The role of blood vessels in broiler chickens with tibial dyschondroplasia
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ABSTRACT Tibial dyschondroplasia (TD) is an in-
tractable tibiotarsal bone disorder of rapid growing
avian species, which leads to huge economic losses
and compromised poultry welfare. However, the ex-
act pathogenesis and treatment of TD remain largely
unknown. Based on continuous research findings, we
propose the TD pathogenesis hypothesis: during skele-
tal development of TD chickens, due to the absence
of vasculature of proximal tibial growth plates (TGP),
hypertrophic chondrocytes of the TGP are unable to
complete calcification in normal bone development and
less dead chondrocytes in the corresponding area can
be timely transported through the blood vessels. More-

over, recent studies demonstrate that the TD formation
mechanism gradually tends to a large number of dead
chondrocytes in the TGP region or apoptosis occur due
to various factors (such as, reduction of vascular inva-
sion and blood cells, and increased weight or mechan-
ical force of the tibia), while the reduction of blood
vessels is insufficient to remove these chondrocytes and
eventually leads to the TD formation. Recognizing the
possible role of the blood vessels in the incidence of TD
and can propose that the improvement in vasculature
might be a novel therapeutic approach for ending TD
in chickens.

Key words: blood vessels, bone development, chondrocyte, mechanical force, tibial dyschondroplasia

INTRODUCTION

Tibial dyschondroplasia (TD) is an intractable tibio-
tarsal bone disorder in fast-growing poultry, partic-
ularly broilers and turkeys resulting in chondrocyte
death of tibiotarsal growth plate due to the insufficient
or untimely blood supply. Its pathological features have
reached a consensus by dull white non-vascular and
non-mineralized growth plates from epiphyseal growth
plate to the proximal tibiotarsal bone that result in
bone deformation and leg lameness (Gibson et al., 1995;
Pines et al., 1998; Rath et al., 2007a; Herzog et al.,
2011; Huang et al., 2017a). This tibiotarsal bone dis-
order leads to apparent locomotion problem with ris-
ing prevalence of 30% in broilers flock (Pelicia et al.,
2012). In the production practice, accurately assess the
prevalence of TD is very difficult due to its mostly
sub-clinical symptoms (Groves and Muir, 2017), usu-
ally the farmers are easy to relax their vigilance this
time. In fact, broilers once suffering from TD will cause
leg weakness, motion reduction and even walking ob-
stacles, are likely susceptible to fractures during the
feeding process, which contribute to reduced produc-
tion performance and compromised poultry welfare re-
sulting in serious economic losses to poultry industry
(Genin et al., 2012). Because of the massive economic
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loss of TD to poultry production worldwide, its patho-
genesis and prevention have always been the focus of
many scientists from all over the world.

BROILER NORMAL SKELETAL
DEVELOPMENT

Through the introduction in the previous paragraph,
we learned that normal bone development is very im-
portant for meat-type broilers. During the process of
longitudinal bone growth, endochondral ossification is
critical for longitudinal bone growth and is also initi-
ated to achieve the bone length, and the bone is then
converted to the bony tissue that occurs in the growth
plates located at the ends of long bones (Xian et al.,
2007). During this process, endochondral chondrocytes
undergo the resting chondrocytes of the growth plate
proliferation slowly, then differentiate into hypertrophic
chondrocytes, ultimately chondrocytes atrophy, apop-
tosis, mineralization, and cartilaginous matrices are re-
placed by osteoblasts and bone matrix, respectively
(Xian et al., 2007; Yan et al., 2016). Moreover, endo-
chondral bone formation requires not only a cartilage
template (known as the growth plate) but also vascular
invasion (Kozhemyakina et al., 2015; Yan et al., 2016).

The previous study by Pines and Hurvitz (1991) has
claimed that the avian has much longer columns of
chondrocytes and more cells in each zone, and the more
metaphyseal blood vessels penetrate deeply into the
growth plate unexpectedly than that in mammalian.
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Figure 1. Hypothetical model of tibial dyschondroplasia formation. a) Terminal differentiation of chondrocytes involves an ordered progression
of cell states through proliferation, hypertrophic differentiation, to cell death. The figure shows examples of dead chondrocytes can be cleared
by the blood vessels in the growth plate zone. b) Increased tibia bone weight or joint mechanical force leads to massive chondrocyte death or
apoptosis. The figure shows examples of a greater number of dead chondrocytes cannot be cleared timely by less adequate blood vessels in the

growth plate area. TDL, tibial dyschondroplasia lesion.

Blood vessels are very important for bone growth be-
cause the invading vasculature not only can trigger the
calcified hypertrophic cartilage matrix and formation
of the bone marrow cavity but also recruit osteoblast
and osteoclast precursors that are converted to bone
trabecular (Fong et al., 2009; Wuelling and Vortkamp,
2011; Yan et al., 2016).

As broiler age increases and bone development, hy-
pertrophic chondrocytes of the tibial growth plate
(TGP) cannot fully form calcification; however, the vast
majority of hypertrophic chondrocytes will apoptosis
in the terminally differentiating chondrocytes in hyper-
trophic regions that precede endochondral bone forma-
tion (Gibson, 1998; Rath et al., 1998). The apoptotic
chondrocytes are characterized by nuclear pyknosis
and nuclear lysis of cell morphology with intact cell
membranes (Huang et al., 2018a; Zhang et al., 2019a).
Surely, more cell death or apoptosis of chondrocytes is
present in the growth plate when the bone joint is sub-
jected to excessive mechanical force or when the load on
the leg is increasing (Huang et al., 2017b). The organs
in the animal body have powerful repair functions, and
the bones are no exception. A small number of dead
chondrocytes can be timely transported through the
blood vessels for no accumulation in the tibia growth
plate area showing in Figure 1 (Rath et al., 2007a).
Therefore, slow-growing broilers generally do not have

the occurrence of TD due to lighter leg weight and less
dead chondrocytes in the TGP.

HYPOTHESIS OF TD PATHOGENESIS

Fast Growth and Greater Leg Mechanical
Load

Too fast growth and greater weight gain increase the
burden on the poultry’s legs. In the poultry industry,
the meat-type chicken is a fast-growing breed of poul-
try. Among them, Arbor Acre (AA) broilers are most
commonly and its body weight (BW) can be as high as
2,000 g at 5 wk old (Huang et al., 2018a). In compari-
son to the AA chicken breeds, Tibetan chickens (TBC)
grow slowly and the weight of the TBC is only about
1,000 g, which physiological characteristics of TBC are
highly related to their long-term living in the special
hypoxic environment of Qinghai-Tibet Plateau (Huang
et al., 2017¢). Semenza (2012) has also pointed out that
oxygen (0,) inadequate supply for animals could com-
promise physiological performance, biological functions,
and even growth capacity. Remarkably, any leg disor-
ders have never been reported on TBC so far, which
may be related to its slow growth rate. But broiler
chickens are very susceptible to leg disease and up to
30% of broilers suffer from tibiotarsal bone disorder
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Figure 2. The model of broiler leg bones suffers biomechanical
changes. Too fast growth and greater weight gain increase the bur-
den on the broiler’s legs and change the standing posture of chickens,
which will cause the center of gravity to move forward, change support
force of legs (F—>F/), thereby increase legs’ biomechanical force.

leads to apparent locomotion problem (Praul et al.,
2000; Pelicia et al., 2012).

The previous study on broilers found that the growth
rate of BW is more rapid than that of tibial weight,
which implies an increase in the weight of the broiler’s
legs as the age increases (Huang et al., 2018a). More-
over, the excessive increase in BW of broiler chickens
is mainly reflected in the increase of chest muscles.
The increase of chest muscles causes the center of
gravity of broilers to move in the direction of the front
of the body, thereby the biomechanics of leg bones
of broiler also changed (Figure 2). In a study of the
effects of mechanical force on chondrocytes Huang et
al. (2017b) pointed out that mechanical force can cause
osteoarthritis-like pathological change and chondrocyte
apoptosis of male Sprague-Dawley rats. Therefore,
it can be seen that the growth rate of broiler weight
plays a certain role in leg disease. Surely, once the
broiler suffers from a leg disease, the BW of birds
was significantly lighter due to lameness affecting food
intake.

Insufficient Blood Cells Supply and Blood
Vessel Distribution in the TGP

Thousands of cells in the animal body require the
supply of Oy and nutrients to differentiate and mature,
and the red blood cells (RBC) in the blood vessels play
a transport function in this process. Therefore, changes
in blood-related parameters should be a very critical
means of assessing the physiological functions of ani-
mals (Huang et al., 2017a; Wang et al., 2018). Tt has
been reported that the bone marrow of humans and
animals is an important site for erythropoiesis and its
injury suppresses the production of RBC (Tsiftsoglou
et al., 2009; Medina et al., 2017; Seibert et al., 2017). In
fact, the hemoglobin (Hb) comes from RBC ensures the
supply of Oy and nutrients, and the removal of harmful
metabolites. During erythropoiesis, insufficient or lower
iron content in the bone marrow can cause a decrease
in Hb content per RBC (Seibert et al., 2017). A study
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on blood parameters by Huang et al. (2017a) indicated
that the total RBC counts, Hb levels and Het (hemat-
ocrit) levels of broiler chickens suffering from TD were
significantly reduced. Additionally, the distribution of
blood vessels in the TGP region is also markedly de-
creased. Meanwhile, Wang et al. (2018) also had a sim-
ilar finding that reduction of RBCs in the blood is af-
fected during the TD occurrence and indicated that its
change is associated with the expression of apoptosis-
related genes in chicken erythrocytes. Based on the
above information, we speculate that the reduction of
blood vessels in the leg bones further exacerbates the
lack of blood cells in the tibiae of broiler chickens suffer
from TD. The histopathological changes of bone mar-
row and the differentiation of erythroblasts, and the
role of erythropoietin in the kidney in this process de-
serve further attention and research.

The vasculature is known to be indispensable and
critical for the bone tissue in endochondral bone de-
velopment, formation, maintenance and repair (Ben
Shoham et al., 2016). Moreover, bone tissue is highly
vascularized and its blood vessels serve as a transport
route for various blood cells (Prisby Rhonda, 2017). Be-
sides supplying O, and some essential nutrients, and
removal of harmful metabolites for bone metabolism,
bone blood vessels also deliver systemic hormones and
precursor cells, and provide angiogenic and angiocrine
signals for bone remodeling and homeostasis controlling
(Eghbali-Fatourechi et al., 2005; Rivron et al., 2012;
Kusumbe et al., 2014; Prisby Rhonda et al., 2017).
Therefore, an extraordinary requisite for biological de-
velopment of bone is adequate vascular supply, while
the reduction of bone vessels is bound to affect both
physiological and pathological processes of the bone for-
mation.

Once broiler suffering from TD, increasing evi-
dences can be observed by histopathology stained with
hematoxylin and eosin showing a clearly reduction in
vascular distribution and pale in the hypertrophic chon-
drocyte zone of the proximal TGP, which further sup-
pressed bone growth and development (Rath et al.,
2007a; Herzog et al., 2011; Huang et al., 2017a, 2018a).
Previous study by Rath et al. (2007a) demonstrated
that the occurrence of TD in broilers is due to the dis-
ruption of genes encoding vascular endothelial growth
factor (VEGF) receptors, leading to a large number
of endothelial cells death, which seriously suppresses
the bone vascularization and the removal of dead chon-
drocytes, thereby the accumulation of dead chondro-
cytes leads to TD lesion formation. Moreover, improv-
ing the VEGF signaling pathway by some drugs, such
as tetramethylpyrazine, can alleviate TD and increase
blood vessel distribution in the TGP (Mehmood et al.,
2018). Then, we can’t help thinking about why broilers
are prone to TD. A study on this question by statis-
tical calculation gives an answer that the growth rate
of angiogenesis or vascular invasion in the hypertrophic
chondrocyte zone of proximal TGPs is slower than that
of tibial weight and BW in the early growth stage of AA
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Figure 3. Death chondrocytes accumulated in the hypertrophic area
of the tibial growth plate of tibial dyschondroplasia (TD) chicken. The
figure shows an example of dead chondrocytes, which cannot be cleared
timely in the pro-hypertrophic- and hypertrophic- zone of TD chicken
due to the reduction of blood vessels.

broilers, which implies bone blood vessel is below the
required level of bone metabolism (Huang et al., 2018a).

Apoptotic Chondrocytes are Largely
Retained in the TGP

During the bone growth and development of broil-
ers, the vast majority of hypertrophic chondrocytes will
go through apoptosis in the terminally differentiating
chondrocytes in hypertrophic regions. Increasing evi-
dence has confirmed that chondrocytes from the TGP
zone undergo apoptosis during the development and
formation of TD (Praul et al., 1997; Rath et al., 1998;
Wang et al., 2018) and the vascular invasion of the hy-
pertrophic chondrocyte zone in the proximal TGPs de-
creased rapidly in chickens with TD (Rath et al., 2007a;
Tian et al., 2009; Huang et al., 2018a, b; Figure 3). Ac-
cording to previous studies, these apoptotic cells can
be detected and observed by using different labora-
tory techniques including histopathology, terminal de-
oxynucleotide transferase-mediated nick end labeling,
biochemical measurement of DNA fragmentation and
flow cytometry (Praul et al., 1997; Rath et al., 1998). It
is worth emphasizing that apoptosis has been suggested
to be the mode of cell death in the terminally differenti-
ating chondrocytes in hypertrophic regions that precede
endochondral bone formation and has been shown in
chondrocytes of hypertrophic regions of chicken growth
plates (Rath et al., 1998). Moreover, the more apoptotic
chondrocytes will appear on the growth plate when the
bone joint is subjected to excessive mechanical force
or the load on the leg is increasing (Huang et al.,
2017b).

Articular cartilage, one of its main functions is to
carry mechanical loads. Previous studies have found
that mechanical stress is an important factor regulat-
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ing the proliferation and differentiation of cartilage, and
indicated that appropriate mechanical stress stimula-
tion can promote the proliferation and differentiation
of chondrocytes, while excessive mechanical stress can
inhibit the activity of chondrocytes and promote their
apoptosis (Gibson et al., 1995; Huang et al., 2017b).
Zhang et al. (2019b) showed that chondrocyte apopto-
sis by endoplasmic reticulum stress signaling pathway
regulation can lead to the occurrence of femoral head
necrosis in broilers.

Apoptosis is one of the 4 basic cell death modes in-
cluding apoptosis, senescent death, necrosis and stress-
induced cell death in animals and has been shown
in chondrocytes of hypertrophic zones in the TGP of
chickens (Rath et al., 1998; Shi et al., 2018). More-
over, Rath et al. (1998) by terminal deoxynucleotide
transferase-mediated nick end labeling-fluorescent/
propidium iodide (PI) staining of growth plate pointed
out that normal growth plates showed no significant
apoptosis of chondrocytes from hypertrophic and chon-
drolyzing zones. However, TD chickens had excessive
chondrocytes undergo condensation and apoptosis in
transition zone cartilage in TD chickens under similar
conditions. At the same time, apoptotic changes of TD
chicken were also observed on the capillary vessels caus-
ing a significant reduction in the vascular distribution
in TGP, which resulted in insufficient blood vessels re-
sponsible for removing the apoptotic cells in normal
tissues contributing to the pathogenesis of TD (Rath
et al.,1998; Huang et al., 2018a; Figure 1b).

Besides, the role of autophagy in growth plate chon-
drocytes is also concerned. Leach and Monsonego-
Ornan (2007) pointed out that the regulation mecha-
nisms of specific genes and gene products involved in
autophagy and endoplasmic reticulum stress may be
related to the development of the TD lesion. It is noted
that the absence of autophagy can promote apoptosis
(Pei et al., 2016). Therefore, increasing autophagy may
be a potential strategy to inhibit apoptosis, which may
improve the occurrence of TD.

CONCLUSIONS

Endochondral bone formation requires normal
growth of the growth plate and proper vascular inva-
sion. Once the growth plate chondrocytes are abnormal
in the process of differentiation, maturation, and cal-
cification, and the insufficient supply of blood vessels,
which can cause abnormal development of the bones,
and even lead to the occurrence of leg diseases. In some
experiments, cartilages and hypertrophic zone of the
TGPs from chickens with TD were observed to have
a decreased number of blood vessels and angionecrosis
(Tian et al., 2013; Huang et al., 2017a), which raises the
possibility that the abnormal of differentiation, matu-
ration apoptotic chondrocytes cannot be transported
out timely. Similar studies have been reported in the
previous study that endothelial cell death compromise
vascularization, cartilage remodeling, and the removal
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of dead chondrocytes leading to TD lesions (Rath et al.,
2007). Therefore, increasing research shows that the TD
formation mechanism gradually tends to a large number
of dead chondrocytes in the TGP region or apoptosis,
while the reduction of blood vessels is insufficient to
remove these chondrocytes and eventually leads to the
TD formation in broiler chicken.

Although a great deal of data describing the role of
blood vessels in tibia development of this disease have
been collected, there have been reports that genetic
selection, copper-deficient diets, calcium and phospho-
rus metabolism disorders, and dietary dithiocarbamates
are also associated with TD lesion formation (Rosselot
et al., 1994; Ledwaba and Roberson, 2003; Leach and
Monsonego-Ornan, 2007; Rath et al., 2007b; Kapell
et al., 2017). However, what is the cause and patho-
genesis of TD lesion formation in chickens and how to
prevent and minimize its deleterious effects on the poul-
try industry remains the challenge for future research.
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