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Abstract: (1) Background: Since the large-scale poultry industry has been established, femoral head
necrosis (FHN) has always been a major leg disease in fast-growing broilers worldwide. Previous
research suggested that cartilage homeostasis could be taken into consideration in the cause of
FHN, but the evidence is insufficient. (2) Methods: One-day-old broiler chickens were randomly
divided into three groups, 16 broilers per group. The birds in group L were injected intramuscularly
with methylprednisolone (MP) twice a week for four weeks (12.5 mg-kg~!). The birds in group H
were injected intramuscularly with MP (20 mg-kg™'-d™!) for 7 d (impulse treatment). The birds
in group C were treated with sterile saline as a control group. Broilers were sacrificed at 42 and
56 d. Blood samples were collected from the jugular vein for ELISA and biochemical analysis.
Bone samples, including femur, tibia, and humerus, were collected for histopathological analysis,
bone parameters detection, and real-time quantitative PCR detection. (3) Results: The FHN broilers
in group L and H both showed lower body weight (BW) and reduced bone parameters. In addition,
the MP treatment resulted in reduced extracellular matrix (ECM) anabolism and enhanced ECM
catabolism. Meanwhile, the autophagy and apoptosis of chondrocytes were enhanced, which led to
the destruction of cartilage homeostasis. Moreover, the impulse MP injection increased the portion of
birds with severer FHN, whereas the MP injection over a long period caused a more evident change
in serum cytokine concentrations and bone metabolism indicators. (4) Conclusions: The imbalance of
cartilage homeostasis may play a critical role in the development of FHN in broilers. FHN broilers
induced by MP showed a more pronounced production of catabolic factors and suppressed the
anabolic factors, which might activate the genes of the WNT signal pathway and hypoxia-inducible
factors (HIFs), and then upregulate the transcription expression of ECM to restore homeostasis.

Keywords: cartilage homeostasis; femoral head necrosis; methylprednisolone; hypoxia-inducible
factors; broiler

1. Introduction

Over the past decades, the commercial poultry industry has a significant rapid due to the
application of genetics, nutrition, and proper management, the most remarkable changes being
feed conversion and body weight (BW) [1]. The type of broiler commonly used today grows 300%
faster than those in the 1960s [2]. However, significant weight gain causes many problems, such as
pulmonary hypertension, fatty liver syndrome, and an increasing incidence of skeletal problems in
young poultry [3-6]. Broilers gain the most weight between four and six weeks of age. The sudden
pressure on the legs leads to various leg problems [7]. Clinical and morphological investigations of
broilers had revealed that the incidence rate of lameness varied from 3-4% up to 15% in farms [8].
Moreover, many large-scale field studies demonstrated that femoral head necrosis (FHN) was the
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most common cause of lameness in broilers [2,8-10]. Most studies suggested that the causes of
FHN may be related to an insufficient blood supply to the femoral head [11-13] or disorders of
lipid metabolism [14-17], but the mechanism of FHN is rather complicated and not completely clear.
Previous research has demonstrated that the pathogenesis of methylprednisolone (MP)-induced FHN
is similar to naturally occurring FHN, which made MP the major method of establishing the FHN
model [18-20].

FHN is associated with cartilage damage [21]. It is well known that the articular cartilage mainly
consists of chondrocytes and extracellular matrix (ECM). In addition, chondrocytes are the only cells in
the articular cartilage that synthesize the whole ECM, including proteoglycan, glycosaminoglycan,
and type II collagen [22-24]. Under normal conditions, chondrocytes continuously synthesize new
matrices and degrade the aging matrix to maintain the balance of the articular cartilage, and this
process is called cartilage homeostasis [25-27]. However, chondrocytes are few in number and have
a low metabolic dynamic. Therefore, the dynamic equilibrium between the synthesis (anabolism) and
degradation (catabolism) of ECM components is not only based on a direct regulation of chondrocytes
but also on various factors secreted by them and other cells [22,23,28]. The factors that could maintain
the homeostasis of ECM are divided into catabolic cytokines, including interleukin-1f (IL-1f3), tumor
necrosis factor « (TNF-«), and anabolic factors, e.g., cartilage morphogenetic protein (CDMP), bone
morphogenetic protein (BMP), and insulin-like growth factor 1 (IGF-1) [23,29-31].

Chondrocyte homeostasis is coordinated through a series of physiological processes, such as
apoptosis, autophagy, and cell proliferation [21,32]. Our previous studies have proved that the
apoptosis of chondrocytes plays a vital role in the development of FHN [5,21], and autophagy has
also been reported to be involved in the development of osteoarthritis (OA) [33]. As the abnormal
autophagy and apoptosis can disturb homeostasis of cartilage chondrocytes and cause cartilage damage,
the regulatory mechanism of cartilage homeostasis should be taken seriously in the initiation and
pathogenesis of FHN.

The articular cartilage is devoid of blood vessels, lymphatics, and nerves, which makes
chondrocytes sensitive to the changes of the extracellular environment. The perception and response
to oxygen is a critical aspect of cartilage homeostasis, it is mainly adjusted by hypoxia-inducible factors
(HIFs) and its regulator von Hippel-Lindau tumor suppressor protein (pVHL). HIFs can also induce
the expression of proteins which controls glucose metabolism, cell proliferation, and angiogenesis.
Furthermore, it is also a key regulator that regulates articular cartilage homeostasis and chondrocyte
activities [22,32,34-36], but there is little research into the regulatory mechanisms of homeostasis.
Recent studies have shown that the function of HIF-1a is regulated by pVHL, which might be associated
with the WNT signaling pathway [37,38]. Therefore, HIFs and WNT signaling proteins might play
a crucial part in regulating craticular homeostasis in the development of FHN.

Despite extensive studies, the fundamental mechanisms responsible for the relationship between
FHN and the homeostasis of the articular cartilage in broilers and other animals have not yet been
fully elucidated. The aim of this study is to investigate how cartilage homeostasis affects FHN induced
by MP in broilers. The expression of anabolism relation genes (CDMP-1, BMP-3, VEGFA, and IGF-1)
and catabolism relation genes (MMP-9, IL-1$3), and the development of apoptosis and autophagy in
the articular cartilage were detected. Bone metabolism indicants and bone parameters were examined.
In addition, the levels of serum biochemical indicators, including creatinine, alkaline phosphatase
(ALP), calcium (Ca), and phosphorus (P) were also tested.

2. Results

2.1. Morbidity of FHN and Feed Conversion

The experiment was finished at 56 d, two birds in each MP-treated group died before 42 d.
Therefore, the results of 42 d were obtained from 18 chickens (six chickens per group) and the results of
56 d were obtained from 24 chickens (eight chickens per group). Behavioral observations (see Table 1)
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showed that the broilers in group H had more serious gait defect than those in group L, and there
was only one 56-d broiler in group H that had a gait score of 5 (the bird was incapable of sustained
walking on its feet). In addition, broilers in group H had diarrhea during continuous administration,
and the symptom gradually disappeared after the administration. For the same bird, different legs
had different symptoms; therefore, the morbidity of broiler FHN was calculated by the total amount
of legs. The evaluation and classification of legs were based on the standards of Okazaki et al. [39].
The macroscopic morphological changes of FHN are shown in Figure 1, and results of FHN evaluation
are listed in Table 2. In group H, which used the pulse MP treatment, there was an evident rise both in
morbidity and the total FHN score compared with group C at the age of 42 d. The morbidity and total
FHN score of group L increased significantly from 42 to 56 d.

Table 1. The numbers of broilers with each gait score.

Gait 42 Day 56 Day
Scoring Group C Group L Group H Group C Group L Group H
0-5) (n =14) (n =14) (n =14) (n=8) (n=8) (n=8)
0 2 1 0 1 0 0
1 5 3 2 2 1 0
2 6 6 5 4 3 2
3 1 4 5 1 3 4
4 0 0 2 0 1 1
5 0 0 0 0 0 1

Note: Gait score 0: The bird walked normally with no detectable abnormality; Gait score 1: The bird had a slight
defect which was difficult to define precisely; Gait score 2: The bird had a definite and identifiable defect in its gait;
Gait score 3: The bird had an obvious gait defect which affected its ability to move about; Gait score 4: The bird had
a severe gait defect; Gait score 5: The bird was incapable of sustained walking on its feet.

Table 2. Femoral head necrosis (FHN) evaluation and morbidity in broilers, both legs of each broiler
were counted.

Item 42 Day 56 Day
Group C Group L Group H Group C Group L Group H
(n=06) (n=26) (n=06) (n=28) (n=28) (n=238)
FHN 0 8 9 7 12 9 11
evaluation 1 3 3 2 4 7 2
score (0-2) 2 1 0 3 0 0 3
Morbidity
Score 1 to 2 (%) 33.33 25.00 41.67 25.00 43.75 31.25
Total disease score 5 3 8 4 7 8
Amount 12 12 12 16 16 16

Note: FHN evaluation score 0: The normal femoral head with an integral structure. FHN evaluation score 1:
The femoral head separates from the growth plate. FHN evaluation score 2: Femoral head separation with laceration
of the growth plate.

Throughout the whole experiment, the speed of gaining weight in two MP-treated groups was
always slower than group C (see Figure 2). Moreover, there was no significant difference in feed
conversion among the three groups. The feed utilization had increased before the 35th day and then
slowly decreased. Furthermore, there was no difference in the liver index in all groups (see Table 3).
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Figure 1. The macroscopic morphological changes for different degrees of femoral head necrosis
(FHN). (A) The normal femoral head with an integral structure. The FHN evaluation score is set to 0.
(B) The femoral head separates from the growth plate. The FHN evaluation score is set to 1. (C) Rupture

of the femoral head. The FHN evaluation score is set to 2.
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Figure 2. (A) The change of body weight from 1 to 56 d. (B) The trend of feed conversion at each week

from 7 to 56 d.
Table 3. The changes of body weight, liver weight, and liver index in broilers.
Item Group C Group L Group H
a b b
Body weight (kg) 42 day 2.13 +0.08 1.81 +0.12 : 1.63 + 0.14
56 day 2,64 +0.122 2.36 + 0.09 258 +0.102
Liver weight () 42 day 4466 +2.042 3561 +3.15° 35.53 +2.42°
g8 56 day 3680 +1.51  36.02 +0.90 37.79 + 2.74
Liver index (%) 42 day 20.03 + 0.51 19.59 + 0.43 20.54 + 1.07
56 day 14.03 +0.47P  16.03 +0.78 2 14.60 + 0.65 2P

2.2. Changes in ECM Homeostasis Factors

Note: Different superscript letters in the same line means there is a significant difference (p < 0.05).

The changes of catabolic cytokines (IL-13) are shown in Figure 3A. The level of catabolic cytokines
in group H and L significantly increased compared with group C, and were higher in group L.
The change trend in serum anabolic cytokines (IGF-1 and vascular endothelial growth factor, VEGF) of
group L was in accordance with group H, especially at the age of 56 d (Figure 3B,C). These two factors,
both in group L and H, were significantly decreased compared with group C, which were conversed
with the IL-1(3.
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Figure 3. The changes of serum indicants related to extracellular matrix (ECM) homeostasis.
(A) The changes of serum catabolic cytokines interleukin-1p (IL-1§3) in different groups. (B,C) The changes
of serum anabolic cytokines insulin-like growth factor 1 (IGF-1) and vascular endothelial growth factor
(VEGF) in different groups. Superscripts with different letters indicate significant differences (p < 0.05).

2.3. Bone Biochemistry and Bone Metabolism Indicants

The serum biochemical indicators are shown in Table 4. The creatinine had no significant difference
between the three groups. The level of ALP in group H was higher than in group C. Meanwhile, after
a long-term treatment with MP, the emission of Ca in the serum evidently increased.

Table 4. The changes of serum biochemical indicators in broilers.

Item Group C Group L Group H

42 day 22.83 +1.51 20.20 +0.80 23.83 +2.82
56 day 21.75 £ 0.86 21.00 £ 0.80 21.56 £ 1.25

42 day 2733.00 + 215.33 2987.60 + 862.03 3867.00 + 687.64

Creatinine (umol/L)

ALP (UL
(UL 56day  3466.88+668.62 32671332233  5032.33 + 813.02
42 day 2.68 + 0.05 2.67 + 0.08 2.68 + 0.10
C 1L
a (mmol/L) 56 day 2.58 + 0.05 2.98 + 0.08 2 2.58 +0.03 >
42 day 2.14+0.092 1.82 £ 0.05° 1.99 + 0.07 2b
P (mg/dL
(mg/dL) 56 day 2.13 +0.06 2.09 + 0.09 217 +0.07

Note: Different superscript letters in the same line means there is a significant difference (p < 0.05).

Table 5 shows the changes of bone metabolism. The level of alkaline phosphatase (BALP) and
osteocalcin (OT) in the two MP-treated groups significantly decreased compared with group C at the
age of 56 d, indicating a lower level of bone formation indicants. Meanwhile, the two MP-treated
groups showed that the bone resorption indicants, tartrate-resistant acid phosphatase 5b (TRACP-5b)
and cross-linked carboxy-terminal telopeptide of type I collagen (CTX-I), were significantly increased,
and group L had a significantly higher level than group H. In addition, compared with the 42-d
indicants in group C, bone-formation indicants had increased and bone-resorption indicants had
decreased at the age of 56 d.
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Table 5. The changes of serum indicants related to bone metabolism in broilers.

Item Group C Group L Group H
BALP (pg/mL) 42 day 304.89 + 6.51 292.95 + 16.23 304.64 + 6.44
56 day 462.17 +15.13 2 230.87 + 4.55° 254.99 +9.18°
42 day 18.75 + 0.41 18.75 + 0.56 19.55 + 0.35
oT

(ug/L) 56 day 24.17 +0.47 2 18.50 + 0.83 P 19.79 +0.53 ®
TRACPSb (ng/L) 42 day 1366.11 + 6.24 b 1439.23 + 22.08 2 1312.06 + 21.70 ©
56 day 916.57 + 51.62° 1463.11 + 52.03 2 1329.64 + 39.812

CTX-I (ng/mL) 42 day 207.16 + 4.57° 25291 +13.262 212.78 + 3.16 °
56 day 186.16 + 3.50 P 262.17 +3.812 249.83 +13.842

Note: Different superscript letters in the same line means there is a significant difference (p < 0.05).

2.4. Pathological Section and Bone Parameters

The hematoxylin and eosin (H&E) staining results of the femoral head articular cartilage of
different groups are shown in Figure 4. Chondrocytes had a normal morphology and intact structure
in group C, whereas there were more empty lacunae presented in MP-treated broilers, which meant
that the structures of cartilage in group L and H were destroyed in various degrees.

Figure 4. Hematoxylin and eosin (H&E) staining of chondrocytes in the femoral head articular cartilage
(scale bar: 100 um). (A) H&E stained histological section of the normal femoral head in group C.
Histological section of the femoral head cartilage in group L (B) and group H (C). The area where the
red arrow points is an empty lacunae.
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According to the data in Tables 6 and 7, the length, index, and diameter of chicken bone (humerus,
femoral, and tibia) in the two MP-treated groups significantly decreased compared to group C at both
42 and 56 d. Meanwhile, the bone mineral density (BMD) in two MP-treated groups also decreased
compared with group C, but there was no significant difference.

Table 6. The 42-d changes of bone parameters in broilers.

Group ?gj:;lg’ Length (cm) Index (g/kg) Dl(«’;lnm;;ter

Group C 0.26 £ 0.04 6.95+0.09 2 2.65 £ 0.05 0.85+0.022

Humerus Group L 0.20 £ 0.01 6.19 £0.13P 2.37+0.18 0.73 £0.01°

Group H 0.23+0.03 6.26 +0.14 ° 2.53 £ 0.05 0.75 +0.03 P

Group C 0.20 £ 0.01 853+0.112 5.08+0.142 1.02 +£0.022

Femur Group L 0.20 + 0.01 7.26 £ 0.16° 4.60 £0.15P 0.89 + 0.02°

Group H 0.19 £ 0.01 7.37 +0.19° 513+0.16% 0.94 +0.02°

Group C 0.23 +0.012 11.30 £ 0.122 757 +0.162 0.95+0.012

Tibia GroupL 022 +0.012 9.81+0.11"P 6.78 +0.24 ° 0.77 +0.02°

Group H 0.20 +0.01° 9.88+0.29P 7.42 0312 0.82 +0.02°

Note: Different superscript letters in the same column (the same kind of bone) means there is a significant difference
(p < 0.05).

Table 7. The 56-d changes of bone parameters in broilers.
Density Diameter
Group (g/cm?) Length (cm) Index (g/kg) (mm)

Group C 0.23 +0.00 7.87 +£0.182 2.70 £0.19 091 +0.022

Humerus Group L 0.22 + 0.00 7.33 £0.09 P 2.56 +0.11 0.82 +0.02°

Group H 0.22 +0.01 741+0.11° 242 £0.10 0.84 +0.02°

Group C 0.20 £ 0.01 9.28+020° 597 £0.242 1.04 +0.04°

Femur Group L 0.19 + 0.01 8.39 + 0.09 P 4.85+0.09° 0.99 + 0.02°

Group H 0.20 + 0.00 8.90+0.142 555+0.12% 1.11+0.032

Group C 0.24 +0.00 1253 £0.252 8.18 0292 1.00 £ 0.03 2

Tibia Group L 0.22 +0.01 11.51 £ 0.18 ® 7.29 + 0.13° 0.88 + 0.02°

Group H 0.23 £ 0.00 11.90 + 0.15° 799 +0.232 0.97 +0.022

Note: Different superscript letters in the same column (the same kind of bone) means there is a significant difference
(p < 0.05).

2.5. Expression of Homeostasis Relative Genes

qRT-PCR was used to evaluate the mRNA expression differences of target genes. Figure 5 shows
the mRNA level of some factors related to ECM homeostasis of the articular cartilage. The 42-d group
H showed that the expression of anabolism relation genes (CDMP-1, BMP-3, VEGFA, and IGF-1)
were inhibited and the catabolism relation genes (matrix proteinase-9 (MMP-9), IL-13) were increased.
In group L, however, all seven factors had enhanced. Moreover, the expression of the four anabolism
relation genes was significantly suppressed in group L and H at 56 d, and two catabolic factors
were increased.
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Figure 5. The mRNA expression of chondrocytes in three groups. (A) The 42-d expression of
ECM-homeostasis relative genes. (B) The 42-d expression of cell-homeostasis relative genes. (C) The 42-d
expression of the WNT signal pathway and hypoxia-inducible factors (HIFs). (D) The 56-d expression of
ECM-homeostasis relative genes. (E) The 56-d expression of cell-homeostasis relative genes. (F) The 56-d
expression of the WNT signal pathway and HIFs. Superscripts with different letters indicate significant
differences (p < 0.05).

Figure 5 shows the change of cell homeostasis-related genes. Both group L and H at 42 d showed
that the expressions of anti-apoptosis genes Bcl-2 and cell proliferation markers KI-67 and PCNA were
slightly suppressed, whereas the autophagy relation ratio (LC3-II/LC3-I) and pro-apoptotic genes Bid
were promoted. However, the expression of autophagy and apoptotic genes in group L did not have
an evident change compared with group C at 56 d, whereas the pulse treatment showed a particular
promotion of autophagy and apoptosis.

As for the factors of the WNT signaling pathway and HIFs, the expression of all these relative
factors were promoted in group L and H at the age of 42 d. The 56-d group H showed a more
evident increase compared to 42 d, whereas group L slightly inhibited most factors. The expressions of
aggrecan, collagen-2, and collagen-10 visibly changed with the factors of the WNT signal pathway
and HIFs.
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3. Discussion

Glucocorticoid is one of the most common methods to induce FHN in various experimental
animals [16,40]. FHN can be induced by various doses of glucocorticoid, different kinds of
glucocorticoid, and diverse administration methods, yet the morbidity and mechanism remain
unclear. Previous research suggested that there may be a relationship between articular cartilage
homeostasis and FHN in broilers [20], but today there is still not enough evidence or convincing
statistics. Meanwhile, the broiler is bipedal, meaning that it offers an inherent advantage for those
studying the FHN of human beings [3,13,40-42]. This study used two different administration plans
to build the models of FHN in broilers, with the aim to examine the difference in morbidity of FHN
induced by a long-term and impulse MP injection, and explore the role of articular cartilage homeostasis
in the pathogenesis of FHN.

MP has been widely used in a veterinary clinic for anti-inflammatory and immunosuppression,
but there is little information available on birds [43]. Excessive use of MP can cause serious side
effects, e.g., injecting dogs with 20 mg-kg~! MP continuously for more than 25 days could produce
fatal sequelae [44]. According to this study, both administration plans increased the morbidity of FHN
in broilers, whereas the impulse MP injection caused more broilers to suffer from serious FHN with
rupture of the femoral head, which might connect with lower BW and a higher transcription level of
autophagy, apoptosis, WNT signal pathway, and HIFs in group H. Autophagy and apoptosis might
play a vital role in the development of serious FHN.

Serum cytokines are the key to the regulation of ECM homeostasis [22,23,30]. Increased catabolic
cytokines and reduced anabolic cytokines in both group L and H showed that MP could promote
catabolism and inhibit anabolism to disrupt the balance of cytokines, which cause the destruction
of cartilage ECM homeostasis and may then induce FHN. In addition, the long-term administration
has a more evident change. Moreover, it has been reported that IL-1§3 is the crucial catabolic
factor, which could inhibit the functions of growth factors, proliferation of chondrocyte, and the
repairing of ECM. Meanwhile, it also induces apoptosis of chondrocyte and degradation of ECM [23].
Some research suggested that it could induce production of MMPs [27], which further accelerated
ECM degradation [24,45]. The results showed that the serum concentration of IL-1f3 was increased
at 42 and 56 d in both MP-treated groups. As for VEGF and IGF-1, their serum concentrations
were significantly reduced in both MP-treated groups at 56 d. They have the opposite functions to
catabolic factors [30,31,45]. In the present study, the change of catabolic cytokines was more significant,
which had a negative relation with the bone-formation indicants and proliferation-related genes.
Furthermore, catabolic factors also have a positive association with bone-resorption indicants and the
transcription level of MMP-9. The catabolism of cartilage might be promoted in the early stage of FHN
and through the whole FHN process, whereas the anabolism was inhibited in the later stage of FHN.
In addition, the long-term MP treatment would make these changes more evident.

The dynamic balance of bone formation and resorption maintains the completeness of the skeleton.
The bone metabolism indicants in the serum demonstrated that the bone formation was prevented
while bone resorption was activated in two MP-treated groups. Furthermore, comparing the bone
metabolism indicants of 42 and 56 d in group C showed that the bone was still in the growth phase,
and treatment with the long-term MP had a more significant impact on the bone metabolism in broilers.
The cytokines of the treated broilers have a close connection with these indicants, e.g., high-level
catabolic factors might promote bone resorption and inhibit formation, meanwhile, anabolic factors
which have converse functions were suppressed [46,47].

Bone quality is an important indicator of leg health, it can be evaluated by measuring bone
parameters [48]. The significant reduction in BMD, bone index, and bone diameter indicated that
MP inhibited the growth of bones and caused bone mineral loss [49]. In addition, the long-term MP
treatment had a greater influence on bone quality than the impulse MP treatment, consistent with the
results of bone metabolism indicants. Therefore, MP mainly deteriorates the bone quality by promoting
bone resorption and reducing bone formation.
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The transcription data indicated that FHN in broilers may be related to the homeostasis of ECM
and cells. The results showed that anabolic factors (CDMP-1, BMP-3, VEGFA, and IGF-1) have declined
after MP injection, which might play a major role in FHN [20]. However, group L showed that both
catabolism and anabolism at 42 d are at a high level, and the reason for this phenomenon may be
that the body is against the function of MP in the early stage of a long-term MP injection. In addition,
the expression of IL-1 in group L increased dramatically. Huang et al. reported that IL-1p3 was
a crucial factor in accelerating the degradation of cartilage ECM [50]. Therefore, as seen in the autopsy,
the incidence of FHN in group L has greatly increased (from 25% to 43.75%) from 42 to 56 d.

It is well accepted that catabolic and anabolic factors could activate the chondrocyte [27].
Furthermore, chondrocytes have an orderly cell death and proliferation to stabilize the total number,
while proliferation and apoptosis are the main factors involved in FHN [51]. After analyzing the 42-d
factors related to cell renewal, the transcription level of autophagy and pro-apoptosis were promoted,
whereas anti-apoptosis and proliferation were suppressed in MP-treated broilers. Therefore, it reveals
that apoptosis and autophagy may promote the development of FHN. Additionally, the impulse
MP-treated broilers had a higher expression of autophagy-related and pro-apoptosis genes, which could
be considered as a reason for more severe FHN.

Throughout the whole experiment, the expression of the ECM was basically the same as the
WNT signal pathway and HIFs. The expression of ECM was enhanced when the level of the WNT
signal pathway and HIFs increased, which was consistent with the research of Pfander et al. [52].
The WNT signal has been identified as one of the major signal pathways to regulate chondrogenesis.
As B-catenin could promote chondrocyte hypertrophy and collagen-X was mainly produced by
hypertrophic chondrocytes, the high-level of 3-catenin and collagen-X in group H showed that MP
might stimulate hypertrophy of chondrocytes, which might be connected with serious FHN as well.
Moreover, the level of HIFs was positively associated with catabolic factors. It was consistent with
the research of Yudoh et al., in which chondrocytes were treated with IL-1p [36]. Furthermore, HIF-1
could regulate chondrocyte proliferation and improve the expression of anti-apoptosis genes [36], it is
also in accordance with our results. Therefore, serum catabolic factors might promote the WNT signal
pathway and HIFs, and then enhance the expression of ECM genes. As the VEGF was the target gene
of HIFs, the high-level HIFs could promote VEGF to restore ECM homeostasis. The research of Derfoul
et al. also demonstrated that glucocorticoid could promote the expression of ECM genes [53].

In summary, both the long-term and impulse MP treatment showed that homeostasis-related
cytokines had a visible impact on bone formation and resorption, then affected the bone quality.
Furthermore, an impulse MP treatment caused more broilers to have serious FHN, whereas the
long-term MP administration caused a more evident change in serum cytokines and had a more
obvious inhibition of bone growth. It also implied that MP might destroy articular homeostasis to
cause broiler FHN.

4. Materials and Methods

4.1. Animal Treatment and Sample Collection

All animal work was carried out in accordance with the Guidelines for Laboratory Animals of the
Ministry of Science and Technology (2006, Beijing, China), and the agreement was approved by the
Animal Protection and Use Committee of Nanjing Agricultural University (#NJAU-Poult-2019031804,
approved on March 18, 2019). One-day-old broiler chickens (Gallus gallus, AA broilers) were randomly
divided into three groups (16 chickens per group) and all birds were reared in a standardized process
and received basal diet (see Table 8). When the broilers were eleven days old, they were vaccinated
according to the procedures for Newcastle Disease, Infectious Bronchitis Disease, Avian Influenza
(Subtype H9), and Infectious Bursal Disease. At the age of 29 d, the two experimental groups were
treated with different methods of administration: Group L, broilers were injected intramuscularly
with MP twice a week for four weeks (12.5 mg-kg_l, Haisco Pharmaceutical Group, Liaoning, China);
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group H, the broilers were injected intramuscularly with MP (20 mg-kg~!-d~!) for 7 d (pulse treatment).
The birds in group C were treated with an isodose sterile saline as the control group. During the
whole breeding period, changes in the behavior, BW, and food consumption of broilers in three groups
were recorded. The ability of the bird to walk was scored on a six-point scale [54] (see Table 1).
Feed conversion (kg of feed per kg of obtained BW) was calculated according to Sakthivelan et al. [55].
The birds in each group were sacrificed at 42 and 56 d.

Table 8. Ingredient compositions and the nutrient levels of elemental diets (dry matter basis, %).

Ingredient Starter (from 1 to 21 d) Grower (from 22 to 56 d)

Corn 57.00 62.00
Soybean meal 32.60 28.00
Corn gluten meal 3.00 2.00
Soybean oil 3.00 4.00
CaHPO4 2.00 1.60
Limestone 1.23 1.30
L-Lysine 0.32 0.31
NaCl 0.30 0.30
DL-Methionine 0.15 0.11
Premix * 0.40 0.38

Total 100.00 100.00
Ca level 1.00 0.93
Available P level 0.46 0.39

Note: * Per kilogram of premix containing 12,000 IU Vitamin A, 3000 IU Vitamin D3, 30 IU Vitamin E, 1.3 mg Vitamin
K3, 0.013 mg Vitamin B12, 400 mg choline chloride, 40 mg niacin, 10 mg calcium pantothenate, 8 mg riboflavin, 4 mg
pyridoxine, 2.2 mg thiamine, 1 mg folic acid, 0.04 mg biotin, 110 mg manganese, 80 mg iron, 65 mg Zinc, 7.5 mg
copper, 1.1 mg iodine, and 0.3 mg selenium.

Blood samples were collected from the jugular vein, each serum was divided into two copies
and stored at —20 °C. The liver was collected and the weight was recorded. Bone samples, including
femur, tibia, and humerus were collected and cleaned of all adherent tissue. The femoral head was cut
along the sagittal plane, carefully washed with physiological saline. One half was cleaned with PBS
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and fixed in 4% paraformaldehyde at
4 °C, and the other half was treated with DEPC and then stored in liquid nitrogen.

4.2. ELISA and Biochemical Analysis

The frozen serum was transferred at a melting ice bath temperature. The indicators were
measured by the chicken specific ELISA kit (Nanjing Angle Gene Biotechnology Co. Ltd., Nanjing,
China), each sample was repeated three times. The kits were used to detect two kinds of indicants:
Three indicants related to cartilage homeostasis, containing IL-1f3, IGF-1, and vascular endothelial
growth factor (VEGF); and four bone-related indicants of chicken containing BALP, OT, TRACP-5b,
and CTX-I.

The levels of serum creatinine, ALP, Ca, and P were detected by an automatic biochemical analyzer
(Hitachi Ltd., Tokyo, Japan), each sample was repeated three times.

4.3. Histopathological Analysis

After washing overnight at room temperature, the fixed cartilage tissues were decalcified in
10% EDTA for two weeks. After dehydration with ethanol, hyalinization with dimethylbenzene,
and embedment in paraffin, the fragments were cut into 4 um-thick pieces and stained with hematoxylin
and eosin (H&E) for pathological observation.
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4.4. Bone Parameters Detection

The BMD of the left femur, tibia, and humerus were measured by a dual-energy X-ray absorption
measuring instrument (Medikors, Inc., Gyeonggi-do, Korea). The test mode was set to fast scan
with a high energy parameter of 80 kVp/1.0 mA and a low energy parameter of 55 kVp/1.25 mA.
The acquired images were analyzed using the InAlyzer 1.0 image processing system. Then, the length,
index, and diameter of the midpoint of these bones were measured and recorded.

4.5. RNA Extraction and Real-Time Quantitative PCR

The femoral head was grinded into powder in a liquid nitrogen (=196 °C) environment and
treated with Trizol (Nanjing Angle Gene Biotechnology Co. Ltd., Nanjing, China) to extract the
total RNA. The complementary DNA (cDNA) was synthesized via reverse transcription utilizing
HiScript II QRT SuperMix for qPCR (+gDNA wiper; Zazyme, Nanjing, China). The expressions of
the homeostasis-related gene were detected by a quantitative real-time PCR (qRT-PCR) on the ABI
PRISM 7300 HT sequence-detection system (Applied Biosystems, Inc., Foster City, CA, USA), repeated
three times. The genes selected were collagen-2, aggrecan, [3-catenin, LRP5, LRP6, HIF-1cc, VEGFA,
and IL-1p. Quantitative data were normalized relative to the housekeeping GAPDH. The genes’ primer
sequences as described above are listed in Supplemental Table S1. All PCR operations were performed
in triplicate. The results were analyzed as the relative fold change (2722¢T value) [56].

4.6. Statistical Analysis

A statistical analysis was conducted using IBM SPSS Statistics 19. The morbidity of FHN in
different groups was evaluated by X? tests. All other data were presented as the mean + SE and
the differences between groups were determined with one-way analysis of variance (ANOVA, LSD).
Significant differences were accepted if p < 0.05.

5. Conclusions

In conclusion, both the long-term MP injection (12.5 mg-kg™!, twice a week for four weeks) and
impulse MP injection (20 mg-kg~!-d~! for seven consecutive days) can raise the morbidity of FHN
in broilers. The impulse MP treatment is recommended due to its short modeling period (from 29 to
42 d) and high incidence of serious FHN (femoral head separation with laceration of the growth plate).
This study also provides a reference for the clinical use of MP in birds. Injecting intramuscularly with
MP at both doses of 20 and 12.5 mg-kg~! may cause broiler death, and broilers have diarrhea during
continuous injection at the dose of 20 mg-kg~!-d~!. In addition, the MP treatment inhibited the growth
of bones and caused bone mineral loss, which may induce osteoporosis. The results also implied that
MP might destroy articular homeostasis to cause broiler FHN. Due to the destroyed homeostasis of
cells and ECM, the mRNA expressions of the WNT signal pathway and HIFs could be promoted and
then increase the transcription level of ECM, which helps synthesize ECM and restore homeostasis.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/14/
4841/s1. Table S1. Sequences of primers used to amplify specific mRNAs by qRT-PCR.
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Abbreviations

FHN
BW
MP
ECM
HIFs

femoral head necrosis
body weight
methylprednisolone
extracellular matrix
hypoxia-inducible factors

IL-13 interleukin-1§3
TNF-o tumor necrosis factor «

CDMP cartilage morphogenetic protein

BMP

bone morphogenetic protein

IGF-1 insulin-like growth factor 1

OA

osteoarthritis

pVHL von Hippel-Lindau tumor suppressor protein
VEGF vascular endothelial growth factor

CTX-I cross-linked carboxy-terminal telopeptide of type I collagen

HE
BMD

hematoxylin and eosin
bone mineral density

MMP matrix proteinase

ALP

alkaline phosphatase

References

1.

10.

11.

12.

Havenstein, G.B.; Ferket, PR.; Qureshi, M.A. Growth, livability, and feed conversion of 1957 versus 2001
broilers when fed representative 1957 and 2001 broiler diets. Poult. Sci. 2003, 82, 1500-1508. [CrossRef]
[PubMed]

Dinev, I.; Kanakov, D.; Kalkanov, I.; Nikolov, S.; Denev, S. Comparative pathomorphologic studies on the
incidence of fractures associated with leg skeletal pathology in commercial broiler chickens. Avian Dis. 2019,
63, 641-650. [CrossRef] [PubMed]

Cook, MLE. Skeletal deformities and their causes: Introduction. Poult. Sci. 2000, 79, 982-984. [CrossRef]
[PubMed]

Julian, R.J. Production and growth-related disorders and other metabolic diseases of poultry—A review. Vet.
J. 2005, 169, 350-369. [CrossRef]

Li, PF; Zhou, Z.L.; Shi, C.Y.; Hou, ].F. Downregulation of basic fibroblast growth factor is associated with
femoral head necrosis in broilers. Poult. Sci. 2015, 94, 1052-1059. [CrossRef]

Raehtz, S.; Hargis, B.M.; Kuttappan, V.A.; Pamukcu, R.; Bielke, L.R.; McCabe, L.R. high molecular weight
polymer promotes bone health and prevents bone loss under salmonella challenge in broiler chickens. Front.
Physiol. 2018, 9, 384. [CrossRef]

Packialakshmi, B.; Rath, N.C.; Huff, W.E.; Huff, G.R. Poultry femoral head separation and necrosis: A review.
Avian Dis. 2015, 59, 349-354. [CrossRef] [PubMed]

Diney, I. Clinical and morphological investigations on the prevalence of lameness associated with femoral
head necrosis in broilers. Br. Poult. Sci. 2009, 50, 284-290. [CrossRef]

McNamee, P.T.; McCullagh, ]J.J.; Thorp, B.H.; Ball, H].; Graham, D.; McCullough, S.J.; McConaghy, D.;
Smyth, J.A. Study of leg weakness in two commercial broiler flocks. Vet. Rec. 1998, 143, 131-135. [CrossRef]
McNamee, P.T.; McCullagh, J.J.; Rodgers, ].D.; Thorp, B.H.; Ball, H.].; Connor, T.J.; McConaghy, D.; Smyth, J.A.
Development of an experimental model of bacterial chondronecrosis with osteomyelitis in broilers following
exposure to Staphylococcus aureus by aerosol, and inoculation with chicken anaemia and infectious bursal
disease viruses. Avian Pathol. 1999, 28, 26-35. [CrossRef]

Mont, M.A.; Hungerford, D.S. Non-traumatic avascular necrosis of the femoral head. Bone Jt. Surg. Am.
1995, 77, 459-474. [CrossRef] [PubMed]

Drescher, W.; Bunger, M.H.; Weigert, K.; Bunger, C.; Hansen, E.S. Methylprednisolone enhances contraction
of porcine femoral head epiphyseal arteries. Clin. Orthop. Relat. Res. 2004, 423, 112-117. [CrossRef]


http://dx.doi.org/10.1093/ps/82.10.1500
http://www.ncbi.nlm.nih.gov/pubmed/14601725
http://dx.doi.org/10.1637/aviandiseases-D-19-00108
http://www.ncbi.nlm.nih.gov/pubmed/31865679
http://dx.doi.org/10.1093/ps/79.7.982
http://www.ncbi.nlm.nih.gov/pubmed/10901198
http://dx.doi.org/10.1016/j.tvjl.2004.04.015
http://dx.doi.org/10.3382/ps/pev071
http://dx.doi.org/10.3389/fphys.2018.00384
http://dx.doi.org/10.1637/11082-040715-Review.1
http://www.ncbi.nlm.nih.gov/pubmed/26478152
http://dx.doi.org/10.1080/00071660902942783
http://dx.doi.org/10.1136/vr.143.5.131
http://dx.doi.org/10.1080/03079459995019
http://dx.doi.org/10.2106/00004623-199503000-00018
http://www.ncbi.nlm.nih.gov/pubmed/7890797
http://dx.doi.org/10.1097/01.blo.0000127587.92303.b4

Int. ]. Mol. Sci. 2020, 21, 4841 14 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Xu, J.; Wang, X.; Toney, C.B.; Seamon, J.; Cui, Q. Blood supply to the chicken femoral head. Comp. Med. 2010,
60,295-299. [PubMed]

Brewer, H.J.; Fairwell, T.; LaRue, A.; Ronan, R.; Houser, A.; Bronzert, T.J. The amino acid sequence of human
APOA-IL,; an apolipoprotein isolated from high density lipoproteins. Biochem. Biophys. Res. Commun. 1978,
80, 623-630. [CrossRef]

Yamamoto, T.; Irisa, T.; Sugioka, Y.; Sueishi, K. Effects of pulse methylprednisolone on bone and marrow
tissues. Corticosteroid-induced osteonecrosis in rabbits. Arthritis Rheumatol. 1997, 11, 2055-2064. [CrossRef]
Kang, P.; Gao, H.; Pei, E; Shen, B.; Yang, ].; Zhou, Z. Effects of an anticoagulant and a lipid-lowering agent on
the prevention of steroid-induced osteonecrosis in rabbits. Int. J. Exp. Pathol. 2010, 3, 235-243. [CrossRef]
Pengde, K.; Fuxing, P.; Bin, S; Jing, Y.; Jingqiu, C. Lovastatin inhibits adipogenesis and prevents osteonecrosis
in steroid-treated rabbits. Jt. Bone Spine 2008, 75, 696-701. [CrossRef]

Boss, J.H.; Misselevich, I. Osteonecrosis of the femoral head of laboratory animals: The lessons learned
from a comparative study of osteonecrosis in man and experimental animals. Vet. Pathol. 2003, 40, 345-354.
[CrossRef]

Kerachian, M.A.; Seguin, C.; Harvey, E.J. Glucocorticoids in osteonecrosis of the femoral head: A new
understanding of the mechanisms of action. J. Steroid Biochem. Mol. Biol. 2009, 114, 121-128. [CrossRef]
Packialakshmi, B.; Liyanage, R.; Lay, ]J.J.; Okimoto, R.; Rath, N. Prednisolone-induced predisposition to
femoral head separation and the accompanying plasma protein changes in chickens. Biomark. Insights 2015,
10, 1-8. [CrossRef]

Zhang, M.; Li, S.; Pang, K.; Zhou, Z. Endoplasmic reticulum stress affected chondrocyte apoptosis in femoral
head necrosis induced by glucocorticoid in broilers. Poult. Sci. 2019, 98, 1111-1120. [CrossRef] [PubMed]
Demoor, M.; Ollitrault, D.; Gomez-Leduc, T.; Bouyoucef, M.; Hervieu, M.; Fabre, H.; Lafont, J.; Denoix, ].M.;
Audigié, F; Mallein-Gerin, F,; et al. Cartilage tissue engineering: Molecular control of chondrocyte
differentiation for proper cartilage matrix reconstruction. Biochim. Biophys. Acta 2014, 1840, 2414-2440.
[CrossRef]

Gao, Y,; Liu, S.; Huang, J.; Guo, W.; Chen, J.; Zhang, L.; Zhao, B.; Peng, J.; Wang, A.; Wang, Y.; et al. The
ECM-cell interaction of cartilage extracellular matrix on chondrocytes. Biomed. Res. Int. 2014, 2014, 1-8.
[CrossRef] [PubMed]

Velusami, C.C.; Richard, E.J.; Bethapudi, B. Polar extract of Curcuma longa protects cartilage homeostasis:
Possible mechanism of action. Inflammopharmacology 2018, 26, 1233-1243. [CrossRef] [PubMed]
Matsushita, T.; Tanaka, T. Aging and homeostasis. Aging of articular cartilage and chondrocytes. Clin.
Calcium 2017, 27, 933-939.

Miyaki, S.; Lotz, M.K. Extracellular vesicles in cartilage homeostasis and osteoarthritis. Curr. Opin. Rheumatol.
2018, 30, 129-135. [CrossRef]

Sandell, L.J.; Aigner, T. Articular cartilage and changes in arthritis. An introduction: Cell biology of
osteoarthritis. Arthritis Res. 2001, 3, 107-113. [CrossRef]

Sophia, FA.; Bedi, A.; Rodeo, S.A. The basic science of articular cartilage: Structure, composition, and
function. Sports Health 2009, 1, 461-468. [CrossRef] [PubMed]

Reddi, A.H. Cartilage morphogenetic proteins: Role in joint development, homoeostasis, and regeneration.
Ann. Rheum. Dis. 2003, 62,173-i78. [CrossRef] [PubMed]

Otsuki, S.; Hanson, S.R.; Miyaki, S.; Grogan, S.P.; Kinoshita, M.; Asahara, H.; Wong, A.H.; Lotz, M.K.
Extracellular sulfatases support cartilage homeostasis by regulating BMP and FGF signaling pathways.
Proc. Natl. Acad. Sci. USA 2010, 107, 10202-10207. [CrossRef] [PubMed]

Kwon, H.; Paschos, N.K.; Hu, J.C.; Athanasiou, K. Articular cartilage tissue engineering: The role of signaling
molecules. Cell. Mol. Life Sci. 2016, 73, 1173-1194. [CrossRef] [PubMed]

Musumeci, G.; Castrogiovanni, P.; Trovato, EM.; Weinberg, A.M.; Al-Wasiyah, M.K.; Algahtani, M.H.;
Mobasheri, A. Biomarkers of chondrocyte apoptosis and autophagy in osteoarthritis. Int. J. Mol. Sci. 2015,
16, 20560-20575. [CrossRef]

Carames, B.; Taniguchi, N.; Otsuki, S.; Blanco, EJ.; Lotz, M. Autophagy is a protective mechanism in normal
cartilage, and its aging-related loss is linked with cell death and osteoarthritis. Arthritis Rheum. 2010, 62,
791-801. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/20819379
http://dx.doi.org/10.1016/0006-291X(78)91614-5
http://dx.doi.org/10.1002/art.1780401119
http://dx.doi.org/10.1111/j.1365-2613.2010.00705.x
http://dx.doi.org/10.1016/j.jbspin.2007.12.008
http://dx.doi.org/10.1354/vp.40-4-345
http://dx.doi.org/10.1016/j.jsbmb.2009.02.007
http://dx.doi.org/10.4137/BMI.S20268
http://dx.doi.org/10.3382/ps/pey474
http://www.ncbi.nlm.nih.gov/pubmed/30285155
http://dx.doi.org/10.1016/j.bbagen.2014.02.030
http://dx.doi.org/10.1155/2014/648459
http://www.ncbi.nlm.nih.gov/pubmed/24959581
http://dx.doi.org/10.1007/s10787-017-0433-1
http://www.ncbi.nlm.nih.gov/pubmed/29313174
http://dx.doi.org/10.1097/BOR.0000000000000454
http://dx.doi.org/10.1186/ar148
http://dx.doi.org/10.1177/1941738109350438
http://www.ncbi.nlm.nih.gov/pubmed/23015907
http://dx.doi.org/10.1136/ard.62.suppl_2.ii73
http://www.ncbi.nlm.nih.gov/pubmed/14532155
http://dx.doi.org/10.1073/pnas.0913897107
http://www.ncbi.nlm.nih.gov/pubmed/20479257
http://dx.doi.org/10.1007/s00018-015-2115-8
http://www.ncbi.nlm.nih.gov/pubmed/26811234
http://dx.doi.org/10.3390/ijms160920560
http://dx.doi.org/10.1002/art.27305
http://www.ncbi.nlm.nih.gov/pubmed/20187128

Int. ]. Mol. Sci. 2020, 21, 4841 150f 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pfander, D.; Swoboda, B.; Cramer, T. The role of HIF-1alpha in maintaining cartilage homeostasis and during
the pathogenesis of osteoarthritis. Arthritis Res. Ther. 2006, 8, 104. [CrossRef]

Huang, S.; Rehman, M.U.; Qiu, G.; Luo, H.; Igbal, M.K,; Zhang, H.; Mehmood, K.; Li, J. Tibial dyschondroplasia
is closely related to suppression of expression of hypoxia-inducible factors lalpha, 2alpha, and 3alpha in
chickens. Vet. Sci. 2018, 19, 107-115. [CrossRef] [PubMed]

Yudoh, K.; Nakamura, H.; Masuko-Hongo, K.; Kato, T.; Nishioka, K. Catabolic stress induces expression
of hypoxia-inducible factor (HIF)-1 alpha in articular chondrocytes: Involvement of HIF-1 alpha in the
pathogenesis of osteoarthritis. Arthritis Res. Ther. 2005, 7, R904-R914. [CrossRef] [PubMed]

Giles, R.H.; Lolkema, M.P; Snijckers, C.M.; Luo, H.; Igbal, M.K.; Zhang, H.; Mehmood, K.; Lj, ]. Interplay
between VHL/HIFlalpha and Wnt/beta-catenin pathways during colorectal tumorigenesis. Oncogene 2006,
25,3065-3070. [CrossRef] [PubMed]

Mori, H.; Yao, Y.; Learman, B.S.; Kurozumi, K.; Ishida, J.; Ramakrishnan, S.K.; Overmyer, K.A.; Xue, X,;
Cawthorn, W.P; Reid, M.A ; et al. Induction of WNT11 by hypoxia and hypoxia-inducible factor-lalpha
regulates cell proliferation, migration and invasion. Sci. Rep. 2016, 6, 21520. [CrossRef]

Okazaki, S.; Nishitani, Y.; Nagoya, S.; Kaya, M.; Yamashita, T.; Matsumoto, H. Femoral head osteonecrosis
can be caused by disruption of the systemic immune response via the toll-like receptor 4 signalling pathway.
Rheumatology (Oxfd.) 2009, 48, 227-232. [CrossRef] [PubMed]

Cui, Q.; Wang, G.J.; Su, C.C.; Balian, G. The Otto Aufranc Award. Lovastatin prevents steroid induced
adipogenesis and osteonecrosis. Clin. Orthop. Relat. Res. 1997, 344, 8-19. [CrossRef]

Wang, G.J.; Cui, Q.; Balian, G. The Nicolas Andry award. The pathogenesis and prevention of steroid-induced
osteonecrosis. Clin. Orthop. Relat. Res. 2000, 370, 295-310. [CrossRef]

Erken, H.Y.; Ofluoglu, O.; Aktas, M.; Topal, C.; Yildiz, M. Effect of pentoxifylline on histopathological changes
in steroid-induced osteonecrosis of femoral head: Experimental study in chicken. Int. Orthop. 2012, 36,
1523-1528. [CrossRef]

Ian, R. BSAVA Small Animal Formulary, 7th ed.; British Small Animal Veterinary Association: Gloucester, UK,
2011; pp. 225-226.

Jim, E.; Mark, G. Veterinary Pharmacology and Therapeutics, 9th ed.; John Wiley and Sons: Hoboken, NJ, USA,
2009; pp- 786-787.

Zhu, Y.Q.; Wang, Z.Y.; Zhang, S.; Ning, D.H. Regulatory factors in the articular cartilage repair of knee
osteoarthritis. Chin. J. Tissue Eng. Res. 2017, 21, 5873-5878.

Pacifici, R.; Rifas, L.; Teitelbaum, S.; Slatopolsky, E.; McCracken, R.; Bergfeld, M.; Lee, W.; Avioli, L.V,;
Peck, W.A. Spontaneous release of interleukin 1 from human blood monocytes reflects bone formation in
idiopathic osteoporosis. Proc. Natl. Acad. Sci. USA 1987, 84, 4616-4620. [CrossRef]

Zhang, W.; Wang, X.; Wang, S.; Zhao, J.; Xu, L.; Zhu, C.; Zeng, D.; Chen, J.; Zhang, Z.; Kaplan, D.L.; et al.
The use of injectable sonication-induced silk hydrogel for VEGF165 and BMP-2 delivery for elevation of the
maxillary sinus floor. Biomaterials 2011, 32, 9415-9424. [CrossRef]

Fonseca, H.; Moreira-Gongalves, D.; Coriolano, H.J.; Duarte, J.A. Bone quality: The determinants of bone
strength and fragility. Sports Med. 2014, 44, 37-53. [CrossRef]

Manolagas, S.C.; Weinstein, R.S. New developments in the pathogenesis and treatment of steroid-induced
osteoporosis. Bone Miner. Res. 1999, 14, 1061-1066. [CrossRef] [PubMed]

Huang, J.G.; Tong, H.J.; Liu, H.Q.; Zhang, X.L. Effects of IL-13 and TNF-« on degradation of extracellular
matrix of articular chondrocytes and related mechanism. J. Shanghai Jinotong Univ. 2010, 30, 1084-1089.
Fang, B.; Wang, D.; Zheng, J.; Wei, Q.; Zhan, D.; Liu, Y,; Yang, X.; Wang, H.; Li, G.; He, W,; et al. Involvement
of tumor necrosis factor alpha in steroid-associated osteonecrosis of the femoral head: Friend or foe? Stem Cell
Res. Ther. 2019, 10, 5. [CrossRef] [PubMed]

Pfander, D.; Cramer, T.; Schipani, E.; Johnson, R.S. HIF-1alpha controls extracellular matrix synthesis by
epiphyseal chondrocytes. Cell Sci. 2003, 116, 1819-1826. [CrossRef] [PubMed]

Derfoul, A.; Perkins, G.L.; Hall, D.]J.; Tuan, R.S. Glucocorticoids promote chondrogenic differentiation of
adult human mesenchymal stem cells by enhancing expression of cartilage extracellular matrix genes. Stem
Cells 2006, 24, 1487-1495. [CrossRef] [PubMed]

Kestin, S5.C.; Knowles, T.G.; Tinch, A.E.; Gregory, N.G. Prevalence of leg weakness in broiler chickens and its
relationship with genotype. Vet. Rec. 1992, 131, 190-194. [CrossRef]


http://dx.doi.org/10.1186/ar1894
http://dx.doi.org/10.4142/jvs.2018.19.1.107
http://www.ncbi.nlm.nih.gov/pubmed/28693310
http://dx.doi.org/10.1186/ar1765
http://www.ncbi.nlm.nih.gov/pubmed/15987493
http://dx.doi.org/10.1038/sj.onc.1209330
http://www.ncbi.nlm.nih.gov/pubmed/16407833
http://dx.doi.org/10.1038/srep21520
http://dx.doi.org/10.1093/rheumatology/ken462
http://www.ncbi.nlm.nih.gov/pubmed/19129349
http://dx.doi.org/10.1097/00003086-199711000-00003
http://dx.doi.org/10.1097/00003086-200001000-00030
http://dx.doi.org/10.1007/s00264-012-1497-6
http://dx.doi.org/10.1073/pnas.84.13.4616
http://dx.doi.org/10.1016/j.biomaterials.2011.08.047
http://dx.doi.org/10.1007/s40279-013-0100-7
http://dx.doi.org/10.1359/jbmr.1999.14.7.1061
http://www.ncbi.nlm.nih.gov/pubmed/10404005
http://dx.doi.org/10.1186/s13287-018-1112-x
http://www.ncbi.nlm.nih.gov/pubmed/30606261
http://dx.doi.org/10.1242/jcs.00385
http://www.ncbi.nlm.nih.gov/pubmed/12665562
http://dx.doi.org/10.1634/stemcells.2005-0415
http://www.ncbi.nlm.nih.gov/pubmed/16469821
http://dx.doi.org/10.1136/vr.131.9.190

Int. J. Mol. Sci. 2020, 21, 4841 16 of 16

55. Sakthivelan, S.M.; Sudhakar, R.G. Effect of ochratoxin a on body weight, feed intake and feed conversion in
broiler chicken. Vet. Med. Int. 2010, 2010, 590432. [CrossRef] [PubMed]

56. Livak, KJ.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.4061/2010/590432
http://www.ncbi.nlm.nih.gov/pubmed/21234366
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Morbidity of FHN and Feed Conversion 
	Changes in ECM Homeostasis Factors 
	Bone Biochemistry and Bone Metabolism Indicants 
	Pathological Section and Bone Parameters 
	Expression of Homeostasis Relative Genes 

	Discussion 
	Materials and Methods 
	Animal Treatment and Sample Collection 
	ELISA and Biochemical Analysis 
	Histopathological Analysis 
	Bone Parameters Detection 
	RNA Extraction and Real-Time Quantitative PCR 
	Statistical Analysis 

	Conclusions 
	References

