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Tibial dyschondroplasia (TD) cases has not been reported in Tibetan chickens (TBCs), but it is commonly seen in commercial broilers 
characterized by lameness. The underlying mechanism remains unclear. Hypoxia-inducible factors (HIFs) are important regulators of cellular 
adaptation to hypoxic conditions. In this study, we investigated the role of HIF-1α, -2α, and -3α in hypoxia and thiram-induced TD and their 
effect on tibial growth plate development in Arbor Acres chickens (AACs) and TBCs. RNA and protein expression levels of HIF-1α, -2α, 
and -3α were determined by using quantitative reverse transcriptase polymerase chain reaction and western blotting analyses, respectively. 
Interestingly, the results showed that HIF-1α, -2α, and -3α expressions in the tibial growth plate of TBCs were upregulated by hypoxia and 
the change was more significant in TBCs than in AACs. However, these factors were downregulated in thiram-induced TD. To further clarify 
the effect of thiram on tibial growth plate in commercial broilers, AACs were observed to exhibit more pronounced changes in their growth 
plate that that in TBCs. Taken together, these results demonstrate that HIF-1α, -2α, and -3α may be important in tibial growth plate 
development and in the prevention of TD. The present study contributes novel insights on a therapeutic target for poultry TD.
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Introduction

Tibial dyschondroplasia (TD) is a particularly common leg 
problem worldwide with unknown natural etiology in 
commercial broilers and is characterized by abnormal proximal 
tibial bone formation and avascular cartilage [5,16,18]. The 
avascular and noncalcified cartilage leads to an apparent 
locomotion problem, and there is a prevalence of approximately 
30% (and rising) in broiler flocks [15,18]. In general, precise 
prevalence estimates of TD are not readily accessible due to its 
mostly sub-clinical symptoms [5], but TD does result in leg 
weakness and motion reduction, which contribute to reduced 
production performance and compromised poultry welfare.

Tibetan chickens (TBCs) are a native poultry breed distributed 
on the Tibetan Plateau (2,600–4,500 m above sea level), where 
the environment is highly oxygen deficient (hypoxic) compared 

with that at sea level [12,21]. We noticed that this unique breed 
has never been reported to exhibit leg disorders, especially TD, 
which may be related to the long-term growth of TBC 
populations in a high altitude hypoxic environment [9].

Hypoxia-inducible factors (HIFs) consist of two regulatory 
factors, HIF-α and HIF-β, which act as defense mechanisms 
against hypoxia [23]. As a transcription factor, HIF-1α can be 
activated in a hypoxic microenvironment and has been 
subdivided into three subunits: HIF-1α, HIF-2α, and HIF-3α 
[4]. HIF-α is a key regulator in the induction of genes that 
promote tumor angiogenesis and growth under normoxia and 
hypoxia [7], and they modulate chondrogenesis [8]. HIF-2α, 
generally recognized as endothelial PAS domain-containing 
protein 1 (EPAS-1), is associated with a reduction in cellular 
oxygen tension, is very similar to HIF-1α, and is expressed in 
chondrocytes [2,20,25]. The biological role of HIF-3α is 
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incompletely described; however, it is consistently transformed 
during chondrogenesis by controlling the stability of the 
chondrocyte phenotype [13]. Numerous studies have highlighted 
the upregulation of HIF expression under hypoxic conditions 
[1,3,28,33], and HIFs are regarded as vital transcription factors 
because of their role in angiogenesis [3,7], cell differentiation 
[8], and cell apoptosis [1,29]. However, the HIF-1α, -2α, and 
-3α mechanisms in thiram-induced poultry TD remain unclear. 
Therefore, this study was designed to determine the molecular 
mechanisms of HIF-1α, -2α, and -3α in thiram-induced TD of 
TBCs and to investigate the absence of TD in TBCs reared in a 
high altitude hypoxic environment. As HIF-1α, -2α, and -3α 
may be important for development of the tibial growth plate and 
may act as a protective shelter against TD, the results of this 
study may provide new insights into a potential therapeutic 
agent for poultry TD.

Materials and Methods

Ethics statement
This experiment was conducted after considering all national 

legislation regarding animal welfare and protection and 
followed the instructions and approval of the Institution Animal 
Care and Use Committee of Huazhong Agricultural University, 
Wuhan, China (approval permit No. 31272517). Before 
exsanguination and necropsy, injection of pentobarbital was 
used in conjunction with standard euthanasia protocols to 
minimize animal suffering and provide a humane death.

Experimental animal
One-day-old healthy TBCs (n = 240) were purchased from a 

commercial hatchery at Lhasa, China and shipped to the 
laboratory of the Tibet Agricultural and Animal Husbandry 
College (approximately 3,000 m above sea level) on the same 
day. Simultaneously, one-day-old healthy Arbor Acres chickens 
(AACs, n = 240) were purchased from a private hatchery at 
Chengdu, China and transported to the same laboratory. The 
chicks were raised in two-layer metal cages (size, 80 × 60 × 50 
cm3) for 14 days. Brooding temperature was maintained at 33oC 
to 35oC during the first week and steadily reduced to 29oC at the 
end of second week. During the experiments, daily lighting was 
fixed with 23 h of light and 1 h of dark. Additionally, feed and 
water were provided ad libitum and the nutrient content of the 
feed (220 g/kg crude proteins and 12.6 MJ metabolizable 
energy/kg of diet) was as suggested by the National Research 
Council (1994).

Hypoxia experiment
All chicks were randomly assigned to two groups: a hypobaric 

normoxia group and a natural hypoxia group (approximately 
21% oxygen content and natural oxygen content, respectively; 
n = 60 per group, 4 cages per treatment, and 15 chicks per cage). 

Oxygen content of the hypobaric normoxia group was 
maintained by using an oxygen generator (Yuwell, China). The 
oxygen content of the normoxia and hypoxia groups was 
monitored throughout the experiments by using a gas detector 
(CY-7B; Oxygen Analysis Instrument Factory, China).

Induction of TD
TD was induced as described by Nabi et al. [14]. Both TBCs 

and AACs were divided into two separate groups: control group 
(normal diet) and thiram-induced TD group (normal diet plus 
50 mg/kg of thiram [tetramethyl thiuram disulphide] during day 
4 to day 7 of the trial). All chicks were reared at high altitude 
with normal oxygen content provided by an oxygen generator.

Tibial growth plate collection
Two chicks were randomly chosen from each treatment cage 

(n = 8/treatment) at days 3, 7, 10, and 14 of the experiment. All 
group chickens were euthanized by cervical dislocation 
following pentobarbital injection. Subsequently, the tibia were 
retrieved and growth plates were detached from the articular 
cartilage of the tibia via surgical knife and instantly frozen in 
liquid nitrogen as previously described [31].

RNA extraction and reverse transcription
By using TRIzol reagent (Life Technologies, USA), total 

RNA was removed from each sample (approximately 100 mg) 
of primary tibial growth plate cartilage collected from each 
group. The cDNA was produced via EasyScript One-Step 
gDNA Removal and a cDNA Synthesis Kit (TransBionovo, 
China) as per the instructions of the manufacturers. Reverse 
transcription was performed by using reaction temperatures of 
42oC (15 min) and 85oC (5 sec) in an applied thermocycler 
(Biosystems, USA). The cDNA was synthesized in a total 
volume of 25 μL of reaction mixture containing oligo(dt)18, 2 × 
ES reaction mix, gDNA remover, RT enzyme mix, and 2,000 ng 
of RNA. Finally, the target genes were identified via agarose gel 
electrophoresis. 

Quantitative reverse transcriptase polymerase chain reaction 
A specific primer set was prepared based on Gallus gallus 

published sequences (Table 1), quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR) was performed with a 
TransStart Tip Green qPCR Kit (TransBionovo, China) in a Step 
One-Plus Real-Time PCR System (Applied Biosystems, USA). 
The procedure was as follows: 1 cycle of 30 sec at 94oC, and 40 
amplification cycles of 5 sec at 94oC and 30 sec at 60oC, and 72oC 
for 30 sec. The glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as internal control and the relative 
expression of each target gene was checked by assessing 
comparative threshold cycle (CT) values.
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Table 1. Primers used for quantitative reverse transcriptase polymerase chain reaction analysis

Gene Primer sequence (5′–3′) Amplicon size (bp) GenBank accession No.

GAPDH Forward: CCTCTCTGGCAAAGTCCAAG 176 NM_204305.1
Reverse: GGTCACGCTCCTGGAAGATA

HIF-1α Forward: TGAGAGAAATGCTTACACACAG 263 XM_015287266.1
Reverse: TGATGGGTGAGGAATTGGTTCAC

HIF-2α Forward: AGCAGTGCCTTTGAGAATGG 309 NM_204807.1
Reverse: TGCACTTGGAGTACTGCTGC

HIF-3α Forward: GCGGATGAAGAGCACTTTGAG 392 XM_015273317.1
Reverse: GGAAGCGGTAATGGCTGGTAA

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HIF, hypoxia-inducible factor.

Fig. 1. Natural hypoxic environmental condition elevated hypoxia-inducible factors (HIFs) expression in Tibetan chickens. Protein 
expression level of HIF-1α (A) was determined by western blotting; RNA expression levels of HIF-1α (B), HIF-2α (C), and HIF-3α (D)
were determined by quantitative reverse transcriptase polymerase chain reaction. RNA levels from the normoxia group were 
normalized to a value of 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. The results are 
representative of at least three independent experiments run in triplicate and expressed as means ± SD (n = 3). *p ＜ 0.05, ***p ＜ 0.001.

Western blotting analysis
Tibia growth plates were homogenized in ice-cold buffer and 

incubated at 4oC for 2 h. The samples were centrifuged at 2,000 
× g for 10 min to collect the supernatant (total protein) and the 
sample concentrations were determined by using a BCA protein 

quantitative detection kit (Servicebio Technology, China), after 
which all samples were cryopreserved at −70oC for subsequent 
use. Protein samples were separated by SDS-PAGE on 12% 
polyacrylamide gel until the dye band reached the end of the gel 
and were then transferred to polyvinylidene difluoride 
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Fig. 2. Upregulation of hypoxia-inducible factor (HIF) expression in Tibetan chickens (TBCs) compared with Arbor Acres chickens 
(AACs) reared at high altitude. Protein expression level of HIF-1α (A) was determined by western blotting; RNA expression levels of
HIF-1α (B), HIF-2α (C), and HIF-3α (D) were determined by quantitative reverse transcriptase polymerase chain reaction. RNA levels
from the normoxia group were normalized to a value of 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the 
loading control. The results are representative of at least three independent experiments run in triplicate and expressed as means ± SD
(n = 3). *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001.

membranes, which were then incubated in 5% skimmed milk at 
room temperature for 1 h. The membranes were incubated 
overnight at 4oC with rabbit monoclonal anti-HIF-1α primary 
antibodies (1:1,000 dilution, A11945; ABclonal Technology, 
China). The membranes were washed 3 times with PBS Tween 
20 for 5 min each, then incubated with a secondary antibody 
(1:3,000 dilution; horseradish peroxidase labeled rabbit 
anti-goat secondary antibodies) for 1 h at room temperature. 
After washing, the bands were visualized and exposed by 
chemiluminescence and radiography, respectively. Band 
images were obtained by using an EPSON V300 imaging 
system (EPSON, China).

Statistical analysis
Comparisons of two groups were carried out by using 

Student’s t tests. For TD morbidity, Chi-squared analysis was 
used for each group and performed via GraphPad Prism5 
(GraphPad Software, USA). A p value ＜ 0.05 level was used as 

indicative of statistical significance and group values are 
presented as means ± SD. All analyses were performed by using 
SPSS Statistics software (ver. 17.0; SPSS, USA).

Results

HIF expressions increased in the tibial growth plate of the 
TBC hypoxia group

To examine the transcriptional levels of HIF-1α, -2α, and -3α 
in tibial growth plates of TBCs, we performed qRT-PCR for 
HIF-1α, -2α, and -3α using tissues obtained from the early 
phase tibia (days 3, 7, 10, and 14, respectively) of TBCs. As 
showed in panels B to D in Fig. 1, there were significant 
increases in expression levels of HIF-1α on day 10 (p ＜ 0.001), 
HIF-2α on days 3 (p ＜ 0.001), 7 (p = 0.024), 10 (p = 0.012), and 
14 (p = 0.043), and HIF-3α on days 7 (p = 0.041), 10 (p = 0.034), 
and 14 (p ＜ 0.001) in the tibial growth plate of the hypoxia 
group as compared to expressions in the normoxia group. In 
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Fig. 3. Thiram inhibited hypoxia-inducible factor (HIF) expression in Tibetan chickens under normoxic conditions. Protein expression
level of HIF-1α (A) was determined by western blotting; RNA expression levels of HIF-1α (B), HIF-2α (C), and HIF-3α (D) were 
determined by quantitative reverse transcriptase polymerase chain reaction. RNA levels from the normoxia group were normalized to
a value of 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. The results are representative of
at least three independent experiments run in triplicate and expressed as means ± SD (n = 3). n.s., no significant difference. *p ＜ 0.05,
**p ＜ 0.01, ***p ＜ 0.001. 

Table 2. Thiram-induced TD morbidity of AACs and TBCs

Item Normal TD χ2 p value OR (95% CI)

AACs 8 52
9.786 0.002 4.041 (1.629–10.020)

TBCs 23 37

The percentage of tibial dyschondroplasia (TD) morbidity was determined 
during days 4 to 7 in thiram-treated Tibetan chickens (TBCs) and Arbor 
Acres chickens (AACs). The results imply that TBCs have better tolerance 
to thiram due to being reared at high altitude hypoxic environment. OR, 
odds ratio; 95% CI, 95% confidence interval. 

addition, western blotting results revealed a clear increase in 
protein level of HIF-1α in TBCs under high altitude hypoxic 
conditions (panel A in Fig. 1).

Upregulation of HIF expressions in TBCs compared with 
AACs

To clarify the effect of hypoxia on TBCs and AACs, we used 

TBCs reared at high altitude for assessment of natural hypoxia 
effects and AACs for assessment of normoxia effects. Similar 
changes in HIF-1α, -2α, and -3α expression in the tibial growth 
plate are shown in panels B to D in Fig. 2. Compared to the 
AACs, the expression level of HIF-1α in TBCs showed 
significant increases on days 3, 7, 10, and 14 (p = 0.005, p = 
0.001, p ＜ 0.001, and p ＜ 0.001, respectively); similarly, there 
were increases in HIF-2α on days 7, 10, and 14 (p = 0.017, p ＜ 
0.001, and p = 0.047, respectively) and in HIF-3α on days 3, 7, 
10, and 14 (p = 0.021, p ＜ 0.001, p = 0.005, and p ＜ 0.001, 
respectively). Western blotting further confirmed HIF-1α 
expression changes, showing significant increases in TBCs 
compared to AACs (panel A in Fig. 2).

Thiram induced a decrease of HIF expressions in the tibial 
growth plate of TBCs

The morbidity rate of TD in TBCs was 61.7% (37/60) during 
days 4 to7 of treatment with thiram, and a significant difference 



112    Shucheng Huang et al.

Journal of Veterinary Science

Fig. 4. Thiram inhibited hypoxia-inducible factor (HIF) expression in Arbor Acres chickens reared at high altitude under normoxic 
conditions. Protein expression level of HIF-1α (A) was determined by western blotting; RNA expression levels of HIF-1α (B), HIF-2α
(C), and HIF-3α (D) were determined by quantitative reverse transcriptase polymerase chain reaction. RNA levels from the normoxia
group were normalized to a value of 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. The 
results are representative of at least three independent experiments run in triplicate and expressed as means ± SD (n = 3). n.s., no 
significant difference.  *p ＜ 0.05, **p ＜ 0.01, ***p ＜ 0.001.

(p = 0.002) was observed between AACs and TBCs (Table 2). 
In addition, we were surprised to observe that thiram not only 
induced TD in TBCs, but it also decreased the transcriptional 
levels of HIF-1α, -2α, and -3α in tibial growth plates. As shown 
in panels B to D in Fig. 3, there was significant variation 
between the control and thiram groups. In the control and 
thiram-treated TBC groups, the expression levels of HIF-1α (p = 
0.009 and p = 0.036, respectively), HIF-2α (p = 0.002 and p = 
0.001, respectively), and HIF-3α (p = 0.003 and p ＜ 0.001, 
respectively) of the thiram group were significantly lower on 
days 7 and 10 than those in the control group. In addition, 
western blotting results showed an obvious decrease in the 
protein level of HIF-1α in the thiram-treated group (panel A in 
Fig. 3).

Thiram-induced decrease of HIF expressions in the tibial 
growth plate of AACs

To clarify further the effect of thiram on commercial broilers, 

we used AACs in a thiram-induced TD experiment. The results 
demonstrated that the expression intensity of HIF-1α in the 
tibial growth plate was significantly decreased on days 7 and 10 
(p ＜ 0.001 and p = 0.022, respectively); however, HIF-1α 
expression was markedly elevated on day 14 (p ＜ 0.001) (panel 
B in Fig. 4). Similarly, the expression level of HIF-2α was 
obviously reduced on days 7 and 10 (p = 0.002 and p = 0.001, 
respectively) as was HIF-3α on days 7, 10, and 14 (p = 0.007, p 
= 0.004, and p = 0.006, respectively) (panels C and D in Fig. 4). 
Similarly, western blotting revealed an obvious decrease in 
protein level of HIF-1α in thiram-treated AACs (panel A in Fig. 
4). In addition, in a comparison of thiram-induced TD in TBCs 
and AACs, we observed that the suppressed HIF-1α, -2α, and 
-3α expression levels in TBCs exhibited better recovery on day 
10 than that in AACs (Figs. 3 and 4).
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Discussion

TD is an abnormal skeletal disorder of broiler chickens that 
leads to abnormal formation of tibia along with the occurrence 
of non-vascularized and non-mineralized cartilage in tibial 
growth plates [10,16,18]. TD is very challenging because of its 
unknown etiology. Prior to this study, we noticed that TD in 
TBCs had never been reported and speculated that that absence 
may be associated with long-term presence of TBCs in a high 
altitude hypoxic environment. The HIF pathway is the essential 
regulator of adaptive reactions to hypoxia and is a critical 
mediator of neoangiogenesis [11,24,27]. Our qRT-PCR and 
western blotting analyses showed significantly elevated 
expression levels of HIF-1α, -2α, and -3α in the tibial growth 
plate of TBCs under natural hypoxia conditions compared to 
those in the normoxia group of TBCs. Upregulation of HIF-1α, 
-2α, and -3α may further activate the expression of angiogenic 
genes like angiopoietins and vascular endothelial growth factor 
(VEGF), which may promote angiogenesis and vascular 
development [1,3,22,26,27,32]. Our previous study observed 
that a hypoxic condition has a potentially novel role in 
increasing blood vessel density in proximal tibial growth plates 
through upgulating the HIF-1α/VEGF/VEGFR signalling 
pathway, contributes to strengthen and enhance the size of the 
growth plates [6,7]. Shapiro [19] also indicated that maintenance 
and synthesis of bone are reliant on the blood supply. In 
addition, we observed that TBCs in a natural hypoxic condition 
have more significant upregulation of HIF-1α, -2α, and -3α 
than AACs in a normoxic condition. Therefore, the absence of 
reported TD cases in TBCs reared in a high altitude hypoxic 
environment may be associated with upregulation of HIF-1α, 
-2α, and -3α.

To study the molecular mechanism of poultry TD further, 
thiram-induced poultry TD was produced in TBCs. The results 
were interesting and showed the expression levels of HIF-1α, 
-2α, and -3α significantly decreased during the thiram 
treatment phase (days 4‒7). During this period, there was 61.7% 
TD morbidity in TBCs. Subsequently, the percentage of TD 
morbidity in TBCs declined and HIF expression levels 
increased on days 10 and 14 when the thiram was removed. 
These results demonstrated that the expression of HIF-1α, -2α, 
and -3α during tibial growth in TBCs was inhibited by using 
thiram. In a similar study reported by Wu et al. [24], there was 
inhibition of hypoxia-induced retinal angiogenesis by 
specnuezhenide during suppression of the HIF-1α/VEGF 
signaling pathway. Another study by Yang et al. [27] showed 
that silver nanoparticles reduce the roles of HIF-1, VEGF, and 
glucose transporter type 1 (GLUT1), contributing to the 
inhibition of cancer cell growth and angiogenesis. The present 
study results indicate that thiram inhibits the expression levels 
of HIF-1α, -2α, and -3α in chondrocytes; possibly contributing 
to the inhibition of angiogenesis in the tibial growth plate [8], 

which closely associated with the presence of TD.
Simultaneously, to investigate the molecular mechanisms 

responsible for HIF-1α, -2α, and -3α effects of thiram in 
commercial broiler chickens (such as AACs), which are the 
most prone to TD [15,18], we tested the effects of thiram on 
HIF-1α, -2α, and -3α expression in tibial growth plate of 
AACs. The results indicated that thiram inhibited HIF-1α, -2α, 
and -3α expression in the tibial growth plate of AACs reared in 
a high altitude hypoxic environment, and the expression 
changes were more obvious than those in TBCs, suggesting that 
HIF-1α, -2α, and -3α are involved in ameliorating the 
enlargement of tibial growth plate and chondrocyte 
differentiation under hypoxia [8]. This observation supports the 
results in a report by Stewart et al. [20], in which they observed 
growth plate chondrocytes exposed to a hypoxic environment 
and reported that HIF-2α is probably engaged in the 
development of blood vessels and suggested that a metabolic 
shift in growth plate progression was essential for endochondral 
ossification. In addition, the endurance factor for chondrocytes 
in the growth plate can be affected by enhanced VEGF 
expression via HIF-1α dependent mechanisms [17]. It is 
suggested that upregulation of HIF-1α, -2α, and -3α expression 
levels in chondrocytes is a protective factor against thiram- 
induced TD. In this study, the percentage of thiram-induced TD 
morbidity in AACs was higher than that in TBCs; thus, TBCs 
have better tolerance to thiram.

In summary, the results have demonstrated that absence of 
TD in TBCs is closely connected with the upregulation of 
HIF-1α, -2α, and -3α expression levels in the tibial growth 
plate under hypoxic conditions. In addition, our thiram-induced 
poultry TD experiment showed that suppression of HIF-1α, 
-2α, and -3α expression can possibly contribute to inhibition of 
angiogenesis in the tibial growth plate. However, description of 
the associated molecular mechanism(s) remains incomplete. 
Results of the present study indicate probable mechanisms that 
explain the association of HIF-1α, -2α, and -3α expression with 
poultry TD. However, further studies are needed to clarify the 
expression of the target genes of HIF-1α, -2α, and -3α such as 
angiopoietins and VEGF and its receptors [3,22,26,30,34], 
which may be responsible for vessel formation and contribute to 
tibial growth plate chondrocyte survival against thiram-induced 
TD.
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