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ABSTRACT With the promotion of the intensive breed-
ing model, the incidence of leg diseases has risen in fast-
growing commercial broilers with higher body weight, seri-
ously affecting their feed efficiency and causing animal wel-
fare problems. Femoral head necrosis (FHN) is the most
common leg disease in broilers. Previous studies reported
that hormone-induced FHN is related to endoplasmic
reticulum (ER) stress, apoptosis, and oxidative stress, but
no detailed study has been conducted in broilers with spon-
taneous FHN. In the study, the articular cartilage of 5-wk-
old Ross 308 broilers with spontaneous FHN was used to
investigate the pathogenesis of the disease. According to
the degree of femoral head injury, the birds participating
in the experiment were divided into 3 groups, namely a
control group, femoral head separation group and femoral
head separation with growth plate lacerations group. The
morphological changes in articular cartilage were observed
by hematoxylin and eosin, toluidine blue, alcian blue and
safranine O-solid green staining, and the expressions of
genes related to cartilage homeostasis, ER stress,
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autophagy, apoptosis and oxidative stress was detected
using Real-Time Quantitative PCR. In the results, the
expression of aggrecan and collagen-2 mRNA levels
decreased in the articular cartilage of spontaneous FHN
broilers, and the same changes were observed in the tissue
staining results, indicating the disordered nature of articu-
lar cartilage homeostasis. At the same time, FHN in
broilers causes ER stress in articular chondrocytes and reg-
ulates oxidative stress by activating the nuclear factor ery-
throid 2-related factor 2/antioxidant response element
pathway through protein kinase RNA-like ER kinase.
Autophagy can be activated through the protein kinase
RNA-like ER kinase-activating transcription factor-4
pathway, and apoptosis can even be activated through
CCAAT-enhancer-binding protein homologous protein.
Therefore, the secretory activity of articular chondrocytes
in spontaneous FHN broilers is negatively affected, which
leads to the disorder of cartilage homeostasis and results in
FHN due to ER-stress-mediated chondrocyte apoptosis
and oxidative stress.
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INTRODUCTION

With the increasing demand for poultry meat products,
broiler breeding has gradually changed from a traditional
free-range model to an intensive model (Kuttappan et al.,
2016; Dinev et al., 2019). Intensive breeding has greatly
improved production efficiency, but the incidence rate of
broiler leg disease has increased because of the high inten-
sity and rapid growth rate associated with this model,
which has exerted a significantly negative impact on eco-
nomic success and animal welfare in the broiler industry
(Julian, 2005; Olkowski et al., 2011; Sanchez-
Rodriguez et al., 2019). FHN is one of the most common
leg disorders, in fast growing broilers, and the highest inci-
dence rate is found at 4 to 6 wk of age(Okimoto et al.,
2009; Li et al., 2015; Liu et al., 2020b; Yu et al., 2020).
Zhang et al., 2017; Zhang et al., 2019 reported that FHN is
related to apoptosis of chondrocytes and ER stress. The
ER is a highly dynamic membrane network and consists of
cisternae, linear tubules, and junctions that can be con-
stantly rearranged (Rowland and Voeltz, 2012;
Marchi et al., 2014). ER stress is sensed by three upstream
signaling proteins: inositol requiring protein-1a (IRE1-a),
activating transcription factor-6 (ATF6) and PERK.
Under physiological conditions, these transmembrane pro-
teins bind to the chaperone glucose-regulated protein 78
(GRP78)/BiP in the ER. When unfolded proteins accu-
mulate in the ER, GRP78/BiP is released from these com-
plexes to assist with the folding of accumulated proteins,
and then PERK, IRE1a and ATF6 activate their respec-
tive sensors (Gardner andWalter, 2011). The activation of
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these 3 signaling pathways induces apoptosis (Morishima
et al., 2011; Tabas and Ron, 2011). The ER stress response
mediated by the PERK-eukaryotic initiation factor 2a
(eIF2a)-ATF4 pathway is involved in the regulation of
the expression of several target genes such as CHOP
(Su and Kilberg, 2008; Brewer, 2014). Under chronic or
overwhelming ER stress, the normal functions of the ER
cannot be recovered, resulting in cellular dysfunction and
apoptosis (Ayaub et al., 2016; Hu et al., 2018). The
PERK/ATF4/CHOP signaling pathway is considered to
play a pivotal role in inducing cell apoptosis (Cao et al.,
2012; Chen et al., 2014; Liu et al., 2016). Apoptosis is an
active mode of cell death under physiological or pathologi-
cal conditions (Zhai et al., 2019; Hou et al., 2020). It is typ-
ically characterized by nuclear fragmentation, DNA
degradation in the early stage, and formation of apoptotic
bodies (Dong et al., 2019).

ER stress also leads to the induction of autophagy
(Yorimitsu et al., 2006; Chen et al., 2019; Liu et al.,
2020a). ATF4 induces autophagy through the transcrip-
tional regulation of autophagy-related genes (ATG),
such as Atg5, Atg7 and Atg10 (B'Chir et al., 2013).
Autophagy is a cellular degradation process, initiated in
response to stress, which attempts to restore metabolic
homeostasis through the catabolic lysis of aggregated pro-
teins, unfolded/misfolded proteins or damaged subcellu-
lar organelles (Mizushima, 2007; Glick et al., 2010).
Beclin1 is one of the key proteins required to initiate
autophagy. At the maturation stage of autophagy, LC3
acts as an LC3-II by binding to phosphatidylethanol-
amine (PE, LC3−PE) to form autophagic vacuoles via a
ubiquitination-like enzymatic reaction(Yang et al., 2015).

During ER stress, Nrf-2 is activated by PERK, which
promotes the expression of genes related to oxidative stress
(Brewer, 2014). Nrf-2 plays a role in regulating the oxida-
tive stress conditions. The Nrf-2 protein naturally binds to
cytoplasmic proteins and, through various stresses, pro-
gresses to the nucleus of the cell, which causes the expres-
sion of several genes, including antioxidant enzymes such
as superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px) and enzymes involved in detoxification and
drug processing (Ma, 2013; Suzuki et al., 2013). SOD and
GSH-Px are the most important enzymes in this pathway,
which reduces the toxicological effects of ROS (Ighodaro
and Akinloye, 2017; Afshari-Kaveh et al., 2020), improves
the antioxidant capacity and helps to maintain the body's
overall health.

In a previous report (Liu et al., 2020b), we confirmed
the presence of spontaneous FHN broiler chondrocyte
apoptosis, therefore, in the present study, the articular
cartilage of 5-wk-old broilers with spontaneous FHN
was used to investigate the underlying mechanisms
involved in chondrocyte apoptosis.
MATERIALS AND METHODS

Sample Collection

The experiment was performed in accordance with
the “Guidelines for Laboratory Animals” issued by the
Ministry of Science and Technology (2006, Beijing,
China), and it was approved by the Animal Protection
and Utilization Committee of Nanjing Agricultural
University (#NJAU-Poult-2019102205, approved on
October 22, 2019). Broilers (Ross 308 birds) of both
sexes were acquired from a farm in Jiangsu Province.
Birds were fed a two-phase commercial diet ad libi-
tum: a starter ration (21.00% crude protein, 1.00%
Ca, 0.52% total P, 0.45% methionine, 0.46% available
P, 3000 IU/kg Vitamin D3, 750FTU/kg phytase)
from 0 to 21 d and a grower ration (19.00% crude pro-
tein, 0.95% Ca, 0.47% total P, 0.38% methionine,
0.39% available P, 3000 IU/kg Vitamin D3, 750FTU/
kg phytase) from 22 to 35 d. At the 5th wk of age, the
birds with lameness were selected for tissue samples
collection. After euthanasia, femoral head tissue was
collected from FHN broilers immediately, washed with
saline and stored in 4% paraformaldehyde or at �80°C
for histological or genetic analysis. In accordance with
the FHN score standard (Okimoto et al., 2009), the
broilers were divided into 3 groups (Control, FHS and
FHSL groups). In each group, 8 broilers were used for
analysis.
Histopathological Analysis

The femoral head was fixed with 4% paraformalde-
hyde, washed overnight with flowing water, and decalci-
fied in 10% EDTA for 2 wk (Liu et al., 2020b; Yu et al.,
2020). The decalcified cartilage tissue was dehydrated in
ethanol, made transparent in xylene and embedded in
paraffin. The cartilage tissue was stained with H&E,
alcian blue, toluidine blue and safranine O-solid green
for histological observation.
RNA Extraction and Real-Time
Quantitative PCR

The femoral head tissue was ground into powder in
a liquid nitrogen environment and treated with Trizol
(Nanjing Angle Gene Biotechnology Co. Ltd., Nanj-
ing, China) to extract the total RNA. The comple-
mentary DNA (cDNA) was synthesized via reverse
transcription utilizing HiScript II QRT SuperMix for
qPCR (+gDNA wiper; Zazyme, Nanjing, China). The
expression of the related genes was detected by quan-
titative real-time PCR (qRT-PCR), carried out on
the ABI PRISM 7300 HT sequence-detection system
(Applied Biosystems, Inc., Foster City, CA), which
was repeated 3 times. The genes selected were
PERK, ATF-4, ATF-6, IRE1-a, GRP78, CHOP, B-
cell lymphoma-2 (Bcl-2), Caspase-3, Caspase-8, Cas-
pase-9, Bcl-2 homology interacting-domain death ago-
nist (Bid), LC3-I, LC3-II, Beclin1, Atg-5, protein
kinase B (Akt), mammalian target of rapamycin
(mTOR), collagen-2, collagen-10, aggrecan, hypoxia
inducible factor-1 (HIF-1a), HIF-2a, Nrf-2, kelch-
like ECH-associated protein 1 (Keap-1), heme Oxy-
genase-1 (HO-1), NADPH quinineoxidoreductase-1



Table 1. Sequences of primers used to amplify specific mRNAs
by qRT-PCR.

Target gene Primer sequence (50-30)

mTOR Forward: AACCACTGCTCGCCACAATGC
Reverse: GATCGCCACACGGATTAGCTCTTC

PERK Forward: TCGAGCTGCTTTACCCTTTC
Reverse: CTCATTGTCCGTGACCTCTG

ATF4 Forward: GAGGAGAACCATTCCGATGA
Reverse: CACCTTTGCTGACGCTACCT
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(NQO-1), catalase (CAT), SOD-1, SOD-2, SOD-3,
GSH-Px1, GSH-Px2, GSH-Px7. Quantitative data
were normalized relative to the housekeeping
GAPDH. The genes’ primer sequences as described
above are listed in Table 1. All PCR operations were
performed in triplicate. The results were analyzed as
the relative fold change (2�DDCT) (Livak and
Schmittgen, 2002).
ATF6 Forward: GTCCCTTCTCCGTCCTCTG
Reverse: CGCCCACAATCGGTTTC

IRE1-a Forward: CCCAAAGCATCAAACCATTC
Reverse: CAACGTCGCGGTTATCAAAT

GRP78 Forward: TGCCAATGACCAGGGGAACC
Reverse: GAGGGGTCATTCCAGGTGCG

CHOP Forward: CAGGAAGAAGAGCTGGCCCCACT
Reverse: TGCTGTGCTCGCCGTGCTGT

Bcl-2 Forward: CGACTGGGATGACAGGAAAG
Reverse: GGAGCGCACAGGTGAGACA

Caspase-3 Forward: AAGGCTCCTGGTTTATTCA
Reverse: TCTGCCACTCTGCGATTT

Caspase-8 Forward: CCTCTTGGGCATGGCTA
Reverse: TGCTGCTCACCTCTTGATT

Caspase-9 Forward: CGAAGGAGCAAGCACGAC
Reverse: CGCAGCCCTCATCTAGCAT
Statistical Analysis

One-way ANOVA was used to analyze the differences
between normal broilers and spontaneous FHN broilers,
using SPSS Statistics 25.0 software (SPSS Software
Inc., USA). A histogram was created using by Graph-
Pad Prism 7.0 (GraphPad Software Inc., USA). All val-
ues were expressed as mean § SD. All measurements
were repeated 3 times. The level of significance was as
follows: * indicated P < 0.05 (significant), ** indicated
P < 0.01 (extremely significant).
Bid Forward: GCCTGACCCTGAGGTAAATG
Reverse: ACAGGCACCGTGTTATCTCC

LC3-I Forward: GCTGCCAGTGCTGGACAAGAC
Reverse: TCCTCATCCTTCTCCTGCTCGTAG

LC3-II Forward: CCTGGTGCCAGATCACGTCAAC
Reverse: AAGCCGTCCTCGTCCTTCTCG

Beclin1 Forward: ACCGCAAGATTGTGGCTGAAGAC
Reverse: TGAGCATAACGCATCTGGTTCTCC

ATG5 Forward: GGCACCGACCGATTTAGT
Reverse: GCTGATGGGTTTGCTTTT

Akt Forward: GGCTACAAGGAACGACCGCAAG
Reverse: TACTGTGGTCCACTGGAGGCATC

mTOR Forward: AACCACTGCTCGCCACAATGC
Reverse: GATCGCCACACGGATTAGCTCTTC

Collagen-2 Forward: ACCTACAGCGTCTTGGAGGA
Reverse: ATATCCACGCCAAACTCCTG

Collagen-10 Forward: GCCTTCCAGGTCAGCCAGGTAT
Reverse: TTGCCGATGCCAACTTCTCCAG

Aggrecan Forward: TGCAAGGCAAAGTCTTCTACG
Reverse: GGCAGGGTTCAGGTAAACG

HIF-1a Forward: CAGCCAGGTGCCGAAGAAGC
Reverse: ATGGTCAGCCTCATAATGGATGCC

HIF-2a Forward: CTGTTGACGATGAGCAGTGCCT
Reverse: CCAGGTGTTGGAGCCAGTTGTG

Nrf-2 Forward: CTGCTAGTGGATGGCGAGAC
Reverse: CTCCGAGTTCTCCCCGAAAG

Keap-1 Forward: ACTTCGCTGAGGTCTCCAAG
Reverse: CAGTCGTACTGCACCCAGTT

HO-1 Forward: AGCTTCGCACAAGGAGTGTT
Reverse: GGAGAGGTGGTCAGCATGTC

NQO-1 Forward: CTCCGAGTGCTTTGTCTACGA
Reverse: ATGGCTGGCATCTCAAACC

CAT Forward: GTTGGCGGTAGGAGTCTGGTCT
Reverse: GTGGTCAAGGCATCTGGCTTCTG

SOD-1 Forward: TTGTCTGATGGAGATCATGGCTTC
Reverse: TGCTTGCCTTCAGGATTAAAGTGAG

SOD-2 Forward: CAGATAGCAGCCTGTGCAAATCA
Reverse: GCATGTTCCCATACATCGATTCC

SOD-3 Forward: TTTTCTCCTAAAGATGGCAAG
Reverse: CTTCCTGCTCATGGATCACAA

GSH-Px1 Forward: TCACCATGTTCGAGAAGTGC
Reverse: ATGTACTGCGGGTTGGTCAT

GSH-Px2 Forward: AGGGGGAGAAGGTGGACTT
Reverse: TCCTGGTAGCCGAACTGGT

GSH-Px7 Forward: TTGCAATTACAGCACTCCTGCTC
Reverse: TGCAACGTTGACAACTAACGACA

GAPDH Forward: GAACATCATCCCAGCGTCCA
Reverse: CGGCAGGTCAGGTCAACAAC
RESULTS

Changes in Cartilage Homeostasis-Related
Level of mRNA Expression Between
Spontaneous FHN and Normal Broilers

The related markers of cartilage homeostasis were
detected in the articular cartilage of broilers with spon-
taneous FHN. Chondrocytes are the only cells involved
in the synthesis of the extracellular matrix (ECM) in
the articular cartilage. Cartilage homeostasis requires
full synthesis of ECM in order to fulfill its biomechanical
function. Aggrecan and collagen-II are the specific
markers of chondrocyte activities, and their expression
reflects the physiological function of chondrocytes. As
shown in Figure 1B, the cartilage of the femoral head
was separated from the growth plate, but there was
novisible lesion in the growth plate, which was named
FHS if the growth plate was damaged, and if the epiphy-
sis was broken, it was named FHSL (Figure 1C). The
results (Figure 1E and 1F) showed that in the FHS
group, the mRNA level of aggrecan was significantly
lower than that in the control (P < 0.05), and the
mRNA level of collagen-2 was extremely significantly
lower (P < 0.01). Furthermore, in the FHSL group, com-
pared with the control group, the mRNA level of colla-
gen-2 was significantly decreased (P < 0.05). The levels
of HIF-1a and HIF-2a were extremely significantly
increased in the FHS group. The level of HIF-1a in the
FHSL group was extremely significantly increased (P <
0.01), and the level of HIF-2a was significantly increased
(P < 0.05), which indicate that cartilage homeostasis
was disturbed. Additionally, the cartilage histomorphol-
ogy (Figure 1D) showed that the cartilage matrix was
destroyed, which was confirmed by the results presented
in Figure 1E and 1F.



Figure 1. The anatomical manifestations and comparison of carti-
lage homeostasis between spontaneous FHN and normal broilers. (A)
Normal femoral head. (B) Femoral head Incomplete separation of artic-
ular cartilage and growth plate. (C) Fracture of the epiphysis. (D) The
histomorphology of articular cartilage was observed by H&E, alcian
blue, toluidine blue and safranine O-solid green staining. (E) Cartilage
homeostasis related level of mRNA expression. (F) Heatmap of carti-
lage homeostasis related genes mRNA level. Date was presented as
mean § SD (n = 8). *P < 0.05, **P < 0.01. Abbreviations: Col-2, colla-
gen 2; Col-10, collagen-10.

Figure 2. The mRNA levels of ER stress related genes in spontane-
ous FHN and normal broilers were compared. (A) ER stress related
level of mRNA expression. (B) Heatmap of ER stress related genes
mRNA level. Date was presented as mean § SD (n = 8). *P < 0.05,
**P < 0.01. Abbreviations: PERK, protein kinase RNA-like ER kinase;
ATF-4, activating transcription factor-4; ATF-6, activating transcrip-
tion factor-6; IRE1-a, inositol requiring protein-1a; GRP78, glucose-
regulated protein 78; CHOP, CCAAT-enhancer-binding protein
homologous protein.
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Changes in ER Stress-Related Level of
mRNA Expression Between Spontaneous
FHN and Normal Broilers

ER stress can increase GRP78/BiP expression in
chondrocytes, and regulate unfolded protein
responses in the ER through 3 classical pathways
(PERK, ATF-6, IRE1-a). In this study (Figure 2),
compared with the control group, the mRNA levels
of PERK and ATF-6 in the FHSL group were signif-
icantly increased (P < 0.05), and the mRNA level of
IRE1-a was extremely significantly increased (P <
0.01); the mRNA levels of IRE1-a and GRP78/Bip
in the FHS group were extremely significantly
increased (P < 0.01). Furthermore, related studies
showed that ER stress can regulate apoptosis
through the PERK-ATF4-CHOP pathway, therefore,
the mRNA level of CHOP was measured, and the
result (Figure 2) showed that it was significantly
increased in the FHS and FHSL groups compared
with the normal group, which indicated that chon-
drocyte apoptosis may have been promoted. There-
fore, the related indexes of ER stress, autophagy and
apoptosis were calculated.
Changes in Autophagy-Related Level of
mRNA Expression Between Spontaneous
FHN and Normal Broilers

As shown in Figure 3, the mRNA levels of autophagy
related genes such as LC3-II / I and Atg-5 in the FHSL
group were significantly higher than those in the normal
group (P < 0.05), while the mRNA level of Beclin1 did
not change significantly (P > 0.05), but showed an
upward trend. The mRNA levels of Akt and mTOR did
not change significantly (P > 0.05), which indicated
that autophagy in spontaneous FHN may not be regu-
lated by the Akt-mTOR pathway.



Figure 3. The mRNA levels of autophagy related genes in sponta-
neous FHN and normal broilers were compared. (A) Autophagy related
level of mRNA expression. (B) Heatmap of autophagy related genes
mRNA level. Date was presented as mean § SD (n = 8). *P < 0.05,
**P < 0.01. Abbreviations: Akt, protein kinase B; ATG, autophagy-
related gene.

Figure 4. The mRNA levels of apoptosis related genes in spontane-
ous FHN and normal broilers were compared. (A) Apoptosis related
level of mRNA expression. (B) Heatmap of apoptosis related genes
mRNA level. Date was presented as mean § SD (n = 8). *P < 0.05,
**P < 0.01. Abbreviations: Bcl-2, B-cell lymphoma-2; Casp, caspase;
Bid, Bcl-2 homology interacting-domain death agonist.

ER STRESS AND APOPTOSIS IN BROILERS OF FHN 5
Changes in Apoptosis-Related Level of
mRNA Expression Between Spontaneous
FHN and Normal Broilers

The levels of apoptosis-related genes such as Bcl-2,
caspase-3, caspase-8, caspase-9 and Bid were detected.
The mRNA level of Bcl-2, an antiapoptotic gene, was
extremely significantly decreased in the FHSL group
compared with the control group (P < 0.01). Moreover,
in the FHS group, compared with the control group, the
mRNA levels of Bcl-2 and caspase-9 were significantly
increased (P < 0.05), and the mRNA level of Bid was
extremely significantly increased (P < 0.01). The results
(Figure 4) indicate that apoptosis occurred in the chon-
drocytes of broilers with spontaneous FHN.
Figure 5. The mRNA levels of oxidative stress related genes in
spontaneous FHN and normal broilers were compared. (A) Oxidative
stress related level of mRNA expression. (B) Heatmap of oxidative stress
related genes mRNA level. Date was presented as mean § SD (n = 8).
*P < 0.05, **P < 0.01. Abbreviations: Nrf-2, nuclear factor erythroid 2-
related factor 2; Keap-1, kelch-like ECH-associated protein 1; HO-1,
heme Oxygenase-1; NQO-1, NADPH quinineoxidoreductase-1; CAT,
catalase; SOD: superoxide dismutase; GSH-Px, glutathione peroxidase.
Changes in Antioxidant-Related Level of
mRNA Expression Between Spontaneous
FHN and Normal Broilers

Some studies have shown that PERK can regulate the
body's antioxidant levels by activating the Nrf-2 path-
way. Therefore, the related indicators of oxidative stress
were measured in the present study. The results are pre-
sented in Figure 5. The mRNA levels of Nrf-2 and NQO-
1 in the FHS group were significantly increased com-
pared with the control group (P < 0.05), and the level of
HO-1 was extremely significantly increased (P < 0.01).
In the FHSL group, compared with control group, Nrf-2
was significantly higher (P < 0.05), and HO-1 was
extremely significantly increased (P < 0.01). At the
same time, the levels of CAT and GSH-Px7 in the FHSL
group, which are markers of antioxidant levels, were also
significantly increased (P < 0.05). Furthermore, the level
of GSH-Px1 in the FHS and FHSL groups was extremely



Figure 6. Regulatory mechanism of ER stress, apoptosis and oxidative stress in articular cartilage of broilers with spontaneous FHN. When
broilers were stimulated by external environment, ER stress was activated, and through IRE1-a, ATF-6 and PERK pathways regulate UPR to
maintain cell homeostasis. However, a series of reactions may occur, such as activating Nrf-2/ARE pathway through PERK to exert antioxidant
function, or inducing autophagy or even apoptosis, may occur when the duration or degree of ER stress reaches the limit of cellular adaptive.
Abbreviations: ATF-6, activating transcription factor-6; ER, endoplasmic reticulum; FHN, Femoral head necrosis; IRE1-a, inositol requiring pro-
tein; PERK, protein kinase RNA-like ER kinase; UPR, unfolded protein response.
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significantly increased (P < 0.01), which indicates that
oxidative stress occurs in spontaneous FHN, thus acti-
vating the collective antioxidant system and improving
the antioxidant level.
DISCUSSION

In fast-growing broilers, the highest incidence of
FHN occurs between 4 and 6 wk of age, and related
studies have found that the occurrence of FHN is
related to articular cartilage homeostasis (Zhang
et al., 2017; Zhang et al., 2019; Yu et al., 2020). The
main components of the ECM in articular cartilage
are collagen-2 and aggrecan, which are synthesized
and secreted by chondrocytes (Qi and Scully, 2000),
thus, the death of chondrocytes is related to the
destruction of cartilage (Mobasheri, 2002; Lires-
De�an et al., 2008; Tang et al., 2017). Collagen-2 is a
typical marker of nonproliferative chondrocytes
(Mendler et al., 1989). Aggrecan provides osmotic
resistance, allowing cartilage to resist external pres-
sure (McDevitt, 1973). Their expression determines
whether the physiological functioning of cells is abnor-
mal (McDevitt, 1973; Mendler et al., 1989). Yu et al.
have reported that broilers with FHN induced by
methylprednisolone showed more pronounced produc-
tion of catabolic factors and suppressed anabolic fac-
tors. The expression of collagen-2 and aggrecan in
FHN-affected broilers caused chondrocyte levels to
decrease significantly (Figure 1D-F), indicating that
the secretory activity of cells was seriously damaged, a
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finding which is accordance those of with Zhang et al.,
(2019).

Regarding the destruction of chondrocyte homeosta-
sis, related studies have reported that ER stress is linked
with the occurrence of FHN (Tao et al., 2017;
Zhang et al., 2019), thus, the relevant indicators of ER
stress in cartilage tissue in broilers with spontaneous
FHN were valuated. Sato et al., (2015) reported that
GC-induced osteoblast/osteocyte apoptosis is mediated
by ER stress and ROS. Gao et al., 2020 found that glu-
cocorticoid upregulated the expression of ER stress-
related proteins, indicating that ER stress plays an
important role in the occurrence of FHN, which is in line
with our results (Figure 2). However, the mRNA level of
ATF-4 did not increase significantly, which may be due
to the combination of ATF-4 and Nrf-2, which activates
the antioxidant mechanism (Brewer, 2014). Nrf-2 is well
known as a classic antioxidant regulator, and the Nrf-2/
ARE route plays an important role in antioxidant
defense in the body (Ma, 2013; Suzuki et al., 2013).
When oxidative stress occurs, Nrf-2 is activated and
enters the nucleus from the cytoplasm, increasing the
transcription of antioxidant enzymes such as SOD,
GSH-Px and CAT (Afshari-Kaveh et al., 2020), which is
consistent with our results (Figure 5). Furthermore, the
level of ATF-4 did not change significantly during ER
stress, suggesting that ATF-4 may be involved in the
activation of the Nrf-2 pathway. Therefore, it is specu-
lated that oxidative stress may be mediated by ATF-4.

It is now apparent that ER stress is a potent trigger of
autophagy, a self-degradative process that has an adaptive
function (Lee et al., 2015). At present, autophagy is a
well-established protective mechanism of cartilage itself
(Zhou et al., 2020). Zhang et al., 2012 found that mesen-
chymal stem cells can promote their survival by increasing
the level of autophagy under hypoxia and serum-free con-
ditions. Our work showed that (Figure 3) the mRNA of
LC3-II/I and Atg-5 was significantly higher than that of
normal broilers, indicating that autophagy was triggered,
but Akt-mTOR did not change significantly, indicating
that ER stress in the cartilage tissue of FHN may not acti-
vate autophagy through the Akt-mTOR pathway.

When the duration or degree of ER stress reaches the
limit of cellular adaptive mechanisms including autoph-
agy, cell death programs are activated. Simultaneously,
related studies show that under prolonged stress, CHOP
initiates the apoptotic response by activating BIM and
death receptor 5 and decreasing Bcl-2 antiapoptotic pro-
tein (McCullough et al., 2001; Yamaguchi and
Wang, 2004; Puthalakath et al., 2007). Caspase-8 is the
principal initiator of the extrinsic apoptotic pathway
(Mandal et al., 2020). Procaspase-8 is activated through
2 cleavage events in the death�inducing signaling com-
plex (Chang et al., 2003). Activated caspase-8 cleaves a
proapoptotic Bid into truncated Bid, and it promotes
the formation of apoptosome and activates caspase-9
and subsequently caspase-3v (Baliga and Kumar, 2003).
Compared with the control group, the mRNA level of
antiapoptotic protein Bcl-2 was significantly decreased,
while the mRNA levels of caspase-9 and Bid were
significantly increased (Figure 4). Although caspase-3
and caspase-8 did not change significantly, they still
showed an upward trend, indicating that cartilage tissue
apoptosis was promoted.
In conclusion, the secretory activity of articular chon-

drocytes in broilers with spontaneous FHN was extin-
guished, which affected the synthesis of ECM. FHN in
broilers causes ER stress in articular chondrocytes and
regulates oxidative stress by activating the Nrf-2/ARE
pathway through PERK (Figure 6). When the duration
or degree of ER stress reaches the limit of cellular adap-
tive mechanisms, autophagy can be activated through
the PERK-ATF4 pathway, and apoptosis can even be
activated through CHOP. This study provides a theo-
retical basis for the prevention and treatment of sponta-
neous femoral head necrosis in broilers.
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