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Hypoxia exposure (HE) has adverse impacts on the embryonic development of
chicken, whereas the mechanism underlying the response of the heart to HE
during embryo development in birds is still unclear. Therefore, our study was
designed to reveal the hub genes and the signaling pathways linked to chronic
hypoxia stress. Thus, the gene expression microarray GSE12675, downloaded
from the GEO database, included 12 embryonic heart samples in hypoxia
and normoxia of three Chinese indigenous chicken breeds [Shouguang (SG),
Tibetan (TB), and Dwarf Recessive White (DRW) chickens]. A total of 653
to 714 breed-specific differentially expressed genes (DEGs) were detected
in each pairwise comparison. Gene ontology (GO) showed that the DEGs
were mainly involved in biological processes, including vasoconstriction,
cell differentiation, and the positive regulation of vasoconstriction. KEGG
enrichment revealed that the DEGs were mainly enriched in MAPK, PPAR,
insulin, adrenergic signaling in cardiomyocytes, etc. Moreover, 48 genes (e.g.,
SGCD, DHRS9, HELQ, MCMDC2, and ESCO2) might contribute to the response
of the heart to HE. Taken together, the current study provides important clues
for understanding the molecular mechanism of the heart's response to HE
during the embryonic period of chicken.

signaling pathway, gene, chronic hypoxia, embryonic heart, chicken

Introduction

Hypoxia exposure (HE), a frequent natural event during the embryonic stage,
has adverse impacts on the development and growth of chicken. HE could
cause right ventricular hypertrophy, reduce the body weight, and increase the
mortality of chicken embryo, and might be linked to cardiac defect and sudden
death syndrome in chicken (1-4). HE altered the developmental trajectories and
modified the phenotypes of the developing embryos (2). Also, HE improved
the contents of lactic acid, tri-iodothyronine, corticosteroid, and thyroxine
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in the plasma of chicken during the embryonic stage (3).
Villamor et al. reported that HE (15% O;) decreased the
tolerance of the pulmonary artery to thromboxane A mimetic U-
46619, norepinephrine, potassium chloride, endothelin-1, and
electrical-field stimulation at embryonic day 19 (4). Inversely,
hypoxic hearts showed an increase in left and right ventricular
thickness and wall area in chicken embryo (4). In White Leghorn
chicken, HE reduced the femoral flow but increased femoral
artery resistance by regulating the nitric oxide production at
embryonic day 19 (5).

Crossley et al. found that exposure to the three levels of
hypoxia (15, 10, and 5% O;) depressed the heart rate (HR)
and blood pressure (BP) in chicken embryos (6). HE might
induce the release of adrenaline and muscarine from autonomic
nerve terminals and chromaffin tissue. In embryonic chicken,
the tolerance of cardiovascular to hypoxia was involved in the
central nervous system and the cholinergic regulation of arterial
pressure (6). Severe hypoxia (5% O2) resulted in significant HR
changes. In ovo, the tolerance of HR to severe hypoxia consisted
of an initial reduction in HR and the following partial HR
recovery. Some factors of the egg, such as catecholamines, might
be vital for the survival and response of the chicken embryo to
hypoxia (7). HE also reduced the number of cardiomyocytes,
restricted growth and heart development, and showed signs
of cardiac insufficiency in the chick embryo (8). Hypoxic
incubation increased the ratio of the ventricle to body mass on
hatching days 11, 15, 17, and 19 and reduced absolute heart
mass on hatching day 19. HE affected the proliferation rate and
absolute mass of heart at hatching day 15 (8).

Previous studies have shown that a set of genes were
involved in the tolerance and adaptation of chicken heart to
hypoxia. To enhance the chicken cardiomyocytes in adapting
to the hypoxia, the growth factors, stress proteins, and enzymes
that were associated with anaerobic glycolysis were observably
upregulated. Then, antioxidants and stress proteins were
increased in the cardiomyocyte which was reoxygenated after
hypoxia (9). HE enhanced the expression of multiple genes
including cardiac troponin T, heme oxygenase, and hypoxia
upregulated protein 1 in the chicken embryonic heart. Cardiac
troponin T was associated with binding tropomyosin to regulate
calcium binding and contractility of the heart muscle (10).

It was well-known that Shouguang (SG), Tibetan (TB),
and Dwarf Recessive White (DRW) chickens were three
Chinese indigenous chicken breeds with many excellent traits,
such as outstanding meat quality and excellent environmental
adaptability. For example, TB chickens, which inhabited the
high-altitude Qinghai-Tibet Plateau for more than 1,000 years,
had an adaptive ability to hypoxia (11). In this regard, it is
of great significance to reveal potential candidate genes and
signaling pathways for those traits. However, the mechanisms of
the response to hypoxia in Chinese indigenous chicken breeds
during the embryonic period are limited. In the previous study
from Liand Zhao (11), the breed-specific differentially expressed
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gene (DEGs) in the hearts of SG and DRW chickens, and the
common DEGs in the heart among the three breeds (SG, TB
and DRW chickens) between hypoxia and normoxia have not
been analyzed in depth. Therefore, based on the aforementioned
research, this study was conducted to clarify the genes and
signaling pathways linked to the response of the heart to chronic
hypoxia in the three abovementioned chicken breeds.

Materials and methods

Sample collection, RNA extraction, and
probe hybridization

The current research was performed based on the
experiment that was completed by Li and Zhao from China
Agricultural University (11). In total, 680 fertilized eggs were
obtained from the China Agricultural University’s Experimental
Chicken Farm. Since the first day of the incubation, 120 SG,
120 DRW, and 100 TB chicken fertilized eggs were kept in the
incubator with hypoxia (13% O;) or normoxia (21% O;) at a
temperature of 37.8°C with 60% humidity. At embryonic day
17, the heart tissues from 5 chickens per group were mixed for
further pool genome array analysis. Each pool was replicated
two times. Subsequently, the total RNA of pool samples was
extracted using TRIzol reagent. The hybridized probe array was
stained with streptavidin-phycoerythrin in the GeneChip
Fluidics Station 450 (11).

Differential expression analysis

To explore the DEGs associated with the heart’s response
in chickens exposed to hypoxia, the data from GSE12675 were
analyzed using the GEO2R software (http://www.ncbinlm.nih.
gov/geo/geo2r). GSE12675, collected from the abovementioned
study, included 12 embryonic heart samples in hypoxia and
normoxia of three Chinese indigenous chicken breeds (SG, TB,
and DRW chickens) with four per breed (11). A p-value of < 0.05
with |logyFold Change (FC)| > 1 was identified as the standard
for the DEGs.

Gene ontology and KEGG analysis of the
DEGs

To clarify the biological processes closely associated with
the DEGs, gene ontology (GO) analysis was conducted using
the DAVID database (https://david.ncifcrf.gov/summary.jsp).
To annotate the signaling pathways for the DEGs, KOBAS
(http://kobas.cbi.pku.edu.cn/kobas3/genelist/) was used for the
KEGG analysis of DEGs.
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Reactome analysis and protein Protein-protein interaction network
classification

The protein-protein interaction (PPI) network and its

Reactome analysis for the DEGs was also implemented further visualization for the DEGs between the two groups
with the KOBAS 3.0 software. Moreover, protein classification were conducted using the STRING database (https://string-db.
analysis for the DEGs was tested using the PANTHER Org/) and the Cytoscape 3.8.0 software (http://www.cytoscape.

classification system (http://pantherdb.org/). org/), respectively.
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FIGURE 1
The profile of transcripts and genes in the hearts of chickens treated with hypoxia and normoxia. (A—C) revealed the volcano plot of the DEGs in
the hearts of SG, TB, and DRW chickens treated with hypoxia and normoxia. The red and blue points represent the upregulated and
downregulated genes. The gray spots mean unchanged genes. (D) indicated the Venn diagram for the DEGs mentioned above.
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Hub genes and their functions

The CytoHubba plugin (http://apps.cytoscape.org/apps/
cytohubba) was used to obtain the Hub genes. To evaluate the
hubs of each gene, the Matthews correlation coefficient (MCC)
algorithm was used to calculate the gene connectivity in the PPI
network. Then, a new network was created. In the network, the
hub nodes were colored according to their importance: from red
(the most important) to yellow (the least important) (12). Hub
gene functions were summarized with the help of the National
Center for Biotechnology Information (NCBI) (https://www.
ncbi.nlm.nih.-gov/), GeneCards (https://www.genecards.org/),

STRING, and previous literature.

Results

Overview of the genes in chicken
embryonic heart

Totally 14,086 genes were obtained from the heart samples
of the three Chinese indigenous chicken breeds (SG, TB, and
DRW chickens). Figures 1A-C represent the volcano plots for
the DEGs in SG, TB, and DRW for the comparison of hypoxia
vs. normoxia. The Venn diagram for the DEGs identified from
the hearts of the three breeds is shown in Figure 1D. The DEGs
(Supplementary Files 1-3) of the three breeds hearts under
hypoxia are shown in Supplementary Table 1. A total of 959
to 1,060 DEGs were identified in the three chicken breeds.
Compared with the hearts in normoxia, 487, 508, and 491
genes were upregulated, and 463, 451, and 569 genes were
downregulated in the SG, TB, and DRW chickens exposed to
hypoxia, respectively (Supplementary Table 1).

The breed-specific DEGs in three chicken breeds’ hearts
under hypoxia are indicated in Supplementary Table 2. Totally
653 to 714 breed-specific DEGs (Supplementary Files 4-6) were
identified in the three chicken breeds. Compared with the
hearts in the normoxia groups, 330, 347, and 720 genes
were upregulated, whereas 384, 306, and 392 genes were
downregulated in the hypoxia groups of SG, TB, and DRW
chickens, respectively (Supplementary Table 2).

In total, 48 common DEGs in three chicken breeds
hearts between hypoxia and normoxia are displayed in
Supplementary Table 3. The common genes included SGCD,
BIRC7, HAVCRI, DHRS9, HELQ, DMRT1, SVOPL, DZANKI,
LUZP2, MCMDC2, ESCO2, and CSF2. Most of these genes may
be associated with the response of the heart to HE. For example,
the protein encoded by SGCD is a subcomplex of the dystrophin-
glycoprotein complex (DGC). DGC forms a link between the
F-actin cytoskeleton and the extracellular matrix. This protein is
abundantly expressed in the skeletal and cardiac muscles. SGCD
mutations are associated with autosomal recessive limb-girdle
muscular dystrophy and dilated cardiomyopathy.
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Moreover, the top 20 upregulated and downregulated breed-
specific DEGs in SG, TB, and DRW chicken hearts under
hypoxia are reported in Supplementary Tables 4-9 .

GO enrichment for the DEGs

As shown in Figure 2A, the special DEGs in SG
chicken heart were involved in many biological processes,
including cell differentiation, lipid biosynthetic process, TOR
signaling, cell-matrix adhesion, platelet aggregation, protein
polymerization, plasminogen activation, actin cytoskeleton
organization, the positive regulation of cell division, synaptic
transmission, glutamatergic, and the defense response to
Gram-positive bacterium.

Also, as indicated in Figure 2B, the special DEGs in TB
chicken heart were involved in various biological processes,
such as the positive regulation of vasoconstriction, cell-cell
signaling, modulation of synaptic transmission, nerve growth
factor signaling pathway, regulation of neuron differentiation,
cell proliferation in the forebrain, positive regulation of
cytokinesis, anterior/posterior pattern specification, and
lipid phosphorylation.

In addition, as revealed in Figure 2C, the special DEGs
in DRW chicken heart may play a key role in various
biological processes, such as vasoconstriction, animal organ
morphogenesis, the response to interleukin-18, macrophage
activation, immune response, cellular response to calcium ion,
the regulation of angiogenesis, cellular response to tumor
necrosis factor, and extracellular matrix organization.

Furthermore, the breed-special DEGs in the regulation
of transcription from RNA polymerase II promoter and cell
differentiation biological processes in SG chicken are indicated
in Figures 2D,E, respectively. The breed-special DEGs in cell-
cell signaling, modulation of synaptic transmission, positive
regulation of vasoconstriction, and regulation of systemic
arterial BP by vasopressin biological processes in TB chicken
are shown in Figures 2F-I, respectively; The breed-special DEGs
in animal organ morphogenesis, cellular response to tumor
necrosis factor, cellular response to calcium ion, extracellular
matrix organization, immune response, vasoconstriction, and
the regulation of angiogenesis biological processes in DRW
chicken are revealed in Figures 2]-P, respectively.

KEGG enrichment for the DEGs

As shown in Figure 3A, the breed-special DEGs in
SG chicken heart were mainly involved in adrenergic
signaling in cardiomyocytes, PPAR, MAPK, FoxO, calcium,
toll-like  receptors, ligand-receptor
interaction  (NLRI), ECM-receptor interaction (ERI),
RIG-I-like receptor, AGE-RAGE, fatty acid biosynthesis,

apelin, neuroactive
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GO Enrichment for the breed-special degs in the hearts of chickens treated with hypoxia and normoxia. (A—C) indicated GO enrichment for the
breed-special DEGs in the hearts of SG, TB, and DRW chickens treated with hypoxia and normoxia. (D,E) indicated the heatmaps of the
breed-special DEGs in cell differentiation and the regulation of transcription from RNA polymerase Il promoter in SG chicken, respectively. (F-1)
revealed the heatmaps of the breed-special DEGs in cell-cell signaling; the modulation of synaptic transmission; the positive regulation of
vasoconstriction; and the regulation of systemic arterial BP by vasopressin biological processes in TB chicken. (J—P) showed the heatmaps of
the breed-special DEGs in animal organ morphogenesis, cellular response to tumor necrosis factor, cellular response to calcium ion,
extracellular matrix organization, immune response, vasoconstriction, and the regulation of angiogenesis biological processes in DRW chicken.
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metabolic pathways, carbon metabolism, glyoxylate and

dicarboxylate  metabolism, and  progesterone-mediated
oocyte maturation.

Also, the breed-special DEGs in TB chicken heart
were mainly involved in calcium, ErbB, MAPK, insulin,
ABC Gap

cell adhesion molecules, glycerophospholipid metabolism,

metabolic  pathways, transporters, junction,
cytokine-cytokine receptor interaction, alanine, aspartate and
glutamate metabolism, and toll-like receptor signaling pathways
(Figure 3B).

Moreover, the breed-special DEGs in DRW chicken
heart were primarily enriched in adrenergic signaling
in cardiomyocytes, vascular smooth muscle contraction,

ERI, calcium, hedgehog, PPAR, melanogenesis, metabolic

pathways, TGF-beta, tight junction, adherens junction,
glycosphingolipid biosynthesis, glycosphingolipid biosynthesis,
purine  metabolism, and Wnt signaling pathways

(Figure 3C).

Furthermore, the heatmaps for the breed-special DEGs
in metabolic pathways, MAPK, NLRI, NOD-like receptor,
and toll-like receptor signaling pathways in SG chicken are
shown in Figures 3D-H, respectively; The heatmaps for the
breed-special DEGs in metabolic pathways, calcium, insulin,
MAPK, NLRI, regulation of actin cytoskeleton, and toll-
like receptor signaling pathways in TB chicken are shown
in Figures 31-O, respectively; The heatmaps for the breed-
special DEGs in metabolic pathways, adrenergic signaling
in cardiomyocytes, ERI, NLRI, and vascular smooth muscle
contraction signaling pathways in DRW chicken are revealed in
Figures 3P-T, respectively.

Reactome analysis and protein
classification for the DEGs

As shown in Figure 4A, the breed-special DEGs in
SG chicken heart were mainly enriched in myogenesis,

striated muscle contraction; muscle contraction, signal

transduction, small molecules transport, signaling by

receptor tyrosine kinases, biological oxidations, PI3K/AKT
RAF/MAP Kkinase MAPK1/MAPK3
signaling, MAPK family signaling cascades, and PIP3 activates

signaling, cascade,
AKT signaling.

In addition, the breed-special DEGs in TB chicken hearts
might play an important role in signal transduction; metabolism;
SLC-mediated transmembrane transport; neuronal system;
GPCR ligand binding; neutrophil degranulation; nucleotides
metabolism; transmission across chemical synapses; and Gap
junction assembly (Figure 4B).

Moreover, the breed-special DEGs in DRW chicken
hearts were mainly involved in striated muscle contraction;
signal transduction; muscle contraction; GPCR downstream
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signaling; G alpha signaling events; adaptive immune
system; neuronal system; extracellular matrix organization;
Rho GTPase cycle;
matrix  metalloproteinases;
(Figure 4C).

The DEGs performed protein classification using PANTHER
(Figures 4D-G). As shown in Figure 4D, the breed-special DEGs

in SG chicken hearts were mainly involved in hydratase, ligase,

collagen degradation; activation of

and  platelet homeostasis

cysteine protease, extracellular matrix glycoprotein, calmodulin-
related protein, helix-turn-helix transcription factor, and
membrane trafficking regulatory protein.

The breed-special DEGs in TB chicken might have vital
roles in the transporter, kinase, neurotrophic factor, gap
junction, microtubule binding motor protein, non-motor
microtubule-binding protein; growth factor, zinc finger
transcription factor, microtubule or microtubule-binding
cytoskeletal protein, and transmembrane signal receptor
(Figure 4E).

The breed-special DEGs in DRW chicken might be

involved in the transporter, kinase, DNA photolyase,
growth  factor, DNA  methyltransferase, intermediate
filament, cytokine, transfer/carrier protein, nucleotide

kinase, amino acid kinase, extracellular matrix protein,
intercellular signal molecule, and secondary carrier transporter
(Figure 4F). Of particular note was that the common DEGs
among three chicken breeds might play a vital role in
acetyltransferase, protease inhibitor, and protein phosphatase
(Figure 4G).

PPI network and hub genes and their
functions

To further reveal the core genes, the DEGs in the
three chicken breeds, namely SG, TB, and DRW, were
implemented in the analysis of the PPI networks, and the
results are shown in Figures 5A-C, respectively. As shown
in Figure 5A, many genes such as FETUB, HGFAC, GALS,
FGG, GC, and DDX49 might be related to the response of
SG chicken heart to chronic hypoxia. Similarly, ALDH8AI,
C3ARI, ACSM3, EXOC3L4, TAT, RAPIA, APOB, and GALI3
might be closely associated with the response of TB chicken
heart to chronic hypoxia (Figure 5B). Many genes, including
LBFABP, STXBPI1, SLC6A12, NPRI, CDON, GYS2, PLG, Cé,
SERPINA5, KYNU, and PDE5A might be closely linked to
the response of DRW chicken heart to chronic hypoxia
(Figure 5C).

As shown in Figure 5D, the top 25 hub genes from the
DEGs in SG chicken included GC, F13B, FGA, TM4SF4, FETUB,
HGFAC, GALS, FGG, and ANGPTL3. The top 20 hub genes
from the DEGs in TB chicken included ACSM3, EXOC3L4,
APOB, ALDH8A1, C3AR1, TAT, RAPIA, GAL13, and MOSPD2
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FIGURE 4
Reactome enrichment and protein class for the breed-special DEGs. (A—F) showed Reactome enrichment and protein class for the
breed-special DEGs in the hearts of SG, TB, and DRW chickens. (G) showed protein class of the common DEGs among the three chicken breeds.
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PPI Network and hub genes for the breed-special DEGs. (A—F) represented the PPl network and the Hub genes analysis for the breed-special
DEGs in the hearts of SG, TB, and DRW chickens. The significance of genes highlighted in red, orange, and yellow was gradually decreased in the

response of the hearts exposed to hypoxia.
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(Figure 5E). The top 20 hub genes from DEGs in DRW
chicken included LBFABP, GYS2, PLG, C6, SERPINAS5, KYNU,
SERPINA4, FOS, and CREBBP (Figure 5F).

Discussion

Genes related to the response of chicken
heart to chronic hypoxia

In this study, we found 48 common DEGs in the heart
of three chicken breeds between hypoxia and normoxia,

Frontiersin Veterinary Science

including SGCD, DHRS9, HELQ, MCMDC2, and ESCO2. That
is to say, those genes are likely to be closely associated
with the response of the chicken heart to chronic hypoxia.
For example, our data showed that the expression of
SGCD was significantly downregulated in the hearts of
SG (decreased by 89%) and DRW (decreased by 66%)
chickens, but upregulated in TB (increased by 230%) chickens
under hypoxia, which was consistent with the report that
SGCD might be involved in chicken cardiomyopathy and
muscular dystrophy. SGCD gene knockout could result in
progressive heart muscle dysfunction in drosophila (13).
Besides, TGF beta activation and SMAD signaling played a
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vital role in cardiac muscle function and injury in SGCD null
flies (13).

DHRS9, named dehydrogenase/reductase 9, is a powerful
DHRS9
expression distinguished Mregs from a set of antigen-presenting
cells, such as DC-10 and PGE2-induced myeloid-derived
suppressor cells (14). In our study, the expression of
DHRSY9 in the hearts of SG, TB, and DRW chickens in
hypoxia was significantly higher than that in normoxia,

biomarker for human regulatory macrophages.

which agrees with the report that DHRS9 was obviously
upregulated in patients with the cardiorenal syndrome,
and it might serve as a potential biomarker for predicting
the cardiorenal syndrome (15). Deniz et al. analyzed the
gene expression profiles of patients with degenerative
mitral regurgitation (DMR) in sinus rhythm and atrial
fibrillation and found that DHRS9 might have a structural
remodeling role in the extracellular matrix and cellular stress
response (16).

HELQ, a DNA helicase, played an important role
in DNA The of
HELQ might be associated with upregulated expression
of the CHK1
RAD51 (17). During the homologous recombination of
cells, HELQ deficiency the
and  single-strand and
in the bias
tracts (18).

MCMDC2, named minichromosome maintenance domain

lesions  repair. antitumor activities

DNA  damage-related proteins and

compromised end-joining
annealing  pathways resulted

toward the long-tract gene conversion

containing 2, might play an important role in the formation and
stabilization of DNA strands. During meiotic recombination,
MCMDC2 promoted homolog alignment and provided the
basis for inter-homolog crossover formation (18). MCMDC2
played a crucial function in meiotic recombination (19).
MCMDC2 was vital for homologous sequences invasion
by stabilization of recombination intermediates following
strand invasion, both of which were needed to drive stable
DSB repair via recombination (20). In this study, the
expression of MCMDC2 gene in the hearts of SG, TB,
and DRW chickens under hypoxia was obviously higher
than those under normoxia, hinting that MCMDC2 might
enhance homolog alignment and DNA strand stabilization
in chicken heart development under hypoxia during the
embryonic stage.

ESCO2, an acetyltransferase, is required for neuronal

differentiation and sister chromatid cohesion. ESCO2
overexpression enhanced the differentiation of neural
progenitor cells and P19 embryonic carcinoma cells.

On the contrary, the ESCO2 knockdown blocked the
differentiation of the above-mentioned cells. Importantly,
Notch protein mediated the ESCO2 effects (21). The ESCOI-
dependent modification of SMC3 regulated the cohesin
DNA
chromosome loop stabilization, and formation (21). ESCO2

activities, such as transcriptional control, repair,
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was upregulated during fin regeneration and specifically
within the blastema. ESCO2 knockdown significantly reduced
the CX43/GJAI expression, which was required for cell-cell
communication (22).

Signaling pathways linked to the
response of chicken heart to chronic
hypoxia

The response of the chicken heart to chronic hypoxia
was mainly associated with multiple signaling pathways,
including MAPK, PPAR, insulin, metabolic pathways, ERI,
adrenergic signaling in cardiomyocytes, and vascular smooth
muscle contraction. The MAPK signaling pathway was
likely to participate in cardiac function regulation under
hypoxia. Research showed that the MAPK signaling pathway
mediated the hypoxia/reoxygenation (H/R)-induced injury
in cardiomyocytes (23). The key proteins in MAPK/JNK
signaling pathway, which were inhibited by the miR-
155 inhibitor, were significantly upregulated in the H/R
cardiomyocytes, and BAGS5 overexpression enhanced the
protective effect of those proteins on the cell injury induced
by H/R. Moreover, the HIFla expression patterns were altered
following different treatments (24). The MAPK signaling
pathway also had a vital role in regulating DNMT1/HMGBI1-
mediated cardiac progenitor cell apoptosis during the hypoxia
process (25).

PPAR, a vital regulator for lipid metabolism, was linked to
maintaining the homeostasis of myocardial energy metabolism,
cardiac function, and tissue structure (26-30). Hypoxia
increased myocardial lipid accumulation and mitochondrial
dysfunction. Hypoxia downregulated the myocardial lipid
metabolism-related genes, including PPARw (26). WY14643, a
kind of PPAR« activator, reduced the lipid accumulation in the
myocardium induced by hypoxia, enhanced the left ventricular
systolic and mitochondrial functions, and upregulated the
PPARwa, PPARGCIA, and CPTIA genes, and downregulated
ACC2 (26). In our study, the PPAR signaling pathway
might mediate chicken cardiac response to hypoxia, which
was consistent with the report that PPARa also played
a vital role in regulating cardiac metabolic remodeling in
response to both hypoxia and supplementation of nitrate
in diet (27). Metabolism intervention might offer new
approaches to the treatment of heart failure (29). PPARy also
powerfully modulated the signaling disorders in the heart and
pulmonary vascular wall (30). Chronic hypoxia could result
in cardiomyocyte hypertrophy, right ventricle hypertrophy
(RVH), and right ventricle systolic pressure. Pioglitazone,
a kind of PPARy agonist, relieved the RVH, pulmonary
hypertension, and cardiomyocyte hypertrophy induced by
chronic hypoxia (30).
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Insulin can eliminate the adverse effects of hypoxia
and improve cardiomyocyte viability. Hypoxia reduced the
cardiomyocyte viability, increased the autophagy and apoptosis
and endoplasmic reticular (ER) stress pathway-associated
apoptotic responses accompanied by an increase of pro-
apoptotic transcriptional factor, and apoptosis in myocardial
cells. In this study, the insulin signaling pathway might
have a vital role in chicken cardiac response to hypoxia,
which was similar to the report by Liu et al. who found
that insulin could effectively relieve autophagy and ER
stress and prevent hypoxia-induced cellular apoptosis via
PI3K/Akt signaling pathway (31). An unusual HR, blood
glucose, and mean arterial BP induced by hypoxia could
be restored to the normoxia state by an acute insulin
supplement (32).

ECM-receptor interaction (ERI) may be related to
the response of the chicken heart to hypoxia. The ERI
pathway regulated cell proliferation, apoptosis, growth,
and differentiation. The dysregulation of the pathway was
responsible for cell death (33). Qi et al. reported that yak was
well-adapted to the hypoxia and high altitude. To clarify the
underlying mechanism behind the adaptation, they conducted
a transcriptomic experiment for yaks and found that the
heart was the key organ showing adaptive transcriptional
changes. Multiple cell proliferation and survival-associated
signaling pathways, including ERI, PI3K-Akt, HIF-1, and
focal adhesion, might be involved in the adaptation and
response of the heart to hypoxia (34). The study from San et
al. identified the DEGs in crureus and pectorales between the
Arbor Acres and the Zhuanghe dagu chickens and indicated
that the ERI pathway was co-enriched in both the tissues. In
addition, ERI could regulate the metabolism of intramuscular
adipocytes (35).

Adrenergic signaling in cardiomyocytes is very important
for maintaining cardiac physiological function and preventing
cardiac diseases. Beta-adrenergic stimulation highly restricted
the cAMP distribution and promoted the phosphorylation
of proteins for the contractile responses of cardiomyocytes.
Moreover, the interaction between beta-adrenergic signaling
and other receptor-stimulated signaling cascades changed
the beta-adrenergic signaling for proper contractility in the
myocardium (36). Beta-adrenergic stimulation rapidly increased
G alpha palmitoylation in cardiomyocytes. This palmitoylation
kinetics was temporally consistent with the downstream
production of cAMP and contractile responses. The plasma
membrane-localized palmitoyl acyltransferase DHHC5 is an
important mediator of the stimulus-dependent palmitoylation
in cardiomyocytes (37).

However, there are two deficiencies in the present study: (1)
the lack of verification for the transcriptome sequencing results,
and (2) the lack of further studies on the mechanisms of the
important genes and signaling pathways potentially relevant to
the chronic hypoxia-induced chicken embryonic heart.
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Conclusion

In the study, we found diverse signaling pathways (including
MAPK, PPAR, insulin, ERI, and adrenergic signaling pathways)
and many genes, such as SGCD, DHRS9, HELQ, MCMDC2, and
ESCO2 might contribute to the response of the chicken heart
to HE. This study provided a valuable clue for the in-depth
understanding of the molecular mechanism of the adaptability
of the chicken heart to chronic hypoxia.
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