (Tables 2, S3), 
of which, the top 26 proteins were based on a 
threshold of > 1.3-fold and P value < 0.05 for 
severe hypoxia-induced protein expression lev-
els compared with mild hypoxia, or P value < 
0.05 of mild hypoxia relative to normal condi-
tion were shown in Table 3. 

Cluster analysis

To explore the complex potential interdepen-
dence of the proteins and visualize their expres-
sion patterns in response to hypoxia treatment, 
80 differential proteins were further delivered 
to hierarchical clustering analysis via Cluster 

Table 1. SpO2, SaO2, breathing and heart rate in pregnant sheep of 3 groups at different time points 
during the exposure to hypoxia or normoxia (x ± s, n=8)

Group
SpO2 (mmHg) SaO2 (%) Breathing (/min) Heart rate (/min)

30 d 90 d 120 d 30 d 90 d 120 d 90 d 90 d
Normal 78 ± 5 81 ± 4 86 ± 2 95 ± 5 94 ± 3 96 ± 4 19 ± 2 72 ± 4
Mild hypoxia 58 ± 4a 54 ± 5a 44 ± 2a 76 ± 4a 64 ± 5a 73 ± 2a 15 ± 1a 78 ± 3a

Severe hypoxia 32 ± 4a,b 30 ± 2a,b 26 ± 4a,b 54 ± 3a,b 42 ± 4a,b 40 ± 3a,b 12 ± 2a,b 79 ± 3a

NOTE: aP < 0.01, compared with normal; bP < 0.01, compared with severe hypoxia.

Table 2. The number of differentially expressed proteins in hearts fetal sheep that exposed to mild 
hypoxia or severe hypoxia (multiple comparison, P < 0.05 and ratio > 1.3 or < 0.77)
Comparison Up Down Differentially expressed
Mild hypoxia vs. Normal 113 70 183
Severe hypoxia vs. Normal 47 54 101
Severe hypoxia vs. Mild hypoxia 80 117 197
Severe hypoxia vs. Mild hypoxia vs. Normal (Gradient) 41 39 80

http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
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3.0 software. Finally, two major clusters were 
obtained in the cluster tree (Figure 3). Almost 
all of the hypoxia-responsive proteins exhibited 
a coordinated change in different oxygenated 
environment, and their levels were declined  
significantly under hypoxia conditions, indicat-
ing an inhibitory effect of hypoxia on protein 
metabolism.

GO analysis and KEGG pathway

Eighty differentially expressed proteins were 
annotated to 208 GO function entries accord-
ing to the whole genome background. Second-
level GO terms were used to classify proteins 
based on their involvement in three main cate-
gories: biological process (68 proteins), cellular 
component (73 proteins), and molecular func-

tion (67 proteins) (Table S3). Proteins belonging 
to each category are shown in Figure 4A. The 
most populated biological process was trans- 
lation, to which 3 proteins were assigned. The 
top three cellular components were located on 
the lysosomal membrane (4 proteins), integral 
component of membrane (14 proteins), and 
Golgi apparatus (3 proteins), and the top three 
molecular functions were chromatin binding (3 
proteins), identical protein binding (10 pro-
teins), and zinc ion binding (5 proteins). Different 
proteins function together and cooperate to 
integrated biochemical reactions, a KEGG path-
way-based analysis was conducted to confirm 
the pathways that would be potentially affected 
by differential protein expression in hypoxic 
myocardia. The top three pathways identified 
were the glycerophospholipid metabolism (3 

Table 3. The top 26 differentially expressed proteins in the fetal heart tissues of the sheep exposed 
to hypoxia

Differentially expression Gene name
Severe/Mild Mild/Normal Severe/Normal

Ratio T test Ratio T test Ratio T test
Upregulated SURF1 2.27440 0.00945 1.01100 0.59218 2.29941 0.03539

PHYH 1.83916 0.24122 1.37521 0.03986 2.52923 0.25186
CCS 1.63985 0.00244 1.01762 0.71198 1.66875 0.01432

SKOR2 1.51264 0.00355 1.18486 0.02225 1.79226 0.00717
REN 1.50684 0.00018 1.27150 0.03053 1.91595 0.00071

W5Q9A6 1.50557 0.01366 1.18016 0.21017 1.77681 0.01248
TSPAN17 1.43757 0.00854 1.03390 0.58952 1.48630 0.02273
ACTR1B 1.41908 0.01250 1.16014 0.31777 1.64633 0.04005
GUCY2F 1.38522 0.02842 1.06556 0.55657 1.47604 0.04131

LOC101115423 1.37638 0.56495 1.36951 0.03605 1.88497 0.46592
DSCR3 1.36059 0.01065 1.03826 0.52394 1.41265 0.02394
IGHM 1.35870 0.00482 1.18352 0.00974 1.60804 0.00742

APOBEC3F 1.31595 0.00027 1.09504 0.00418 1.44101 0.00132
GPD1L 1.30613 0.00213 1.06665 0.06008 1.39319 0.00756

Downregulated RTN3 0.75898 0.01218 0.98075 0.49804 0.74437 0.03207
SCN3B 0.75803 0.00146 0.95341 0.01356 0.72272 0.00497
EXOC8 0.74039 0.01855 0.91427 0.25967 0.67692 0.02973
PGK2 0.72730 0.05809 0.73456 0.01284 0.53424 0.01367

TNFAIP8 0.72274 0.04213 0.78152 0.07815 0.56483 0.04068
ACOT4 0.68085 0.01129 0.99989 0.99896 0.68078 0.04264
CPED1 0.67732 0.33791 0.51392 0.01448 0.34809 0.05065

TMEM14C 0.63955 0.00131 0.91158 0.15693 0.58300 0.00233
MPDZ 0.54306 0.15814 0.91208 0.80293 0.49531 0.02003

COL28A1 0.45984 0.02078 0.86182 0.40641 0.39630 0.04065
TTN 0.31632 0.00011 0.57689 0.00197 0.18248 0.00016
HBB 0.09148 0.00007 0.95938 0.60434 0.08776 0.00012

NOTE: The genes in bold font met the criterion that Severe/Mild T test P < 0.05, and Mild/Normal Ration > 1.3 or Mild/Normal 
T test P < 0.05.

http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
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Figure 3. Hierarchical clustering analysis of eighty differentially expressed 
proteins. The identity of each protein can be found in Table S3. Each column 
represents an experimental condition, each row represents a gene, red indi-
cates up-regulation, and green indicates down-regulation. Means are aver-
age values of the three independent replicates. NOTE: The genes in bold 
font met the following criterion: Severe/Normal > 1.3 or < 0.77, meanwhile, 
Severe/Mild > 1.0 or < 1.0.

proteins, P < 0.01), the protein 
digestion and absorption (3 
proteins, P < 0.01), and the 
relaxin signaling pathway (3 
proteins, P < 0.01), which 
were displayed in Table S3 
and Figure 4B. Several im- 
portant genes, such as colla-
gen alpha-2(I) chain (COL1A2), 
and collagen alpha-1(I) chain 
(COL1A1), are involved in the 
process of infibrillar forming 
collagen, could be classified 
as part of the protein digesti- 
on and absorption. The expre- 
ssion of the majority of these 
proteins was significantly reg-
ulated in hypoxia-treated hea- 
rt tissues compared with the 
normal tissues.

Analysis of protein-protein 
interactions

Proteins in living cells do not 
serve as single entities, but 
rather function together in the 
context of networks. Next, to 
investigate how hypoxia sti- 
mulation exerted an influence 
on heart development throu- 
gh protein-protein interactio- 
ns, we constructed a protein 
interaction network diagram 
for the 80 gradient differen-
tially expressed proteins us-
ing Pathway Studio software. 
Eight separate interaction net-
works were predicted in the 
network (Figure 5). 100851- 
509 (an uncharacterized pro-
tein), LOC781493 (an unchar-
acterized protein), and colla-
gen alpha-2(I) chain (COL1A2) 
were found to be actively int- 
eracted with collagen alpha-
1(I) chain (COL1A1). One nota-
ble interacted protein group is 
composed of 60S ribosomal 
protein L36a (ENSBTAG0000- 
0027610), 60S ribosomal pro-
tein L13 (PRL13), 39S ribo-
somal protein L24 (MRPL24), 
39S ribosomal protein L45 
(MRPL45), WD repeat-contain-

http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
http://www.ijcep.com/files/ijcep0072640suppltabs.xlsx
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ing protein 82 (TWF2), alpha-centractin (ACT- 
R1A), tubulin beta-4A chain (TUBB4A), tubulin-

folding cofactor B (TBCB), PABPC1L2A (an un- 
characterized protein), PGK1 (Phosphoglycerate 

Figure 4. Enriched Gene Ontology (A) and the scatter plot for KEGG enrichment result (B).
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kinase 1), GPD1L (Glycerol-3-phosphate dehy-
drogenase), and Glycerol-3-phosphate dehy-
drogenase [NAD(+)], (GPD1). ATP6 (ATP syn-
thase subunit α) was a key protein in another 
network and interacted with SURF1 (an unchar-
acterized protein), transmembrane protein 70 
(TMEM70), V-type proton ATPase subunit d 1 
(ATP6V0D1), and ATP synthase subunit d 
(ATP5H). Furthermore, there were five pairs of 
interactive protein-species. In this network, the 
main two pairs were beta-A globin chain HBB 
and hemoglobin subunit alpha (ENSBTAG0- 
0000026417), spectrin alpha chain (SPTA1), 
and band 3 anion transport protein (SLC4A1), 
ENSBTAG00000032603 (an uncharacterized 

protein), and glutathione reductase (GSR), DNA 
excision repair protein (ERCC6), and inositol-
3-phosphate synthase 1 (ISYNA), mimecan  
precursor (OGN) and serine/threonine-protein 
kinase (MST4), respectively. Despite these pre-
dicted interaction networks required to be fur-
ther verified, they have offered a narrow pool of 
protein-protein interactions in fetal heart devel-
opment in responding to highland hypoxia envi-
ronment for our further researches.

Discussion 

Medically, high altitude area typically refers to 
elevations over at 3000 m, where there is thin 

Figure 5. Protein-protein interaction network analysis of eighty gradient differential proteins. The interaction network 
as analyzed using the Pathway Studio software. In this network, nodes represent proteins, lines represent functional 
associations between proteins. Notes: red lines, the presence of fusion evidence; the green line, the neighborhood 
evidence; the blue line, the co-occurrence evidence; the purple line, the experimental evidence; the yellow line, text 
mining.
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air and hypothermia-hypoxia. The heart devel-
opment of an early embryo is highly sensitive  
to environmental factors, and these develop-
ment processes comprise cell proliferation, dif-
ferentiation, and apoptosis. An observation by 
Camm et al. has made it clear that the PaO2 
level of pregnant Wistar dams will drop to 40 
mmHg when they were raised in a hypoxic con-
dition for a long time, then the PaO2 concentra-
tion of the fetus will decrease to 10~12 mmHg 
and fetal hypoxia will occur [3]. Accordingly, a 
relative study has reported that pregnancy in a 
hypoxic environment can induce fetal to be 
attacked by various underlying diseases, such 
as coronary atherosclerotic heart disease, hy- 
pertension, diabetes, and so on [6]. Specially, 
congenital heart defects are a common hypox-
ia-induced cardiopathy, with the exact patho-
genesis being a subject of much interest in 
recently years. Most converging evidence sup-
ports that the formation of congenital heart 
defect is a complex process involving the gene-
environment interaction [21, 22]. However, the 
specific pathogenic factor and potential mecha-
nism remains largely unknown.

Currently, very limited research concerning the 
role of high-altitude hypoxia on fetal heart 
development is effectively performed due to 
the following reasons: 1) the field study is hard 
to conduct under highland environment; 2) a 
relatively simple and meaningful animal model 
has not been successfully established. In pres-
ent study, we successfully prepared varying 
degrees of prenatal hypoxia sheep models via 
repeated adjusting the temperature, humidity, 
pressure, and oxygen content of artificial cabin 
to furthest simulate the low-oxygen environ-
ment of plateau region. After 90 days of experi-
ments, the pregnant sheep developed symp-
toms of reduced breathing rate and increased 
heart rates in MHG and SHG by contrast with 
NG, meanwhile, the SpO2 and SaO2 levels were 
also markedly altered from the 30th day. Our 
observations in part were in good agreement 
with previous reports and further confirmed 
that hypoxia treatment can regulate the vital 
signs and behaviors of animals [23, 24]. Rea- 
ctive oxygen species (ROS) and reactive nitro-
gen species (RNS) are produced from multiple 
some metabolic pathways, which are the main 
factors for causing protein oxidation [25]. Pre- 
vious study showed that, ROS and RNS are 
easy to react with intracellular macromolecular 

substances, then contribute to the extensive 
pathological injury of cellular structure [6]. For 
this reason, the extent of oxidative damage can 
be assessed by the free radicals-mediated pro-
teins and lipid oxidation products [12]. At day 
90 of the experiment, the levels of CO (the bio-
marker of oxidative damage in liver) and MDA 
(the biomarker of cellular oxidative damage) 
were remarkably improved in both mild-treated 
and severe hypoxia-treated sheep comparing 
with NG sheep, specially, MDA level in SHG 
were much higher than that in MHG (P < 0.01), 
which indicated that high-altitude hypoxia in- 
duces the oxidative stress response of animals, 
as well as aggravates the oxidative damage of 
proteins and lipids.

Previous investigation showed that hypoxia 
stimulation exerts an important impact on myo-
cardial tissues [26], which can promote the pro-
liferation of cardiac fibroblasts and destroy the 
cytoskeleton of myocardial microtubules, then 
prolong the open time of L-type calcium chan-
nel and cause the intracellular calcium over-
load via inducing calcium inward current. Sim-
ultaneously, the highly expressed inflammatory 
cytokines, matrix metalloproteinases, anaero-
bic inductance, and hypoxia-inducible factor-1α 
in hypoxic myocardium would lead to myocardi-
al damage. In our study, images of HE staining 
and SEM detection showed that the heart  
damages caused by prenatal hypoxia exposure 
is mainly reflected in two aspects: 1) damage to 
heart tissue microstructure, including the dis- 
organization of microfilaments with the loss of 
Z lines, the degeneration of microfibers, the in- 
crease of the collagen fibers in the intracellular 
spaces, and the indentation of nuclear envelop; 
2) the damage to the energy metabolism of 
myocardium, for example, the mitochondria on 
myocardial surface were arranged disorderly 
and degenerated, even, some mitochondria 
appeared to be obvious aggregated and obvi-
ous swollen. If above status continues for an 
unusually long time, the heart motor function 
will be destroyed by disorganizing the contrac-
tility and rhythm. Finally, a series of the heart 
pathological changes would break out, such as 
cardiac hypertrophy, cardiac enlargement, myo-
cardial fibrosis, and arrhythmia.

Prior our research, several studies have provid-
ed proteomic data for injury of myocardial tis-
sues induced by some harmful stimulation. For 
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example, a pilot study performed by Xu et al. 
[27] investigated the proteomic differential ex- 
pression of cardiomyocyte after hypoxia pre-
conditioning, and finally identified 12 decreas- 
ed proteins and 6 highly expressed proteins. 
Through the establishment of a myocardium 
injury model induced by restraint stress in rats, 
Gong et al. [28] found that there were 10 dif-
ferentially expressed proteins involved in the 
stress-induced injury to myocardium. However, 
to our knowledge, not much attention has  
been paid to the proteomics analysis of fetal 
heart tissues exposure to prenatal hypoxia  
thus far. In present study, a total of 80 differen-
tially expressed proteins containing 41 upregu-
lated and 39 downregulated proteins were 
identified with the degree of hypoxia in a depen-
dent manner. Superoxide dismutase [Cu-Zn] 
(SOD1) and cathepsin D are the typical upregu-
lated proteins. As we have known, SODs repre-
sent the first line of defense against oxidative 
stress. Large amounts of data suggest that 
SOD1 overexpression may protect some organ-
isms against oxidative stress conditions and 
extend their life span [29, 30]. In this study, 
hypoxia treatment exacerbates the oxidative 
damage of myocardial mitochondria, thus fur-
ther contributes to the high expression of 
SOD1. Cathepsin D play a promoter in the deg-
radation of cardiac mitochondria, which is gen-
erally considered as the mitochondrial destruc-
tion characteristic of ischemic injury in myocar-
dial tissues [31]. Therefore, hypoxia induced-
mitochondrial damage is inevitable to be 
accompanied with upregulated cathepsin D.

Next, we conducted GO analysis and KEGG 
pathway analysis to further confirm the functi- 
ons of 80 differentially expressed proteins and 
the relative protein pathways. In GO analysis, 
the top three cellular components were lyso-
somal membrane (4 proteins), integral compo-
nent of membrane (14 proteins), and Golgi 
apparatus (3 proteins). Lysosomal membrane 
damage has been turned out to be the main 
contributing factor of myocardial infarction fol-
lowed by necrosis, which can be destabilized 
under the impact oxidative stress [32]. The 
golgi apparatus is a key organelle in cell metab-
olism, which is involved in modifying, sorting, 
and packaging macromolecules for cell secre-
tion or use. One study supported that the golgi 
apparatus not only participated in the process 
of oxidative stress, but also plays a more impor-

tant role than mitochondria [33]. Zinc ion bind-
ing is one of the top three molecular functions. 
Hypoxia can result in increased superoxide 
anions and the decrease of Zinc ion, mean-
while, Zinc deficiency causes oxidative damage 
to proteins, lipids and DNA in rat myocardium, 
then contribute to the apoptosis of cardiomyo-
cytes [34, 35]. The relaxin signaling pathway is 
one of the top three pathways identified from 
the KEGG database analysis. Relaxin, as a pep-
tide hormone, has been proved to significantly 
decrease the production of MDA in the isch-
emic-re-perfusion rat hearts [36]. Furthermore, 
relaxin also acts at multiple levels in the cas-
cade of events leading to myocardial damage, 
which refer to the endothelial dysfunction [37], 
generation of oxygen-derived free radicals by 
these cells [38], neutrophil accumulation in the 
myocardium [38], platelet and mast cell activa-
tion [39], and calcium overload that eventually 
leads to myocardial cell damage and death 
[40]. Our data was in part in agreement with a 
previous report suggesting relaxin is involved in 
the myocardial injury [41].

In current study, the different degrees of hypox-
ic pregnancy in the sheep model were succe- 
ssfully established for simulating high altitude 
hypoxia environment by using artificial cabin. 
Our results reveal the effect of hypoxia expo-
sure during pregnancy on the congenital heart 
injury of fetal sheep, and preliminarily identify 
the pathological changes in heart tissues. Fur- 
thermore, systematic proteomic analysis of fe- 
tal heart tissues generated the hypoxia-associ-
ated differential proteins, which may lay a theo-
retical basis for the pathogenesis and interven-
tion of prenatal hypoxia-induced diseases.
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