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ABSTRACT

The genetic selection for heavy muscle gain and fast growth in broilers has been
linked to the increased prevalence of leg problems. Meanwhile, coccidiosis which is
caused by Eimeria spp., has become one of the most economically impactful diseases in
poultry production. Current study reported that Eimeria-infected birds had high levels of
oxidative stress and lower antioxidant capacity in the bone marrow, and a lower bone
mineral content, density, and slower bone formation. The second experiment showed that
other than malnutrition, inflammation-mediated osteoclast activity attributed to bone
mineral loss and oxidative stress negatively correlated with bone formation rate during
Eimeria infection. In order to further understand the interaction between oxidative stress
and bone metabolism, chicken primary mesenchymal stem cells (MSCs) were exposed to
hydrogen peroxide (H20>) to induce oxidative stress in vitro study. Moreover,
microinjection of H>O; into chicken embryo was used to induce systemic oxidative stress
at the early embryonic development. Both in vitro and in ovo studies showed that

oxidative stress negatively regulated the expression of the osteogenic differentiation gene



markers in the chicken MSCs, and inhibited bone formation in embryos. In the last part
of the study, fish oil was used as a dietary supplement to reduce performance loss due to
coccidiosis in broilers. Fish oil supplementation enhanced intestinal barrier integrity and
positively impacted bone mineral content and growth performance in broilers during
coccidiosis.

Taken together, current studies demonstrate that oxidative stress and inflammation are
key factors that mediate bone loss by suppressing bone formation and increasing bone
resorption during Eimeria infection in broilers. The results provide more accurate
understanding of bone homeostasis that aim to uncover the pathology of the chicken bone

disorder.
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CHAPTER 1

INTRODUCTION AND REVIEW OF RELEVANT LITERATURE

Bone biology, formation and development

Bone is often stereotyped only as a framework for the body. In fact, bone is more
than just a supportive structure. It is a storage unit that stores crucial nutrients, minerals,
and lipids to nourish the body; An endocrine organ that produces hormones and proteins
which play roles in the regulation of many metabolisms (Zhou, et al., 2021); It’s also an
organ that generates different types of cells that play a vital role in protecting the body
against infection (Thakker, et al., 2017). Moreover, bone has a dynamic structure that
constantly remodels and changes shape to adapt to the mechanical pressure and physical
requirement (Miller, et al., 2021). The bone formation and development varied at
different stages of growth. Intramembranous ossification mainly occurs at the flat bone,
where bone develops from fibrous membranes and deposits the minerals on the out layer
of the membrane (Rath and Durairaj, 2022). On the other hand, endochondral ossification
is essential in long bone growth that bone develops by replacing hyaline cartilage with a
mineralized structure (Mackie, et al., 2008). Both intramembranous and endochondral
developments request the differentiation of mesenchymal stem cells (MSCs) into

osteoblasts (Tortelli, et al., 2010).



The physiological structure of long bone can be divided into three major regions
includes epiphysis, metaphysis and diaphysis. Those regions are physiologically distinct,
and each has its own unique developmental characteristics (Itoh and Hatano, 1964;
Dilworth and Day, 1965; Applegate and Lilburn, 2002). The diaphysis is the midsection
of a long bone that is majorly composed of dense cortical bone (compact bone), where
the outer periosteal surface continuously has mineral deposition, and inner endosteal
surface mineral resorption leads to the diameter increased with larger marrow space
expanding, and the hollow space formed the medullary cavity that eventually filled with
bone marrow (Clarke, 2008). Radical growth rate can be reflects at cortical bone at the
diaphysis, where cortical bone is essential for structural strength (Isojima and Sims,
2021). In general, higher mineral density and less water content can be detected in
cortical bone compared with trabecular bone (Gong, et al., 1964). Bone breaking strength
has been shown to be correlated with cortical bone thickness; therefore, the cortical bone
quality is a crucial indicator of bone development and quality (Peretz, et al., 1998). The
epiphysis is the end section of the long bones which is covered with articular cartilage at
the joint. The metaphysis is between epiphysis and diaphysis, and this section contains an
epiphyseal plate (growth plate) which is essential in longitudinal growth (Clarke, 2008;
Grabowski, 2009). The growth plate cartilage proliferates and differentiates, and is
subsequently mineralized and replaced by solid bone tissue (Kronenberg, 2003).

During growth, there are two main stages in bone homeostasis, bone modeling
and bone remodeling. In general, modeling is attributed to skeletal growth, where the

bones gradually change shape and size to adapt to physiologic impact or mechanical
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forces (Frost, 1994; Allen and Burr, 2014). Remodeling is a dynamic and lifetime-
continuous process by renewing bone units to maintain bone quality with limited change
in structure and shape (Bolamperti, et al., 2022). The remodeling process involves
sequential bone resorption and formation works to replace the older or damaged bone
structure with newer bone formatted at the exact location (Frost, 1994; Allen and Burr,
2014). It preserved the mechanical strength and ensured bone quality by remodeling
process (Parfitt, 1994; Langdahl, et al., 2016). The mineral resorption and deposition are
necessary to be well-coordinated to maintain the remodeling balance. Aging,
inflammation and certain stress can break the balance (Gibon, et al., 2017; Bolamperti, et
al., 2022). However, due to market needs, broilers (meat chicken) will be on the market at
42 days of age, bone modelling is still dominant process over remodeling. The
remodeling process is more frequently observed in the layers, or the broilers under
pathogen infection or special physical stress (Aguado, et al., 2015; Akbari Moghaddam
Kakhki, et al., 2019; Tompkins, et al., 2022b). The trabecular bone not only contributes
bone strength but also functions as the calcium resource for metabolic homeostasis
(Whitehead and Fleming, 2000; Passi and Gefen, 2005). Trabecular has a biomechanics
function by transferring mechanical force from the articular surface to the cortical bone
(Ott, 2018). Moreover, the trabecular bone accounts for nearly ten times of the surface
than cortical bone, the large surface provides a broader surface for osteoclast metabolism
and metabolic activity (Eriksen, 1986; Oftadeh, et al., 2015). Trabecular bone
homeostasis is more sensitive to mineral depletion and more active in remodeling than

cortical bones (Kent, et al., 1990; Bjornerem, 2016). For example, in the study of calcium
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deficiency in mice, the calcium-restricted diet did not change body weight, growth rate or
feed conversion ratio. However, the low calcium diet decreased trabecular bone density
(Kim and Park, 2013). Trabecular bone mineral loss under a disease condition is closely
associated with the health status of broilers, or increased bone turnover can be observed
in layers during the laying stage (Passi and Gefen, 2005). Differences in mineralization
rates, microstructure, growth characteristics, and metabolic dynamics suggest that the
functionality and integrity of the bone should not be assumed solely from region-specific
measurements. Therefore, more than just the bone-breaking strength and mineral content,
the bone dynamics in the specific structural regions is very important to understand bone
modeling and remodeling in chickens.

Bone modeling and remodeling result from the activity balance between bone-
related cells. Three types of bone cells are mainly involved in bone hemostasis:
chondrocytes, osteoblasts and osteoclast. Osteoblasts and chondrocytes share a common
precursor, mesenchymal stem cells, whereas osteoclasts are of hematopoietic origin
(Zomorodian and Baghaban Eslaminejad, 2012). Bone formation is accomplished by
osteoblasts, and bone reabsorption is accomplished by osteoclasts (Hambli, 2014). The
balance between osteoclasts and osteoblasts mediates skeletal homeostasis in healthy and
disease statuses (Feng and McDonald, 2011). Osteoblasts can synthesize collagenous
matrix, and meanwhile osteoblasts are endocrine cells that can secrete hormones and
proteins to regulate bone mineralization (Lee, et al., 2007). Type I collagen is the most
abundant protein product from osteoblasts, which is usually considered a biomarker of

bone formation. Bone mineralization is a well-regulated process, and bone metabolic
4



markers are bone-derived molecules that could describe bone formation (Franz-Odendaal,
et al., 2006). Osteocalcin is a protein that is solely secreted by osteoblasts, it is commonly
used as a serum marker of osteoblastic bone formation, and it also acts as a hormone that
is participated in glucose homeostasis (Brennan-Speranza and Conigrave, 2015; Rubert
and De la Piedra, 2020). Glucose is the primary energy nutrient for osteoblasts and its
progenitors, and glucose uptake favors osteoblast differentiation and promotes bone
formation (Ducy, et al., 1997; Wei, et al., 2015; Lee, et al., 2017b). Besides, alkaline
phosphatase (ALP), which is secreted by osteoblasts, growth factor bone morphogenetic
protein 2 (BMP2), and transcription factor runt-related transcription factor 2 (RUNX2; or
CBFAL1), all play pivotal roles in the osteogenic differentiation, mineralization, and bone
formation (Ducy, et al., 1997; Huang, et al., 2007; Khosla, et al., 2008; Chatakun, et al.,
2014). RUNX2 is an essential transcriptional that regulate osteoblastogenesis and cell
cycle (Galindo, et al., 2005). RUNX2 that located at the intersection of many signaling
pathways, it is not only expressed at the early stages of osteoblastic differentiation, but
also expressed in osteochondral progenitors (Lee, et al., 2000; Javed, et al., 2008). The
WNT pathway is one of the most important signaling pathway to promotes osteoblast
differentiation and regulating osteogenesis, the activation of this pathway showed an anti-
adipogenesis and anti-chondrogenesis (but promotes chondrocyte hypertrophy) function
during bone formation (Olivares-Navarrete, et al., 2011; Lee, et al., 2017b; Riddle and
Clemens, 2017). The non-canonical signaling pathway, which is the pathways included -
catenin participation, is a cross-talk path between osteogenesis and adipogenesis of bone

marrow mesenchymal progenitors (Bilkovski, et al., 2010). The activation of WNT
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pathway can block PPAR-gamma-induced adipogenesis and induce RUNX2 expression,
which commit mesenchymal stem cells differentiated into the osteoblast phenotype
(Takada, et al., 2007; Santos, et al., 2010). Besides, In vitro, BMP2 treatment increases
RUNX2 gene expression and ALP protein levels in a human stem cell line (Javed, et al.,
2008). Multifunctional cytokines BMPs, members of the transforming growth factor-§
(TGF-B) superfamily, are also played an essential role in regulating osteoblastogenesis
(Wu, et al., 2016). Receptor-regulated Smads can be phosphorylated by BMP receptors,
and the activated protein complex can be translocated to the nucleus to further activate
transcription factors such as RUNX2 (Kokabu, et al., 2012). Therefore, plays a critical
role in the regulation of bone remodeling by affecting both osteoblast and osteoclast
functions (Zou, et al., 2021). At the completion of bone formation, the majority of the
osteoblasts undergo apoptosis (Xing and Boyce, 2005), and a small portion of the
remaining cells will gradually shape into lining cells (Dobnig and Turner, 1995).

Proper bone growth and maintenance required continuous bone resorption by
osteoclasts (Lemma, et al., 2016). Osteoclasts, which originate from hematopoietic stem
cells (HSC) in bone marrow, are characterized by a unique multinucleated form
located on the endosteum surface of the bone (Teitelbaum, 2007). Osteoclasts can secret
hydrogen ions and enzymes to dissolve and digest the mineral component and collagen
matrix of bone as the starting process of bone resorption (Boyle, et al., 2003; Boyce, et
al., 2009). Osteoclasts highly expressed tartrate-resistant acid phosphatase (TRAP,
TRAPase), which allows TRAP enzyme and its coding gene (TRACP5b, ACP5) to be

considered as a biomarker of osteoclasts formation (Leibbrandt and Penninger, 2008).
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Receptor activator of nuclear factor-kB ligand (RANKL) belongs to the TNF superfamily
and is critical for osteoclastogenesis (Teitelbaum and Ross, 2003; Indo, et al., 2013).
RANKL is a critical cytokine that regulates osteoclastogenesis and activity. RANKL is
majorly expressed on osteoblasts to bind with its receptor RANK, which is mainly
expressed on osteoclasts and dendritic cells (Taichman, 2005; Lorenzo, et al., 2008;
Takahashi, et al., 2014). The binding of RANKL to its receptor RANK triggers osteoclast
precursors to differentiate into osteoclasts, which increases the number of osteoclasts on
their bone surfaces (Teitelbaum and Ross, 2003; Park, et al., 2017). Mice that were
injected with the inhibitor of RANKL resulted in a larger bone mass (Furuya, et al.,
2011). In mammals, the binding between RANKL and RANK receptor can be inhibited
by the soluble decoy receptor osteoprotegerin (OPG). OPG is secreted by osteoblast
lineage cells and acts as a natural decoy receptor for RANKL, therefore negatively
regulating RANK-RANKL binding and signaling. By modulating the expression of
OPG/RANKL which can affect the activity of osteoblasts, when the ratio of RANKL to
OPG is upregulated, more binding between RANKL and RANK leads to increased
osteoclast-mediated bone resorption, and vice versa (Boyce and Xing, 2008). Many
factors that mediate osteoclastogenesis, including hormones that significantly regulate the
calcium homeostasis (Han, et al., 2018). For example, calcitonin, which is mainly
expressed in ultimobranchial and pituitary glands in chicken (Dent, et al., 1969;
Maddineni, et al., 2007), can inhibit the activity of osteoclasts and decrease calcium
released from the bone to the bloodstream (Monier-Faugere, et al., 1996; Heino, et al.,

2002; Swarthout, et al., 2002). Glucocorticoids, an “stress hormone”, has been used as an
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animal welfare marker in animal production (Méstl and Palme, 2002; Scanes, 2016).
Glucocorticoids can stimulate osteoclast differentiation and accelerate bone resorption by
suppressing OPG synthesis but stimulating RANKL synthesis in preosteoblast cells
(Hardy, et al., 2018). Apoptosis of osteoclasts is the ending point of the cells, the
apoptosis rate of osteoclasts directly mediated bone resorption activity and bone
remolding rate (Soysa and Alles, 2019). Decreasing of osteoclast apoptosis leads to
increased bone loss, and vice versa (Hughes, et al., 1996; Wu, et al., 2003; Zhang, et al.,
2005).

General Introduction of Broiler Skeletal Disorder

Bone is a multifunctional endocrine organ that provides not only structural
support for the movement and protection of the internal organs but also the skeleton
system; especially the long bone also functions as a dynamic organ that plays a vital role
in immunology and animal nutrition (Zhou, et al., 2021; Rath and Durairaj, 2022).
Chicken muscle yield has been considered one of the most important traits in genetic
breed selection (Bailey, et al., 2020). However, the continuous selection for rapid growth
and high muscle yield has shifted the broilers' center of gravity and altered the
biomechanical structure (Huang, et al., 2019).

The unbalanced development between muscle and skeleton has been
unexpectedly associated with the incidence of metabolic and skeletal disorders in modern
broiler breeds. For broilers, most of skeleton disorders occur on the long bone (tibia and
femur)(Cook, 2000; Capar Akyiiz and Onbasilar, 2020). Thus, leg disorders are a

significant cause of poor welfare in broilers. Several studies showed that as high as 50%
8



of broilers suffered from lameness which was reflected by high gait scores (Granquist, et
al., 2019), and at least 30% of birds showed poor locomotion (Knowles, et al., 2008;
Kittelsen, et al., 2017), which interfered with chicken’ accessibility to feed and water,
predominantly reducing the growth and caused an economic loss in production. Besides,
poor bone quality or low bone strength increases the risk of fractures during rearing,
catching, or transportation, decreasing production quality (Wideman, 2016; Zhang, et al.,
2020). In recent years, pain and discomfort in leg problems that impaired walking ability
has significantly compromised the well-being of the birds, and chicken bone disorder has
grown into a major welfare issue that aroused society’ s concern (Phibbs, et al., 2021).
The bone-related disorder could be majorly concluded into two categories, infectious
disorder and non-infectious disorder. Researches have successfully identified several
pathologic factors in bone problems, but the exact etiology of these diseases is still
debatable. Studies concluded that the non-infectious bone disorder was majorly caused by
genetic factors and management (Kestin, et al., 1992; Talaty, et al., 2009). However,
several studies also indicated that the direct correlations between genetic selection and
leg problems are weak (Bihan-Duval, et al., 1997; Rekaya, et al., 2013; Gonzalez-Ceron,
et al., 2015). Currently, the diagnosed of the early-stage leg problems relied on manually
histological examination and macroscopic evaluation (Almeida Paz, et al., 2005;
Wideman, 2016). And there is no suitable clinical biomarker or behavior indicators to
predict the later-stage-leg problems. Accordingly, the leg problem in poultry production
is almost certainly underestimated (Leach and Monsonego-Ornan, 2007; Wideman,

2016). With the complexity of the bone disorder, factors such as genetics, nutrition, and
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management systems and the interactions between these factors are involved in the
etiology of bone disorders. Continued efforts are needed to improve genetic, nutritional,
and management techniques to minimize these problems (de Jong, et al., 2012).

Bone deformity such as tibial dyschondroplasia (TD) is one of the most common
development disorders in broiler. Tibial metaphysis has been extensively studied because
it is where TD most often occurs (Leach and Monsonego-Ornan, 2007). TD is also
heavily influenced by nutrition deficiencies or diet quality (Leach and Monsonego-
Ornan, 2007), such as an imbalance ratio of calcium to phosphorus, high chloride
content, excess cysteine content, and diet contamination with mycotoxins or toxins.
Those dietary challenges could result in similar pathologic lesions (Orth and Cook,
1994). However, an optimized diet and balanced nutrition do not absolutely prevent TD
in broilers, indicating that it is more than just a nutritional issue. So far, the exact etiology
of tibial dyschondroplasia remains largely unknown. Several studies indicated that TD
results from interfered growth plate cartilage degradation (Cook, et al., 1994; Orth, et al.,
1999). In TD, the complete differentiation of the chondrocytes is important for cartilage
vascularization and mineralization. Chondrocytes fail to undergo differentiation and
hypertrophy will result in decreased vascular penetration and reduced metabolic
exchange, which inhibited endochondral ossification (Farquharson and Jefferies, 2000).
With a thicker plateau developed with non-vascularized or noncalcified characters, the
abnormality growth plate structure increased the chance of growth plate fracture and
cause the bone/join lesion over that region (Praul, et al., 2000). Gene expression studies

indicated that the expression of BMP2 and RUNX2 were down-regulated in artificially
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induced TD chicken (Yao, et al., 2018), where both genes are essential in bone formation.
Moreover, abnormal chondrocyte protein secretion was detected in TD chicken, which
include type Il collagen, bone adhesion protein (osteonectin, SPARC), and osteopontin
(OPN, SPP1) (Yao, et al., 2018). The altered expression pattern of those proteins is
closely associated with the depressed proliferation and differentiation of chondrocytes
and osteoblasts, which can result in the retardation of bone growth. Interestingly, the
number of osteoclasts was found to be markedly reduced in the severe lesion bones under
the dietary introduced TD model (Walser, et al., 1982). The reduced bone resorption can
be a factor attributed to the growth plate abnormality.

Bacterial chondronecrosis with osteomyelitis (BCO) is another important cause of
lameness in poultry production. It is the most common bone necrosis disease and is
characterized by severe degeneration with a bacterial infection on cartilage and bone
tissue (Wideman, 2016). Intestinal or respiratory epithelial barrier damage increases the
chance of pathogenic bacteria entering the bloodstream, then translocating to joints and
colonialized over the microfracture on the bone (Wideman, 2016). Both long bone and
spinal can be infected, and the lesion is more common to present in growth plate or
trabecular bone structure where the morphology of bone is rarely changed, thus BCO can
be underdiagnosed (Wideman, 2016). BCO necrosis is associated with many factors
including management, inflammation, and nutritional factors. Optimized management,
and nutritional strategies tend to reduce the incidence in chicken production (Wideman,
2016). Moreover, immune response and genetics have been implicated in the etiology of

spontaneous BCO, where the fastest-growing broiler showed a higher occurrence
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(Wideman, et al., 2013; Gilley, et al., 2014; Wideman, et al., 2015). For example, birds
infected with the immunosuppressive virus had a higher incidence of BCO (McNamee
and Smyth, 2000). Recent studies showed downregulated expression of bone and
cartilage formation genes in BCO-affected broilers, indicating the osteochondrosis caused
by lacking of ossification can be the primary cause of broiler BCO in broilers, and the
bacterial infection may can be a subsequent condition after bone growth retardation (de
Oliveira, et al., 2020). The BCO pathogenesis can be initiated by poorly mineralized
cartilage damage, followed by colonization of opportunistic bacteria (de Oliveira, et al.,
2020). Hence, poor bone quality of broilers can increase the risk of bone fracture and
may further accelerate the problem.

Complicate joint lesions can also be associated with certain pathogens infection
primary by reovirus or mycoplasma (Kleven and Ferguson-Noel, 2008; Rath and
Durairaj, 2022). Mycoplasma synoviae is one of the most significant pathogens that infect
birds’ joints and bones (Kleven and Ferguson-Noel, 2008). Joint lesion and poor bone
quality has been observed following infection with mycoplasma synoviae, low morbidity
and high mortality were typically observed in affected avian species flocks (Olson and
Kerr, 1970; Jordan, 1981). Egg production can be reduced in affected layers (Kleven,
2008; Roberts, et al., 2011).

Inflammation and Bone Health
Bone marrow serves as the cradle of hematopoiesis and cytokines (Taichman,
2005). Bone marrow provides a place where the bone homeostasis and immune response

have a chance to communicate with each other. Many immune factors and inflammatory
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cytokines have osteoclastogenic effects by mediating osteoclast formation, cell activity,
and survival, which ultimately regulates bone homeostasis (Kamibayashi, et al., 1995;
Kollet, et al., 2006; Lee, et al., 2017a; Solomon, et al., 2018). Therefore, it which
provides a crosstalk path between bone homeostasis and immunology system. Nuclear
factor-xB (NF-«xB), a family of inducible transcription factors that involve in many
signaling pathways of different processes of the immune response, is essential in cell
survival and osteoclast maturation (Scott, et al., 1997; Jimi, et al., 1998; Beedles, et al.,
1999; Boyle, et al., 2003; Huang, et al., 2006; Weitzmann and Pacifici, 2006; Yao, et al.,
2008). In a NF-kB knockout mice study, multinuclear osteoclasts were formed properly,
while there was an increased number of osteoclast precursors, indicating the essential role
of NF-xB in osteoclastogenesis (Miyazaki, et al., 2000; Xing, et al., 2002). Moreover,
inflammatory cytokines have a significant impact on osteoclast activity. Classic stimuli
for innate immune cells can directly regulate osteoclast differentiation. Macrophages and
dendritic cells produce inflammatory cytokines after the immune activation by pattern
recognition receptors (PPRs) recognize the pathogens (Li and Wu, 2021). In human and
mice, the pro-inflammatory cytokines TNF-a, interleukin-1 b (IL-1b), interleukin-6 (IL-
6), and interleukin-17 (IL-17) have also been recognized as pro-osteoclastogenic
cytokines (Roux and Orcel, 2000; WEei, et al., 2005; Schett, 2008), known to increase
bone resorption by stimulating both osteoclast activity and differentiation (Weitzmann
and Pacifici, 2006). Besides, the immune response could stimulate osteoclast activity and
differentiation by promoting RANKL expression (Rifas, 1999; Kwan Tat, et al., 2004;

Park, et al., 2017). On the other side, anti-inflammatory cytokines such as calcitonin,
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interleukin-1 or interferon gamma (IFN-vy) can inhibit osteoclast differentiation in vitro
(Roux and Orcel, 2000). Moreover, several transcript factors have multifunctional roles
in inflammatory response, osteogenesis and osteoclastogenesis. For example, OPG has
been shown to be an inhibitor of TNF-related apoptosis (Neville-Webbe, et al., 2004).
Smadl is a key element that intermediates transforming growth factor-beta (TGF-p)
signaling pathway and bone morphogenetic protein (BMP) pathway, which are shown to
be important regulators in both osteoblast activity and bone mineralization and affect
osteoclast differentiation (Tasca, et al., 2015; Tasca, et al., 2018; Zou, et al., 2021).
There are many cases have reported the inflammatory conditions can drive bone
destruction and mineral loss in human and mice studies. For example, in human clinic
studies, the long-term investment showed bone microarchitectural changes under
infection of C virus (HCV), which increased the risk of fracture (Bedimo, et al., 2018).
Acute malaria infection severely suppresses bone homeostasis, leading to increased
RANKL expression and overstimulation of osteoclastogenesis which favor bone
resorption (Lee, et al., 2017a). Trabecular bone microstructure is impaired in the
proximal femur of human immunodeficiency virus-infected (HIV) men with normal bone
mineral density (Kazakia, et al., 2018). Decreased bone mass and abnormality in
trabecular and cortical microarchitecture were observed in young men infected with HIV
early in life (Yin, et al., 2014). In broilers, the related report is very limited. It was
reported that acute inflammatory response cause by lipopolysaccharides (LPS) injection
suppressed growth performance and altered bone homeostasis, significantly decreasing

body weight, breast weight and tibial breaking strength (Mireles, et al., 2005). Given all
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this, studies have successfully identified osteoclast-activating immune response, and the
term 'osteoimmunology" has been used to describe the close interface between bone
homeostasis and immune response (Kamibayashi, et al., 1995; Solomon, et al., 2018).
However, avian species carry many unigueness in bone and immune characteristics, such
as pneumatic bones, the maturation of B cells in avian species which occur in bursa of
Fabricius instead of bone marrow, and the medullary bone and egg production.
Therefore, avian osteoimmunological interaction is possible to be different from mammal
species. There is a need for better understanding of bone strength in poultry because bone
breakage and associated infections contribute to mortality, low productivity, and carcass
condemnations.
Coccidiosis and Broilers Bone Integrity

Coccidias infection is one of the most economically important diseases of
the poultry industry worldwide. Eimeria, the protozoan parasite that causes coccidiosis in
many species, can infect the cells of the digestive tract and causes severe intestinal
damage that leads to the intestinal lesion, inflammation, and malabsorption of nutrients
(Yun, 2000). Nutrition deficiency could reduce the usability of energy, vitamin, animal
acid and minerals that directly impact bone health. Energy metabolic status has a direct
impact on bone formation (Dirckx, et al., 2019). Bone loss caused by Eimeria spp. in
broilers has been linked to nutrition malabsorption, especially the reduced absorption of
calcium, phosphate, several important trace minerals and essential vitamins (Turk and
Stephens, 1967; Turk and Stephens, 1969; Turk and Stephens, 1970; Turk, 1973; Joyner,

et al., 1975; Southern and Baker, 1983). From a nutritional aspect, coccidia infects the
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duodenum and jejunum, the major sites of minerals absorption, including calcium,
phosphorous, zinc, copper and magnesium (Southern and Baker, 1983; Ward, et al.,
1990; Ward, et al., 1993). Serum calcium and phosphate homeostasis directly impacts
bone health and is associated with bone modeling or remodeling status. Reduced calcium
absorption was reported in broilers infected with E. acervulina, E. necatrix, and E.
brunetti (Turk, 1973). E. maxima infection impaired calcium and phosphate status in
broilers (Oikeh, et al., 2019). Other than calcium and phosphate, supplements with
microminerals such as manganese, zinc, and copper modulate inflammation and improve
intestinal integrity in broilers during coccidiosis (Bortoluzzi, et al., 2019; Bortoluzzi, et
al., 2020). Supplements with vitamin E and selenium can reduced mortality and increased
body weight gain in chickens infected with E. tenella (Colnago, et al., 1984). These
essential trace minerals are also essential in controlling oxidative stress. Zinc and copper
as antioxidants can directly stimulate osteoblastogenesis and suppresses
osteoclastogenesis (Rodriguez, et al., 2002; Yamaguchi and Weitzmann, 2011; Dirckx, et
al., 2019). Therefore, trace mineral deficiency has been associated with the
pathophysiological status of human bone (Guo, et al., 2011). Besides dietary mineral
factors, growth and maintenance of bone homeostasis require vitamins (Erasmus, et al.,
1960; Panda, et al., 1964; Ruff, et al., 1974; Southern and Baker, 1983). Proper vitamin
supplementation is essential to bone homeostasis have been reported deficiencies caused
by coccidian protozoa infection (Allen, et al., 1998). Vitamin K supplement reduced
mortality from E. tenella infection (Harms, et al., 1962). Vitamin K is necessary for bone

formation and mineralization, and the supplement of vitamin K can improve bone quality
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by increasing bone mineral content and breaking strength in broilers (Zhang, et al., 2003,
Guo, et al., 2020). In vitro studies indicated that vitamin K stimulates osteogenesis and
promotes osteoblast differentiation in human and mouse cell lines (Akbari and Rasouli-
Ghahroudi, 2018). Additional vitamin C supplementation during Eimeria infection
improved broiler weight gain (Webber and Frigg, 1991; McKee and Harrison, 1995).
Vitamin C (ascorbic acid) is essential for collagen synthesis and benefits bone matrix
formation (Chin and Ima-Nirwana, 2018). Ascorbic acid is one of the essential
ingredients in the osteogenesis medium of MSCs cell culture, it can stimulate cell
proliferation, and accelerate osteogenesis by increased collagen secretion (Langenbach
and Handschel, 2013; Fujisawa, et al., 2018). Vitamin C positively affected trabecular
bone formation by altering osteoblastic bone matrix gene expression (Aghajanian, et al.,
2015). Vitamin C also inhibits osteoclastogenesis and activates osteoblastogenesis by
mediating the WNT pathway (Choi, et al., 2019). Vitamin C deficiency accelerated bone
loss and increased PPAR-y expression (adipogenesis pathway), which indicated that the
bone formation was shifted towards fat formation (Park, et al., 2012). Moreover, Eimeria
infection also decreases the fat digestibility. Suppressing fat absorption resulted in
depressing fat-soluble vitamins level (Gautier, et al., 2019; Sakkas, et al., 2019), such as
Vitamin E, vitamin A and vitamin D (Turk and Stephens, 1967; Turk and Stephens,
1969; Turk and Stephens, 1970; Turk, 1973; Joyner, et al., 1975; Southern and Baker,
1983). Vitamin E and selenium supplements improved weight gain and reduced mortality
with E. tenella infection in broilers (Colnago, et al., 1984). Vitamin D is essential

for calcium absorption and bone mineralization in broilers, and the supplementation of
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vitamin D can improve bone quality (Laird, et al., 2010). During the infection,
osteoclastic endocrine hormones such as calcitonin, parathyroid hormone (PTH) and
Vitamin D could be affected by Eimeria infection. However, additional supplementation
of vitamin D could increase Eimeria replication and could negatively impact intestinal
health for long-term treatment (Oikeh, et al., 2019; Sakkas, et al., 2019).

The modern broiler strain is characterized by relatively higher porosity and lower
mineral content in long bones due to the selection for rapid growth rate in broiler
production (Thorp, 1994; Cook, 2000). Broiler leg bone exhibits frangibility under the
infection with Eimeria parasites and leads to poor welfare in broilers (Kestin, et al., 1992;
Sakkas, et al., 2018; Oikeh, et al., 2019). With increasing concerns around farm animal
welfare, and the popularity of antibiotic growth promoter (AGP) free diets, poultry bone
physical abnormalities or leg weakness encounter the challenge from both animal welfare
and economic aspects. A better understanding of bone homeostasis is valuable to unveil
the possible solution for the industry issue. Moreover, it provides a good model to
understand the relationship between inflammation and skeletal development during acute
intestinal infection.

Infections of coccidia significantly reduced tibia bone ash content and
adversely affected femur breaking strength (Sakkas, et al., 2019). Sporozoites
of some species, especially E. acervulina and E. maxima, could decreased bone mineral
content (BMC) and showed a lower bone mineral density (BMD) in infected broilers
(Fetterer, et al., 2013). Besides, bone growth and structure studies demonstrated an

overlap between rapid bone formation (growth period: days 4 to 11, and mineralization
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period: day 4 t018) and field outbreaks of coccidiosis (normally around 3 weeks of age)
(Williams, et al., 2000; Musa, et al., 2010), the retardation of growth might be associate
with the suppressed bone formation during the early age. To date, research has been
predominantly concerned with bone low quality attribute to the nutrition deficient (Turk,
1973; Southern and Baker, 1983; Ward, et al., 1990; Ward, et al., 1993). In contrast,
relatively little data exist on the underlying mechanisms that immune response and
oxidative stress during coccidia. While coccidiosis affects chickens of all ages, the
negative impacts of coccidiosis was more severe in young age birds due to their immature
immune system (Fatoba and Adeleke, 2018). Emerging evidence suggested the increased
bone resorption was involved in the alteration of skeletal homeostasis during disease
(Frost, 1994; Allen and Burr, 2014). In poultry studies, Kakhki and etc. have reported
Eimeria had adverse effects on long bone attributes linked bone remodeling (Akbari
Moghaddam Kakhki, et al., 2019). Increasing expression of TNF-a, IL-1 IL-9, IFN-y and
CD8-expressing T cells are response to Eimeria challenged in chickens (Mireles, et al.,
2005). Those cytokines have been well understood in the human osteoimmunology, but
the link between them and bone homeostasis were rarely well understood in avian
species. It encouraged us to focus on the immunology response and other possible co-
factors on bone integrity during pathogen infection.

Fish oil which enriches n-3 polyunsaturated fatty acids (n-3 PUFA) is widely
accepted as an nature anti-inflammatory component (Calder, 2006; Kalinski, 2012;
Xiang, et al., 2016), and has an intestinal barrier-protective effect in animal studies

(Lauridsen, 2020; Durkin, et al., 2021). LC n-3 PUFA can be incorporated into intestinal
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epithelial cell membranes, reduce the production of pro-inflammatory cytokines and
induce the production of anti-inflammatory factors (Calder, 2006; Durkin, et al., 2021).
DHA supplementation was shown to ease the severity of necrosis under pathogen
challenges in mice (Lu, et al., 2007). EPA and DHA have been shown to reduce stress
and improve barrier integrity in wean piglets or under pathogen challenges (Zhu, et al.,
2016; Lee, et al., 2019; Lauridsen, 2020). In poultry studies, several investigations have
shown that a dietary n-3 PUFA enriched diet significantly reduced broiler cecal lesions
caused by Eimeria tenella (Allen, et al., 1996; Barua, et al., 2016). Moreover, several
studies have reported the positive impact pf n-3 PUFA on poultry bone health (Ebeid, et
al., 2011; Tompkins, et al., 2022a). Our previous studies indicated that maternal fish oil
supplements benefit bone health in offspring. Therefore, with the anti-inflammatory
character, the fish oil was used as nutrition supplement during coccidiosis in our study,
aim to better understand the possible link between intestinal inflammation and bone
homeostasis during pathogen challenge.
Oxidative Stress and Bone Integrity

Modern commercial poultry production is strictly operated based on balanced
nutrition and optimized environmental conditions. However, oxidative stress can be
commonly found in production systems due to nutritional factors such as feed toxins or
insufficient antioxidant supplements, pathogens infection, and poor environmental
conditions including heat stress, ammonia exposure, and flock density (Mishra and Jha,
2019; Ali Hassan and Li, 2021). Oxidative stress has become one of the important effects

on broiler performance, healthy growth, and production quality (Celi and Chauhan, 2013;
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K. Panda and Cherian, 2014; Estevez, 2015; Mishra and Jha, 2019; Surai, et al., 2019).
Oxidative stress represents an unbalanced condition between the production of reactive
oxygen species (ROS) and the antioxidant defense systems (Sies, et al., 2017). In broiler
production, other than the management-associated physiological oxidative stress,
infectious agents are other factors that robustly cause phagocytic ROS generation, which
leads to severe oxidative stress in broilers (Zorov, et al., 2014; Forrester, et al., 2018).
Oxidative stress was also detected during phagocytosis in Eimeria infection. During the
robust innate response, immune cells such as macrophages and neutrophils could rapidly
release of the reactive oxygen species (ROS) from different cell types, including
superoxide anion (O™), nitric oxide (NO) and hydrogen peroxide (H202), and implicate
the oxidative burst after in contact with pathogens (Laurent, et al., 2001; Kim, et al.,
2019). Coccidiosis can cause severe oxidative stress that elevates intracellular levels of
ROS in not just broilers but also wild birds and rabbits (Sepp, et al., 2012; Abdel-
Haleem, et al., 2017). The first line defense enzymatic antioxidants, such as

catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPX), are
indispensable in the defense system and protect from the damage that caused by free
radicals especially superoxide anion radicals during Eimeria infection (Georgieva, et al.,
2006). A marked increase in serum NO level was detected in chicken with coccidiosis
(Laurent, et al., 2001). The activities of the parasite infection and the response from
immune system that cause a depletion of antioxidant enzymes, reduced glutathione
(GSH) level, and increased lipid peroxidation and apoptosis of intestinal cells, affecting

the health status and productivity of poultry (Gotep, et al., 2016). Meanwhile, due to the
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lesion in the intestine, the absorption of certain antioxidant amino acids, such as arginine,
cysteine, glutamine and glutathione, was significantly interrupted (Gémez-Osorio, et al.,
2021). Several studies indicated that tibia minerals in broilers were not influenced by
trace minerals supplementation during Eimeria infection, but trace mineral
supplementing can alter the adverse effect of oxidative stress and improve bone-breaking
strength (Fernandes Muiller, et al., 2019; Santos, et al., 2020). In addition, the vitamin
level decreased during adverse conditions of a nutritional and pathological nature
(Challey, 1960). Vitamin studies showed that the supplementation of vitamin E with
selenium can reduce the mortality rate with E. tellena infection (Allen, et al., 1998). The
systemic changed ROS level could induce oxidative stress in the bone marrow and effect
bone homeostasis during Eimeria infection (Tompkins, et al., 2022b). Studies in rodent
indicated that the oxidative stress response results in an inhibition of mineralization and
osteogenesis and activation of bone resorption, subsequently causing bone loss and
structural changes (Basu, et al., 2001; Domazetovic, et al., 2017). Oxidation-reduction
(redox) homeostasis is ubiquitous to living cells, tissues, organs, and whole systems.
Oxidative stress has been associated with many bone-related diseases in humans and
mammals (Reis and Ramos, 2021). The redox state changes are also related to the bone
remodeling process by alternate continuous bone regeneration through the coordinated
activation or inactivation of bone cells (Georgieva, et al., 2006; Georgieva, et al., 2011;
Gautier, et al., 2019). However, the study focusing on the direct relationship between

oxidative stress during Eimeria infection and bone health in broilers is limited.
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Understanding oxidative stress with in vitro, in vivo and in ovo models are
essential for understanding and dealing with challenges from poultry leg diseases. Tibial
dyschondroplasia (TD) and bacterial osteomyelitis (BCO) are two of
the most common skeletal abnormalities. In previous studies, BCO appears to be initiated
by mechanical micro-fracturing of the growth plate, followed by colonization and
distribution of opportunistic bacteria that lead to necrosis (Wideman, 2016). Although
there is no direct evidence to demonstrate the link between oxidative stress and BCO
pathogenesis, the pathology of osteomyelitis, a local infection of the human bone which
characterized by severe inflammation, and localized bone mineral loss and structure
destruction, sharing the pathogenic similarlity with chicken BCO (Grbic, et al., 2014). It
has been associated with significantly increased oxidative stress levels in response to
infections in chronic osteomyelitis patients, as compared to the healthy controls (Jyoti, et
al., 2015; Massaccesi, et al., 2022). Besides, studies in broiler BCO also indicated the
mitochondrial oxidative metabolism and dysfunction is involved in BCO model in
broilers (Ferver, et al., 2021). Therefore, by gathering and analyzing all the evidences, we
hypothesized that oxidative stress could potentially be one of the pathogenic co-factors
involved in the chicken BCO. Moreover, tibial dyschondroplasia (TD) is another
common bone abnormalities in fast-growing broilers, which is characterized by difficulty
in standing, growth retardation, and tibial bone deformities with non-vascular and non-
mineralized TGP (Mehmood, et al., 2017; Zhang, et al., 2019b). It is a chondrogenesis
disease highly associated with inhibition of bone angiogenesis and cell apoptosis,

resulting in suppressed growth plate development (Mehmood, 2018). There is an
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established relationship between tibial dyschondroplasia and oxidative stress induced by
thiram because thiram causes TD in broilers by reducing liver antioxidation capability
and damaging liver function (Li, et al., 2007a). TD impacts bone integrity and is
associated with changed morphology and decreased meat quality, which both are
connected with the increased systemic activity of antioxidant enzymes (Zhang, et al.,
2018; Huang, et al., 2021). Therefore, based on the current information, we also
hypothesize that TD may be partially associated with systemic oxidative stress; the
inhibition of osteoblast activity by oxidative stress could be another factor causing the
deformation of the growth plate. But more profound studies are in need.

Moreover, H2O: is a by-product of glycerol metabolism in mycoplasmas. The M.
pneumoniae produces H>O> and superoxide radicals, which induce oxidative stress in the
respiratory epithelium and can directly affect bone metabolism (Shimizu, 2016). Clinical
signs of infection with M. synoviae are more severe, and the infection of M synoviae is
associated with joint lesions in avian species (Osorio, et al., 2007). However, more
evidence is need to explain the pathogenicity of Mycoplasmas on bone mineral density
and bone integrity. Although many questions remain, ever-growing numbers of
observations regarding chicken bone disorders and avian bone health rapidly shape our
understanding of various topics, such as metabolic regulation and pathogenesis of bone
disorders in broilers (Porto, et al., 2015). The knowledge of antioxidant defense systems
will serve as the guiding principle for establishing the most effective nutrition support to
minimize oxidative stress. Such an approach will enhance chicken health, welfare, and

product quality, increasing economic returns and the sustainability of poultry production.
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With growing numbers of observations regarding chicken bone, we conducted a
serial study and aimed to provide more evidences to improve chicken bone health and
production quality.

The main objectives of this study were:

1: To understand the role of oxidative stress in broiler bone formation.
2: To better understand the bone homeostasis under pathogenic infection disease model.

3: To explore the multifunctional roles of bone in growth and disease.
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Abstract

The objective of this study was to evaluate the impact
of coccidiosis on bone quality and antioxidant status in the liver and bone marrow of
broiler chickens. A total of 360 13-day old male broilers (Cobb500) were randomly
assigned to different groups (negative control, low, medium-low, medium-high, and
highest dose groups) and orally gavaged with different concentrations of Eimeria oocysts
solution. Broiler tibia and tibia bone marrow were collected at 6 days post-infection (6
dpi) for bone 3-D structural analyses and the gene expression related to osteogenesis,
oxidative stress, and adipogenesis using micro-computed tomography (micro-CT) and
real-time qPCR analysis, respectively. Metaphyseal bone mineral density and content
were reduced in response to the increase of Eimeria challenge dose, and poor trabecular
bone traits were observed in the high inoculation group. However, there were no
significant structural changes in metaphyseal cortical bone. Medium-high Eimeria
challenge dose significantly increased level of peroxisome proliferator-activated receptor
gamma (PPARG, p < 0.05) and decreased levels of bone gamma-carboxyglutamate
protein coding gene (BGLAP, p < 0.05) and fatty acid synthase coding gene (FASN, p <
0.05) in bone marrow. An increased mMRNA level of superoxide dismutase type 1 (SOD1,
p < 0.05) and heme oxygenase 1 (HMOX1, p < 0.05), and increased enzyme activity of
SOD (p < 0.05) were found in bone marrow of Eimeria challenged groups compared with
that of non-infected control. Similarly, enzyme activity of SOD and the mRNA level of
SOD1, HMOX1 and aflatoxin aldehyde reductase (AKE7A2) were increased in the liver

of infected broilers (p < 0.05), whereas glutathione (GSH) content was lower in the
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medium-high challenge group (p < 0.05) compared with non-challenged control.
Moreover, the mMRNA expression of catalase (CAT) and nuclear factor kappa

B1 (NFKB1) showed dose-depend response in the liver, where expression of CAT and
NFKB1 was upregulated in the low challenge group but decreased with the higher
Eimeria challenge dosage (p < 0.05). In conclusion, high challenge dose of Eimeria
infection negatively affected the long bone development. The structural changes of tibia
and decreased mineral content were mainly located at the trabecular bone of metaphyseal
area. The change of redox and impaired antioxidant status following the Eimeria

infection were observed in the liver and bone marrow of broilers.

Keyword: Eimeria, bone health, bone mineral loss, bone quality, oxidative stress, broiler
bone
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Introduction

Avian coccidiosis is one of the top prevalent enteric diseases in the poultry
industry. Especially in the modern broiler production, the high-density, small
confinement, warm, and humid animal housing accelerate the dispersal, transmission, and
outbreak of coccidiosis, making this issue hard to eradicate (Chapman 2014; Blake et al.,
2020). Coccidiosis is a parasite disease caused by parasites of the genus Eimeria that can
cause intestinal damage leading to inflammation and nutrient malabsorption (Gautier et
al., 2019). The infection with Eimeria spp. results in growth retardation and mortality,
which creates 13 billion dollars in losses by its detriment to production and increases the
cost (Amerah and Ravindran, 2015). The prevention and control of coccidiosis outbreaks
are not only achieved by careful management practices, but also the use of in-feed
anticoccidial drugs or vaccines, alone or in combination. However, because of the market
demand, the use of antibiotic-free diets leads to numerous challenges, such as control and
treatment of enteric and systemic diseases (Dalloul and Lillehoj, 2006; Blake and
Tomley, 2014; Cervantes, 2015). Other than anorexia or nutrient malabsorption, the
pathogenicity of coccidiosis is also associated with the response from immune system
which generates reactive oxygen species (ROS) in chicken (Georgieva et al., 2006;
Georgieva et al., 2011; Gautier et al., 2019). The parasite infection causes an imbalance
between endogenous antioxidant defense and free radical production, which leads to
depletion of antioxidant enzymes and reduction of glutathione (GSH) level (Surai, 2019).
The unbalanced status results in increased lipid peroxidation and DNA damage which can

cause apoptosis of intestinal cells and affect the health status and productivity of poultry
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(Estevez, 2015; Mishra and Jha, 2019). The first lines of antioxidant defense system
including catalase (CAT), superoxide dismutase (SOD), and glutathione

peroxidase (GPX) are indispensable for protecting the body from the damage caused

by free radicals, especially superoxide anion radicals, during Eimeria infection
(Georgieva et al., 2006). Dietary manipulations, such as optimizing amino acids profile or
adding dietary supplements are potential strategies to support broilers against coccidiosis
induced oxidative stress (Arczewska-WIosek et al., 2018; Gautier et al., 2019). In
broilers, nutrient supplements such as vitamins, antioxidants, and trace minerals can
alleviate the negative effect caused by oxidative stress (Arczewska-Wlosek et al., 2018;
Santos et al., 2020).

Meanwhile, the incidence of physical abnormalities in bone of broilers has been
noted. Because the fast-growing broilers are characterized by poor calcification and high
porosity of long bone, severe duodenum and upper jejunum damage caused by Eimeria
infection intensifies the bone health issues in the modern poultry industry (Sakkas et al.,
2018; Oikeh et al., 2019). Bone mineral loss caused by Eimeria spp. in broilers has been
previously linked to nutrition malabsorption, especially the reduced absorption of
calcium, phosphate, and several important trace minerals for optimal bone growth (Turk
and Stephens, 1967; Turk and Stephens, 1969; Turk and Stephens, 1970; Turk, 1973;
Joyner et al., 1975). Recent studies have revealed a more profound understanding in
regards to bone loss after Eimeria infection, where suppressed fat absorption resulted in
depressed levels of fat-soluble vitamins; thus, an increase in bone resorption level was

detected (Akbari Moghaddam Kakhki et al., 2019; Sakkas et al., 2019). Studies in human
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and mice also indicated that oxidative stress response caused by gastrointestinal infection
could lead to inhibition of mineralization and osteogenesis, and activation of bone
resorption, subsequently causing bone loss and structural changes (Basu et al., 2001;
Domazetovic et al., 2017). Bone architectural organization is an independent marker that
can precisely reflect bone turnover, however, how does the Eimeria infection change
biomechanical properties on the specific bone region has not been documented
extensively to date, and the etiology behind it is not fully understood (Brandi, 2009;
Henkelmann et al., 2017). We reported that the increasing infection severity of Eimeria
spp. linearly reduced nutrient digestibility and body weight of birds. The increased gut
permeability and lesion scores in response to the graded levels of Eimeria infection were
also found and presented in our recent publication (Teng, et al., 2020a). The objective of
this study was to further evaluate the negative impact of coccidiosis on bone traits in
broiler chickens. A new approach, micro-CT scanning and analyses, was taken in
assessing the three-dimensional structure to provide in-depth and comprehensive
understanding the pathogenetic mechanisms of bone disorders with acute intestinal
pathogen infections in avian species.
Materials and Methods

Ethics Statement

All experiments followed the guidelines of the Institutional Animal Care and Use
Committee and was conducted at the Poultry Research Farm, University of Georgia,
Athens, GA. The protocol was approved by the Institutional Animal Care and Use

Committee at the University of Georgia.
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Experimental Design

Management and diet formulation as previously described (Teng et al., 2020).
Briefly, a total of 360 male broiler chicks were randomly allocated to five treatments with
six replicates and twelve birds per cage. The birds were gavaged with 1 mL of water for a
control and 1 mL of different concentrations of Eimeria solutions for challenge groups at
13 days of age. Mixed Eimeria spp. oocyst solutions were pre-prepared for the Low
group as the lowest challenge dose with 6,250 oocysts of E. maxima, 6,250 oocysts of E.
tenella and 31,250 oocysts of E. acervulina; the Med-low group as the medium-low
challenge dose with 12,500 oocysts of E. maxima, 12,500 oocysts of E. tenella and
62,500 oocysts of E. acervulina; the Med-high group as the medium-high challenge dose
with 25,000 oocysts of E. maxima, 25,000 oocysts of E. tenella and 125,000 oocysts of E.
acervulina; and the High group as the highest challenge dose with 50,000 oocysts of E.
maxima, 50,000 oocysts of E. tenella, and 250,000 oocysts of E. acervulina (Table 2.1).
All chicks were raised under the same environmental conditions according to the Cobb
500 broiler management guide (Cobb 2019). All chicks were fed the same basal diet and
allowed to consume feed and water on an ad libitum basis. Starter (0-12 d of age) and
grower (13-19 days of age) diets were formulated to meet Cobb 500 nutrient
requirements as previously described (Teng et al., 2020).

A total of 30 birds (1 bird per replicate cage) were selected and euthanized by
cervical dislocation at 6 dpi (19 days of age), and tibia bone and liver samples were

collected and snap-frozen in liquid nitrogen and kept in -80°C until processing.
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Antioxidant study by Enzyme-linked immunosorbent assay (ELISA)

SOD and CAT enzyme activities in the liver and bone marrow of 30 samples (6
samples per treatment group) were analyzed using superoxide dismutase assay and catalase
assay kits (Cayman chemical, Superoxide dismutase assay Kit, item No. 706002, Catalase
Assay Kit, item No. 707002, AnnArbor, MI, USA), following the manufacturer’s
instructions. Approximately 100 mg of each sample was homogenized in 1mL of cold
sample buffer (20 mM HEPES buffer, pH 7.2, 2 mM EGTA, 10 mM mannitol, and 70 mM
sucrose). The homogenized sample was centrifuged at 1,500 x g for five minutes at 4°C,
and the supernatant was collected for analyses. All supernatant samples were diluted by
using the sample buffer before the ELISA assays. Samples were measured by
spectrophotometer (SpectraMax ABS Plus, Softmax Pro 7 software, Molecular devices,
San Jose, CA) at wavelength of 450 nm for SOD activity assay, and at 540 nm for CAT
assay. For protein quantification assay (Pierce BCA Protein Assay Kit, Ref. 23227, Thermo
Scientific, Rockford, IL, USA), the supernatants were diluted before the assay, and Bovine
Serum Albumin (2 mg/mL) was used as the protein standard, and enzyme activity was
normalized to the total protein content for the final calculation. The protein samples were
diluted and placed in duplicate and read in a spectrophotometer (SpectraMax, San Jose,
CA) at wavelength of 562 nm.

High-performance liquid chromatography (HPLC)

High-performance liquid chromatography (HPLC) setting and reading for

measuring antioxidative parameters were as previously described (Gould et al., 2018).

Immediately after collecting liver and tibia marrow samples, all samples were snap-
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frozen in liquid nitrogen. Within 24 hours, all harvested tissues were homogenized in
PBS containing 10 mM diethylenetriaminepentaacetic acid (DTPA) and promptly
acidified as previously described (Park et al., 2010). Samples were stored at -80°C for
HPLC analyses. Briefly, glutathione (GSH) and glutathione disulfide (GSSG) were
quantified in each sample by HPLC coupled with electrochemical detection (Dionex
Ultimate 3000, Thermo Scientific, Waltham, MA, USA). The cell was set at + 1600 mV
with a cleaning potential of + 1900 mV between the samples. The mobile phase consisted
of 4.0% acetonitrile, 0.1% pentafluoropropionic acid, and 0.02% ammonium hydroxide.
The flow rate was maintained at 0.5 mL/min, and injection volumes were set at 2.0 uL
for bone marrow samples. Peaks were quantified using external GSH and GSSG
standards and the Chromeleon Chromatography Data System Software (Dionex Version
7.2, Thermo Scientific, Germering, Germany). Total glutathione was determined by
calculating GSH + 2GSSG, and levels of total glutathione, GSH, and GSSG were all
standardized to total protein content (Pierce BCA Protein Assay Kit). The protein
samples were diluted and placed in duplicate and read in

a spectrophotometer (SpectraMax, San Jose, CA) at wavelength of 562 nm.
Micro-Computed Tomography (micro-CT)

To evaluate bone morphologic changes in the broiler, 30 samples (6 samples per
treatment group) were randomly chosen for micro-Computed Tomography (micro-CT)
microarchitectural scanning. The right tibias were scanned according to a standard
protocol at 80 kV and128 pA, and a 0.5 mm aluminum filter, and analyses were

performed with a SkyScan 1172 (SkyScan, Kontich, Belgium). The scanned images were
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captured with a 360° complete rotation and an 18 min of acquisition time at 26 um pixel
size. 2-D images were transferred to CTAn software (CTAnN, SkyScan, Aartselaar,
Belgium) for structure construction and quantification as previously described (Chen and
Kim, 2020). Trabecular and cortical bones of the metaphysis were analyzed. The analysis
parameters are listed in Table 2.2. All images were post-operated to isolate trabecular
bone from cortical bone and preserve its morphology using a threshold of 800 manually.
Average bone mineral content (BMC), bone mineral density (BMD), and bone micro-
architectural parameters of each treatment group were taken from the same region of
interest (ROI). The whole bone length and bone diaphysis width were measured by using
CTAnN ruler tool which measures straight line distance. Controlling the location, 4
measurements were conducted on each sample by using CTAn ruler tool, the mean
thickness of cortical bone was used for statistical analysis.
Real-time gPCR analysis for gene expression in the bone marrow

Right tibia bones were opened, and bone marrow samples were collected and
stored at -80°C until RNA isolation (n = 6). Bone marrow and liver total RNA were
extracted by using Qiazol reagents (Quiagen, Germantown, MD, USA) according to the
manufacturer’s instructions. Nano-Drop 1000 Spectrophotometer (ThermoFisher
Scientific, Pittsburgh, PA, USA) was used to determine the quantity of extracted RNA.
The cDNA was synthesized from total RNA (2000 ng) using high-capacity cDNA reverse
transcription kits (Thermo Fisher Scientific, Waltham, MA, USA). Real-time reverse
transcription polymerase chain reaction (Real-time RT-PCR) was used to measure

MRNA expression. Primers were designed using the Primer-BLAST program
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(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The specificity of primers was
validated by PCR product sequencing and previously published (Table 2.3). Primer
quality was verified through melting curve analysis and gel electrophoresis in this study.
Real-time gPCR was performed on an Applied Biosystems StepOnePlus (Thermo Fisher
Scientific, Waltham, MA, USA) with iTag Universal SYBR Green Supermix (BioRad,
Hercules, CA, USA) using the following conditions for all genes: 95°C for 10 minutes
followed 40 cycles at 95°C for 15 seconds, annealing temperature (Table 2.3) for 20
seconds, and extending at 72°C for one minute.

The geometric means of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and actin beta (ACTB) were used as housekeeping genes for normalization, and the
stability of the housekeeping genes was confirmed by their consistent Ct values among
the treatments (p > 0.1) (Vandesompele et al., 2002). Details of primer sequences used
for the experiment are presented in Table 2.3. Peroxisome proliferator-activated receptor
gamma (PPARG), fatty acid synthase (FASN), adipose tissue fatty acid binding protein 4
(FABP4) and sterol regulatory element-binding transcription factor 1 (SREBP1) were
used as early markers of adipogenic differentiation and fatty acid synthesis, and bone
gamma-carboxyglutamate protein (BGLAP) and runt-related transcription factor 2
(RUNX2) were used as osteogenic marker genes in the bone marrow. Nuclear factor
kappa B subunit 1 (NFKB1) and antioxidant enzyme protein coding genes including
catalase (CAT), superoxide dismutase type 1(SOD1), glutathione peroxidase 1 (GPX1),
heme oxygenase 1 (HMOX1), and aflatoxin aldehyde reductase (AKR7A2) were used to

determine the antioxidant enzyme activity and oxidative stress status (Lee et al., 2018).
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Samples were run in triplicate, and relative gene expression data were analyzed using the
2784t (Livak and Schmittgen, 2001). The mean ACt of each marker gene from the control
group was used to calculate the AACt value, and 2724t expression levels were normalized
to 1 for the control group, and expression levels of the other treatment groups were
presented as fold change relative to the control group.
Statistical analysis

All experimental data were expressed as mean with standard errors of the means
(SEM). Data were tested for homogeneity of variances and normality of studentized
residuals. The differences between the treatment groups were analyzed by one-way
ANOVA, and the means were analyzed statistically by Tukey’s test using JMP Pro14
(SAS Institute, Cary, NC, USA). A p <0.05 was considered statistically significant, and
0.05 < p <0.1 were also presented to show the trending toward statistical significance
(Thiese, Ronna, and Ott 2016; Serdar et al., 2021). To evaluate the effects of increasing
oocysts inoculation doses on responses of each parameter, the linear and quadratic
regression were analyzed using an ordered logistic regression model with inoculated
number of oocytes as a fixed factor and broiler per pen as the experimental unit. The
comparisons between non-challenge control and pooled challenged groups (Low, Med-
low, Med-high, and High) were calculated by unpaired t-test with Welch’s correction.
Pair wise correlations (JMP Pro14) were evaluated for bone micro-CT and antioxidant

variables. Statistical significance was set at p <0.05.
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Results
Bone microstructural changes in response to increasing doses of Eimeria oocysts

There were no statistically significant differences in the whole tibia length, tibia
diaphysis width and the thickness of cortical bone among treatment groups at 6 dpi
(Table 2.4). And all the micro-CT results are presented in Table 2.5. For the total bone
structure of metaphysis, the lowest BMC (ANOVA, p = 0.025; linear regression, p =
0.012, R? = 0.205), BMD (ANOVA, p = 0.002; linear regression, p < 0.001, R? = 0.342),
and the lowest bone volume fraction (BV/TV; ANOVA, p = 0.023) ratio were detected in
the High group in response to increased challenge dose.

The microstructure changes in metaphysis were mainly attributed to impaired
trabecular bone traits caused by higher Eimeria challenge dosage, including lower BMC
(Figure 2.1; ANOVA, p = 0.001; linear regression, p < 0.001, R? = 0.362), lower BMD
(ANOVA, p < 0.001; linear regression, p < 0.001, R? = 0.402), smaller bone surface (BS;
ANOVA, p = 0.048), lower trabecular number (Tb. N; ANOVA, p = 0.025; linear
regression, p = 0.021, R? = 0.177), lower connectivity density (Conn. Dn; ANOVA, p =
0.035; linear regression, p = 0.014, R? = 0.243), and higher rating structure model index
(SMI; ANOVA, p = 0.002; linear regression, p < 0.001, R? = 0.387), higher rating of
trabecular pattern factor (Tb. pf; ANOVA, p = 0.029; linear regression, p = 0.003, R? =
0.268). However, the microstructure of metaphyseal cortical bone was not significantly

affected by Eimeria infection (ANOVA, p > 0.050).
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Gene expression changes of bone formation and adipogenic markers in the bone
marrow

The expression of protein coding genes that are involved in bone formation or
adipocyte differentiation was measured (Figure 2.2). For bone growth gene markers,
results showed a significant downregulation of BGLAP with increased inoculation levels
(ANOVA, p = 0.020; linear regression, p = 0.029, R? = 0.396), where the lowest level of
BGLAP was detected in the Med-High group. The mRNA expression of RUNX2 was not
affected by different doses of Eimeria oocysts challenge (ANOVA, p > 0.100). For
adipogenic gene expression, the expression of PPARG was significantly increased by the
Med-high dose of challenge when compared with the Control, the Low and the Med-low
groups (Figure 2.2; ANOVA, p =0.047). The expression of SREBP1 (Figure 2.2; ANOVA,
p = 0.056; linear regression, p = 0.008, R? = 0.226), FABP4 (Figure 2.2; ANOVA, p =
0.057; linear regression, p = 0.004, R? = 0.279), and FASN (ANOVA, p = 0.013; linear
regression, p = 0.005, R? = 0.261) were down-regulated in response to graded inoculation
doses.
Antioxidant status in the bone marrow in response to Eimeria challenge

In the bone marrow, SOD enzyme activity increased in response to graded levels
of oocysts challenge and showed the highest response to the Med-high challenge dose
(Table 2.6; ANOVA, p = 0.027). However, the CAT enzyme activity was not significantly
affected by the Eimeria challenge (Table 2.6; p > 0.050) in bone marrow. The bone marrow
GSSG levels did not significantly changed by Eimeria infection, but it exhibited a negative

response to increasing inoculation doses (Table 2.6; ANOVA, p > 0.050; linear regression,
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p = 0.039, R? = 0.150). However, there were no significant differences in total glutathione
content (GSH + 2GSSG), GSH content or GSH/GSSG ratios among the treatment groups
(Table 2.6).

Additionally, mRNA expression of CAT was positively correlated with higher
inoculation doses of the mixed Eimeria oocysts in bone marrow (Figure 2.3; ANOVA, p >
0.050; linear regression, p = 0.040, R? = 0.124), whereas there were no significant
differences in expression of HMOX1, SOD1, GPX1 or NFKB1 among the treatments in
bone marrow (Figure 2.3; ANOVA, p > 0.050; linear regression, p > 0.050). By pooling
all infected groups (Low, Med-low, Med-high, and High) together and compared with the
non-infected Control, Eimeria infection significantly increased the mRNA level of SOD1
(p = 0.036) and HMOX1 (p = 0.006).

Antioxidant status in the liver in response to Eimeria challenge

In the liver, CAT activity was not significantly affected by Eimeria infection
(ANOVA, p > 0.050), but the activity of CAT was negatively correlated to the higher
challenge dose of Eimeria oocysts (Table 2.7; linear, p = 0.043, R? = 0.143). GSH content
was significantly decreased by Eimeria infection and the lowest GSH content was observed
in the Med-High group (Table 2.7; ANOVA, p = 0.036). By comparing infected groups
(Low, Med-low, Med-high, High) with the non-infected Control, a significant higher SOD
activity (p < 0.001) and numeric lower GSH content (p = 0.091) were detected in pooled
Eimeria-infected groups.

Additionally, the expression of genes coding for front-line antioxidant enzymes

was measured (Figure 2.4). The gene expression of antioxidant gene showed a dose
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dependent manner. More specifically, the Low challenge dose significantly increased the
MRNA expression of CAT when compared with the Control, and the expression level
was decreased with the high challenge dose of Eimeria oocysts (Figure 2.4; ANOVA, p =
0.006; linear regression, p = 0.004, R? = 0.144). The highest inoculation dose of Eimeria
oocysts upregulated the expression of AKR7A2 (ANOVA, p = 0.006; linear regression, p
=0.002, R? = 0.434). The low challenge dose of Eimeria oocysts resulted in significantly
higher NFKB1 expression, compared to the Med-high and the High group (ANOVA, p =
0.002; linear regression, p = 0.006, R? = 0.263). No significant differences in the
expression of SOD1, GPX1, and HMOX1 were evident among the challenge doses (p >
0.100). By comparing infected groups with the non-infected Control, a significant higher
level of SOD1 (p = 0.036) and a numeric higher level of HMOX1 (p = 0.083) were
detected in the Eimeria-infected groups.
Correlation between antioxidant enzymes level and bone parameters

Pearson correlation analyses revealed a positive correlation between the liver
GPX1 mRNA level and bone marrow BGLAP mRNA level (R? = 0.197, p = 0.026;
Figure 2.5A); between bone marrow GPX1 mRNA and bone marrow FASN mRNA
expression (R? = 0.171, p = 0.029; Figure 2.5B); and between bone marrow GPX1
mRNA and bone marrow FABP4 mRNA expression (R? = 0.212, p = 0.016; Figure
2.5C). Meanwhile, bone marrow CAT mRNA level was negatively correlated with tibia
metaphyseal BMD (R?= 0.190, p = 0.016; Figure 2.5D) and trabecular BMD (R? = 0.217,

p = 0.009; Figure 2.5E).
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Discussion

Based on current data, we concluded that high challenge dose of Eimeria
infection negatively affected the long bone development. The structural changes of tibia
and decreased mineral content were mainly located at the trabecular bone of metaphyseal
area. The change of redox and impaired antioxidant status following the Eimeria
infection were observed in the liver and bone marrow of broilers. Compared with the
slower growing strains of broilers, bone formation and turnover are extremely rapid in the
modern strains (Yair et al., 2017), that fast body weight gain places challenges to bone
health in the modern broiler industry (Edwards, 2000; Fleming, 2008; Wideman, 2016;
(Schmidt et al., 2009; Alrubaye et al., 2020). The rapid bone growth results in decreased
mineral density, increased cortical porosity, and altered biomechanical properties of long
bone in the modern broiler strains (Williams et al., 2004), that is partly responsible for
broiler leg bone disorder that restricts the growth of broiler. Long bone homeostasis is
closely associated intrinsic and extrinsic factors including nutrition status, physical stress
(mechanical loading), immune status, hormonal status, genetics, management, and age of
animals (Fleming, 2008; Rokavec and Semrov, 2020; Cao et al., 2021). Therefore, we
propose that bone traits can be used as a dynamic indicator for growth and health status
of poultry.

Bone is made up of two components: the organic matrix and the inorganic matrix
(Rath and Durairaj, 2022). Crystals of calcium phosphate make up the bulk of the
inorganic matrix, which is eventually counted as bone mineral content. The inorganic

mineral content is the major component of the bone that provides stiffness and strength to
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the bone (Eliaz and Metoki, 2017), where quantitate bone mineral content is the easiest
and most common way to reflect the bone health status. To date, researchers have
conventionally focused on the changes in bone mineral content and density after Eimeria
infection (Fetterer et al., 2013; Oikeh et al., 2019; Akbari Moghaddam Kakhki et al.,
2019). Bone microarchitecture is a predictor for evaluating bone quality and health
independent of bone mineral content (Chen and Kim, 2020; Brandi, 2009). However, few
data exist on the poultry bone microstructure changes after Eimeria infection. Micro-CT
is a precise and non-destructive evaluation approach that can provide a comprehensive
overview of the morphological and architectural characteristics in poultry bones (Chen
and Kim, 2020). In the current study, micro-CT was used in assessing the three-
dimensional structure, which provides in-depth understanding behind the relationship
between changes of bone traits and Eimeria infection. We mainly evaluated those
parameters representing metaphyseal bone traits to reflect earlier bone changes under
Eimeria spp. infection, because acute trabecular bone loss following infectious diseases
or bone damage occurred almost exclusively within the metaphyseal compartment in
human and poultry (Mubarak et al., 2009; Raehtz et al., 2018). Consistent with previous
findings (Akbari Moghaddam Kakhki et al., 2019; Oikeh et al., 2019), the present results
showed that a significant reduction in tibia metaphyseal bone mineral content and bone
mineral density in the Eimeria-challenged groups, especially in the High challenge group
of broilers as compared to the non-infected Control, demonstrated the impaired
metaphyseal trabecular microstructure under parasite infection. The organization of the

trabecular bone is not only a key to bone strength but also plays an important role in
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metabolic function (Seifert and Watkins, 1997). The trabecular bones are organized as a
lattice structure that provides larger surface areas for osteoclast attachment, showing a
higher turnover rate during bone resorption compared with cortical bones in rodent or
human study (Baron et al., 1984; Qiu et al., 2019). Previous studies in mouse displayed a
decreased total bone BV/TV, trabecular BV/TV, and trabecular BS, which indicated an
accelerated trabecular bone turnover (Boskey and Imbert, 2017). As for both whole
metaphyseal structure and trabecular bone structure in the current study, there were no
statistical changes in bone mass (BV or TV) with different Eimeria-challenge dosages,
whereas the total bone BMD and trabecular bone BMD were negatively correlated with
increased inoculation doses of oocysts, and BMC decreased correspondingly. In the
present study, the lower bone mineral content and density, and changed ratio of BV/TV at
metaphyseal trabecular bone could be the outcome of trabecular bone remodeling in the
High dose of Eimeria challenge group. Trabecular microstructure assay in this study also
showed significant decreases in trabecular number (Tb. N) and connectivity density
(Conn. Dn), and significant increases in SMI in tibia metaphyseal trabecular bone by
Eimeria spp. challenge. The similar alteration of bone microstructures is also known in
human bone microfracture, where small fractions that resulted from trauma, physical
stress, or infection (Prat-Fabregat and Camacho-Carrasco, 2016; Solomon et al., 2018).
Bone trabecular microstructure traits such as SMI was designed to estimate the rod or
plate-like trabecular geometry which describes the trabecular network (Hildebrand and
Ruegsegger, 1997). Evaluation of SMI across human and rat studies suggests that higher

SMI values represent a rod-like trabecular structure that indicates a poor weight-bearing
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ability; this structure could be observed in osteoporosis disease models (Borah et al.,
2004; Akhter et al., 2007). Higher SMI values and lower numbers of trabeculae indicated
a poor trabecular bone architecture in human (Greenwood et al., 2015). As for the current
study, a higher SMI and lower number of trabeculae pointed out the poor-quality of the
trabecular bone in Eimeria challenge groups, indicating that the bone mineral loss might
have happened before any observation of phenotype abnormality of tibia bone during the
Eimeria infection. At 19 days of age, the body weight of the broiler has yet to cause
mechanical trauma on the tibia, thereby the immune response, nutrient deficiency or
immune response associated energy cost resulted in the long bone structure abnormality
and bone mineral loss. Although changes in bone microstructure during Eimeria infection
may not necessarily cause bone damage during growth, it potentially enhances the risk of
bone damage and the susceptibility to bone disease, with certain mechanical triggering
and severe intestinal bacterial infection (Prisby et al., 2014; Wideman, 2016). Moreover,
in the current study, the mRNA expression of bone related proteins in bone marrow is
also in line with the micro-CT morphological observation. A reciprocal relationship
between a key osteogenic marker, BGLAP, and a key adipogenic marker, PPARG was
observed in the Med-high group that were challenged with second highest dose of
Eimeria oocytes. Bone marrow adipose tissue content has adverse effects on bone quality
and can serve as a relevant marker of a compromised bone integrity (Hardouin et al.,
2016; Sundh et al., 2016; Kim et al., 2017). Previous studies indicated that higher
PPARG expression could direct the mesenchymal stem cells (MSCs) differentiated into

adipocytes instead of osteoblasts in vitro (Hu et al., 2018; Shockley et al., 2009). In the
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present study, the suppressed expression of BGLAP and increased expression of PPARG
both indicated the impetus of fat growth instead of bone formation during Eimeria
infection, confirming the negative impact of Eimeria infection on bone health from
MRNA level. However, by Eimeria infection and intestinal damage, the dietary lipid
malabsorption and low nutrient levels in high challenge dosage groups might predispose
the suppression of fatty acid synthesis by decreasing the expression of FASN in bone
marrow.

Broiler bone majorly develops in the first 3 weeks of life (Lilburn, 1994; Williams
et al., 2000), which overlaps with the timeline when the oocyst shedding rapid
accumulated (Chapman et al., 2016). For the etiology of bone loss after Eimeria
infection, other than the main factors such as physical stress or nutritional deficiency,
accumulating data documented the interaction between immune response, oxidative stress
and bone mineral loss due to the crosstalk between the skeletal and the immune systems,
and the important biological role of ROS in a variety of physiological systems
(Takayanagi, 2007; Lorenzo et al., 2008). Reactive species play an important role in
immune response. As for innate immunity, immune cells such as macrophages and
neutrophils (heterophils in avian species) utilized phagocytic oxidative burst to destruct
pathogens (Lauridsen, 2019; Mishra and Jha, 2019). However, unregulated ROS can
damage host tissue homeostasis (Costantini and Moller 2009; Rehman et al., 2018).
Coccidiosis can cause severe oxidative stress that elevates intracellular levels of reactive
oxygen species (ROS) in broiler and other species (Sepp et al., 2012; Abdel-Haleem et

al., 2017). In vitro studies in human and mouse cells have shown that ROS is an
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important activator for various cell signaling pathways, mediated MSCs differentiation
and cell fate (YYang et al., 2013; Atashi et al., 2015). Accumulating evidence suggesting
the alteration of the redox state causes systemic changes that can coordinate osteoblast
differentiation or osteoclast activity that relat to the bone remodeling process in human
and animal models (Domazetovic et al., 2017; Schreurs et al., 2020; Sheppard et al.,
2022). The supplementation of trace minerals can alleviate the negative effect of
oxidative stress and optimize the bone quality in human and broilers (Santos et al., 2020;
Savaram Venkata et al., 2021). Infection with E. tenella or E. acervulina could increase
serum CAT activity while it decreases serum GPX activity in broilers (Georgieva et al.,
2006). In the present study, the changes in antioxidant enzyme activity and level of
MRNA expression in the liver and bone marrow displayed a systemic oxidative stress in
broilers after Eimeria infection. Moreover, significantly lower GSH levels were observed
in the liver of Eimeria infected birds. The decreased defensive antioxidant abilities in
higher Eimeria challenge dosage groups could partially be related to reduced intestinal
absorption of antioxidants (Georgieva et al., 2006; Abdel-Haleem et al., 2017; Mishra
and Jha, 2019). Moreover, in the present study, the mRNA expression pf HMOX1 was
upregulated by Eimeria infection. HMOX plays essential roles against oxidative stress by
balancing body's systemic iron homeostasis and inflammation response (Immenschuh et
al., 2010; Otterbein and Choi, 2000). In vitro studies have shown that upregulated
HMOX1 inhibited the maturation and mineralization of osteoblasts (Lin et al., 2010), and
HMOX enzyme was involved in the response of bone marrow macrophages to RANKL,

which is an essential pathway for osteoclast formation (Florczyk-Soluch et al., 2018).
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Thus, the increased mRNA expression of HMOX1 in bone marrow may be associated
with oxidative- or inflammation-induced bone loss by either increasing the activity of
osteoclast formation, inhibiting maturation of osteoblast, or both.

Unlike previous results that enzymatic antioxidant SOD was
remarkably decreased in chicken serum in most cases of Eimeria spp. infection
(Georgieva et al., 2006), we found the enzyme activity of SOD and mRNA expression of
SOD1 were significantly increased in the liver and bone marrow.
Previous researchers have established that SOD has immunomodulatory function, and
SOD3 is reported to downregulate several signaling cascades including nuclear factor
kappa B (NFKB) transcription factors, thereby constraining the inflammatory responses
in MSCs (Sah et al., 2020). In the present study, significantly downregulated mMRNA
expression of NFKB1 was coupled with upregulated mRNA expression of SOD1 in the
liver, indicating the constraining of inflammatory responses. SODs also play significant
role in MSCs differentiation and function (Nightingale et al., 2012; Shi et al., 2019). An
in vitro study of human MSCs reported that the expression of SOD3 was significantly
increased under adipogenic differentiation, and overexpression of SOD3 in MSCs
promoted adipogenic differentiation of MSCs in vitro instead of osteogenic
differentiation (Nightingale et al., 2012). Therefore, the increased SOD enzyme activity,
increased mMRNA expression of SOD1, and increased expression of PPARG both in the
present study indicated that oxidative stress caused by Eimeria infection tilts the balance
of MSC lineage specific differentiation in bone marrow more toward the adipogeneic

differentiation.
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Another crucial enzyme antioxidant, catalase (CAT), has been described as an
important enzyme implicated in inflammation conditions (Georgieva et al., 2006). In
present study, mMRNA expression and activity of CAT were negatively correlated with
higher challenge dose of Eimeria spp. in the liver. The Low group showed a higher level
of CAT mRNA expression when compared with the Control, but higher Eimeria infection
dosage did not change the expression of CAT in the liver. In bone marrow, mRNA
expression of CAT was positively correlated with higher challenge dose of Eimeria spp.
in bone marrow, where this result is similar with other studies that Eimeria infection
decreased serum GPX activity but increased serum CAT activity (Georgieva, Koinarski,
and Gadjeva 2006; Georgieva et al., 2011). However, the enzyme activity of CAT in
bone marrow was not affected by Eimeria spp. infection at 6 dpi, suggested that bone
marrow is not a CAT active site during Eimeria infection, but lower level of Eimeria
infection can stimulate synthesis of enzymatic antioxidant in bone marrow (Zhang, et al.,
2019a). The high dose of inoculation might lead to apoptotic cell death that negatively
impacts on protein level and MRNA level of CAT (Saha et al., 2020). Furthermore, the
correlation analysis indicated that liver GPX1 mRNA expression is positively correlated
with bone marrow BGLAP mRNA expression, whereas bone marrow CAT mRNA
expression was negatively correlated with tibia metaphysis BMD, emphasizing that the
negative impact of Eimeria infection on bone quality might be associated with the
occurrence of oxidative stress. However, while nutritional factors and animal husbandry
play significant roles in determining antioxidant status and bone homeostasis, in vitro

animal model is hard to provide direct evidence to explain the interaction between
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oxidative stress and bone remodeling in broilers. Further studies require comprehensive
in vitro and in ovo investigation, which is necessary to confirm the functional
significance of antioxidants in bone homeostasis, especially under parasite challenge
models.

Recent studies also indicated that the immune status of individuals promoted the
process of osteoclastic bone resorption that resulted in bone mineral loss, which is
defined as osteoimmunology (Kamibayashi et al., 1995, Solomon et al., 2018). For
example, in human clinical studies, the long-term investigation showed bone
microarchitectural changes under infection of C virus (HCV), which increased the risk of
fracture (Bedimo et al., 2018). Acute malaria infection severely suppresses bone
homeostasis, which leads to increased RANKL expression and overstimulation of
osteoclastogenesis which favors bone resorption (Lee et al., 2017). Trabecular bone
microstructure is impaired in the proximal femur of human immunodeficiency virus-
infected (HIV) men with normal bone mineral density (Kazakia et al., 2018). Decreased
bone mass and abnormality in trabecular and cortical microarchitecture were observed in
young men infected with HIV early in life (Yin et al., 2014). Related reports are very
limited in poultry studies. Studies of acute inflammatory response caused by
lipopolysaccharides (LPS) injection suppressed growth performance and altered bone
homeostasis, which significantly decreased body weight and tibia breaking strength
(Mireles et al., 2005). Immunosuppressive doses of dexamethasone triggered high
incidences of turkey osteomyelitis complex in turkey poults and bone lesions in broilers

(Wideman and Pevzner, 2012). All those studies indicated the link between health status
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and bone remodeling in broilers, suggesting immune status must be considered as another

critical factor in the pathogenesis of bone abnormities under intestinal parasite infection.
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Tables

Table 2.1 Eimeria spp. challenge dosage (Unit: oocysts/ chick).

Treatment E. E. E. Total Challenge
group? maxima  tenella  acervulina  concentration dosage
Control 0 0 0 0 Non-challenge
Low 6,250 6,250 31,250 43,750 Lowest

challenge dose
Med-low 12,500 12,500 62,500 87,500 Medium-low

challenge dose
Med-high 25,000 25,000 125,000 175,000 Medium-high

challenge dose
High 50,000 50,000 250,000 350,000 Highest

challenge dose

L ow, the lowest challenge dose; Med-low, the medium-low challenge dose; Med-high,

the medium-high challenge dose; High, the highest challenge dose.
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Table 2.2: Definition and description of bone microstructure by using micro-CT

method (Bouxsein et al., 2010).

Abbreviation variable Unit Description

BMC Bone g The amount of the solid objects (bone
mineral minerals that mostly included calcium and
content phosphorous) within the region of interest.

BMD Bone g/mm? The ratio of bone minerals within a mixed
mineral bone-soft tissue region
density

TV Total mm?® Volume of the entire region of interest
volume

BV Bone mm?® Volume of the region segmented as bone
volume

BS Bone mm? Surface area of all solid objects (bone
surface tissue) within the total tissue volume

BV/ITV Bone % Ratio of the solid objects (bone tissue)
volume volume to the total volume of the region of
fraction interest

BS/BV Specific mm?/mm? Ratio of the segmented bone surface to the
bone surface mineralized bone volume

BS/TV Bone % Ratio of the segmented bone surface to the
surface total volume of the region of interest
density

Th. N Trabecular  1/mm Measure of the average number of
number trabeculae per unit length

Th. Th Trabecular  mm Mean thickness of trabeculae osseous
thickness structure. It assessed using direct 3D

methods

Th. Sp Trabecular  mm Mean space between trabeculae (marrow
spacing space), assessed using direct 3D methods

SMI Structure - An indicator of the structure of trabeculae;
model index Parallel plates was defined as 0 and and

cylindrical rods was rated as 3

Th.pf Trabecular  1/mm Describes quantitatively trabecular
pattern connectivity
factor

Conn. Dn Connectivity 1/mm? A measure of the degree of connectivity of

density

trabeculae normalized by TV
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Po (op) Cortical % In a given cortical region, the volume of

porosity open pores (Po.V, mm?) + total volume of
(open pore) cortical bone compartment (Ct.V, mm?)
Po.V(op) Open pore mm?® The volume of the open pores
volume
Po.V(tot) Total pore mm?® The volume of all pores
volume
Po (tot) Total % In a given cortical region, the volume of
cortical pores (Po.V, mm?®) + total volume of
porosity cortical bone compartment (Ct.V, mm?®)
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Table 2.3: Nucleotide sequences of the primers used for real-time qPCR.

Gene! Primer sequence (5°-3”) Produ Anneali  Accessi Gene
ct ng on # referen
lengt temperat ces
h (bp) ure (°C)
GAPDH  F- 161 55 NM_20 Suet
GCTAAGGCTGTGGGGAAAGT 4305.1 al,
R- 2020
TCAGCAGCAGCCTTCACTAC

ACTB F- 205 61 NM_20 Teng et
CAACACAGTGCTGTCTGGTG 5518.1 al.,
GTA 2020
R-
ATCGTACTCCTGCTTGCTGAT
CcC

NFKB1  F- 131 59 XM_01 Suet
GAAGGAATCGTACCGGGAAC 528541 al.,
A 8.2 2020
R-
CTCAGAGGGCCTTGTGACAG
TAA

RUNX2  F- 192 60 XM_01 Adhika
ACTTTGACAATAACTGTCCT 528508 i, etal,
R- 1.2 2020
GACCCCTACTCTCATACTGG

PPARG F- 131 58 XM_02 Chen et
GAGCCCAAGTTTGAGTTTGC 515440 al.,
R- 0.1 2021
TCTTCAATGGGCTTCACATTT

FASN F- 127 60 NM_20 Suet
AGAGGCTTTGAAGCTCGGAC 5155.3 al,
R- 2020
GGTGCCTGAATACTTGGGCT

FABP4 F- 153 60 NM_20 Chenet
GCAGAAGTGGGATGGCAAA 4290.1 al.,
G 2021
R-
GTTCGCCTTCGGATCAGTCC

BGLAP  F- 142 57 NM_20 Adhika
GGATGCTCGCAGTGCTAAAG 5387.3 i, etal,

2020
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SOD1

CAT

AKR7A2

HMOX1

GPX1

R-
CTCACACACCTCTCGTTGGG
F-
ATTACCGGCTTGTCTGATGG
R-
CCTCCCTTTGCAGTCACATT
F-
ACTGCAAGGCGAAAGTGTTT
R-
GGCTATGGATGAAGGATGGA
F-
CAAACTGCAGGGTTCTCTTG
R-GAAGTAGTTGGGGCAGTCGT
F-CTGGAGAAGGGTTGGCTTTCT
R-GAAGCTCTGCCTTTGGCTGTA

F-AACCAATTCGGGCACCAG
R-
CCGTTCACCTCGCACTTCTC

173

222

234

166

122

58

60

60

60

60

NM_20
5064.1

NM_00
103121
5.1

NM_20
5344.1

XM_41
7628.2

NM_00
127785
3.2

(Oh, et
al.,
2019)

(Oh, et
al.,
2019)

Lee et
al.,
2018
(Oh, et
al.,
2019)
(Oh, et
al.,
2019)

! GAPDH: glyceraldehyde-3-phosphate dehydrogenase; ACTB: actin beta; PPARG:

peroxisome proliferator-activated receptor gamma; FASN: fatty acid synthase;

SREBPL1: sterol regulatory element-binding transcription factor 1; BGLAP: bone

gamma-carboxyglutamate protein; RUNX2: runt-related transcription factor 2; FABP4:

adipose tissue fatty acid binding protein 4; NFKB1: nuclear factor kappa B subunit 1;

CAT: catalase; SOD1: superoxide dismutase type 1; GPX1: glutathione peroxidase 1;

HMOX1: heme oxygenase 1; and AKR7A2: aflatoxin aldehyde reductase
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Table 2.4: Tibia length, width, and cortical bone thickness.

Unit (mm) Bone length Bone width Cortical bone
thickness?

Control 54.497 4.959 0.841
Low 54.436 4.969 0.850
Med-low 55.413 4.958 0.898
Med-High 55.109 4.969 0.841
High 55.092 5.086 0.873
SEM 0.244 0.051 0.021
ANOVA 0.226 0.925 0.836

1Cortical thickness: a mean thickness of cortical mid-shaft.
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Table 2.5: Tibial metaphysis microstructure changes with increasing challenge dose of

mixed Eimeria spp. oocysts.

AN
ltems®  Unit  Control Low Me&d- Med-pn sem ov
low high A
BMC g 6Loaa® 7%.30 62.&12[)8 6I'a2b4 517.b56 > 135 o.gz
sMp UMM opgga 0209 0215 0213 0170 oo, o.go
3391 3187 312.6 303.0 0.28

3
V. mm? 205216 St ST SES IR0 g7 02
; 100.3 1085 1013 8558 0.13
ol BV mm 89.331 30 52 09 3 3.196 4
s o 126040 1410, 1415 1333 1116, 4836 0.25
2 550 952 981 761 6 O
20500 2062 3410 32.06 28.16 0.02
BVITV % - o Sra0 Son A9 oeer O
mm?/ 1411 1304 1328 13.02 0.36
BsBY T 14018 4 / - 02 0224 O
BSITV % 4160 4171 4454 4236 3671 0.105 0'220

a
BMC g 28122 20406 1839 5 600 1087 0161 O'fo
a

sMD MM gogze 009 0.068" 5 5e00 00380 0.005 <c?io
2055 1749 1780 18838 0.06

3
V. mm? 178487 20 19 180 ABE 3gep O
BV mm® 5802 7704 6717 6086 4863 0331 0'27
3851 3405 321.6 2583 14.23 0.04

2 a

Trabe ~ BS  MmMT 295527% “ggdb  gga g4 gob g g
cular gty % 3238 3710 3.863  3.424 2'7530 0.156 O'é’?
mm?/ 5057 50.83 5290 54.14 0.39
BsBY T 52046 0 A : 4 oeas O
Tb.N 1/mm 03g9e 0435 0464 0421 0310 4,7 o.Ec))z
To.Th mm 0082 0085 0083 008l 0083 0.001 o.g4
Th.Sp mm 2848 2513 2364 2376 2935 0.087 ogo
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2617 2577 2661 2.759 0.00
SMI - 2.622° b ! b A 0.017 7
Thpf 1Umm 18.814 12;1%3 173'34 12'3,3 214'?8 0.360 0'82
Cg;]”' mm 16 158 116'37 1;'3,5 13;3,8 8.077° 0.407 o.gs
4719 5103 46.94 41.98 0.30
BMC g 44029 ' ) ; S 1388
sMD  YMM 0412 0401 0404 0402 0409 0.876 °'g7
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L ow, the lowest challenge dose; Med-low, the medium-low challenge dose; Med-high,
the medium-high challenge dose; High, the highest challenge dose.

“BMC, bone mineral content; BMD, bone mineral density; TV, total bone volume; BV,
bone volume (TV minus bone marrow volume); BS, bone surface area; BV/TV, bone
volume/ total volume; BS/BV, bone surface/ total volume; BS/TV, bone surface/ total
volume; Th. N, trabecular number; Th.Th, trabecular bone thickness; Th. Sp, trabecular
spacing; SMI, structural model index; Th.Pf, trabecular pattern factor; Conn. Dn,

connectivity density; Po.V (tot), total volume of pore space; Po. VV(op), volume of open
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pore; Po (tot), porosity rate (percent). * 3P Treatments with different letters means a

significantly difference between treatments by using Tukey’s HSD test, P < 0.05, N =

6.
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Table 2.6: Superoxide dismutase activity (SOD, U/g bone marrow), catalase activity
(CAT, U/g bone marrow), GSH (uM/g), GSSG (1uM/g) and GSH/GSSG ratio (uM/

M) concentrations in bone marrow at 6 dpi.

Non-
challeng
tems™*  Unit  COM" gy Med- Med- High SEANOV. o \s
ol low High M A
challeng
eZ
GSH uM/g 18514 20i89 19415 14é76 15é31 1.36 0.495 0.469
GSSG  uM/g 0.487 0.506 0.613 0.360 0.353 0'23 0.069 0.224
GSH + 19.11 21.90 20.37 1548 16.02 1.29
2GSSG puM/g 9 3 9 5 5 5 0.452  0.453
GS:éGS Iil\l\//ll/u 5.093 5.002 5.137 4.574 4.470 O'g 8 0.935 0.244
CAT Ulg 32(.)29 30127 26é40 275.941 44%40 3.22 0386  0.937
a
SOD Ulg 4.EC74 4.3085 5.§b16 5.%92 5.%?4 O.§8 0.027 0488

Low, the lowest challenge dose; Med-low, the medium-low challenge dose; Med-high,
the medium-high challenge dose; High, the highest challenge dose.

2The comparisons between non-challenge control and pooled challenged groups (Low,
Med-low, Med-high, and High) were calculated by unpaired t-test with Welch’s
correction. “GSH: glutathione content; GSSG: oxidized glutathione content; GSH +
2GSSG: the total glutathione level; GSH/GSSG: the ratio of reduced glutathione
content to oxidized glutathione content; CAT: catalase activity; SOD: superoxide
dismutase. * @3¢ ¢ Treatments with different letters means a significantly difference
between treatments by using Tukey’s HSD test, p < 0.05, N = 6.
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Table 2.7 Superoxide dismutase activity (SOD, U/g), catalase activity (CAT, U/g) and

GSH content (uM/g) in the liver at 6 dpi.

Non-
challeng
ItelTS unit SO o Med- Med- High SEM evs
ol low high
challeng
eZ
SOD U/g 3891. 16676 10079 13335 13097 60.4 <0.001
0 5 2 v 8
CAT Ulg 6749. 6851. 4361. 5402. 5253. 2029. 0.594
8 56 84 07 27 01
GSH puM/ 1156 7.876 6.710 6.374 7.688 0.091
g 22 ab ab b ab 0.600

L ow, the lowest challenge dose; Med-low, the medium-low challenge dose; Med-high,

the medium-high challenge dose; High, the highest challenge dose.

*GSH: glutathione content; CAT: catalase activity; and SOD: superoxide dismutase.

2The comparisons between non-challenge control and pooled challenged groups (Low,

Med-low, Med-high, and High) were calculated by unpaired t-test with Welch’s

correction.

3,30, Tregtments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, p < 0.05, N = 6.
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Figures

Control Med-low Med-high

Figure 2.1: (A) The selection of metaphyseal region of interest. (B) Representative
reconstructed 2D images of broiler tibia metaphysis at 6 dpi (19 days of age). Metaphyseal
structure analysis showed a lower bone mineral content and density coupled with impaired
trabecular bone traits following the higher inoculation doses of Eimeria. The negative
impact of Eimeria infection on bone traits was mainly located at metaphyseal trabecular

bone.
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Figure 2.2 Effects of increasing oocysts dose of Eimeria mix on osteogenesis,
adipogenesis and fatty acid synthesis gene expression in bone marrow of broilers. Low,
the lowest challenge dose; Med-low, the medium-low challenge dose; Med-high, the
medium-high challenge dose; High, the highest challenge dose. BGLAP: bone gamma-
carboxyglutamate protein; RUNX2: runt-related transcription factor 2; PPARG:
peroxisome proliferator-activated receptor gamma; FASN: fatty acid synthase; SREBP1:
sterol regulatory element-binding transcription factor 1; FABP4: adipose tissue fatty acid
binding protein 4.

a3, b Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, p < 0.05, N = 6.
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Figure 2.3 Effects of increasing oocysts dose of Eimeria mix on the expression of
antioxidant-related transcript genes in bone marrow of broilers. Low, the lowest
challenge dose; Med-low, the medium-low challenge dose; Med-high, the medium-high
challenge dose; High, the highest challenge dose. CAT: catalase; SOD1: superoxide
dismutase 1; NFKB1: nuclear factor kappa B subunit 1; GPX1: glutathione peroxidase 1,
HMOXZ1: heme oxygenase 1; and AKR7AZ2: aflatoxin aldehyde reductase.

a.3b.b Treatments with different letters means a significantly difference between
treatments by using Tukey’s HSD test, p < 0.05, N = 6. " a significant difference between
non-challenge control and pooled challenge groups (Low, Med-low, Med-high, and

High) by using Welch’s t-test, p < 0.05.
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Figure 2.4 Effects of increasing oocysts dose of Eimeria mix on antioxidant-

related transcripts gene expression in the liver of broilers. Low, the lowest challenge
dose; Med-low, the medium-low challenge dose; Med-high, the medium-high challenge
dose; High, the highest challenge dose. CAT: catalase; SOD1: superoxide dismutase 1;
NFKB1: nuclear factor kappa B subunit 1; GPX1: glutathione peroxidase 1; HMOX1:
heme oxygenase 1; and AKR7A2: aflatoxin aldehyde reductase.

2,35, b Treatments with different letters means a significantly difference between treatments
by using Tukey’s HSD test, p < 0.05, N = 6. * a significant difference between non-
challenge control and pooled challenge groups (Low, Med-low, Med-high, and High) by

using Welch’s t-test, p < 0.05
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Figure 2.5: Correlation of antioxidant enzyme mRNA expression and bone related
parameters. (A) The positive correlation between liver GPX1 mRNA level and the bone
marrow BGLAP mRNA expression; (B) The positive correlation between bone marrow
GPX1 mRNA expression and the bone marrow FASN mRNA expression; (C) The
positive correlation between bone marrow GPX1 mRNA expression and the bone marrow
FABP4 mRNA expression; (D) The negative correlation between bone marrow CAT
MRNA expression and tibia metaphyseal total BMD; (E) The negative correlation

between bone marrow CAT mRNA expression and tibia metaphyseal trabecular BMD.
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CHAPTER 3

REDUCED BONE FORMATION AND INCREASED BONE RESORPTION DRIVE

BONE LOSS IN EIMERIA INFECTED BROILERS 2

2'Yuguo Hou Tompkins, Janghan Choi, Po-Yun Teng, Masayoshi Yamada, Toshie

Sugiyama, Woo Kyun Kim. Submitted to Scientific Reports
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Abstract

Coccidiosis is an economically significant disease in the global poultry industry,
but little is known about the mechanisms of bone defects caused by coccidiosis; thus, the
study focused on effects of coccidiosis on the bone homeostasis of young broiler
chickens. A total of 480 male Cobb500 broilers were randomly allocated into four
treatment groups, including an uninfected control consuming diet ad libitum, two infected
groups were orally gavaged with two different concentrations of
sporulated Eimeria oocysts, and an uninfected pair-fed group fed the same amount of
feed as the high Eimeria-infected group consumed. Growth performance and feed intake
were recorded, and samples were collected on 6 days post infection. Results indicated
that coccidiosis increased systemic oxidative status and elevated immune response in
bone marrow, suppressing bone growth rate (P < 0.05) and increasing bone resorption (P
< 0.05) which led to lower bone mineral density (P < 0.05) and mineral content (P <
0.05) under Eimeria infection. With the same amount of feed intake, the uninfected pair-
fed group showed a distinguished bone formation rate and bone resorption level
compared with the Eimeria infected groups. In conclusion, inflammatory immune
response and oxidative stress in broilers after Eimeria infection were closely associated
with altered bone homeostasis, highlighting the role of inflammation and oxidative stress

in broiler bone homeostasis during coccidiosis.

Keywords: Broiler, Coccidiosis, Eimeria, bone resorption, bone formation,

osteoimmunology
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Introduction

Coccidiosis induced by protozoan parasites, Eimeria spp., causes a sizeable
economic impact in the poultry industry worldwide(Blake, et al., 2020). Eimeria spp.
infect enterocytes and cause severe digestive tract damage, leading to inflammation and
malabsorption of nutrients(Yun, 2000; Teng, et al., 2020a; Teng, et al., 2021).
Coccidiosis affects chickens of all ages, although the negative impact of coccidiosis was
more severe at younger ages owing to the immature immune system (Fatoba and
Adeleke, 2018). Furthermore, because the modern broiler chicken is characterized by
relatively higher porosity and lower mineral content in long bones (Thorp, 1994; Cook,
2000), broiler chickens’ leg bones might be more frangible under the infection
with Eimeria spp.(Kestin, et al., 1992; Sakkas, et al., 2018; Oikeh, et al., 2019).
Coccidiosis significantly reduced tibia bone ash content and adversely affected femur
breaking strength (Sakkas, et al., 2019). Sporozoites of some species, especially E.
acervulina and E. maxima, also decreased bone mineral content (BMC) and showed
lower bone mineral density (BMD) in infected broilers (Fetterer, et al., 2013). Bone
mineral loss caused by Eimeria spp. in broiler chickens has been linked to nutrition
imbalance and malabsorption with significantly reduced absorption of essential minerals
and vitamins (Turk and Stephens, 1969; Turk, 1973; Joyner, et al., 1975; Southern and
Baker, 1983; Gautier, et al., 2019). Other than the nutritional factors, emerging evidence
suggests that bone homeostasis is mediated by oxidative stress and immune response
under disease conditions(Frost, 1994; Allen and Burr, 2014). It has been shown that

oxidative stress is a negative impact factor of osteoblast activity in broilers during
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Eimeria infection, and there is a potential link between oxidative stress and lower bone
quality (Tompkins, et al., 2022b). Moreover, the activity of osteoclasts can be another
factor to mediate skeletal homeostasis during pathogen infection (Hambli, 2014; Prisby,
et al., 2014). Osteoclasts, unique multinuclear cells, originate from hematopoietic stem
cells in bone marrow(Holtrop and King, 1977), are located on the surface of the bone
(Teitelbaum, 2007). Osteoclast highly express tartrate-resistant acid phosphatase (TRAP,
TRAPase) (Fukushima, et al., 1991).The expression and activity of TRAP enzyme was
not only considered as a histochemical biomarker of osteoclasts activity but also
considered as an important messenger between skeleton homeostasis and the immune
system (Hayman, 2008). Bone marrow also serves as the cradle of hematopoiesis and a
reservoir of growth factors and cytokines(Wu, et al., 2010). Many inflammatory
cytokines trigger osteoclastic bone resorption by mediating osteoclast formation, cell
activity, and lifespan, which ultimately leads to bone mineral loss (Kamibayashi, et al.,
1995; Kollet, et al., 2006; Lee, et al., 2017a; Solomon, et al., 2018). The crosstalk
between bone homeostasis and immunity was referred as osteoimmunology (Lorenzo, et
al., 2008). Receptor activator of nuclear factor kappa B (RANK) is essential in activating
the nuclear factor kappa B (NFKB) pathway and the c-Fos (FOS, Fos proto-oncogene)
pathway by mediating the expression of intracellular promoter nuclear factor of activated
T cell (NFATCL) that stimulates the differentiation of osteoclasts(Scott, et al., 1997; Jimi,
et al., 1998; Beedles, et al., 1999; Takayanagi, et al., 2002; Boyle, et al., 2003; Huang, et
al., 2006; Weitzmann and Pacifici, 2006; Yao, et al., 2008; Nakashima and Takayanagi,

2011). NFKB ligand (RANKL) is a critical cytokine produced mainly in osteoblasts and
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regulates osteoclast formation (Taichman, 2005; Lorenzo, et al., 2008). The binding of
RANKL to its receptor RANK on the surface of osteoclast progenitor cells triggers the
differentiation of osteoclast precursors into osteoclasts, which increases the number of
osteoclasts on their bone surfaces (Park, et al., 2017). Besides, pro-osteoclastogenic
cytokines produced by macrophages include tumor necrosis factor-a (TNF-a; tumor
necrosis factor-a-like in chicken), interleukin-1p (IL1B), and interleukin-6 (IL6) are
essential cytokines in mediating osteoclast activity (Rifas, 1999; Kwan Tat, et al., 2004;
Wei, et al., 2005; Schett, 2008; Park, et al., 2017). Meanwhile, those cytokines are
excessively released in response to Eimeria infection (Byrnes, et al., 1993; Lillehoj,
1998; Hong, et al., 2006). Moreover, several transcript factors have multiple roles in
inflammatory response, osteogenesis, and osteoclastogenesis. For example,
osteoprotegerin (OPG) has been shown to be an inhibitor of TNF-related apoptosis
(Neville-Webbe, et al., 2004). It is produced by osteoblast lineage cells and acts as a
natural decoy receptor for RANKL, negatively regulating RANK-RANKL signaling and
reducing bone resorption. The ratio of RANKL/OPG was used as a biomarker that
indicates the occurrence of bone remodeling (Boyce and Xing, 2008). Modulating the
expression of OPG/RANKL can affect the activity of osteoblasts, osteoclastogenesis, and
osteoclast activity. SMADL1 is a key element that intermediates transforming growth
factor-beta signaling and the bone morphogenetic protein (BMP) signaling pathway that
are essential in osteoblast activity, bone mineralization, and osteoclast differentiation

(Tasca, et al., 2015; Tasca, et al., 2018; Zou, et al., 2021).
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In poultry studies, Kakhki et al., (2019) have reported Eimeria spp. had adverse
effects on long bone homeostasis, which is attributed to bone remodeling status(Akbari
Moghaddam Kakhki, et al., 2019). However, the biomechanical properties of specific
bone homeostasis and its precise etiology remain to be fully elucidated. Based on the
aforementioned information, we hypothesized that broiler bone health during the
coccidiosis is not simply caused by nutritional deficiency but also associated with
inflammatory immune responses and oxidative stress in the broiler chicken. Thus, the
study was conducted to better understand bone homeostasis in broiler chickens and the
relationship between inflammation/oxidative stress and skeletal development during
acute Eimeria infection.

Results
Performance variables and intestinal permeability

On 5 days post-infection (dpi), the Control and the pair-fed (PF) groups showed
no sign of intestinal damage, whereas a higher concentration of FITC-d in the serum was
detected in the Eimeria challenged groups, which revealed damage to the gut epithelium
owing to the Eimeria infection. Feed restriction in the PF group did not cause intestinal
lesions. The high challenge group (High) had higher gastrointestinal permeability than
the Control or PF (P < 0.05; Figure 3.1). The average daily feed intake (ADFI) was
recorded during the trial (Table 3.2). There were no differences in ADFI between the PF
and the High (High) (P > 0.05). From 4 to 6 dpi, Eimeria infection significantly
decreased ADFI in the Low (P < 0.05) and High (P < 0.05) groups when compared to the

uninfected Control group. The result of the cumulative feed consumed (FI), body weight
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gain (BWG), and feed conversion ratio (FCR) clearly showed that Eimeria infection
adversely affected all performance parameters (P < 0.05; Table 3.2). The low dose of
Eimeria infection significantly reduced BWG and increased FCR (P < 0.05) in broilers
compared with the Control during the whole acute challenge period (0-6 dpi); however, it
did not significantly alter the FI during the infection. The high dose of Eimeria infection
significantly reduced BWG (P < 0.05) and FI (P < 0.001), and increased FCR (P < 0.001)
compared with the Control or Low group. Significantly lower BWG (P < 0.05), lower
cumulative FI (P < 0.05), and higher FCR (P < 0.05) were observed in the PF group
compared with the Control. Besides, the PF group showed a 16.21% higher BWG
(P > 0.05) and significantly lower FCR (P < 0.05) when compared with the High.
Bone mineral density was reduced in the Eimeria-infected groups

Bone morphology parameters were analyzed in diaphysis and metaphysis sections
using microCT (Table 3.3). Tibia diaphyseal BMC was significantly reduced in the High
and PF groups (P < 0.05), and diaphyseal BMD was reduced in the Low (P < 0.05), High
(P < 0.05) and PF groups (P < 0.05) compared with the Control. Tibia metaphyseal BMD
(total) was significantly reduced in the Low (P < 0.05) and the High (P < 0.05), whereas
there was no significant difference between the PF group (P > 0.05) and the Control.
Trabecular BMD and the number of trabecular bone (Tb. N) at metaphyseal regions were
significantly reduced in the Low, High, and PF groups (P < 0.05) compared to the
Control. However, metaphyseal total BMC, metaphyseal trabecular BMC, metaphyseal
cortical BMD, and metaphyseal cortical BMC were not affected by Eimeria infection or

feed restriction.
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Eimeria-infected broilers exhibited suppression in bone formation

The distance between double layers of calcein bands was measured at the
diaphysis of the tibia and femurs to evaluate bone growth rate (Figure 3.2; Table 2.4).
From 0 to 4 dpi (mild infection period), the femoral growth rate was significantly
decreased in the High and PF groups compared to the Control, whereas the tibial growth
rate was not significantly changed during 0-4 dpi. From 4 to 8 dpi (severe infection
period), tibial and femoral growth was significantly reduced in the Low group (P < 0.05)
and the High group (P < 0.05), however, it was not changed in the PF group (P > 0.05)
when compared with the Control.

By adding data together from both injection stages, during 0-8 dpi, the Low,
High, and PF treatment groups showed a significant decrease in bone formation (only
femur), whereas the High group had the lowest bone growth rate (P < 0.05), followed by
the Low (P < 0.05) and PF (P < 0.05) when compared with the Control. Compared with
the Control, tibial growth in the Low and High groups was significantly reduced (P <
0.05) by the Eimeria challenge. However, the tibial growth of the PF group was not
statistically different compared to the Control or infected groups (P > 0.05).
Relative mRNA expression of BGLAP was significantly reduced in the High group when
compared with the Control (P < 0.05; Figure 3.3), confirming that the severe infection of
Eimeria adversely affected long bone growth. However, the expression of other bone
formation markers was not significantly changed among the treatments. Moreover, higher
cumulative FI was linearly correlated with higher femoral bone formation rate

(R2=0.4655, P =0.010), but not in tibia (P > 0.05). The tibial bone growth rate was
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highly correlated with metaphyseal trabecular BMD (R?=0.710, P <0.001). Tibial bone
growth rate (by calcein injection method) was positively correlated with tibial diaphysis
BMD (R2=0.4308, P =0.032).
Eimeria infected broilers exhibited an increased bone resorption

The number of osteoclasts per bone surface (N. Ocl/BS) in the Low and High
groups was significantly higher than in the Control (P <0.05; Figure 3.4a and 3.4b).
Eimeria challenge increased the formation of TRAP-positive cells and bone resorption
activity on the surface of tibia metaphysis trabecular bone. Meanwhile, an increased
serum level of RANKL was observed in the Low (P <0.05; Figure 3.4c), whereas the
High and PF serum levels of RANKL had numeric increasing compared to the Control
(P>0.05). Moreover, the mRNA expression of NFATC1 was significantly decreased in
the PF (P < 0.05; Figure 3.4d), and expression of TNFRSF11B (OPG) and TNF (tumor
necrosis factor-like) was significantly increased in the High (P < 0.001) when compared
with the Control. However, there were no significant changes in the expression of
NFKB1, RANKL, FOS, ACP5(TRAP), IL1B, and SMAD1 among the treatments. A higher
ratio of RANKL/OPG was observed in the Low (P < 0.05) and the PF (P < 0.05) when
compared with the High (Figure 3.5). Together, results suggest that Eimeria infection
resulted in bone remodeling along with higher osteoclast number and activity in broilers.
There was a negative correlation between TNF and metaphyseal BMD (R? = 0.419, P

=0.030).
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Eimeria infection increased lipid peroxidation and decreased antioxidant capacity,
and the correlation between redox status and bone parameters

The total antioxidant capacity of serum in the Eimeria spp. infected broilers (the
Low and High groups) decreased significantly at 6 dpi compared with the non-infected
Control (P <0.05; Figure 3.6a). Meanwhile, the total antioxidant capacity of serum in the
PF group showed a numeric decrease compared with the Control, but the change was not
statistically significant. In contrast to the antioxidant parameters in serum, the level of
MDA in the liver was significantly increased by Eimeria infection compared with the
Control and PF groups (P <0.01; Figure 3.6b) at 6 dpi.

Pearson correlation analyses revealed a negative correlation of the liver TBAR
level with femur growth rate (R = 0.249, P = 0.005) and between the liver TBAR level
and tibia growth rate (R? = 0.330, P = 0.001). There was a positive correlation between
serum total antioxidant capacity and metaphysis bone mineral density (R? = 0.219, P =
0.0182); and a negative correlation between the liver TBAR level and metaphysis bone
mineral density (R? = 0.391, P < 0.001). Meanwhile, bone marrow BGLAP mRNA level
was negatively correlated with the liver TBAR level (R?=0.130, P = 0.031) and
positively correlated with serum total antioxidant capacity (R? = 0.227, P = 0.004).

Discussion

With increasing concerns around farm animal welfare, poultry bone abnormalities
have become one of the significant challenges for the poultry industry. Bone is an
essential multifunctional organ that not only provides static functions such as structural

support and internal organ protection but also acts as a dynamic endocrine organ that
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releases hormones for mineral homeostasis, acid-base balance, and reservoir of energy
and minerals (Guntur and Rosen, 2012; Suchacki, et al., 2017). However, for a long time,
bone health in broiler production yet gained enough attention until recently because more
research suggests that current commercial broiler chicken breeds grow fast to
heavyweight that predisposes the chickens to leg weakness and skeletal abnormalities
(Bradshaw, et al., 2002; Hartcher and Lum, 2019). With coccidiosis so widespread, the
Eimeria-challenge model was chosen as a disease model to understand the possible link
between intestinal parasite infection and bone health in the current study. With a mild
infection, broilers was able to compensate for growth loss partially at later stage after
recover from coccidiosis, even so, the growth potential remains severely compromised
(Lillehoj, 1998). Uncoupling bone remodeling may not be apparent at early growth but
may show up later in the market age, resulting in clinically leg bone abnormality,
eventually decreasing the market value (Waldenstedt, 2006). Thus, the early stage of
bone health is vital in broiler growth performance and critical in product profitability.
The etiology of leg abnormalities under intestinal infection is generally complex. The
factors that affect bone metabolism during infection include but are not limited to
nutrition, immunity and physical stress. Eimeria infection could affect epithelium cells
directly by mediating nutrition transporter activity or indirectly by causing apoptosis of
cells and damaging the integrity of the intestine (Kong, et al., 2018; Teng, et al., 2020a;
Yadav, et al., 2020). The damage to the digestive tract can cause malabsorption of
nutrients, the deficiency of macronutrients including carbohydrates, crude protein, lipid,

and minerals, and is associated with a bone remodeling imbalance that increases markers
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of bone resorption and decreases markers of bone formation (Nattiv, et al., 2007,
MacDonell, et al., 2016; Papageorgiou, et al., 2018). Bone also serves as a minerals and
energy reservoir, playing a role in maintaining glucose and phosphorus level within a
narrow range in blood (Zhou, et al., 2021). Long-term calcium deficiency is a potential
risk factor for osteoporosis and bone fracture (Nordin and Morris, 1989; Imari, et al.,
2020). Depleting dietary calcium and phosphate could increase bone resorption and
decrease bone mineral density (Akesson, et al., 1998; Zhang, et al., 2019c), but increased
calcium intake alone is insufficient to compensate for the severe bone mineral loss under
acute disease conditions (Reid, et al., 1995). Besides, protein deficiency could
significantly decrease BMD and cancellous bone mass, reducing bone strength(Turk,
1973; Southern and Baker, 1983; Bourrin, et al., 2000). FI is positively correlated with
the bone formation rate (de Paula and Rosen, 2013). Lower energy, essential amino acid
or mineral level can subsequently decrease osteoblastic activity suppressing bone
formation. Moreover, nutrition deficiency could modify the plasma levels of certain
essential hormones, such as growth hormone and insulin-like growth factor (Bruggeman,
et al., 1997; Buyse, et al., 2000), and elevated plasma stress hormones such as
corticosterone (de Jong, et al., 2002; Shini and Kaiser, 2009; Almeida, et al., 2017;
Iyasere, et al., 2017; Bowling, et al., 2018). Endocrine changes can directly mediate bone
remodeling by regulating the activity of osteoblasts or osteoclasts, and those variables
should also be considered in the experimental design. In order to permit a clear
interpretation of the results and limit the variables of nutrient and endocrine factors, the

pair-feeding method was incorporated in this study. Pair-feeding is a technique to
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determine the effect of treatment on growth that is independent of nutritional factors. It
has been widely used in the animal in vivo study model and was particularly well adapted
to a study of energy, protein, and mineral intake deficiency (Mitchell and Beadles, 1930;
Walker, 2015). In the current study, the amount of feed provided to the uninfected PF
group was matched with the High group. However, the growth performance in the PF
group was numerically higher than in the High group but not significant. The growth
difference between the two groups reflected the metabolic cost of immune activation,
oxidative stress, and other factors, rather than feed intake difference. Comparing the High
group and the PF group, it provided more direct evidence to find the possible link
between immune response/oxidative stress and bone metabolism.

Moreover, the micro-CT analyses revealed more specific details of bone structural
changes. A significant drop in BMD was observed in bone metaphysis and diaphysis in
both Eimeria-infected groups. Furthermore, the PF group and the infected Low and High
groups showed different responses in the metaphysis and diaphysis sections. For
example, the diaphysis is the mid-section (shaft) of a long bone and is the primary site of
radial growth in young animals (Sanchez-Rodriguez, et al., 2019). The diaphysis is made
up of cortical bone, which has higher mineral content and density, and less water content
when compared with trabecular bone, providing structural strength (Gong, et al., 1964).
According to the current results, a significant decrease in BMD, BMC, and bone growth
rate was observed in the diaphysis section. Both infected groups and the PF groups
showed suppression of bone formation over this site. The PF group had the lowest

diaphyseal BMC compared with the other groups. Lowest metaphyseal BMD was
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observed in the High group. It showed that bone metabolic activity appears site-specific
during Eimeria infection, and bone mineral loss occurs distinctly in the proximal tibia
metaphysis and diaphysis. Moreover, trabecular bones are metabolically more active than
cortical bone, which not only contributes to the strength of the bone but also serves as a
source of calcium for the body because trabecular bones are remodeled more rapidly
during physiological processes (Whitehead and Fleming, 2000; Passi and Gefen, 2005;
Kim and Park, 2013). Cortical bone loss occurs slower than trabecular loss due to the fact
that less surface per unit of bone matrix volume is available for bone remodeling (Harada
and Rodan, 2003). Nutrient deficiency, stress, and infectious skeletal disorders could
cause bone mass loss and decrease bone quality by altering the trabecular bone
microarchitecture (Aguado, et al., 2015; Kieronczyk, et al., 2017). In human and mouse
research, the rate of bone turnover is more rapid in trabecular bone with a larger surface
area than in cortical bone (Kent, et al., 1990). The current results showed that the bone
mineral loss at the metaphysis section mainly occurred in the trabecular bone structure.
Larger bone endo-surface could provide broader space for osteoblast or osteoclast
attachment in trabecular bone. We hypothesized that bone resorption happens more
frequently around the trabecular bone. Also, the tibial growth rate was highly correlated
with tibial trabecular BMD instead of BMC, which indicates metaphysis trabecular bone
BMD is more suited to evaluate early biochemical changes of bone during pathogen
infection in broilers. Total mineral content (BMC) or bone ash weight may not accurately

reflect the metabolic change of bone during infection.
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Metabolic changes can be further assessed by different methods focusing on bone
formation and resorption individually. Calcein labeling was used in the current study to
visualize the newly formatted bone, and the RT-gPCR method was used to examine the
bone formation-related marker genes in the bone marrow. The calcein labeling method is
commonly used to assess bone growth, which directly visualizes bone growth in vivo.
According to the results, by correlating FI with bone formation in each group, the Low
group had significantly higher FI compared with the PF group; however, the bone
formation rate was significantly lower than the PF (P < 0.05), which is in agreement with
the findings of the microstructure analysis. With the same amount of FI, the PF group has
a 4.71% higher BMD than the High group (P <0.05). With a similar amount of FI
(P >0.05) between the Control and Low groups, diaphyseal BMD in the Low group was
significantly lower than in the Control group. Based on the current results, even though
provided with the same amount of feed, the Eimeria-challenged chickens had worse bone
health status than the PF group, suggesting that apart from nutrition deficiency, other
factors may be involved in bone homeostasis in both direct and indirect manners. In our
previous studies, we have reported the changed redox status in broilers on 6 dpi after
Eimeria spp. challenge(Tompkins, et al., 2022b). Oxidative stress has been
acknowledged as a major contributor to the immune response. The increased production
of ROS is an inflammatory response that functions for the recruitment and activation of
immune cells that lead to pathogen killing(Georgieva, et al., 2006). ROS production is
involved in mineral homeostasis and contributes to bone remodeling by promoting bone

resorption and suppressing bone formation. Human and mice studies have found a tight
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association between oxidative stress and pathogenesis of the bone disorder, that the redox
state changes are related to the bone modeling and remodeling processes(Mody, 2001;
Bai, et al., 2004). The redox state can directly impact osteoblast activity that regulates
bone formation rate(Domazetovic, et al., 2017). Oxidative stress suppressed the
osteoblastic differentiation process of primary bone marrow stem cells(Bai, et al., 2004).
In the current study, the oxidative stress (increased TBAR level and decreased total
antioxidant capacity) was negatively correlated with bone growth rate and mMRNA
expression of BGLAP. This result was consistent with our previous finding(Tompkins, et
al., 2022b), that decreased bone quality was associated with systemic oxidative stress in
broiler during Eimeria infection. Oxidative stress can be a co-factor involved in loss of
osteoblastic activity that ultimately led to poor bone quality.

Eimeria infection can cause a complex host immune responses, encompassing
both cellular and humoral mechanisms during infection(Lillehoj, 1998). Studies indicated
that humoral immunity and antibodies produced by B cells were increased during severe
Eimeria infection(Kim, et al., 2019). Different from other species, the bursa of Fabricius,
a unigue central immune organ of birds located near the cloaca, is the location of B
lymphocyte differentiation and maturation instead of bone marrow(Ifrah, et al., 2017).
Fully differentiated B lymphocytes migrate to peripheral lymphoid organs to participate
in immune responses, such as producing antibodies and participating in humoral
immunity(Masteller and Thompson, 1994; Lillehoj, 1998). B cell-produced proteins such
as RANKL and OPG are critical for bone metabolism(Li, et al., 2007b; Onal, et al., 2012;

Li, et al., 2014; Titanji, et al., 2014; Titanji, 2017). B lineage cells produce more than
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60% of total OPG in bone marrow(Lli, et al., 2014). Mice that were injected with RANKL
inhibitor resulted in a larger bone mass(Furuya, et al., 2011). According to our study, an
increased mRNA expression of OPG in bone marrow indicated that the system was
actively producing more OPG, but the source of OPG remains unknown. The drastically
higher expression of OPG in bone marrow may be related to a negative feedback loop,
that increased OPG subsequently affects osteoclastogenesis(Brandstrom, et al., 1998).
We hypothesize that the bone marrow could actively reduce or inhibit highly-elevated
osteoclast activity by increased expression of OPG, then preserving minerals for bone
homeostasis during Eimeria infection. A similar pattern of expression was observed in
gene expression of tight junction protein during acute Eimeria infection, that Eimeria
infection damaged intestine integrity, but tight junction protein gene expression was
significantly elevated to repair the damage (Teng, et al., 2021).

Bone marrow not only contains different cell types that perform bone formation
and resorption but also serves as the cradle of hematopoiesis and a reservoir of growth
factors and cytokines, providing an ideal environment for communicating between bone
metabolism and the immune system. Essentially all the units that participate in cellular
immunity can influence bone cells, particularly impacting the activity and formation of
osteoclasts (Yun, 2000; Zaiss, et al., 2010; Kim, et al., 2019). The cytokines IL-1p, IL-6,
and TNF-a are known to increase bone resorption by stimulating both osteoclast activity
and differentiation in mammals (Kwan Tat, et al., 2004). The number of osteoclast
precursors increases under inflammatory conditions, characterized by high levels of the

potent inflammatory cytokine TNF-a (LI, et al., 2004; Yao, et al., 2006). The current
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study found significantly higher mRNA expression of TNF (tumor necrosis factor-like) in
the High group than in the other groups. Meanwhile, activation of osteoclast formation
was detected in the High group over the metaphysis trabecular bone. It is important to
mention that, with the same amount of FI, the expression of TNF was relatively low in
the PF group compared with the High, as well as the number of osteoclast and enzyme
activity of RANKL was relatively higher in the High group than the PF group. Based on
the comparison between the High group and the PF group, we concluded that the
increased osteoclastic bone resorption is associated with the activation of immune
response in broiler chickens during Eimeria infection. Moreover, NFKB is involved in
many signaling pathways and plays an important role in osteoclast formation and survival
rate(Jimi, et al., 1998; Miyazaki, et al., 2000; Xing, et al., 2002). NFKB ligand
(RANKL), one of the most critical molecules that regulate osteoclast formation, provides
the crosstalk between bone and immune systems (Taichman, 2005; Lorenzo, et al., 2008).
The binding of RANKL to its receptor RANK triggers osteoclast precursors to
differentiate into osteoclasts, which increases the number of osteoclasts on their bone
surfaces (Rucci, et al., 2007; Pivonka, et al., 2010; Park, et al., 2017). In the present
study, the High group showed the lowest level of RANKL/OPG, indicating that the
negative feedback loop was turned on because less osteoclastic activity was in need to
preserve the minerals for bone structure and support (Logar, et al., 2007). The different
expressions of the RANKL/OPG ratio between the Low and the High indicated the bone
homeostasis is infection-dose-dependent during coccidiosis. However, with the difference

in B-cell development in avian species, immunity, particularly humoral immunity, might
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interact with bone metabolism differently from mammals. How osteoimmunology plays a
role in avian bone homeostasis needs more profound studies.

Taken together, delayed bone development in the parasite-challenged groups was
attributable to an uncoupling of osteoblast and osteoclast activity, whereby increased
bone resorption and decreased bone formation were closely associated with immune
response/oxidative stress during Eimeria infection. With the long-held notion that the
central pathophysiology of bone disorder was nutrition deficiency and physical stress
during Eimeria infection, we demonstrated that bone disorder is also closely connected
with bone modeling and remodeling which are associated with immune
response/oxidative stress. Both nutrition and concurrent diseases will influence the
occurrence of leg disorders. Further study on osteoimmunology needs to address bone
disorder issues and will further lead to a more precise understanding of the mechanism
underlying the pathogenesis of bone mineral loss and bone disease in broilers, eventually
improving animal production and welfare in the future.

Materials and Methods
Ethics Statement

The experiment followed the guideline of the Institutional Animal Care and Use
Committee and was conducted at the Poultry Research Farm, University of Georgia,
Athens, GA. The protocol was approved by the Institutional Animal Care and Use

Committee at the University of Georgia (ethical approval code: A2021 12-012).
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Experimental Design

The study was carried out in compliance with the ARRIVE guidelines. A total of
480 one-day-old male broiler chickens (Cobb 500) were randomly distributed into four
treatment groups with ten replicates and twelve birds per cage. Experimental groups
included uninfected controls (Control) fed diet ad libitum (gavaged with water), a low
Eimeria-infected group (Low) fed diet ad libitum (gavaged with 50,000 oocysts of E.
maxima, 50,000 oocysts of E. tenella, and 250,000 oocysts of E. acervulina), a severely
Eimeria-infected group (High) fed diet ad libitum diet (gavaged with 12,500 oocysts of
E. maxima; 12,500 oocysts of E. tenella; 62,500 oocysts of E. acervulina), and an
uninfected pair-fed group (PF; gavaged with water) that fed the same amount of feed as
the High group consumed. Starter (0-14 d of age) and grower (15-20 d of age) diets were
formulated following Cobb500 broiler management guide(Cobb, 2019). All chicks
were raised under the same house, feeding, and environmental management conditions
based on the broiler management guide (Cobb, 2019). Chicks were allowed to consume
water on an ad libitum basis, and daily feed intake was measured during the study. On 6
days post infection (dpi), one bird per replicate was randomly selected to collect tissue
samples. The tissue samples were snap-frozen in liquid nitrogen and kept in -80°C until
future processing.
Gut Permeability

The gut permeability was measured on 5 dpi by the method used in our previous
study (Teng, et al., 2020a; Teng, et al., 2020b). Briefly, fluorescein isothiocyanate

dextran (FITC-d; MW 4000; Sigma-Aldrich, Ontario, Canada) was dissolved in distilled
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water and made into 2.2 mg/mL solution. One bird per cage was randomly selected and
gavaged with 1 mL of FITC-d solution. Two hours after inoculation, the blood was
collected from birds and kept in the dark at room temperature for clotting. The clotted
blood was centrifuged at 1,500 g for 15 min to serum collection. The standard curve
solution was made from a serial dilution of FITC-d stock (2.2 mg/mL). Dilution buffer
was made from the pooled serum of non-infection birds with the basal diet. Sample and
standard solutions were loaded into black 96-well plates, and FITC-d concentrations were
measured by a spectrophotometer (SpectraMax M5; Molecular Devices, San Jose, CA).
The excitation wavelength was set at 485 nm, and the emission wavelength was set at
528 nm.

Micro-Computed Tomography (Micro-CT)

A total of 40 samples (one bird per cage) were randomly collected to evaluate 3-D
bone morphologic changes in the broiler. The proximal and shaft of the tibia were
assessed by Micro-Computed Tomography (Micro-CT). The scanning process was
performed according to our previous publications (Tompkins, et al., 2022a; Tompkins, et
al., 2022b), with setting as 83 kV, 121 pA, and a 0.5 mm aluminum filter, the pixel size
as 26 um with 360° complete rotation, and 42 minutes of acquisition time. Scanning was
performed with SkyScan 1172 (SkyScan, Kontich, Belgium). 2-D images were
transferred to CTAnN software (CTAN, SkyScan) for structure construction and
quantification. The metaphyseal region of interest (ROI) was post-operated to
automatically separate trabecular bone from cortical bone and preserve its morphology

using a threshold of 800. Average bone mineral density (BMD), bone mineral content
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(BMC), and bone micro-architectural parameters of each group were taken from the same
ROI. Cortical and trabecular bone parameters were quantified and analyzed separately.
The following parameters were quantified: total volume (TV), bone volume (BV), bone
surface (BS), bone volume per tissue volume (BV/ TV), and trabecular number (Th.
N)(Tompkins, et al., 2022b).
Calcein Labeling

For dynamic histomorphometry measures of bone formation, calcein (Cat no.
C0875, Sigma Aldrich, St. Louis, MO) was dissolved in a 1 M sodium hydroxide solution
and then mixed with sterilized distilled water to make the 2.0% working solution. The
birds were injected with the calcein solution intraperitoneally at 20 mg/kg of body
weight. On day 4 after the first injection of calcein, the birds were injected again as
previously described. Bone samples were collected on 4 days after the second injection.
The muscle was removed immediately, and bones were preserved in 70% ethanol. Upon
analysis, a thin slice of bone was taken from mid-diaphysis by a circular saw (Ryobi,
Anderson, SC, USA), sanded each bone slice down by using sandpaper then mounted on
a glass slide. Calcein has a high calcium affinity and translates into a relatively broad
fluorescent band. A fluorescence microscope (Leica DC500 camera, Leica Microsystems
Inc., Buffalo Groove, IL) was used to visualize new bone formation and determine the
distance between the two calcein labels on the bones. Eight measurements at different
angles were performed using ImageJ software (National Institutes of Health, Bethesda,

MD, USA). The average values were calculated for data analysis.
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Serum Receptor Activator of Nuclear Factor Kappa B Ligand Enzyme-linked
Immunosorbent Assay (RANKL ELISA)

Chicken RANKL concentrations were measured by commercially available Kits
(MyBioSource, San Diego, CA, USA). All procedures were performed according to the
manufacturer’s protocol. The method was two-site sandwich ELISA, the pre-coated
antibody was Chicken PRM1 monoclonal antibody and the detecting antibody was
polyclonal antibody with biotin labeled. A standard curve was created, and the RANKL
concentration of the examined samples was calculated and expressed in pg/ml.
Background OD values were subtracted from the calculation, and the color depth was
directly proportional to the amount of RANKL in the sample.

Tartrate-resistant Acid Phosphatase Staining (TRAP Staining)

All tibia bones were collected at 6 dpi. After removing the muscle tissue, tibias
were fixed in 4% PBS-buffered formaldehyde at 4°C for three days and then moved into
70% ethanol for preservation. Tibial tuberosity was used as a landmark to cut the bone
slides by the circular saw. The bone slides were demineralized with 10%
ethylenediaminetetraacetic acid (EDTA) at 4°C for 13 days. Each bone slide was equally
cut into four pieces perpendicularly. The samples were then embedded in paraffin and cut
into 4 um sections using Leitz 1512 rotary microtome (Leica Microsystems, Wetzlar,
Germany). The paraffin sections were stained with tartrate-resistant acid phosphatase
(TRAP) solution prepared by mixing acetate buffer (pH 5.0), naphthol AS-MX phosphate
(Sigma Chemical, St. Louis, MO, USA), Fast Red Violet LB Salt (Sigma), and 50 mM

sodium tartrate (Sigma). The sections were counterstained with hematoxylin (Sigma).
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Osteoclasts were defined in this study as TRAP-positive cells with three or more nuclei.
Bone circumference was measured using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).
Lipid Peroxidation and Antioxidant Status Assay

Chicken total antioxidant capacity in serum was analyzed using a QuantiChrom
antioxidant assay kit (BioAssay Systems, Hayward, CA, USA), and the level of liver
lipid peroxidation was determinated by using QuantiChro TBARS Assay Kit (BioAssay
Systems, Hayward, CA, USA). Serum was collected, centrifuged, and then kept at -80°C.
A liver sample from one bird per cage was collected, snap-frozen in liquid nitrogen, and
then kept at -80°C. Liver samples were homogenized and centrifuged in the assay buffer,
and all assay procedures were performed according to the manufacturer’s protocols. The
protein concentration was measured by protein quantification assay (Pierce™ BCA
Protein Assay Kit, Thermo Scientific, Rockford, IL, United States) following the
procedure indicated in our previous publication (Tompkins, et al., 2022b).
Real-time Quantitative PCR Analysis of Gene Expression in Bone Marrow

Bone marrow from femur bones was extracted, snap-frozen in liquid nitrogen, and
stored immediately at -80°C until RNA isolation (N = 10). Bone marrow total RNA was
extracted using Qiazol reagent (Qiagen, USA) according to the manufacturer’s
instruction. A Nano-Drop 1000 Spectrophotometer (ThermoFisher Scientific, Pittsburgh,
PA) was used to determine the quantity of RNA. The cDNA was synthesized from total
RNA (2000 ng) using high-capacity cDNA reverse transcription Kits (Thermo Fisher

Scientific, Waltham, MA).
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Real-time reverse transcription polymerase chain reaction (RT-qPCR) was
performed to measure mMRNA expression. Primers were designed using the Primer-
BLAST program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The specificity of
primers was validated by melting curve analysis and gel electrophoresis. RT-qPCR was
performed on an Applied Biosystems StepOnePlus™ (Thermo Fisher Scientific,
Waltham, MA) with iTag™ Universal SYBR Green Supermix (BioRad, Hercules, CA)
using the following conditions for all genes: 95°C for 10 minutes followed by 40 cycles
at 95°C for 15 seconds, annealing temperature for 20 seconds, and extending at 72°C for
1 minute.

The geometric mean of 18S, HBMS and GAPDH were used for
normalization(Vandesompele, et al., 2002). The stability of housekeeping genes were
confirmed by their consistent Ct values among the treatments (P > 0.1)(Stephens, et al.,
2011). BGLAP, RUNX2, SPP1, BMP2, and ALP were used as genetic markers of bone
formation in the bone marrow(Chen, et al., 2021). NFKB, RANKL, FOS, ACP5, NFATC1,
IL1B, TNF, SMADL1, and TNFRSF11B (OPG)(Paludo, et al., 2017) were used as the
genetic markers for osteoclastic activity in the bone marrow. Details of primer sequences
used for the experiment are presented in Table 3.1. Moreover, the ratio of OPG/RANKL
in bone marrow was calculated. Samples were run in triplicate, and relative gene
expression data were analyzed using the 2"24€t, The mean ACt of each marker gene from
the control group was used to calculate the AACt value, and 222t expression levels were
normalized to 1 for the control group. Expression levels of the treatment groups were

presented as fold change.
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Statistical Analysis

All experimental data were expressed as mean with standard error of the means
(SEM). Data were tested for homogeneity of variances and normality of studentized
residuals. The differences among the treatment groups were analyzed by one-way
ANOVA, whereas the means were analyzed statistically by Tukey’s test using JMP
Prol4 (SAS Institute, Inc., Cary, NC). Statistical significance was set at P < 0.05, and
0.05 < p <0.1 were also presented to show the trending toward statistical significance
(Thiese, et al., 2016). Pair wise correlations (JMP Pro14) were evaluated for all bone and

growth variables.
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Tables

Table 3.1: Nucleotide sequences of the primers used for real-time RT-PCR.

Primer sequence (5°-3”) Product | Annealing | Accession
length temperatur | #
(bp) e (°C)

GAPDH F- 161 55 NM_20430
GCTAAGGCTGTGGGGAAAGT 51
R-
TCAGCAGCAGCCTTCACTAC

RNA18S1 | F- 121 56.5 AF_17361
AGCCTGCGGCTTAATTTGAC 2.1
R-
CAACTAAGAACGGCCATGCA

HMBS F- 131 59 XM_00494
GGCTGGGAGAATCGCATAGG 7916.3
R-
TCCTGCAGGGCAGATACCAT

SPP1 F- 204 S7 NM_20453
GCCCAACATCAGAGCGTAGA 5.4
R-ACGGGTGACCTCGTTGTTTT

BMP2 F- 163 57 XM_02514
TCAGCTCAGGCCGTTGTTAG 8488.1
R-
GTCATTCCACCCCACGTCAT

RUNX2 F-ACTTTGACAATAACTGTCCT 192 60 XM_01528
R- 5081.2
GACCCCTACTCTCATACTGG

ALP F- 140 58 NM_20536
CGACCACTCACACGTCTTCA 0.1
R-
CGATCTTATAGCCAGGGCCG

BGLAP F- 142 57 NM_20538
GGATGCTCGCAGTGCTAAAG 7.3
R-
CTCACACACCTCTCGTTGGG

NFKB1 F- 131 59 XM_01528
GAAGGAATCGTACCGGGAAC 5418.2
A
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R-
CTCAGAGGGCCTTGTGACAGT
AA

FOS F-CTTCGACGAGCTGCTTTTCT 191 60 NM_20550
R- 8.1
TGGAGGTGTAGGTGCTAGGG

TNFRSF1 | FFACGCTTGTGCTCTTGGACAT 193 60 NM_00103

1B R- 3641.1
CAGCGTAGTACTGGTCTGGG

TNFSF11 | F- 196 60 XM_01527
ACACGCCCTTTGAAAATCAG S5777.2
R-

GCAAAAGGTTGCTTCTCTGG

ACP5 F- 170 61 XM_04069
GCTTCCAGGAGACCTTCGAG 3093.1
R-

CAGGCGGAGGCTGTAGTAGT

NFATC1 | F- 173 60 XM_04066
CAGTCCTGCAGTCCAACTCA 3226.1
R-TCCTCAGGTTCTCGCTTGAT

SMAD1 F- 174 61 XM_04069
GTTTTGTAAAGGGTTGGGGA 8719.1
GC
R-

AATGCAGGAGCTTGGGACCT
TA

IL1B F-AGATGAAGCGGGTCAGCTC 120 59 XM_01529
R- 7469.2
GCATCAAGGGCTACAAGCTC

TNF F-CGTGGTTCGAGTCGCTGTAT 100 60 XM_04069
R-CCGTGCAGGTCGAGGTAC 4846.2

! GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HMBS: hydroxymethylbilane

synthase; RNA18S1: RNA, 18S ribosomal 1; ACP5: TRAP, acid phosphatase 5,

tartrate resistant; TNFSF11: RANKL,TNF superfamily member 11; TNF: tumor

necrosis factor-like; NFATC1:nuclear factor of activated T cells 1; TNFRSF11B: OPG,

TNF receptor superfamily 11; TNF: tumor necrosis factor-like; NFATC1:nuclear factor
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of activated T cells 1; TNFRSF11B: OPG, TNF receptor superfamily member 11b;
IL1B: interleukin 1 beta; BGLAP: bone gamma-carboxyglutamate protein; RUNX2:
runt-related transcription factor 2; ALP: alkaline phosphatase; SPP1: secreted
phosphoprotein 1; BMP2: bone morphogenetic protein 2; FOS: Fos proto-oncogene,
AP-1 transcription factor subunit; NFKB1: nuclear factor kappa B subunit 1; SMADI.:

SMAD family member 1.
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Table 3.2: Average daily feed intake (ADFI), cumulative feed intake (FI), body weight

gain (BWG, kg) and feed conversion ratio (FCR) from 0 to 6 dpi.

ADFI | 1 dpi 2 dpi 3 dpi 4 dpi 5dpi | 6 dpi
g
Treatment
Control 126.01 95.42 104.23 108.19° | 86.38% | 96.68?
Low 134.75 103.97 107.01 86.89" 68.09° | 64.51°
High 133.40 101.93 100.40 75.22° 42.18° | 44.89°
PF 127.27 93.33 93.333 76.36° 42.42° | 46.82°
SEM 1.6601 2.3237 2.1636 2.9236 3.5585 | 3.8577
P-value 0.158 0.316 0.128 <0.001 <0.001 | <0.001
0-6 dpi
Treatmemts
FI BWG FCR
Control 617.7532 352.59° 1.77031°
Low 566.531° 250.432° 2.32316°
High 499.474° 178.061° 2.926142
PF 480.379P 206.937" 2.35415P
SEM 12.0978 12.8636 0.08879
P-value <0.001 < 0.001 < 0.001
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Control: uninfected controls fed diet ad libitum and gavaged with water; Low: low
Eimeria-infected group fed diet ad libitum and gavaged with 50,000 oocysts of E.
maxima, 50,000 oocysts of E. tenella, and 250,000 oocysts of E. acervulina; High:
severely Eimeria-infected group fed diet ad libitum diet and gavaged with 12,500
oocysts of E. maxima; 12,500 oocysts of E. tenella; 62,500 oocysts of E. acervulina; PF:
an uninfected pair-fed group that fed the same amount of feed as the High group, gavaged
with water.

a.3b.b, ¢ Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, P < 0.05, N = 10.
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Table 3.3: Femur bone metaphysis and diaphysis structure in broiler chickens at 6 dpi.

Section Unit Contr Low  High PF  SEM P-
ol value
BM g 149.4 137.21 117.63 132.3 6.984 0.469
C? 03 8 9 12
Total BM g/m 0.288° 0.233° 0.239° 0.243 0.009 0.017
D m2 ab
TV. mm® 579.7 606.01 534.34 559.2 22.06 0.704
42 2 0 22 8
BV mm® 3150 359.67 301.79 335.8 20.72 0.783
Metaph 92 7 3 81 3
ysis
Cortical BM g/m 0556 0511 0522 0.492 0.013 0.449
D m? 6
BM g 8436 97.495 86.034 95.74 4.912 0.325
C 6 0 0
BM g/m 0519° 0.398" 0.392° 0411 0.013 <0.00
D m? b 5 1
Trabec BM g 4339 4286 3.304 5483 0.408 0.294
ular C 2
BS mm? 403.0 410.67 317.43 4431 37.17 0.660
78 6 3 59 90
Tb.N - 11.32 9.1304 9.236° 8.257 0.285 0.004
52 b 4P 5
BM g 136.8 120.37 104.04 96.31 4.853 0.013
Diaphys  Total C 382 5ab 4b g° 8
is BM g/m 1.028% 0.902° 0.912° 0.898 0.013 <0.00
D m? b 0 1
BV mm® 133.6 133.64 114.33 107.1 4.889 0.126
72 9 5 72 7

1Control: uninfected controls fed diet ad libitum and gavaged with water; Low: low
Eimeria-infected group fed diet ad libitum and gavaged with 50,000 oocysts of E.

maxima, 50,000 oocysts of E. tenella, and 250,000 oocysts of E. acervulina; High:
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severely Eimeria-infected group fed diet ad libitum diet and gavaged with 12,500
oocysts of E. maxima; 12,500 oocysts of E. tenella; 62,500 oocysts of E. acervulina; PF:
an uninfected pair-fed group that fed the same amount of feed as the High group, gavaged
with water.

2BMC, bone mineral content; BMD, bone mineral density; TV, total bone volume; BV,
bone volume (TV minus bone marrow volume); BS, bone surface area; Th. N, trabecular
number.

a3, b, Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, P < 0.05, N = 10.
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Table 3.4: Bone growth rate measured by calcein injection method.

Femur: unit (mm)

Treatment? 0-4 dpi 4-8 dpi 0-8 dpi
Control 0.253? 0.212? 0.479
Low 0.175% 0.081° 0.219%
High 0.157° 0.032° 0.190°
PF 0.145° 0.1572 0.300°
SEM 0.0132 0.0143 0.0241
P-value 0.014 <0.001 <0.001

Tibia: unit (mm)

Treatment? 0-4 dpi 4-8 dpi 0-8 dpi
Control 0.208 0.186° 0.3872
Low 0.128 0.030P 0.147°
High 0.115 0.036" 0.152°
PF 0.125 0.140° 0.270%
SEM 0.0177 0.0158 0.0285
P-value 0.197 <0.001 0.002

1 Control, control group; Low, the lower challenge dose; High, the high challenge dose;
PF, pair-feeding group, paired with the High group; 2 unit: mm; & :0.5¢ ¢ Treatments
with different letters means a significantly difference between treatments by using

Tukey’s HSD test, P < 0.05, N = 10.
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Figure 3.1: Gut permeability at 5 dpi. Higher concentration of FITC-d in the serum revealed
more severe damage to the gut epithelium owing to the Eimeria challenge.

a.3b.b Treatments with different letters means a significantly difference between treatments
by using Tukey’s HSD test, P < 0.05, N = 10. The relatively level of FITC-d in serum was

presented as fold change.
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c Control s 8 Control
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Figure 3.2: Fluorescence image of the femoral or tibial cross-section of broilers
(measurement data shown as Table 4). Bone formation was visualized by double calcein
labeling in the femoral bone and tibia bone, respectively. Representative picture a:
femoral bone at 0-4 dpi; b: tibial bone at 0-4; c: femoral bone at 4-8 dpi; d: tibial bone at
4-8 dpi; Photos were taken at 4x objective. The yellow scale bar is 1 mm in length. The

yellow lines marked the distance between two calcein injections.
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Figure 3.3: Osteogenesis-related gene expression in broilers bone marrow of different
treatment groups. Control, non-challenge control group; Low, the low challenge dose of
Eimeria; High, the high challenge dosage of Eimeria; PF, pair-feeding group that paired
with High group.

a.3b.b Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, P = 0.002, N = 10.
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Figure 3.4. Eimeria infection increases osteoclast formation.

a: lllustration of TRAP staining at tibial metaphysis section. Osteoclasts were defined in
this study as TRAP-positive cells with three or more nuclei. Osteoclast was indicated
with arrow. Photos were taken at 10x objective. The yellow scale bar is 100 pum in length.
b: Number of osteoclasts (N. Oc) were counted and bone circumference (BS) were
measured. The increased ratio of N. Oc/BS indicated an increased formation of osteoclast
activity at metaphysis section in Eimeria infected groups (P = 0.004).

c: Serum level of RANKL in broilers at 6 dpi. The low group has higher level of RANKL
than the Control group (P = 0.047).

d: Osteoclastogenesis-related gene expression in broilers bone marrow of different

treatment groups.
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a.3b.b Treatments with different letters means a significantly difference between
treatments by using Tukey’s HSD test, P < 0.050, N = 10. Control, non-challenge control
group; Low, the low challenge dose of Eimeria; High, the high challenge dosage of

Eimeria; PF, pair-feeding group that paired with High group.
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Figure 3.5: mMRNA expression ratio of RANKL/OPG in bone marrow. Higher rate of
RANKL/OPG indicated bone remodeling status.
a.3b.b Treatments with different letters means a significantly difference between
treatments by using Tukey’s HSD test, P = 0.005, N = 10. Control, non-challenge control
group; Low, the low challenge dose of Eimeria; High, the high challenge dosage of

Eimeria; PF, pair-feeding group that paired with High group.
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Figure 3.6: Oxidative status at 6 dpi. a: serum total antioxidant capacity was measured by
antioxidant assay kit, that coccidial infection significantly decreased the antioxidant
capacity (P =0.001). b: liver lipid peroxidation was measured by TBAR assay Kkit, that
coccidial infection significantly elevated lipid peroxidation in liver (P < 0.001).

Control, non-challenge control group; Low, the low challenge dose of Eimeria; High, the
high challenge dosage of Eimeria; PF, pair-feeding group that paired with High group.
a.ab.b Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, P < 0.05, N = 10.
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CHAPTER 4

HYDROGEN PEROXIDE-INDUCED OXIDATIVE STRESS INHIBIT
OSTEOGENESIS AND MINERALIZATION IN BROILER CHICKEN COMPACT

BONES DERIVED MESENCHYMAL STEM CELLS 3

3Y. H. Tompkins, G. Liu, W. K. Kim. Submitted to International Journal of Molecular

Sciences
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Abstract

To understand the interaction between oxidative stress and bone metabolism, an
in vitro model with induced oxidative stress was used. Chicken primary mesenchymal
stem cells (MSCs) were continuously exposed to hydrogen peroxide (H203) to induce
oxidative stress for 14 days of differentiation. Our analysis revealed that reactive oxygen
species (ROS)-induced adipogenesis/osteogenesis lineage imbalance, and H2O»-induced
oxidative stress negatively regulated osteogenic differentiation by modulating mRNA
expression levels of osteogenesis-related genes, collagen type I, bone morphogenic
protein 2, and osteocalcin. Furthermore, in vitro mineralization was decreased. In
contrast, long-term H2O2 exposure promoted adipogenic differentiation. H2O treatment
increased intracellular ROS production and altered antioxidant enzyme gene expression,
and the long-term oxidative stress upregulated pro-apoptotic CASP8 gene expression.
These results indicate that long-term oxidative stress impaired chicken MSCs osteogenic

differentiation but promoted adipogenic differentiation.

Keywords: broiler bone health, oxidative stress, chicken MSCs, cellular ROS, in vitro
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Introduction

Modern commercial poultry production is strictly operated based on balanced
nutrition and optimized environmental conditions. However, oxidative stress is
ubiquitous in broiler production systems. For example, anti-nutritional factors, such as
feed toxins or antioxidant deficiency, pathogens infection, and poor environmental
conditions including heat stress, ammonia exposure, and flock density, can induce
oxidative stress in broilers (Puppel, et al., 2015; Mishra and Jha, 2019; Ali Hassan and L.i,
2021; Chauhan, et al., 2021; Pintus and Ros-Santaella, 2021). Oxidative stress has been
reported as a negative factor on broiler performance, healthy growth, and production
quality (Celi and Chauhan, 2013; K. Panda and Cherian, 2014; Estevez, 2015; Mishra
and Jha, 2019; Surai, et al., 2019), representing an unbalanced condition between the
production of reactive oxygen species (ROS) and the antioxidant defense systems (Sies,
etal., 2017). In broiler production, other than the management-associated physiological
oxidative stress, infectious agents are other key factors that cause robustly phagocytic
ROS generation, which leads to severe oxidative stress in broilers (Zorov, et al., 2014;
Forrester, et al., 2018).

There is an ongoing interest in using mesenchymal stem cells (MSCs) as a study
model to understand cell physiology and disease etiology (Svoradova, et al., 2021), and
the effect of oxidative stress on mammal MSCs has been well noted (Denu and Hematti,
2016). The classic ROS family members, such as superoxide anion, hydrogen peroxide
(H20), and singlet oxygen, have been extensively studied for health effects linked to its

presence (Sharma, et al., 2012). H20: is a non-radical ROS, a most common endogenous
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byproduct of mitochondrial respiration that is present in avian systems (Ojano-Dirain, et
al., 2007). Cellular H.O2 exposure has been widely used for assessing susceptibility to
oxidative stress in in vitro models (Bai, et al., 2004; Liu, et al., 2004). At a cellular level,
ROS level is tightly regulated by the antioxidant defense system and is critical for MSCs
multipotency (Atashi, et al., 2015). There are evidences showing that a low basal level of
ROS is a critical mediator in pathophysiological responses (Maraldi, et al., 2015),
whereas differentiated MSCs presented a higher intracellular ROS production which is
essential for cell survival and early differentiation (Kim, et al., 2010; Hu, et al., 2018).
H20: is also an effective apoptosis inducer, the high concentration of H,O2> commonly
induced apoptosis or cellular senescence in cell lines (Lin, et al., 2016a). However, the
corresponding dose ranges for the apoptosis responses differs by cell types, due to the
different cellular antioxidant activities and contents (Ko, et al., 2012; Xiang, et al., 2016).
The uncontrollable high level of ROS not only impair the cell membrane fluidity and
permeability but is also responsible for oxidation damage of DNA, RNA, protein, and
lipid damage in mitochondria, which results in cellular senescence including cell
dysfunction, cellular injury and cell apoptosis (Denu and Hematti, 2016). Given that a
high level of ROS is cytotoxic, cells develop antioxidant defenses to convert severe free
radicals into non-toxic molecules (Sies, et al., 2017). For cellular homeostasis,
endogenous scavengers are mainly divided into two categories, enzymatic proteins,
including superoxide dismutases (SOD), glutathione peroxidase (GPx), and catalases
(CAT), and non-enzymatic antioxidants, such as vitamins and trace minerals which are

mainly derived from dietary sources (Hu, et al., 2018). All those antioxidant defenses
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work together for controlling intracellular ROS-related stress by removing and converting
excessive ROS (Estevez, 2015; Denu and Hematti, 2016).

A relatively high level of ROS can directly interact with critical signaling
molecules in essential osteogenic pathways, which negatively impacts bone homeostasis
(Atashi, et al., 2015). Thus, Oxidative stress induced by ROS over-production has been
considered as a pathogenic factor involved in human skeletal disorders (Bal, et al., 2004;
Liu, et al., 2004; Sharma, et al., 2015). Moreover, in response to oxidative stress, ROS
can activate extracellular signal-regulated kinases that modulate nuclear factor kappa
light chain enhancer of activated B cells (NF-kB) and NF-E2 p45-related factor 2 (NRF2)
signaling pathways, which are not only critical in regulating inflammation and cellular
redox status, but also directly mediate bone homeostasis by regulating osteoblast or
osteoclast differentiation and activity (Hyeon, et al., 2013; Sun, et al., 2015; Yuan, et al.,
2017).

Oxidative stress is also a main consequence of stress and immune responses that
act as a co-factor on performance and physiologic decline in broiler production (Mishra
and Jha, 2019). In our previous study, an up-regulated oxidative stress, decreased
antioxidant level, and poor bone integrity were detected in broilers that were challenged
with Eimeria spp., which are the major parasites damage the intestine of the broilers
(Tompkins, et al., 2022). However, the response of chickens MSCs to oxidative stress is
not well-understood, and how ROS affects avian osteoblastic differentiation is unknown.
Understanding of ROS's impact on MSC terminal fate and differentiation capacity is

important to develop novel strategies for preventing, anticipating or reverting oxidative
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stress-induced leg problems in chicken production. Therefore, in the current study, H.O>
was used as a stimulator of oxidative stress in MSC culture. This study aimed to
investigate the effects of H.O> on osteogenic differentiation of chicken MSCs isolated
from broiler compact bones.
Material and Method

Ethics Statement

The study was carried out in compliance with the ARRIVE guidelines. All
experiments protocols and animal use were approved by the Institutional Animal Care
and Use Committee at the University of Georgia, Athens, GA.
Isolation of broiler MSCs

MSCs were isolated according to previously described methods (Adhikari, et al.,
2018). Briefly, legs from one-day old chicks were obtained after cervical dislocation. The
leg tissue was soaked in alcohol within a minute and then dried with Kimwipes
(Kimberly Clark, Irving, TX, USA). Muscle was removed, and long bones were
harvested. The long bones were kept in high glucose Dulbecco’s Modified Eagle’s
medium (DMEM,; contains 4.5 g/L glucose, 25 mM HEPES, sodium pyruvate, and
without L-glutamine; 15-018-cv, Corning, Corning, NY, USA) until muscle and cartilage
tissues were completely removed using a scalpel and scissors in a bio-safety cabinet
(NuAire, Plymouth, MN, USA). The bones were placed in washing buffer to cut off the
metaphysis. Only tibia diaphysis and femur diaphysis were kept for cell isolation.
Washing buffer contained 2% fetal bovine serum (FBS) (Hyclone Laboratories Inc.,

Logan, UT) in Dulbecco’s phosphate-buffer saline (PBS) (Corning). The bones were
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cracked with a scalpel, bone marrow was flushed out with washing buffer, and bone
marrow was discarded. The bones were chopped into small fragments and then
suspended in a 50 mL tube containing 10 mL digestion medium made of 100 IU/mL
penicillin, 100 ug/mL streptomycin, 0.25% collagenase (Sigma-Aldrich, St. Louis, MO,
USA), 20% FBS, and high glucose DMEM. The tubes were placed in a 37°C incubated
orbital shaker at 180 rpm for 60 min (VWR, Radnor, PA, USA). The digested bone
solution was filtered with a 40 pum cell strainer (Thermo Fisher Scientific, Waltham, MA,
USA) set over a 50 mL tube to remove the bone fragments, and then the filtered medium
was centrifuged at 1,200 rpm for 10 min. The supernatant was discarded, the cell pellet
was resuspended with 20 mL growth medium which contained DMEM with 10% FBS,
100 U/mL penicillin, 100 pg/mL streptomycin, and 0.292 mg/mL L-glutamine (Thermo
Fisher Scientific), and 10 mL resuspend cells were plated in a 100 mm cell culture dishes
(Corning). Cells were incubated at 37°C in a humidified incubator (NuAire) containing
5% CO». Half of the medium was replaced by fresh growth medium after 24 h of culture,
and then the culture medium was changed every two days. For cell passing, once the cells
reached 80% confluency, the cells were washed twice with 5 mL pre-warmed PBS,
dissociated with 1.5 mL 0.1% Trypsin-EDTA (Corning) for 2 min at 37°C, and
subcultured with cell density of 25,000 cells/cm? in 100 mm cell culture dishes.
Proliferation and viability of cultured chicken MSCs with H202 exposure

The viability of cells was determined using cellular 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) kits (Cayman Chemical, Ann Arbor, Ml, USA).

The treatment of MSCs with various concentrations of H20, (50, 100, 200, 400, and 800
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nM; H202, 30% (w/w) solution, Sigma-Aldrich) during culture were also examined.
MSCs cultured without H.O> but PBS was used as the control. Experiments were carried
out in 96-well culture plates. After the cells were incubated with different levels of H.O>
treatments for 6, 24, and 48 h, DMEM with 10% MTT was added and incubated for 4 h,
and then the culture medium was completely discarded. The formed formazan was
dissolved with 100 pL dimethyl sulfoxide (DMSO; Sigma-Aldrich) to develop a purple
color, and the plates were then placed on an orbital shaker (VWR) with low speed for 5
min. The absorbance was measured at 570 nm using a microplate reader (BioTek,
Winooski, VT, USA).
Osteogenic differentiation

MSC cells were expanded to passage 4 for osteogenic differentiation study. After
selecting the proper concentration for H,O> treatment based on the MTT assay, the cells
were seeded at a density of 8 x 10* cells per well in 24-well cell culture plates (Corning),
and cultured in growth medium at 37°C in the cell culture incubator (NuAire) until 100 %
confluency. Then the cells were treated with osteogenic differentiation medium
containing high glucose DMEM with 10~ M dexamethasone (Sigma-Aldrich), 10mM B-
glycerophosphate (Sigma-Aldrich), 50 ug/mL ascorbate (Sigma-Aldrich), 5% FBS, and
100 U/mL penicillin, 100 pg/mL streptomycin, and 0.292 mg/mL L-glutamine (Thermo
Fisher Scientific) for osteogenic differentiation. Cells that were cultured in growth
medium were used as the negative control. Culture medium was replaced with fresh pre-
warmed differentiation medium daily. The cells were differentiation for 6 h, 24 h, 48 h,

72 h, 96 h, 5 days, 6 days, 10 days and 14 days.
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Intracellular reactive oxygen species (ROS) detection

The intracellular ROS levels were examined using DCFDA/H.DCFDA cellular
ROS assay kits (Abcam Cambridge, MA, USA) as described by the manufacturer. In
brief, 3 x 103 cells were seeded in a black clear-flat-bottom 96-well microplate and
allowed to adhere overnight. After the corresponding treatments, medium was removed,
100 pL/well of 1x washing buffer was added to wash off the residual, and then 100
pL/well of the diluted DCFDA solution was added to stain for 45 min at 37°C in the
culture incubator. After removing DCFDA solution, the cells were rinsed with washing
buffer for once, then 100 puL/well washing buffer was added for microplate measurement.
The fluorescence density was measured at an excitation wavelength of 485 nm and an
emission wavelength of 535 nm by using a microplate reader (Spectramax M5, Molecular
Devices, San Jose, CA). Images were acquired in 10x magnification using a fluorescence
microscope (Keyence bz-X8000, Keyence Corp., Osaka, Japan).
Alizarin red S staining and mineral deposit quantification

The degree of mineralization of chicken MSCs was determined in a 24-well plate
using Alizarin red S staining (Adhikari, et al., 2018). In brief, cells were exposed to H>0>
in osteogenic differentiation medium for 6, 10, and 14 days. Cells were fixed with 10%
neutral buffered formalin for 1 h and then stained with 0.2% Alizarin red S (Sigma-
Aldrich, St. Louis, MO) in distilled water for 45 min at room temperature. After rinsing
with distilled water, images of cell culture plates were captured in 2x magnification using
a microscope with a camera (Keyence bz-x8000, Keyence). The mineralized nodules

were labeled as dark red spots. In order to quantify the mineral deposition, the stained
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cells were solubilized with 200 pL of 10% acetic acid per well and incubated for 30 min
with low-speed shaking on an orbital shaker (VWR). After the monolayer was loosely
attached, the cells were gently scraped from the plate and transferred to a 1.5 mL
microcentrifuge tube. The microcentrifuge tubes containing the cells were then vortexed
vigorously for 40 s and heated to 85°C for 10 min. The tubes were transferred on ice to
cool down for 5 min and then centrifuged at 20,000 g for 15 min. After that, 150 pL of
the supernatant was aliquot to a new 1.5 mL microcentrifuge tube, and the pH was
neutralized with 60 pL 10% ammonium hydroxide. After supernatant neutralization, 50
pL of each sample was loaded into an opaque-walled transparent bottom 96-well plate
and read at OD 405 nm using a microplate reader (BioTek) for Alizarin red S staining
quantification (Serguienko, et al., 2018).
Von Kossa staining

The degree of mineralization of chicken MSCs was determined in a 24-well plate
using the von Kossa staining (Chijimatsu, et al., 2017; Adhikari, et al., 2018). Cells were
exposed to H20- in osteogenic medium and stained after 6, 10, and 14 days of osteogenic
differentiation. Briefly, cell culture plates were washed three times with PBS and then
fixed with 0.1% glutaraldehyde (G5882, Sigma-Aldrich) in PBS (pH 7.0) for 15 min at
room temperature. After discarding the fixation buffer, the cells were washed three times
with distilled water and then incubated in 5% silver nitrate (Sigma-Aldrich) for 30 min.
After the silver nitrate solution was discarded, the cells were washed with distilled water
at least three times, air-dried, and exposed to bright light until black color has developed

in the areas of calcification. Images of cell culture plates were captured in 2x
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magnification using a microscope with a camera (Keyence bz-x8000, Keyence).
Mineralized nodules were observed as dark brown to black spots. The stained plates were
quantified with the area fractions using the ImageJ program (National Institutes of
Health, Bethesda, MD, USA). Three images from each well were analyzed, and the area
fraction mean from each well was used for statistical analysis.
RNA isolation, cDNA synthesis, and real-time polymerase chain reaction (qQRT-
PCR) analysis

Cellular total RNA was extracted using Qiazol reagents (Qiagen, Germantown,
MD, USA) according to the manufacturer’s instructions. Nano-Drop 1000
Spectrophotometer (ThermoFisher Scientific) was used to determine the quantity of
extracted RNA. The cDNA was synthesized from 2000 ng of total RNA using high-
capacity cDNA reverse transcription kits (Thermo Fisher Scientific). Quantitative real-
time reverse transcription polymerase chain reaction (QRT-PCR) was used to measure
MRNA expression. Primers were designed using the Primer-BLAST program
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The specificity of primers was
validated by PCR product sequencing, details of primer sequences used for the
experiment are presented in Table 4.1. Primer quality was verified through melting curve
analysis and gel electrophoresis in this study. The qRT-PCR was performed on an
Applied Biosystems StepOnePlus™ (Thermo Fisher Scientific) with iTaq™ Universal
SYBR Green Supermix (BioRad, Hercules, CA, USA) using the following conditions for
all genes: 95°C for 10 min followed 40 cycles at 95°C for 15 s, annealing temperature

(Table 4.1) for 20 s, and extending at 72°C for 1 min.
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The geometric means of hydroxymethylbilane synthase (HMBS), 18S ribosomal
RNA (18S rRNA), and actin beta (ACTB) were used as housekeeping genes for
normalization. The stability of the housekeeping genes was confirmed by their consistent
Ct values among the treatments (p > 0.1) and also assessed by statistical algorithms by
software program NormFinder (Version 0.953; https://moma.dk/normfinder-software)
(Andersen, et al., 2004; Wan, et al., 2011). Peroxisome proliferator-activated receptor
gamma (PPARG), adipose tissue fatty acid binding protein 4 (FABP4), and CCAAT
enhancer binding protein alpha (CEBPA) were used as
early markers of adipogenic differentiation, and alkaline phosphatase-biomineralization
associated (ALPL), bone gamma-carboxyglutamate protein (BGLAP), runt-related
transcription factor 2 (RUNX2), secreted phosphoprotein 1 (SPP1), collagen type | alpha 2
chain (COL1A2), bone-specific alkaline phosphatase (ALP), and bone morphogenetic
protein 2 (BMP2) were used as osteogenic marker genes in the bone marrow. Nuclear factor
kappa B subunit 1 (NFKB1) and antioxidant enzyme protein coding genes including
catalase (CAT), superoxide dismutase type 1 (SOD1), superoxide dismutase type 2 (SOD2),
glutathione peroxidase 1 (GPX1), glutathione S-transferase alpha 2 (GSTA2), and nitric
oxide synthase 2 (NOS2) were used to determine the antioxidant enzyme activity and
oxidative stress status. Pro-apoptotic marker genes, such as Caspase 3 (CASP3), Caspase
8 (CASP8), and Caspase 6 (CASP6), were used to assess the cell apoptosis. Samples were
run in triplicate, and relative gene expression data were analyzed using the 222t (Livak
and Schmittgen, 2001). The mean ACt of each marker gene from the control group was

used to calculate the AACt value, and 2722t expression mean of control group were
199



normalized to 1, and expression levels of the other treatment groups were presented as fold
changes relative to the control group.
Statistical analysis

All experimental data were expressed as means with standard errors of the means
(SEM). Data were tested for homogeneity of variances and normality of studentized
residuals. The differences between the treatment groups were analyzed by one-way
ANOVA, and the means were analyzed statistically by Tukey’s test using JMP Prol14
(SAS Institute, Cary, NC, USA). Statistical significance was set as p <0.05, and 0.05 <p
< 0.1 was also presented to show the trend toward statistical significance (Thiese, et al.,
2016; Serdar, et al., 2021).

Results

Cell viability, cell apoptosis, and intracellular ROS production with exogenous H20:
exposure

Cell viability was measured by MTT assay after H,O2 exposure (Figure 4.1).
H>0> treatment decreased the viability of chicken MSCs in a dose-dependent manner.
Chicken MSCs culture with different concentrations (50 to 800 nM) of H20: in
osteogenic differentiation medium for 6 h showed a non-cytotoxic effect (p > 0.05;
Figure 4.1A). At 24 h of treatment, 800 nM of H,O: significantly reduced the cell
viability (p < 0.05; Figure 4.1B) by approximately 70% compared with the untreated
control. After 48 h, 800 nM of H20- reduced the cell by approximately 90% compared
with the untreated control (p < 0.05; Figure 4.1 C). No statistically significant change in

cell viability was observed on treatment concentrations lower than 800 nM. Thus, the
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final treatment concentrations at 100, 200, and 400 nM of H20> were selected as the
treatment doses for the following experiments.

Intracellular ROS production after H.O2 exposure were monitored by cellular
DCFDA assay (Figure 4.2). A surge of intracellular ROS production was detected in 100,
200, and 400 nM H20»-treated chicken MSCs after 6 h (p < 0.05; Figure 4.2B), where
100 nM of H202 showed the highest up-regulated ROS response compared with the other
groups (p < 0.05; Figure 4.2B). After 12 h of H>O, exposure, 100 nM of H.O> induced a
greater fluorescent signal than 400 nM H20: (p < 0.05; Figure 4.2B). However, the
intracellular ROS signal was not significantly changed by H,O; treatment after 24 and 48
h of H.O2 exposure. Based on the current data, the effective treatment duration is 12 h
after exogenous H20- exposure. The H2O> treatment medium was set to be changed every
24 h to ensure the persistent stress effect on the cellular level by H.O; treatment. With
such a low concentration of H,O> treatment, mRNA expression of pro-apoptotic markers,
including CASP-3, CASP-6 and CASP-8, have remained unchanged in chicken MSCs
during the early differentiation stage (6 h to day 5) (p > 0.05; Figure 4.3), indicating that
the effect of H2O2 on osteogenic differentiation of MSCs was not attributed to a cytotoxic
effect which causes cell apoptosis at the early differentiation stage. However, 200 nM
H>0> significantly increased mRNA expression of CASP-8 compared to the control on
day 6 (p < 0.05; Figure 4.3), and 400 nM H2O. numerically increased expression of
CASP-8 (p < 0.05; Figure 4.3), but neither of the higher treatment doses changed the

expression of CASP-3 or CASP-6 on day 6.
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Effect of H202 on osteogenesis in chicken MSCs

Chicken MSCs were treated with various concentrations of H2O; in osteogenic
differentiation medium for 14 days, and then the cells showed a dose-depended manner
on their differentiation (Figure 4.4). In the beginning of differentiation, there was a
significant down-regulation of SPP1 (p < 0.05), and numerically decreased mRNA
expression of BMP2 (p = 0.053) was observed after 6 h of H.O> treatment. In the
following days, there were no changes in mMRNA expression of osteogenesis marker
genes (BGLAP, SPP1, BMP2, Col1A2, ALP RUNX2; p > 0.05) at 24, 48 or 72 h. After 96
h of treatment, the cells exposure to 400 nM H20> showed a significantly higher mRNA
expression of ALP (p < 0.05), BGLAP (p < 0.05) and SPP1 (p < 0.05), and 400 nM
H>0> tended to increase the expression of BMP2 (p = 0.0917) and Col1A2 (p = 0.060) but
did not affect the expression of RUNX2 (p > 0.05). After 5 days of H.O2 exposure, the
MRNA expression of BGLAP (p < 0.05), ALP (p < 0.05) and Col1A2 (p < 0.05) was
suppressed by 200 nM H20, compared with the control. In contrast, the mMRNA
expression of BGLAP was upregulated by 400 nM H20> (p < 0.05), and the expression of
ALP was numerically increased. After 6 days of daily treatment, mMRNA expression of
ALP (p <0.05), BGLAP (p < 0.05) and Col1A2 (p < 0.05) was reduced by H20-
treatments, and SPP1 showed a decreasing trend (p = 0.066). Due to unstable
housekeeping genes expression on day 10 and day 14, the mRNA expression results were
not included over those time points.

In parallel with the mRNA expression mentioned above, the inhibition of

osteogenic differentiation was characterized by a reduction in mineral accumulation in a
202



dose-dependent manner on 6 days (Figure 4.5A), 10 days (Figure 4.5B) and 14 days
(Figure 4.5C) of differentiation. The effects of H.O2 on the mineralization were
visualized using Alizarin red staining (Figure 4.5). OD value density result showed a
significant decrease in mineral deposition with higher H20- treatment concentrations,
where 400 nM of H.O: significantly reduced the OD value by 30 % compared to the
control after 6 days of H.O2 exposure (p < 0.05; Figure 4.5A). There were no statistically
significant changes after 10 and 14 days of differentiation, but smaller mineralized
crystals were observed with a higher dose of H,O> treatment, and 400 nM of H20- led a
decrease in mineralization by 20 and 40% (p > 0.05; Figure 4.5B-C).

The extracellular calcium (black crystals) content was quantified by von Kossa
staining (Figure 4.6). After 6 days of differentiation, there were smaller and less
extensive crystals and less mineralized matrix with the higher doses of H.O; treatment.
The colorimetric analysis showed a significant decrease of OD density with 400 nM
H>0> treatment (p < 0.05; Figure 4.6A). After 10 days of H.O treatment, a lower number
of mineralized nodules and smaller size of crystals were observed with higher
concentrations of H20- treatment; the optical density showed a dose-dependent manner
that 200 and 400 nM H-0O: led to a significant decrease in mineralization, and the least
mineral deposition was observed in 400 nM H>O> group (OD value; p < 0.05; Figure
4.6B). After 14 day of differentiation, 400 nM H>O: significantly suppressed

mineralization compared with the other groups (OD value; p < 0.05; Figure 4.6C).

203



Effect of H202 on adipogenesis in chicken MSCs

During differentiation, the expression of PPARG showed different patterns at
different stages of differentiation. Decreases of PPARG expression with the higher H20>
treatment doses were observed at 6 h (p < 0.05; Figure 4.7). Afterward, H>O> reduced the
expression of PPARG (p = 0.053; Figure 4.7), CEBPA (p < 0.05) and FABP4 (p < 0.05)
after 24 h of differentiation. In contrast, with prolonged treatment periods, 400 nM H20:
significantly elevated the expression of PPARG (p < 0.05) and FABP4 (p < 0.05) after 96
h of treatment. A similar expression pattern was observed after 5 days of H.O; treatment,
where 400 nM H2O: significantly increased the expression of PPARG (p < 0.05), CEBPA
(p < 0.05) and FABP4 (p < 0.05) compared with the control. After 6 days of H20>
treatment, 200 and 400 nM H.O; treatments increased the expression of PPARG (p <
0.05; Figure 4.7), and 400 nM H20- treatment drastically increased the expression of
FABP4 (p < 0.05; Figure 4.7). However, 100 nM H20> reduced expression of CEBPA (p
< 0.05; Figure 4.7) compared with the control.
Altered gene expression of antioxidant enzyme in response to extracellular H202
exposure

There was no significant change of expression in antioxidant enzyme mRNA after
6 h of differentiation, except for expression of NOS2 which showed a trend of decreasing
with higher H.O> treatment doses (p = 0.087; Figure 4.8). At 24 h of treatment, the
MRNA expression of SOD1 was decreased by the highest concentration of H>O- (400
nM) (p < 0.05; Figure 4.8). At 48 h of treatment, 100 nM H>0> augmented the expression

of CAT compared with the control. After 5 days of treatment and differentiation, 400 nM
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H20. upregulated the mRNA expression of GPX1 compared with the control (p < 0.05).
200 nM H,0z significantly increased mMRNA expression of CAT compared with 400 nM
H20; treatment group (p < 0.05). After 6 days of H.O; treatment, 400 nM H0>
significantly upregulated mRNA expression of SOD2 compared with 100 nM H20- group
(p < 0.05). There was a trend of increasing in the expression of NRF2 with 200 and 400
nM H,O; treatments (p = 0.077).
Discussion

Cell fate with the presence of oxidative stress can vary depending on the cell
types, treatment intensity, duration, dosage, and the cell differentiation status (Ryu, et al.,
2015; Denu and Hematti, 2016). Moreover, several studies have pointed out that
undifferentiated stem cells have superior antioxidant defense than differentiated cells; For
example, the undifferentiated MSCs are known to have relatively low levels of
intracellular ROS and high levels of glutathione in the human cell line (\VValle-Prieto and
Conget, 2010). Studies have shown that mouse embryonic stem cells exhibit high
antioxidant activity and stress-resistance, but several antioxidant and cellular resistance
genes were downregulated during differentiation (Saretzki, et al., 2004). Under normal
circumstances during mineralization, MSCs differentiate and their expression of
mineralization factors increases (Blair, et al., 2017). The size of mineral crystals increases
during bone mineralization, and the collagen fibers become more organized and
condensed (Blair, et al., 2017). Studies on other cell types indicated that H.O> solutions
have a significant effect on collagen production (Nashchekina, et al., 2021), as previous

studies reported the increased activities of oxidative stress was linked to decreased
205



collagen synthesis in fibroblasts (Siwik, et al., 2001), human cartilage (Altindag, et al.,
2007), and chick embryo tissue culture (Ramp, et al., 1987). Moreover, the chicken
embryo tissue culture also indicated that multiple exposures to H>O2 markedly inhibited
collagen synthesis (Ramp, et al., 1987). In this report, the exogenous H20> (100 to 400
nM) suppressed the osteoblastic mineralization of chicken compact bone-derived MSCs,
manifested by reduced osteogenic differentiation gene markers and less mineral
deposition. The decreased expression of Col1A2 after 6 days of H.O; treatment supported
the hypothesis that H.O»-induced oxidative stress can directly interrupt type 1 collagen
production. Moreover, the concentration of H20: in the present study is much lower than
the H20, doses used in humans and mice stem cell studies (Halliwell, et al., 2000; Nouri,
et al., 2019), demonstrating that chicken compact bone derived MSCs are relatively
sensitive to oxidative stress compared with cell types in chicken (chicken
cardiomyocytes: 0.2 mM H.O: (Jiang, et al., 2005; Wan, et al., 2016); chicken cardiac
cells, 0.2 to 2.0 mM H20: ; and chicken epithelial cells, 300 uM H2O: (Lin, et al.,
2016b)). Interestingly, a previous study indicated ROS production did not influence the
aging process of avian fibroblast cells (Strecker, et al., 2010). Nevertheless, by
comparing 78 free-living avian species’ blood redox state markers, relatively long-lived
bird species had high levels of antioxidants status (especially total antioxidant status and
total glutathione) and low levels of ROS (Xia and Mgller, 2018). With the rapid growth
and relatively short lifespan of broilers, it can be assumed that oxidative stress in broiler

production may occur in a great extent. Because chicken MSCs-differentiated osteoblasts
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are particularly susceptible to oxidative stress, the negative impact of oxidative stress on
bone homeostasis can be a key factor in skeleton abnormality.

MSCs can differentiate into different cell phenotype types, which are controlled
by several transcription factors, including PPARG, RUNX2 and SOX9, which regulate
adipogenesis, osteogenesis and chondrogenesis, respectively (Bi, et al., 1999; Rosen, et
al., 2002; Robert, et al., 2020). In particular, adipogenesis and osteogenesis showed a
reciprocal relationship (Takada, et al., 2007; Robert, et al., 2020); In human and mouse
primary MSCs PPARG?2 insufficiency resulted in increased osteogenesis of osteoblast
(Akune, et al., 2004; Takada, et al., 2007), whereas depletion of RUNX2 promoted
adipogenesis (Enomoto, et al., 2004). Meanwhile, ROS level in MSCs plays an essential
role in manipulating the differentiation potential (Ho, et al., 2013; Denu and Hematti,
2016). It was reported that mMRNA expression of antioxidant enzymes such as SOD, CAT,
and GPX was upregulated during adipogenesis in human MSCs (Higuchi, et al., 2013,
Ho, et al., 2013). The present study showed that prolonged exposure to H20 increased
cellular oxidative stress status and increased the expression of adipogenic differentiation
marker at the later differentiation stage was coupled with decreased mineralization. This
result is parallel with previous studies reporting that H.O, exposure altered the
differentiation potential in human and mouse MSCs or cell line (Ho, et al., 2013; Lin, et
al., 2018). Besides, by analyzing genome-wide gene expression profiling, Menssen and et
al. (Menssen, et al., 2011) reported an upregulated CASP8 level during adipogenic
differentiation in human bone marrow-derived MSCs. Therefore, the spiked expression of

CASP8 on day 6 might have been resulted from adipogenic differentiation of chicken
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MSCs, instead of apoptosis directly caused by H>O»-induced oxidative stress. Moreover,
the effect of H2O> treatment on regulating cell differentiation has been observed in
different types of cells. The sub-lethal doses of oxidative stress induced morphological
alteration (46, 48, 49). For example, prolonged H20; treatment activated NF-xB
transcriptional activity while stimulating brown adipogenesis during myogenesis in mice
satellite cells (Morozzi, et al., 2017). Therefore, at least in part, oxidative stress is a factor
for the dysfunction of bone tissue, not only by causing cell death, but also by interrupting
MSCs differentiation capacity and decreasing the osteogenic ability directly.

In the current study, several osteogenic differentiation markers were significantly
upregulated with the highest H.O> treatment dose after 4 and 5 days of treatment, and
then drastically dropped after 6 days of treatment. We made several hypotheses to explain
the up and down regulated expression patterns. Firstly, studies pointed out that the
cellular effects of ROS may differ depending on the cell differentiation stage due to the
difference between progenitor cells and mature cells (Khalid, et al., 2020). For example,
during the initial differentiation process, MSCs commit to pre-osteoblasts while actively
proliferating (Infante and Rodriguez, 2018). Over the later stage of differentiation, the
pre-osteoblasts can further mature into non-proliferating osteoblasts that start matrix
secretion, maturation, and mineralization (Infante and Rodriguez, 2018). Studies showed
that H2O> treatment could significantly enhance bone marrow MSCs proliferation and
migration ability (Rosova, et al., 2008; Pendergrass, et al., 2013). Human and mouse
studies revealed a low level of intracellular ROS and high levels of antioxidant in

undifferentiated MSCs (Hu, et al., 2018). In contrast, differentiated MSCs show a higher
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ROS grade and lower activity of antioxidative enzymes (Hu, et al., 2018). Therefore, it is
important to distinguish the multifunctional roles of ROS in pre-osteoblast differentiation
and osteoblast maturation. Secondly, we hypothesize that ROS over-production mediated
the cell cycle and caused cell prematurity. ROS is a fundamental signal in many signaling
metabolisms (Ray, et al., 2012; Shadel and Horvath, 2015). The low level of ROS
allowed reversible oxidative modifications until the ROS production overwhelms its
antioxidant capacity, which leads to severe cellular damage (Diebold and Chandel, 2016).
Redox status plays a vital role in the cell cycle, and accumulated intracellular ROS can
force MSCs to undergo cellular senescence, substantially interrupting stem cells
differentiation (Ben-Porath and Weinberg, 2004; Bonab, et al., 2006; Brandl, et al., 2011;
Ho, et al., 2013). The changed expression of GPX, CAT and SOD2 indicated the altered
oxidation-reduction status in the present study. Interestingly, SOD2 is required for
regulating mitochondrial stress and plays a vital role in osteoblastogenesis (Gao, et al.,
2018). SOD2 upregulation helped reduce mRNA over-expression of PPARG and FABP-4
in diabetic mouse models (Sen, et al., 2015). As for the current study, the increased
expression of SOD2 indicated that cells were actively suppressing adipogenic
differentiation under oxidative stress. Based on the aforementioned information, we
speculated that long-term cultured cells with higher levels of exogenous H.O> stimulated
intracellular ROS production and promoted pre-osteoblast commitment at the early
differentiation stage. However, the accumulated ROS level accelerated the cell

prematurity and cell apoptosis, decreasing mineral accrual at the later stage. However, the
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detailed molecular mechanisms of ROS on the avian cell cycle remains largely
unexplored, and more evidences are needed.

Another hypothesis is the exogenous H20> stimulated regeneration response. It is
well-established that H2O> is a ROS signaling intermediate response to tissue injury
(Sanchez-de-Diego, et al., 2019). The presence of ROS activates signaling that regulate
osteogenic differentiation of stem cells, which mediates vital pathways’ response, such as
Wnt or TGF/BMP pathways, to be involved in fracture healing and tissue repairment
(Gloire, et al., 2006; Gough and Cotter, 2011; Wang, et al., 2017; Sheppard, et al., 2022).
MSCs has the ability to migrate to the sites in response to various stimuli, including
cytokines or growth factors after tissue injury, and then MSCs can differentiate into
tissue-specific cell types at those sites to repair the damaged region (Merimi, et al., 2021).
ROS can regulate the activation of BMPs and RUNX2 pathways in MSCs during the
repair process by mediating the activity of NF-«xB signaling (Ding, et al., 2009; Mandal,
etal., 2011). Therefore, in the present study, the increased expression of bone formation
marks ALP, SPP1 and BGLAP after 5 days of differentiation possibly implied that the
high ROS level stimulated cell repair-response, which recruited MSCs to be
differentiated into osteoblasts to maintain cell population and homeostasis. However,
with the continuous oxidative stress, the MSCs committed apoptosis and ultimately
reduced the mineralization.

Oxidative stress has been associated with many bone-related diseases in humans
and mammals (Reis and Ramos, 2021). It has been reported that at least 30% of birds

showed poor locomotion during the fast growth period of broilers (Knowles, et al., 2008;
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Wideman, 2016; Kittelsen, et al., 2017; Zhang, et al., 2020), which interfered with chicken’
accessibility to feed and water, predominantly reducing the growth and causing an
economic loss in production. Generally, cultured cells have higher throughput and shorter
turnaround times than in vivo study models (Dawson, et al., 2014). The response of avian
stem cells to different stress stimuli has been widely used in the context of growth and
physiology (Ali Hassan and Li, 2021; Xu, et al., 2022). Thus, understanding of oxidative
stress in a cell model is essential for a better understanding of the bone pathogenic process
in chickens. Tibial dyschondroplasia (TD) and bacterial osteomyelitis (BCO) are two of
the most common skeletal abnormalities in the broiler industry and result in
deformed bones and lameness (Hartcher and Lum, 2019). Previous studies indicated that
BCO was initiated by mechanical micro-fracturing, then followed by bacterial colonization
and bone degradation, eventually leading to necrosis (Wideman, 2016). Mitochondrial
dysfunction and apoptosis are also involved in broiler BCO (Ferver, et al., 2021). Although
there is no direct evidence to demonstrate the link between oxidative stress and BCO
pathogenesis, in human studies, higher oxidative stress levels in response to local infection
have been reported in chronic osteomyelitis patients (Jyoti, et al., 2015; Massaccesi, et al.,
2022). The pathology of osteomyelitis is characterized by localized inflammation, bone
mineral loss and structural damage, which share similarities with broiler BCO (Grbic, et
al., 2014). Furthermore, the recent femoral necrosis pathogenicity study reported an
abnormally increased lipid metabolism and decreased bone formation in the chicken
femoral head necrosis disease model (Fan, et al., 2021). Therefore, by gathering all the

evidence above, we proposed that oxidative stress could potentially be one of the
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pathogenic co-factors involved in chicken bone necrosis. Moreover, tibial
dyschondroplasia (TD) is another common bone abnormality in fast-growing broilers,
which is characterized by tibial bone deformities with non-vascular and non-mineralized
growth plates (Mehmood, et al., 2017; Zhang, et al., 2019). It is a chondrogenesis-related
growth plate development disease highly associated with premature and apoptosis of cells
(Mehmood, 2018). There is an established relationship between tibial dyschondroplasia
and oxidative stress induced by thiram, which reduced liver antioxidation capability and
damages liver function (Li, et al., 2007). Altered systemic antioxidant activity was reported
in broilers with TD (Zhang, et al., 2018; Huang, et al., 2021). Although currently osteoblast
function has not been illustrated in details in broiler TD model, osteoblasts are responsible
for the type I collagen matrix formation surrounding the vasculature buds, and osteoblast
and osteocyte have direct association with chondrocyte maturation and hypotrophy
(Findlay and Atkins, 2014; Zhang, et al., 2020). Based on the information mentioned
above, we hypothesize that TD may be partially associated with systemic oxidative stress.
Studies reported that mycoplasma (M.) can produce H20 and superoxide radicals, which
induce oxidative stress in the respiratory epithelium and can directly affect bone
metabolism (Shimizu, 2016). Clinical signs of M. synoviae infection included joint lesions
in avian species (Osorio, et al., 2007). These results provide evidence to explain the
pathogenicity of mycoplasmas on bone integrity, supporting our current results that high
level and long-term effect of H.O> negatively regulated osteoblast cell activity.
Although many questions remain, ever-growing numbers of observations

regarding chicken bone disorders and avian bone health rapidly shape our understanding
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of various topics, such as metabolic regulation and the pathogenesis of bone disorders in
broilers (Porto, et al., 2015). The knowledge of ROS generation and antioxidant defense
systems has generated a great deal of interest due to its potential application in animal
production but remains to be profoundly explored in chicken stem cell models.
Conclusion

The ROS concentration is in a dynamic equilibrium and is modulated by cellular
processes that produce and eliminate ROS. Cellular effects of ROS may differ depending
on the cell differentiation stages. Treatment with H,O; altered cellular antioxidant
enzyme gene expression, and long-term treatment of H.O; inhibited the osteogenic
biomineralization and decreased osteogenic differentiation markers expression in chicken
MSCs. The impaired osteogenic differentiation potential is associated with a greater
potential for adipogenesis in chicken MSCs with oxidative stress, highlighting that
cellular oxidative stress caused by exogenous H202 accumulation modulate stem cell

differentiation capacity.
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Tables

Table 4.1. Nucleotide sequences of the primers used for quantitative real-time RT-

PCR.
Gene!  Primer sequence Product  Anneali Accession
(5°-3%) length ng #
(bp) tempera
ture
(°C)
18S F-AGCCTGCGGCTTAATTTGAC 121 56.5 AF 17361
rRNA R-CAACTAAGAACGGCCATGCA 2.1
HMBS F-GGCTGGGAGAATCGCATAGG 131 59 XM_00494
R-TCCTGCAGGGCAGATACCAT 7916.3
ACTB F-CAACACAGTGCTGTCTGGTGGTA 205 61 NM_20551
R-ATCGTACTCCTGCTTGCTGATCC 8.1
CEBPA F-CCTACGGCTACAGAGAGGCT 206 60 NM_00103
R-GAAATCGAAATCCCCGGCCA 1459.1
PPARG F-GAGCCCAAGTTTGAGTTTGC 131 58 XM_02515
R-TCTTCAATGGGCTTCACATTT 4400.1
FABP4 F-GCAGAAGTGGGATGGCAAAG 153 60 NM_20429
R-GTTCGCCTTCGGATCAGTCC 0.1
ALPL F-CGACCACTCACACGTCTTCA 140 60 NM_20536
R-CGATCTTATAGCCAGGGCCG 0.1
RUNX F-ACTTTGACAATAACTGTCCT 192 60 XM_01528
2 R-GACCCCTACTCTCATACTGG 5081.2
BGLA F-GGATGCTCGCAGTGCTAAAG 142 57 NM_ 20538
P R-CTCACACACCTCTCGTTGGG 7.3
SPP1 F-GCCCAACATCAGAGCGTAGA 204 57 NM_ 20453
R-ACGGGTGACCTCGTTGTTTT 54
BMP2 F-TCAGCTCAGGCCGTTGTTAG 163 57 XM 02514
R-GTCATTCCACCCCACGTCAT 8488.1
COL1A F-CTGGTGAAAGCGGTGCTGTT 222 60 NM_00107
2 R-CACCAGTGTCACCTCTCAGAC 9714.2
SOD2 F- GCCACCTACGTGAACAACCT 140 61 NM_20421
R- AGTCACGTTTGATGGCTTCC 1.2
SOD1 F-ATTACCGGCTTGTCTGATGG 173 58 NM_20506
R-CCTCCCTTTGCAGTCACATT 4.1
CAT F-ACTGCAAGGCGAAAGTGTTT 222 60 NM_00103
R-GGCTATGGATGAAGGATGGA 1215.1
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GSTA2 F- GAGTCAATTCGGTGGCTGTT 157 59 XM_04691

R- TGCTCTGCACCATCTTCATC 3335.1

NOS2 F-CCTGTACTGAAGGTGGCTATTGG 66 58 NM_20496
R-AGGCCTGTGAGAGTGTGCAA 1.2

GPX1 F-AACCAATTCGGGCACCAG 122 60 NM_00127
R-CCGTTCACCTCGCACTTCTC 7853.2

NFR2  F- GAGCCCATGGCCTTTCCTAT 210 59 XM_04690
R- CACAGAGGCCCTGACTCAAA 7885.1

CASP3 F-TGGTATTGAAGCAGACAGTGGA 103 60 XM_01527
R- 6122.2
GGAGTAGTAGCCTGGAGCAGTAGA

CASP8 F-ATTTGGCTGGCATCATCTGT 146 59 NM_20459
R-ACTGCTTCCCTGGCTTTTG 2.4

CASP6 F-AAACCTACACCAACCACCACA 196 60 NM_00139
R-TTCTGTCTGCCAAAGTCCCA 6146.1

118S rRNA:18S ribosomal RNA; HMBS: hydroxymethylbilane synthase; ACTB: actin
beta; PPARG: peroxisome proliferator-activated receptor gamma; C/EBPa.:
CCAAT/enhancer-binding protein alpha; FABP4: fatty acid binding protein 4; SPP1:
secreted phosphoprotein, osteopontin; BMP2: bone morphogenetic protein 2; BGLAP:
bone gamma-carboxyglutamic acid-containing protein (osteocalcin). RUNX2: runt-
related transcription factor 2; ALPL: alkaline phosphatase, biomineralization
associated; COL1A2: collagen type I alpha 2 chain; NFKB1: nuclear factor kappa B
subunit 1; CAT: catalase; SOD1: superoxide dismutase 1; SOD2: superoxide dismutase
2; GPX1: glutathione peroxidase 1; NOS2: nitric oxide synthase 2; NFR2: GA binding
protein transcription factor alpha subunit (GABP2); GSTAZ2: glutathione S-transferase

alpha 2; CASP3: caspase 3; CASP6: caspase 6; CASP8: caspase 8.
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Figure 4.1: Effects of H20 on the cell viability. Cells were treated with the indicated
concentrations of H20- for 6 h, 24 h and 48 h. The graphs show cellular growth changes,
as assessed by MTT assays. MTT assay showed that exposure to concentrations higher
than 400 nM of H20- can reduce cell viability, the appropriate H.O2 concentration was
screened out, and final treatment concentrations as 100 nM, 200 nM and 400 nM of H.0>
was selected as the treatments dose for the following experiments.

&b Treatments with different letters means a significantly difference between treatments
by using Tukey’s HSD test, p < 0.05, data are shown as mean + SEM of four independent

replicates (n=4).
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Figure 4.2: Effects of H2O2-induced reactive oxygen species (ROS) production in chicken

MSCs. Exponentially growing cells were treated with the indicated concentrations of
H20, for 2 h, 6 h, 12 h, 24 h and 48 h. ROS levels in MSCs were measured using a
DCFDA/H2DCFDA cellular ROS assay kit. (A) Quantitative analysis was performed by

measuring fluorescence intensity. Each value represents the mean £ SEM of three
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independent replicates (n = 3). & 25 ¢ Treatments with different letters means a
significantly difference between treatments by using Tukey’s HSD test, p < 0.05. (B)

Figures were selected as representative image from DCFDA/H,DCFDA cellular ROS

assay.
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Figure 4.3: Effects of H20. on mRNA expression of apoptosis markers in chicken MSCs.
Differentiation cells were treated with the indicated concentrations of H20O, for 6h, 24 h,
48 h, 72 h, 96 h, 5 days and 6 days. Each value represents the mean + SEM of three
independent experiments (n = 3). ¢ Treatments with different letters means a

significantly difference between treatments by using Tukey’s HSD test, p < 0.05.
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Figure 4.4: Effects of H2O, on mRNA expression of osteogenic differentiation markers in
chicken MSCs. Cells were treated with the indicated concentrations of H20: in
differentiation medium for 6 h, 24 h, 48 h, 72 h, 96 h, 5 days and 6 days. Each value
represents the mean £ SEM of three independent experiments (n = 3).

a.ab.b, ¢ Tregtments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, p < 0.05.
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Figure 4.5. Alizarin red S staining for mineralization on day 6 (A), day 10 (B) and day 14
(C). Images were randomly acquired in 2x magnification. The calcified nodules appeared
bright red in color. Mineral deposit quantification was conducted, each value represents
the mean + SEM of three independent experiments (n = 3).

a3, b Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, p < 0.05.
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Figure 4.6: Von kossa staining for mineralization on day 6 (A), day 10 (B) and day 14
(C). Images were randomly acquired in 2x magnification and 4 images per well were
analyzed. Black indicative of phosphate and calcium deposition. ImageJ analysis
quantified percent area fraction for each treatment based on three independently sampled
experiments of each species each value represents the mean £ SEM of three independent
experiments (n = 3). *° Treatments with different letters means a significantly difference

between treatments by using Tukey’s HSD test, p < 0.05.
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Figure 4.7: Effects of H2O. on mRNA expression of adipogenic differentiation markers

in chicken MSCs. Cells were treated with the indicated concentrations of H.O for 6 h, 24
h, 48 h, 72 h, 96 h, 5 days and 6 days. Each value represents the mean + SEM of three
independent experiments (n = 3). % Treatments with different letters means a

significantly difference between treatments by using Tukey’s HSD test, p < 0.05.
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Figure 4.8: Effects of H2O. on mRNA expression of antioxidant enzymes in chicken
MSCs. Cells were treated with the indicated concentrations of H20 for 6 h, 24 h, 48 h,
72 h, 96 h, 5 days and 6 days. Each value represents the mean + SEM of three
independent experiments (n = 3). %P Treatments with different letters means a

significantly difference between treatments by using Tukey’s HSD test, p < 0.05.
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EFFECT OF HYDROGEN OXIDE-INDUCED OXIDATIVE STRESS ON BONE

FORMATION AT THE EARLY EMBRYONIC DEVELOPMENT STAGE *
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Abstract

Modern poultry production systems expose chicken embryos to many stressors
that may result in oxidative stress. The current study aimed to monitor the impact of
H>0»-induced oxidative stress on avian bone formation at the early embryonic
development stage. Fertilized Cobb broiler eggs were divided into 5 treatment groups
micro-injected with different concentrations of H.O> (PBS (0 nM) control, 10 nM, 30
nM, 100 nM and 300 nM) at embryonic day 3, followed by continued incubation.
Embryos were collected at 6 h, 24h, 48 h, and 72h post-injection. The mRNA expression
levels were determined for three groups of genes, including apoptotic markers,
antioxidant enzymes, and early bone formation gene markers were measured. Results
showed that the injection of H2O- altered the mMRNA expression pattern of the
antioxidant enzyme during early embryogenesis; the increased expression of iNOS by 10
nM H2O treatment was observed at 6 h and 72 h. The changed expression of SOD1 at 48
h, as well as a trend of changed expression of GPX1 at 6h, 48 h and 72h was also
observed with 10 nM H.0. treatment. H20: injection suppressed the expression of bone
formation gene markers with chronic effects. The short bone length was observed in high
H>0> treatment groups at 72 h post-injection. Decreased mMRNA expression levels of

Col1A2 and Col2A1 were observed at 6 h and 24 h post-injection.

Keyword: bone health, oxidative stress, chicken embryo, ROS, bone formation
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Introduction

The intensive system of poultry production places the broiler under many
stressors and results in exposure to oxidative stress, which is typically defined as an
excess of reactive oxygen species (ROS) compared to the ability of a biological system to
neutralize them (Mishra and Jha, 2019). A relatively low level of ROS is essential to
maintain or initial biological and physiological function, but excess ROS or long-term
ROS exposure is harmful, leading to DNA damage, protein denaturation, and lipid
peroxidation (Covarrubias, et al., 2008; Dennery, 2010). The avian embryo develops in a
closed system using the nutrients available within the egg before hatching. However,
excessive ROS generated in tissues will deplete the antioxidant level and cause
embryonic oxidative stress (PF, 2002). Oxidative stress has been associated with
impaired early embryonic death, malformations, and post-hatch growth retardation in
avian species and mammals (Dennery, 2007; Haussmann, et al., 2012). Conversely,
maternal dietary supplementation antioxidants may partially alleviate the deleterious
impact of oxidative stress in chicks (Ebeid, et al., 2017; Yang, et al., 2021). Egg quality
and management are essential to limit the oxidative stress in the embryo because stress
factors such as maternal exposure to environmental contamination (Moghaddam, et al.,
2015), maternal diet quality (Gou, et al., 2021), and poor husbandry, including pro-long
egg storage time or temperature stress can significantly reduce hatchability and chick
quality by impairing antioxidant capacity (Tona, et al., 2003; Reijrink, et al., 2009;
Haussmann, et al., 2012; Ebeid, et al., 2017; Saleh, et al., 2020). As such, there has been

a growing interest in oxidative stress in chicken production in recent years. The role of
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oxidative stress in fetal growth and fetal programming via epigenetic mechanisms are
well studied and discussed in other species (Dennery, 2004; Dennery, 2010; Thompson
and Al-Hasan, 2012). In mammals, fetal growth is sensitive to oxidative stress because of
its low antioxidant capacity (Dennery, 2010); fetal oxidative stress compromises fetal
growth and impaired fetal skeletal formation (Prater, et al., 2008). Oxidative stress has
been widely accepted as a mediator of pathogenesis in human bone diseases, with the
increased level of ROS in osteoblasts being a hallmark element in the pathophysiology of
bone loss (Domazetovic, et al., 2017). Due to artificial selection, an exchange of rapid
muscle accretion at the expense of skeletal health has appeared in broiler chickens over
the past few decades (Hartcher and Lum, 2019; Rath and Durairaj, 2022). A number of
studies have investigated the drivers of variation in oxidative stress and the oxidative
machinery during a later stage of embryonic development (Heidinger, et al., 2012), and
several methods were used to induce avian embryonic oxidative stress, such as maternal
manipulation and amniotic sac injection (Korhonen, et al., 1984; Korn and Cramer, 2007;
Jadhav* and Kengar, 2016; Paradowska, et al., 2022). Evidently, bone stems cells
proliferation and differentiation of this stem niche is often pre-programmed at early
stages and have significant impact on the future skeletal homeostasis (Newton, et al.,
2019). However, the knowledge of oxidative stress on avian early embryonic bone
development is limited. Thus, the current study aimed to present direct evidence between
embryonic ROS and developmental retardation of the developing chicken embryo. The

expression patterns of several sets of genes in osteogenesis, chondrogenesis, apoptosis,
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and antioxidant enzyme expression from embryonic day 3 (ED3) to embryonic day 7
(ED7) were assessed.
Material and Method

Ethics Statement

All experiments followed the guidelines of the Institutional Animal Care and Use
Committee and was conducted at research center of Department of Poultry Science,
University of Georgia, Athens, GA.
H202 microinjection

The injection protocol was adapted from previous publications (Ben-Yair and
Kalcheim, 2010; Chen, et al., 2021). Cobb500 fertilized eggs (Cleveland, GA, United
States) were set on their long axis in the bench incubator (GQF 1502, Savannah, GA,
United States) without egg turning at 38°C and 50% relative humidity. At 72h of
incubation (E 3), eggs were sanitized with 70% ethanol and 1.5mL albumen was removed
by piercing the prolate end with an 18g needle, followed by sealing with hot glue to avoid
contamination and dehydration. An observation window was carefully drilled in the
eggshell at apex of the long axis, and eggs were placed under a stereo microscope for
microinjection (Olympus, PA, United States). The treatment H.O2 was diluted into the
proper concentrations, and heat-pulled capillary micropipettes were loaded with H2O> or
PBS, and mounted onto an aspirator. The range of treatment concentration of H>.O> was
selected based on our previous in vitro study, and the embryo mortality rate was
evaluated at 24 h post-injection. Dorsal aorta was pierced using the tip of micropipettes

(illustrate as Figure 5.1). The same volume of treatment solutions was injected into each
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sample (10 pumps for each sample), the final concentration of treatment was set as 0 nM
(PBS), 10 nM, 30 nM, 100 nM and 300 nM H202 (30% (w/w) solution, Sigma-Aldrich,
St. Louis, MO, USA). Following injections, 100 uL 1x antibiotics (antibiotic antimycotic
solution, 100x stock contains with 10,000 units penicillin, 10 mg streptomycin and 25 pg
amphotericin B /mL; Sigma-Aldrich) was added. Glass coverslips (24 x 55 mm;
ThermoFisher Scientific, Waltham, MA, USA) were used to seal the observation
windows, the treated embryos are returned to incubator without turning. 16 eggs per
treatment were injected at each time point, and heartbeat rate and embryo mortality after
microinjection were monitored prior to collection to ensure viability (16 eggs x 5
treatments x 4 time points, 320 chicken embryos in total). Eight live embryos tissue with
normal heartbeats rate were collected at each time point. Whole embryos were harvested
at 6 h, 24 h, 48 h and 72 h post-injection. Samples for mMRNA expression were stored at -
80°C until analysis. Samples for embryo length measurement were fixing in 70% ethanol,
and the length of the embryos was measured with a digital caliper (H-7352, ULINE,
Pleasant Prairie, WI, USA).
Lipid Peroxidation and Antioxidant Status Assay

The level of embryo tissue lipid peroxidation was determined by using
QuantiChrom TBARS Assay Kit (BioAssay Systems, Hayward, CA, USA). Embryo
tissue samples were collected at 72 h post-injection, snap-frozen in liquid nitrogen, and
then kept at -80°C. Samples were homogenized, 50 uL tissue were used and centrifuged
in the assay buffer, and all assay procedures were performed according to the

manufacturer’s protocols. The protein concentration was measured by protein
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quantification assay (Pierce BCA Protein Assay Kit, ThermoFisher Scientific) following
manufacture instructions.
RNA Isolation, cDNA Synthesis, and Real-Time Polymerase Chain Reaction (QRT-
PCR) Analysis

Embryo samples were homogenized, and 50 uL of samples were used for RNA
isolation. Embryonic total RNA was extracted by using Qiazol reagents (Qiagen,
Germantown, MD, USA) according to the manufacturer’s instructions. Nano-Drop 1000
Spectrophotometer (ThermoFisher Scientific) was used to determine the quantity of
extracted RNA. The cDNA was synthesized from total RNA (2000 ng) using high-
capacity cDNA reverse transcription kits (Applied Biosystems, Foster City, CA, USA).
Real-time quantitative polymerase chain reaction (RT-gPCR) was used to measure
relative expression of specific transcripts. Primers were designed using the Primer-
BLAST program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer specificity
was validated by PCR products were size-verified by gel electrophoresis and melting
curve analysis. Details of primer sequences used for the experiment are presented in
Table 5.1. RT-gPCR was performed on an Applied Biosystems StepOnePlus™
(ThermoFisher Scientific) with iTag™ Universal SYBR Green Supermix (BioRad,
Hercules, CA, USA) using the following conditions for all genes: 95°C for 10 minutes
followed 40 cycles at 95°C for 15 seconds, annealing temperature (Table 5.1) for 20
seconds, and extending at 72°C for one minute. The geometric mean of housekeeping
genes including hydroxymethylbilane synthase (HMBS), glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) and actin beta (ACTB) was used for normalization. The
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stability of the housekeeping genes was confirmed by their consistent Ct values among
the treatments (p > 0.1). Samples were run in duplicate, and relative gene expression data
were analyzed using the 224t, The mean ACt of each marker gene from the control
group was used to calculate the AACt value, and 2724t expression levels were normalized
to 1 for the control group, and expression levels of the other treatment groups were
presented as fold change relative to the control group.
Statistical analysis

All experimental data were expressed as mean with standard deviation (SD). Data
were tested for homogeneity of variances. All gene expression data were analyzed by
one-way ANOVA followed by Dunnett's test, and the embryonic survival rate means
were submitted to two-way ANOVA by JMP Prol4 (SAS Institute, Cary, NC, USA), and
the main effects and their interactions were considered. Statistical significance was set
at P <0.05, and 0.05 <P < 0.1 were also presented to show the trend toward statistical
significance (Thiese, et al., 2016; Serdar, et al., 2021). Pairwise correlations (JMP Prol4)
were evaluated for expression of all antioxidant enzyme coding genes and bone formation
genes.

Results

Embryonic survival rate after microinjection varies from 100% to 60% within
72 h post-injection (Figure 5.2) but was not a function of dosage. At 6 h post-injection,
no embryonic mortality was observed in each group. At 24 h post-injection, the survival
rate of injected embryos decreased by around 10% compared with PBS injected control.

At 48 h post-injection, individuals injected with 300 nM showed 30% lower survival
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rates than 10 nM. At 72 h post-injection, individuals injected with 1200 nM showed lower
survival rates than PBS-injected control. By comparing all the treatment groups at
different time points, the results showed that the mortality rate was not in a dose-depend
manner (P = 0.226), but incubation period has a significant impact on the survival rate (P
=0.003). There is no interaction between treatment dosage and incubation time (P =
0.878). Together, these data suggest that H>O2 was not a significant contributor of
mortality. Supporting this, lipid peroxidation results shown the level of malonaldehyde
(MDA\) in the embryo did not change by H20> treatment (P = 0.711; Figure 5.3); H20>
did not cause embryonic tissue lipid peroxidation after 72 h post-injections. This result
showed the dose of H2O> below levels where embryonic lipid peroxidation occurred at 72
h. Together, the concentrations of H.O> used in the present study were safely below
levels where any embryotoxicity occurs.

A decreased embryo length was observed in 100 nM and 300 nM H20- groups
compared to the PBS-injected control (P < 0.05; Figure 5.4A and B). At 6 h post-
injection, 10 nM H2O: significantly increased the expression of iNOS compared with
PBS-injected control (P < 0.05; Figure 5.5B), and H,O> tended to alter the mRNA
expression of GPX1 among treatments (P = 0.080; Figure 5.5B). In addition,10 nM and
30 nM H20; significantly decreased the expression of BCL2 compared with PBS-injected
control (P < 0.05; Figure 5.5A). Meanwhile, a significantly decreased expression of
COL1A2 was observed in all H,O> treatment groups compared with the control (P < 0.05;

Figure 5.5C). For correlation analysis, BMP2 was positively correlated with the
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expression of iNOS (P < 0.001, R?=0.197). BAGLAP was positively correlated with the
expression of iNOS (P < 0.001, R?=0.366).

At 24 h post-injection, the expression of BCL2, an anti-apoptosis regular, was
significantly upregulated by 300 nM H2O: injection compared to the control (P < 0.01,
Figure 5.6A). Results for mMRNA expression of bone/ chondrocyte formation markers
indicated a general decrease in expression levels with a higher concentration of H.O>
injection. Moreover, the 30 nM and 300 nM HO: significantly decreased embryonic
MRNA levels of SPP1 (P < 0.05; Figure 5.6C). The 30 nM, 100 nM and 300 nM groups
had lower level of COL1A2 compared to control (P < 0.05; Figure 5.6C). The expression
of chondrocyte collagen COL2A1 was inhibited by 10 nM and 30 nM H2O, compared to
PBS injected control (P < 0.05; Figure 5.6C). In contrast, injection of 300 nM H20>
produced a significantly higher mRNA level of OPG compared with control (P < 0.05;
Figure 5.6C), and the expression of SOX9 showed a trend of increasing with higher doses
of H20O; treatment (P = 0.054; Figure 5.6C). But H20- treatment did not change the
MRNA expression of ALP, BGLAP, BMP2 or RUNX2 at 24 h post-injection. For
correlation analysis, RUNX2 was positively correlated with the expression of SOD1 (P <
0.001, R?=0.253), and BMP2 was positively correlated with the expression of SOD1 (P
=0.002, R?=0.218) and NOS2 (P = 0.002, R? = 0.106).

At 48 h post-injection, 300 nM H.O: caused a significant increase in the
expression of CASP3, an apoptotic marker gene, as compared to controls (P < 0.05;
Figure 5.7A). The 30 nM H20- treatment significantly increased the expression of SOD1

compared to the control (P < 0.05; Figure 5.7B); A trend of increasing in expression of
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GPX1 was observed in low H20; treatments (P = 0.065; Figure 5.7B). H.O> has an
inhibitory effect on the embryonic bone formation. Expression of RUNX2 was
significantly decreased in the groups treated with H20> (10, 30, 100 and 300 nM) as
compared to the PBS-injected control group (P < 0.05; Figure 5.7C), where expression of
BMP2 was significantly decreased in the groups treated with 10, 30 and 100nM H20; as
compared to the control group (p < 0.05; Figure 5.7C). The mRNA expression of OPG
was significantly increased by 300 nM H20 injection compared to the PBS injected
control (P < 0.05; Figure 5.7C). The mRNA expression of BGLAP were significantly
decreased by 30, 100, and 300 nM of H202 (P < 0.05; Figure 5.7C), whereas H20:
treatment did not change mMRNA expression of SPP1, COL2A1, COL1A2 and SOX9 (P >
0.05). For correlation analysis, RUNX2 was positively correlated with the expression of
iNOS (P < 0.001, R?= 0.529; Figure 5.7D), and BMP2 was positively correlated with the
expression of iNOS (P = 0.013, R2=0.200; Figure 5.7D). COL2A1 was positively
correlated with the expression of iNOS (P =0.018, R? = 0.186; Figure 5.7D), and SOX9
was positively correlated with iNOS (P = 0.003, R? = 0.272; Figure 5.7D). However,
COL1A2 was negatively correlated with expression of CAT (P = 0.020, R? = 0.202;
Figure 5.7D).

At 72 h of post-injection and the lethality rates were up to near 35%, but the
mortality rate was not in a dose-depend manner. Besides, there were no significant
changes in the expression of apoptosis-related marker genes among the treatments
(CASP3, CASP9 and BCL2; Figure 5.8A). Results showed a trend of increase in the

expression of CAT (P = 0.065; Figure 5.8B) and GPX1 (P = 0.062; Figure 5.8B) with
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lower doses of H2O; treatment. In addition, 10 nM and 100 nM of H,O: significantly
increased the expression of COL1A2 compared with the control (P < 0.05; Figure 5.8C).
The highest dose of H>0, (300nM) suppressed the expression of SPP1, ALP, RUNX2 and
BMP2 compared to the control (P < 0.05; Figure 5.8C). Moreover, BGLAP showed a
trend of decreasing with higher H2O. treatments (P = 0.053; Figure 5.8C). There was no
difference in the expression of OPG, COL2A1 and SOX9 (P > 0.05). For correlation
analysis, RUNX2 was positively correlated with the expression of iNOS (P = 0.008, R? =
0.233) and GPX (P = 0.023, R?= 0.189). COL2A1 was positively correlated with the
expression of SOD1 (P = 0.046, R? = 0.140), and SOX9 was positively correlated with
GPX1 (P =0.003, R?=0.292).
Discussion

Based on the current data, we conclude that the injection of H,O; altered the
MRNA expression pattern of antioxidant enzyme during the early embryogenesis (ED 3
to ED 7). H202 induced oxidative stress suppressed bone formation gene marker
expression with chronic effects. Oxidative stress negatively affects a number of
performance parameters, such as feed consumption, egg production, and the meat quality
of broilers (Mishra and Jha, 2019). In addition, the dwindling mineral content and
changed physiologic characteristics of broilers bone during periods of oxidative stress
have been reported in in vivo studies (Tompkins, et al., 2022). The chick embryo can
serve as an excellent in vivo model for investigating the correlation between H>O»-
induced oxidative stress and bone deformation because it allows measurable parameters

in bone formation to be evaluated during early embryonic development. In order to
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further understand the possible link between oxidative stress and bone homeostasis, the
embryonic study was carried out in the current study. H>O- is an active oxidizing reagent
that can react with protein and lipids in embryos. While there are several potential
delivery routes, such as air cell, amniotic sac, yolk sac or directly into the chicken
embryos (Paradowska, et al., 2022), the direct injection to circulatory system via dorsal
aorta ensures delivery to the embryo and provides immediate impact on the measurable
gene expression (Jassim, et al., 1996; Surai, et al., 2016). Besides, dorsal aorta is a
morphogenetic signaling center that initiates a molecular cascade of bone formation and
secreted bone morphogenetic proteins (BMPSs) during early embryonic development
(Tzahor, et al., 2003; Sato, 2013). With the current injection method, H.O2-induced
oxidative stress had a great chance of directly mediating key proteins for bone formation
at the early embryonic development stage, and as the result presented, a suppressed
collagen synthesis was observed under H202-induced oxidative stress. The pitfall of this
injection method was associated with egg turn limitation after injection. ED 3 to ED 7 is
a critical period for egg-turning in artificial chicken egg incubation (Deeming, 2009).
Lack of egg-turning is detrimental to hatchability and embryo growth. But in the current
study, in order to monitor the embryo viability through the shell window, the eggs had
not been turning. It possibly caused the low embryo viability rate at 72 h of the
incubation study period.

In the present study, the expression level of antioxidant enzymes genes was
altered by low concentrations of H2O- treatment. More specifically, the increased

expression of INOS by 10 nM H2O: treatment was observed at 6 h and 72 h. The changed
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expression of SOD1 at 48 h as well as a trend of changed expression of GPX1 at 6h, 48 h
and 72h were also observed. The changed expression of the antioxidant enzyme genes
showed the stimulation of the antioxidant defense system in the embryos. Antioxidant
defense systems elaborately protect the embryo against lipid peroxidation derived from
undesirable conditions (Yang, et al., 2021), and antioxidant content and antioxidant
enzyme activity are positively correlated to the embryonic growth rate (Mousseau, 1998;
Deeming and Pike, 2013; Parolini, et al., 2018). When the oxidative stress level is
relatively low at a nontoxic level, the negative impact of H20: is reversible, and the
alternation of oxidation reduction (redox) status can induce changes in mRNA expression
of antioxidant enzymes, including superoxide dismutase, catalase, and peroxidases to
regulate ROS level (Pomari, et al., 2014; Dell'Orco, et al., 2016). Although the changed
expression of the antioxidant enzyme gene was not dose-dependent, we hypothesize that
different treatment concentrations might have interacted with varying pathways of
regulation and activated various defense metabolisms.

In current study, the expression of several osteogenesis marker genes was used to
assess skeletal growth patterning under oxidative stress during the early embryonic
development. Although chondrogenesis and osteogenesis are considered to be two
separate processes during endochondral bone formation, chondrogenesis and
osteogenesis processes closely share the signing pathway and co-regulator embryonic
chondrogenesis and osteogenesis, thus two processes can be considered as a continuous
developmental process (Jing, et al., 2017). In the early embryonic development stages,

chondrogenesis is considered to be the earliest phase of bone formation and skeletal
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development (Yoshino, et al., 2016). The avian embryonic skeletogenesis was modulated
by signaling pathways including Shh, BMPs and FGF (Bruderer, et al., 2014; Pines and
Reshef, 2015). Key regulators such as Runt-related transcription factor 2 (RUNX2) and
BMPs are excellent transcriptional biomarkers to detect signaling changes in
chondrification and osteogenesis during embryonic growth (Montero, et al., 2017; Chen,
et al., 2021). RUNX2 and BMP are required for the expression of osteoblast and
chondrocyte phenotype hallmarks, such as bone gamma-carboxyglutamate protein
(BGLAP), secreted phosphoprotein 1 (SPP1, osteopontin), collagen type | alpha 2 chain
(COL1A2), SRY-box transcription factor 9 (SOX9), and collagen type II alpha 1 chain
(COL2A1). These markers are widely accepted biomarkers of new bone formation and
growth (Javed, et al., 2010). We have observed a clear inhibitory function of H20: in
osteogenesis after 72 h post-injection. At 6 h of post-injection, mMRNA of Col1A2 was
suppressed by H>O: injection; Decreased mMRNA expression levels of Col1A2 and
Col2A1 were observed at 24 h post-injection. It is well known that collagen fibers are
crucial in primary mineralization process and bone strength (Garnero, 2012). The
synthesis of collagen is regulated at the transcriptional and posttranslational levels
(Karna, et al., 2020). Previous studies have detected a drastic increased level of COL1A1
and COL2A1 collagens RNA expression between ED 5 and ED 10 days of chick embryos
(Merlino, et al., 1983). ROS suppresses collagen expression and stimulates collagen
degradation (Laurent, 1987; Siwik, et al., 2001). Inhibited collagen production after
oxidative stress exposure have been reported in various cell types, including muscle and

cardiac fibroblasts (Merlino, et al., 1983; Siwik, et al., 2001). Therefore, we hypothesized
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that the effects of oxidative stress at early development will initially inhibit collagen
production, and the changes in collagen will interrupt bone formation and embryo
development. Moreover, the expression profile of collagen types is essential to bone
health, and changed expression patterns of collagen types have been associated with bone
disorder in chickens. For example, chondrocytes derived from dyschondroplasic growth
plates exhibited reduced type X collagen and increased type | collagen (Wardale and
Duance, 1996). With the information above, it can be explained that increased expression
of type I collagen at 72 h post-injection possibly signified chondrocyte dedifferentiation,
and the altered expression profile of collagen types is closely associated with oxidative
stress during embryonic development stages.

Several studies showed bone morphogenetic protein (BMP) is significant for
skeletogenesis by mediating chondrogenic differentiation and osteogenic differentiation
(Bandyopadhyay, et al., 2006; Yoshino, et al., 2016; Jing, et al., 2017). RUNX2 is a
downstream target of BMPs, and both proteins are essential in inducing bone formation
and osteoblast differentiation (Gaur, et al., 2005; Bruderer, et al., 2014). RUNX2
functions as the master regulatory factor that regulates osteoblast progenitors’
proliferation, the commitment of stem cells to osteoblast lineage cells, and the expression
of bone matrix protein genes (Komori, 2019). RUNX2 also mediates chondrocyte
hypertrophy, contributing to longitudinal bone growth (Barreto and Wilsman, 1994; Li
and Dong, 2016; Yoshino, et al., 2016). Notably, there was a relatively high correlation
between the expression of iINOS with RUNX2 and BMP2 at 48 h post-injection (R? =

0.529) in the present study. iNOS activity and NO production have been implicated in
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bone development and homeostasis (Amin and Abramson, 1998; An, et al., 2020).
However, the function of NO on stem cell differentiation capacity stays controversial. For
example, the studies with mice bone cell lines reported that cytokine-induced NO
production inhibited osteoblast differentiation in vitro (Armour, et al., 2001; An, et al.,
2020), whereas other studies demonstrated NO stimulated bone marrow-derived
mesenchymal stem cells (MSCs) go through osteogenic differentiation (Ocarino, et al.,
2008). NO also showed detrimental effects on chondrocyte function by inhibiting
collagen synthesis and enhancing apoptosis (Amin and Abramson, 1998). Even though
the possible role of iINOS activity in the current experiment remains unknown, but the
result indicated that the decreased collagen mMRNA level and decreased bone formation
gene markers might involve a complex crosstalk between the presence of H,O2 and NO
production. However, more evidences are needed.

Various factors in poultry production, including maternal nutrition and animal
husbandry, are associated with oxidative stress in offspring. Oxidative stress can be an
important factor that determines chick quality by the impact on bone growth during early
development. Because animals metabolically produce different reactive oxygen species
(ROS), effective antioxidant components, including vitamins A, C, and E, glutathione,
and antioxidant enzymes, are essential in protecting the organism against damage caused
by ROS. In avian species, the embryo develops within the confines of the closed egg. The
egg contents, such as yolk lipid profile, aloumin, hormone level, and antioxidant level,
provide the nourishment required for healthy embryonic development and protection

(Zhang, et al., 2013; Corino and Rossi, 2021). Avian embryos undergo rapid
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development over a relatively short period of time and consequently experience high
metabolic rates as well as high production rates of ROS (Watson, et al., 2018). Whether
or not an increased oxidative challenge causes oxidative damage to the developing
embryo is likely to depend on the capacity of yolk-derived antioxidants to buffer
developing tissues (Surai, 2002). The antioxidant utilization during embryonic
development or fertilized egg storage can result in antioxidant depletion, which causes
oxidative stress. For example, a previous study showed a long egg storage time of eggs
resulted in upregulated expression of pro-apoptotic gene and down-regulated expression
of antioxidative gene in embryos compared with a short storage time group (Bakst, et al.,
2016). Furthermore, it has been reported that antioxidants such as vitamin E in newly
hatched chicks were dramatically depleted during the first few days (Surai, 2000; Surai,
et al., 2016). Excessed ROS production results in oxidative damage to alter the cell fate
decisions that can lead to structural and functional changes in developing animals during
embryonic development (Mishra and Jha, 2019). Furthermore, oxidative stress during the
chicken early development can deplete leftover nutrient in the egg and put the early post-
hatch development in a disadvantage. Thus, maternal antioxidant supplementation could
benefit offspring by improving oxidative stress defense and protecting the tissues of the
progeny from oxidative injury (Li, et al., 2020). Embryo-skeletal growth is vital for
chicks to break through the eggshell for successfully hatch. Poor embryonic bone quality
will waste more energy in the process of hatching and is associated with lower
hatchability (van der Pol, et al., 2014). The current study has provided direct evidence of

the niche between oxidative stress and early embryonic bone development. We further
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propose that maternal antioxidant supplementation has the potential to protect bone
homeostasis from potential oxidative stress damage and eventually contribute to bone

structural and metabolic integrity during embryonic development.
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Tables

Table 5.1. Nucleotide sequences of the primers used for quantitative real-time RT-

PCR.
Genel  Primer sequence Product  Annea Accession
(5°-3%) length ling #
(bp) temper
ature
(°C)
GAPD F-GCTAAGGCTGTGGGGAAAGT 161 55 NM_20430
H R-TCAGCAGCAGCCTTCACTAC 51
HMBS F- GGCTGGGAGAATCGCATAGG 131 59 XM_00494
R- TCCTGCAGGGCAGATACCAT 7916.3
ACTB F-CAACACAGTGCTGTCTGGTGGTA 205 61 NM_20551
R-ATCGTACTCCTGCTTGCTGATCC 8.1
ALPL  F-CGACCACTCACACGTCTTCA 140 60 NM_20536
R-CGATCTTATAGCCAGGGCCG 0.1
RUNX F-ACTTTGACAATAACTGTCCT 192 60 XM_01528
2 R-GACCCCTACTCTCATACTGG 5081.2
BGLA F-GGATGCTCGCAGTGCTAAAG 142 57 NM_20538
P R-CTCACACACCTCTCGTTGGG 7.3
SPP1 F-GCCCAACATCAGAGCGTAGA 204 57 NM_20453
R-ACGGGTGACCTCGTTGTTTT 5.4
BMP2 F-TCAGCTCAGGCCGTTGTTAG 163 57 XM 02514
R-GTCATTCCACCCCACGTCAT 8488.1
OPG F-ACGCTTGTGCTCTTGGACAT 193 60 NM_00103
R-CAGCGTAGTACTGGTCTGGG 3641.1
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COL1
A2
COL2
Al
SOX9

SOD1

CAT

NOS2

GPX1

CASP3

CASP9

BCL2

F- CTGGTGAAAGCGGTGCTGTT
R-CACCAGTGTCACCTCTCAGAC
F- GGACCAGCAAGACGAAAGAC
R-TGTAGGCGATGCTGTTCTTG
F-AGGAAGCTGGCTGACCAGTA
R-CGTTCTTCACCGACTTCCTC
F-ATTACCGGCTTGTCTGATGG
R-CCTCCCTTTGCAGTCACATT

F-ACTGCAAGGCGAAAGTGTTT
R-GGCTATGGATGAAGGATGGA
F-CCTGTACTGAAGGTGGCTATTGG
R-AGGCCTGTGAGAGTGTGCAA
F-AACCAATTCGGGCACCAG
R-CCGTTCACCTCGCACTTCTC
F-TGGTATTGAAGCAGACAGTGGA
R-
GGAGTAGTAGCCTGGAGCAGTAGA
F-ATTCCTTTCCAGGCTCCATC

R- CACTCACCTTGTCCCTCCAG
F-GAGTTCGGCGGCGTGATGTG

R-
TTCAGGTACTCGGTCATCCAGGTG

222

189

193

173

222

122

103

130

92

60

59

61

58

60

58

60

60

60

63

NM_00107
9714.2
NM_20442
6.2
XM_04692
9245.1
NM_20506
4.1

NM_00103
1215.1
NM_20496
1.2
NM_00127
7853.2
XM_01527
6122.2

XM_04693
1415.1
XM_04691
0476.1

1 GAPDH: glyceraldehyde-3-phosphate dehydrogenase; HMBS: hydroxymethylbilane

synthase; ACTB: actin beta; OPG: TNFRSF11B, TNF receptor superfamily member

11b; IL1B: interleukin 1 beta; SPP1: secreted phosphoprotein, osteopontin; BMP2:
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bone morphogenetic protein 2; BGLAP: bone gamma-carboxyglutamic acid-containing
protein (osteocalcin). RUNX2: runt-related transcription factor 2; ALPL: alkaline
phosphatase, biomineralization associated; COL1A2: collagen type | alpha 2 chain;
COL2AT: collagen type II alpha 1 chain; SOX9: SRY-box transcription factor 9; CAT:
catalase; SOD: superoxide dismutase; GPX1: glutathione peroxidase 1; NOS2: nitric
oxide synthase 2; CASP3: caspase 3, apoptosis-related cysteine protease; CASP9:
caspase 9, apoptosis-related cysteine protease; BCL2: anti-apoptotic gene B-cell

lymphoma 2
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Figures

Figure 5.1: Illustration of microinjection method on chicken embryos at embryo day 3
(ED3). The dorsal aorta was pierced using the tip of micropipettes, and sample volume of
hydrogen peroxide (H20>) treatment solutions were injected into Cobb500 embryos.
Glass coverslips (24 X 55 mm) were used to seal the observation windows, the treated

embryos are returned to incubator without turning.
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Figure 5.2. Embryo viability rate in the presence of different H,O> concentrations at 6h,
24h, 48h and 72h post-injection. H.O> treatment has no effect on mortality rate (P > 0.05;
N = 16). Viability data from all the time points were pooled together for statistical

analysis. Treatments were compared with the control using Dunnett’s test.
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Figure 5.3. The effects of H.O> on the lipid peroxidation (MDA ELISA method) in chick
embryos at 72 h post-injection. whole embryo tissues were collected and homogenized,
50 uL tissues were used for TBAR analysis. H2O> did not alter the embryonic lipid
peroxidation at 72 h post-injection. The result indicated that the chicken embryo has fully
covert active H202 residual into nonactive form at 72 h post-injection. Treatment groups

were compared with the control using Dunnett’s test (P > 0.05; N = 8).
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Figure 5.4: A decreased embryo length was observed in 100 nM and 300 nM H20>
groups compared to the PBS-injected control. (A) lllustration of embryo length
measurement at E7 (72 h post-injection). (B) The length of the embryos was measured
with a digital caliper. Each value represents the mean + SEM (N = 6). Treatments with *

showed a significant difference compared with the control using Dunnett’s test, p < 0.05.
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Figure 5.5: Effects of H2O. on mRNA expression of several sets of genes in chicken
embryos at 6 h post-injection. (A) apoptotic gene expression (B) Antioxidant enzyme
gene expression (C) expression of bone formation biomarkers. Embryos were injected
with different concentrations of H>O2 and continuously incubation for 6 h. Each value
represents the mean £ SEM (N = 8). Treatments with * showed a significant difference

compared with the control using Dunnett’s test, p < 0.05.
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Figure 5.6: Effects of H2O2, on mRNA expression of several sets of genes in chicken
embryos at 24 h post-injection. (A) apoptotic gene expression (B) antioxidant enzyme
gene expression (C) expression of bone formation biomarkers. Embryos were injected
with the different concentrations of H.O> and continuously incubation for 24 h. Each
value represents the mean £ SEM (N = 8). Treatments with * showed a significant

difference compared with the control using Dunnett’s test, p < 0.05.
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Figure 5.7: Effects of H2O. on mRNA expression of three sets of genes in chicken

embryos at 48 h post-injection. (A) apoptotic gene expression (B) antioxidant enzyme
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gene expression (C) expression of bone formation biomarkers (D) correlation between
MRNA expression of bone formation markers and antioxidant enzyme coding genes.
Embryos were injected with different concentrations of H2O, and continuously
incubation for 48 h. Each value represents the mean + SEM (N = 8). Treatments with *

showed a significant difference compared with the control using Dunnett’s test, p < 0.05.
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Figure 5.8: Effects of H2O. on mRNA expression of three sets of genes in chicken
embryos at 72 h post-injection. (A) apoptotic gene expression (B) antioxidant enzyme
gene expression (C) expression of bone formation biomarkers. Embryos were injected
with different concentrations of H20O2 and continuously incubation for 72 h. Each value
represents the mean £ SEM (N = 8). Treatments with * showed a significant difference

compared with the control using Dunnett’s test, p < 0.05.
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Abstract

Coccidiosis caused by Eimeria spp. has caused a substantial economic loss in the
poultry industry. The objective of the present study was to test the effects of dietary
supplementation of n-3 PUFA-enriched fish oil diet on growth performance, intestinal
immune response, and bone characteristics in broilers challenged with Eimeria spp. A
total of 576 14-days old broilers were randomly distributed according to a completely
randomized design in a 3x2 factorial arrangement, including two different diets
supplemented with either 5% fish oil or 5% soybean oil; Three Eimeria spp. infection
levels, including non-challenge control, the low Eimeria challenge dose, and the high
challenge dose. Results showed that Eimeria infection significantly decreased growth
performance, increased gut lesion, altered intestinal morphology, and caused intestinal
lesions. For diet variables, the fish oil supplement did not alter the total antioxidant level
in the serum compared with the soybean oil diet but increased feed intake during the
early infection stage (0-6 days post infection: DPI). Fish oil diet groups showed a trend of
increase in body weight gain compared to the soybean oil groups under the Eimeria
infection condition. Fish oil supplements significantly reduced gut permeability and
reduced the intestinal lesion over the jejunum/ ileum junction compared to soybean oil. In
conclusion, the dietary supplements of fish oil benefit gut health and growth performance
under the Eimeria infection during the early infection stage, and short-term use of fish oil
during the early infection stage can be a nutritional strategy to minimize growth
performance loss during coccidiosis.

Keyword: fish oil; n-3 PUFA; coccidiosis; Eimeria; gut permeability; bone health
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Introduction

With the market preference for drug-free poultry production, the gastrointestinal
immune system is continuously challenged by intestinal pathogens infection (Smith,
2011; Gaucher, et al., 2015). Coccidiosis, one of the costliest parasitic diseases in the
broiler industry, is caused by infection of Eimeria spp., which leads to intestinal damage
(Dalloul and Lillehoj, 2006; Blake, et al., 2020). Eimeria infection interferes the poultry
health and triggers the immune response, chicken can experience lower digestibility, poor
nutrient absorption, low feed intake, and malnutrition that significantly suppresses growth
and production under coccidia infection (Teng, et al., 2020a). In our previous studies,
coccidiosis decreased bone mineral content and density in young broiler chickens
infected with Eimeria (Tompkins, et al., 2022b). Several mechanical factors, including
gut leakage and immunology cost, can lead to a low bone formation rate with the parasite
infection model (Akbari Moghaddam Kakhki, et al., 2019).

Fish oil, which contains a high level of n-3 polyunsaturated fatty acids (n-3
PUFA), is widely accepted as a nutritional supplement in human studies. The two main
bioactive n-3 PUFAs in fish oil are eicosatetraenoic acid (EPA; 20:5 n-3) and
docosahexaenoic acid (DHA; 22:6 n-3) (Alagawany, et al., 2019). It is becoming
increasingly clear that dietary n-3 PUFA can act as immune modulators, affecting both
humoral and cellular responses in monogastric species (Fritsche and Cassity, 1992;
Swiatkiewicz, et al., 2015; Al-Khalaifah, 2020). Long-chain n-3 PUFAs exhibit a natural
anti-inflammatory property (Calder, 2006; Kalinski, 2012; Xiang, et al., 2016) because

they can be incorporated into intestinal epithelial cell membranes, reduce the production
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of pro-inflammatory cytokines, and induce the production of anti-inflammatory factors
(Calder, 2006; Durkin, et al., 2021). Controlling intestinal inflammation with fish oil
supplements can benefit intestinal health and protect intestinal mucosal barrier integrity
under hostile environments, which is critical in maintaining efficient growth performance
when defending against pathogenic condition (Lauridsen, 2020; Tarradas, et al., 2020;
Durkin, et al., 2021). In the transgenic mice study, mice that endogenously biosynthesize
n-3 PUFA and had high concentrations of EPA and DHA in intestinal epithelial cells
were endowed with improved colon morphology traits and reduced epithelial lesion after
dextran sodium sulfate exposure (Hudert, et al., 2006). DHA supplementation can ease
the severity of necrosis in rat challenge model (Lu, et al., 2007). In pigs, EPA and DHA
have been shown to reduce stress in wean piglets (Lee, et al., 2019; Lauridsen, 2020), and
also improve barrier function in weaned pig after lipopolysaccharide challenges (Zhu, et
al., 2016).

In poultry studies, several investigations have shown that a dietary n-3 PUFA-
enriched diet significantly reduced broiler cecal lesions caused by Eimeria tenella (Allen,
et al., 1996; Barua, et al., 2016). The reduction in cecal lesion was associated with
decreased colonization and suppressed the development of coccidia (Allen, et al., 1996;
Danforth, et al., 1997; Allen and Danforth, 1998; Barua, et al., 2016). Previous studies
indicated that pro-oxidation nature of n-3 PUFA played a significant role in controlling
coccidia development, where the incorporation of n-3 PUFA into both host and parasite
membranes increased the volubility of the parasite and infected host, which altered the

stability of the environment for the parasite to further develop (Danforth, et al., 1997).
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With a more profound understanding of the benefit of fish oil as dietary supplement,
studies also showed the protective role of fish oil in improving growth performance in
broilers by presenting a high immune response to defend against coccidiosis (Barua, et
al., 2016). Although there were some inconsistencies in the role of fish oil on broiler gut
health with Eimeria spp. infection (Yang, et al., 2006), most conclusions agreed that the
dietary supplementation of the n-3 PUFAS can be a potential dietary anticoccidial
strategy confronting coccidiosis in poultry production (Allen, et al., 1996; Danforth, et
al., 1997; Korver, et al., 1997; Allen and Danforth, 1998; Barua, et al., 2016). Moreover,
several studies have reported the positive impact of n-3 PUFA on poultry bone health
(Ebeid, et al., 2011; Tompkins, et al., 2022a). The broilers’ bone mineral loss was closely
associated with the inflammation with Eimeria infection (Akbari Moghaddam Kakhki, et
al., 2019). With the anti-inflammatory property in gut health and the beneficial role in
bone health, this study was focused on the impact of n-3 PUFA supplementation on
broiler growth and gut integrity during Eimeria infection with an emphasis on bone
homeostasis.
Materials and Methods

Ethics Statement

The protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Georgia. The experiment followed the guideline of IACUC

and was conducted at the Poultry Research Center, University of Georgia, Athens, GA.
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Experimental Design

The experiment followed a 2 x 3 factorial design with diets and infection status as
the main effects. Before birds were allocation into different treatment groups, broiler
chicks were fed with same standard starter diet during 0-14 d of age. A total of 576 14-
day-old male Cobb 500 (Cleveland, GA, USA) broiler chickens were randomly
distributed into six treatment groups with eight replicates and twelve birds per cage.
There are two diet variables, including 5% fish oil diet (Virginia Prime Gold, Omega
Protein; Houston, TX, USA) and 5% soybean oil diet (Harvest value, US Foods; Austin,
TX, USA), and three levels of Eimeria challenge doses, including non-challenge control:
gavaged with water; Low Eimeria spp. challenge dose: gavaged with 12,500 oocysts of
E. maxima; 12,500 oocysts of E. tenella; 62,500 oocysts of E. acervulina; and High
challenge dose: gavaged with 50,000 oocysts of E. maxima, 50,000 oocysts of E. tenella,
and 250,000 oocysts of E. acervuline. The fatty acid profiles of fish oil and soybean oil
are shown in Table 6.1. Experimental groups included T1: uninfected broilers fed
soybean oil diet ad libitum; T2: uninfected broilers fed fish oil diet ad libitum; T3: a low
Eimeria-infected group fed soybean oil diet ad libitum; T4: a low Eimeria-infected group
(Low) fed fish oil diet ad libitum; T5: a severely Eimeria-infected group (High) fed
soybean oil diet ad libitum diet; and T6: a severely Eimeria-infected group (High) fed
fish oil diet ad libitum diet. All chicks were raised under the same house, feeding
and environmental management conditions based on the Cobb500 broiler management
guide (Cobb, 2019). Both starter and grower (15-26 d of age) diets were formulated

following the Cobb500 broiler management guide. Diet information is shown in Table
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6.2. Chicks were allowed to consume water on an ad libitum basis, and daily feed intake
was measured during the study.
Growth performance and body composition

The body weight (BW) of birds was recorded on the first day of the experiment (0
day post-infection; 0 DPI), 6 DPI, and 12 DPI. The body weight gain (BWG), feed intake
(FI), and feed conversion ratio (FCR) were calculated through 0-6 DPI and 7-12 DPI.
Any mortalities were removed and recorded to adjust FCR.

Dual energy x-ray absorptiometry (DEXA; GE Healthcare, Chicago, IL, USA)
was used to determine the body composition on 6 and 12 DPI. Three birds per pen were
randomly selected for body composition measurement at each time point. After
euthanasia, the birds were placed face-up on the DEXA scanner and scanned using the
small animal software module (Lunar Prodigy from GE, encore software version
12.20.023, GE Medical Systems, Madison, W1, USA). After defining the whole bird as a
region of interest (ROI), the DEXA provided measurements in bone mineral content
(BMC), bone mineral density (BMD), fat mass, lean mass, fat percentage, lean
percentage, and total tissue mass for each bird.

Gut Permeability and intestine lesion score

The gut permeability was measured on 5 DPI by the method used in our previous
study (Teng, et al., 2020a; Teng, et al., 2020b). Briefly, fluorescein isothiocyanate
dextran (FITC-d; MW 4000; Sigma-Aldrich, Ontario, Canada) was dissolved in distilled
water and made into 2.2 mg/mL solution. One bird per cage was randomly selected and

gavaged with 1 mL of FITC-d solution. Two hours after inoculation, the blood was
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collected from birds and kept in the dark at room temperature for clotting. The clotted
blood was centrifuged at 1,500 g for 15 min for serum collection. The standard curve
solution was made from a serial dilution FITC-d stock (2.2 mg/mL). Dilution buffer was
made from the pooled serum of non-infection birds with a basal diet. Sample and
standard solutions were loaded into black 96-well plates, and FITC-d concentrations were
measured by a spectrophotometer (SpectraMax M5; Molecular Devices, San Jose, CA,
USA). The excitation wavelength was set at 485 nm, and the emission wavelength was
set at 528 nm.

The intestine lesion score was measured on 6 DPI according to a four-score scale
(Johnson and Reid, 1970), where the 0 is no appearance of gross lesions and 4 indicates
the most severe lesions. Three birds per pen were randomly selected and sacrificed
by cervical dislocation. Duodenum, middle intestinal tract (jejunum and ileum connected
section), and ceca were collected for scoring (Conway and McKenzie, 2007). Data were
analyzed in a nonparametric way to determine the average score, and the average values
of each section were calculated for data analysis.

Calcein Labeling

For dynamic histomorphometry measures of bone formation, calcein (Sigma
Aldrich, St. Louis, MO, USA) was dissolved in a 1 M sodium hydroxide solution and
then mixed with sterilized distilled water to make the 2.0% working solution. The birds
were injected with the calcein solution intraperitoneally at 20 mg/kg of body weight. On
day 4 after the first injection of calcein, the birds were injected again as previously

described. Bone samples were collected on 4 days after the second injection. The muscle
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was removed immediately, and bones were preserved in 70% ethanol. Upon analysis, a
thin slice of bone was taken from mid-diaphysis by a circular saw and then mounted on a
glass slide. Calcein has a high calcium affinity and translates into a relatively broad
fluorescent band. A fluorescence microscope (Keyence bz-x8000, Keyence Corp., Osaka,
Japan) was used to visualize new bone formation and determine the distance between the
two calcein labels on the bones. Eight measurements at different angles were performed
using ImagelJ software (National Institutes of Health, Bethesda, MD, USA). The average
values were calculated for data analysis.
Intestine morphology and bone marrow fat cell measurement

On 6 and 12 DPI, one bird per replicate was randomly selected to collect intestine
tissue samples (8 per treatment/ per time point). Around 3 cm long of tissues from the
midpoint of the duodenum, jejunum, and ileum were dissected from 1 bird per pen, then
tissues were rinsed with phosphate buffer saline, and immediately fixed in 10% neutral
buffered formalin solution. The fixed tissue samples were transported to the Poultry
Diagnostic and Research Center (University of Georgia, Athens, GA), where they were
further processed. Briefly, the intestinal tissues were dehydrated with increasing
concentrations of ethyl alcohol, and cleared with xylene and embedded in paraffin and
cut into a 4 mm slide by using a microtone. The slide pictures were stained with
hematoxylin and eosin (H&E) and examined under a light microscope at 4xobjective
(Keyence bz-x8000), while representative fields were photographed and digital images
were captured for morphometric analysis. Intestinal histomorphology traits, including

mucosa Villi height, crypts depth and villi width were measured. The villi height was
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measured from each of the villus tip to the bottom, excluding the intestinal crypts.
Measurements of the villi apical width were done from the middle part of the villi. Five
measurements of the villi height, crypt depth and villi apical width of mucosa were
conducted in favorably oriented per sample using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA), and the mean value was calculated for
statistical analysis. The ratio of villi height to crypts depth of each field was calculated,
and the mean ratio of each sample was used for statistical analysis.

Tibia was collected on 6 DPI and stored in 70% ethanol before transporting to the
Poultry Diagnostic and Research Center (University of Georgia, Athens, GA) for further
processing. Briefly, bones were cut through the sagittal plane to obtain half of tibia
metaphysis section, then tissues were embedded in paraffin and cut into 4 mm slide by
using a microtone. Slides were stained with hematoxylin and eosin (H&E). By using
growth plate as land mark to fix the location, three pictures per samples were obtained at
40X objective magnification. The proximal metaphyseal adipocyte number and size per
filed were measured using the ImageJ software (National Institutes of Health, Bethesda,
MD, USA). To avoid any bias in the final analysis, all measurements were conducted in a
blinded way without knowledge of the treatment. The mean of each field was calculated
for statistical analysis.

Total Antioxidant Status Assay

Chicken total antioxidant capacity in serum was analyzed using a QuantiChrom

antioxidant assay kit (BioAssay Systems, Hayward, CA, USA). On 6 DPI, one bird per

pen was randomly selected for blood collection. Blood samples were clotted and
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centrifuged, and then kept at -80°C. All assay procedures were performed within one
month of sample collection and followed the manufacturer’s protocols. The protein
concentration was measured by protein quantification assay (Pierce BCA Protein Assay
Kit, Thermo Scientific, Rockford, IL, USA) following the procedure indicated in our
previous publication (Tompkins, et al., 2022b).

Real-time Quantitative PCR Analysis of Gene Expression in Bone Marrow

On 6 DPI, one bird per replicate was randomly selected for tissue sample
collecting. Bone marrow from tibias was collected. Cecal tonsils, spleen, and bone
marrow were snap-frozen in liquid nitrogen and stored immediately at -80°C until RNA
isolation. Tissue total RNA was extracted using Qiazol reagent (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions. A Nano-Drop 1000
Spectrophotometer (ThermoFisher Scientific, Pittsburgh, PA, USA) was used to
determine the quantity of RNA. The cDNA was synthesized from total RNA (2000 ng)
using high-capacity cDNA reverse transcription kits (Thermo Fisher Scientific, Waltham,
MA, USA).

A real-time reverse transcription polymerase chain reaction (RT-qgPCR) was
performed to measure mMRNA expression. Primers (Table 6.3) were designed using the
Primer-BLAST program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The
specificity of primers was validated by melting curve analysis and gel electrophoresis.
RT-gPCR was performed on an Applied Biosystems StepOnePlus™ (Thermo Fisher
Scientific, Waltham, MA, USA) with iTaq™ Universal SYBR Green Supermix (BioRad,

Hercules, CA, USA) using the following conditions for all genes: 95°C for 10 minutes
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followed by 40 cycles at 95°C for 15 seconds, annealing temperature for 20 seconds, and
extending at 72°C for 1 minute.

The geometric mean of 18S ribosomal 1(18S) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used for mMRNA expression normalization (Vandesompele,
et al., 2002). The stability of housekeeping genes were confirmed by the consistent Ct
values among the treatments (Stephens, et al., 2011). Bone gamma-carboxyglutamate
protein (BGLAP), runt-related transcription factor (RUNX2) and bone morphogenetic
protein 2 (BMP2) were used as genetic markers of bone formation in the bone marrow,
nuclear factor kappa B subunit 1(NFKB1), receptor activator of nuclear factor kappa-

B ligand (RANKL), sclerostin (SOST), osteoprotegerin (OPG), and the ratio of
RANKL/OPG were used as the genetic markers for osteoclastic activity and bone
remodeling in the bone marrow (Atkins, et al., 2003; Paludo, et al., 2017). Peroxisome
proliferator-activated receptor gamma (PPARG), CCAAT/enhancer-binding protein beta
(CEBPB), and fatty acid binding protein 4 (FABP4) were used as the early adipogenic-
differentiation markers (Tompkins, et al., 2022a). In the cecal tonsils and the spleen, the
expression of interleukin 10 (IL10), interleukin 1 beta (IL1B), nuclear factor kappa B
subunit 1 (NFKBL1), chicken tumor necrosis factor-like (TNF) and interferon gamma
(IFNG) were measured to evaluate the immune responses, and the ratio of RANKL/OPG
was calculated for bone remodeling analysis. Details of primer sequences used for the
experiment are presented in Table 6.3. Samples were run in duplicate, and relative gene
expression data were analyzed using the 224t, The mean ACt of each gene marker from

the non-infected soybean oil diet (T1) was used to calculate the AACt value, and 2°
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AACt expression levels were normalized to 1 for T1, and the treatment groups expression
level was presented as fold changes.
Statistical Analysis

All experimental data were tested for homogeneity of variances and normality of
studentized residual at first, and data were presented as mean with standard error of the
means (SEM). The means were subjected to two-way ANOVA, and the main effects
(diets and challenge doses) and their interactions were considered. In the case of
significant differences, Tukey's test was further conducted to test differences among
sample means. All statistical procedures were performed using JMP Prol4 (SAS
Institute, Inc., Cary, NC, USA). Statistical significance was set at P < 0.050, and 0.050 <
p < 0.100 were also presented to show the trend toward statistical significance (Thiese, et
al., 2016). Pair-wise correlations (JMP Pro14) were used to evaluate the correlation
between bone formation markers and remodeling markers in the bone marrow.

Results

Growth performance

The mortality was less than 1% in each treatment group, which indicates lower
mortality in the study (data not shown) The average daily feed intake was significantly
affected by infection (P < 0.001; Table 6.4). The average daily feed intake started to drop
significantly from 4 DPI with the low and high Eimeria infectious doses (P < 0.001),
whereas the reduction of feed intake was Eimeria spp.-challenge dose-dependent; the
high infectious dose led to an additional reduction in average daily feed intake between 4

DPI to 6 DPI (P <0.001). From 7 to 12 DPI, both low and high Eimeria infectious doses
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showed a significant effect of reducing the average daily feed intake compared with non-
infected control (P < 0.050), but changes were not significantly different between the
infection levels (P > 0.05). For diet effect, the average daily FI was significantly affected
by dietary treatments (P < 0.001) on 5, 6 and 7 DPI, whereas the fish oil diet significantly
increased average daily feed intake on 5 DPI and 6 DPI compared with soybean oil
groups under Eimeria-challenged condition. Besides, there was a significant interaction
between challenge doses and diet variables (P < 0.050) on 5 and 6 DPI.

The main effects of Eimeria spp. challenge doses and diet treatments on
performance variables over the periods post-infection are presented in Table 6.5. All
challenged groups had lower body weight (BW) compared to non-challenged control on 6
DPI (P <0.001) and 12 DPI (P < 0.001). During the acute infection phase (0—6 DPI) and
the recovery phase (7-12 DPI), the Eimeria-infection significantly repressed growth
performance by reducing FI (P < 0.050), BWG (P < 0.001) and FCR (P < 0.001) in
broiler chickens. The fish oil diet also showed a positive impact on growth during the
acute infection phase, where the fish oil diet increased BWG by 10 % and showed a trend
toward higher BWG when compared to soybean oil groups (P = 0.071). However, fish oil
did not affect growth performance during the recovery phase (P > 0.050). Over the entire
study (0-12 DPI), birds that received the challenge had low BWG (P < 0.001), FI
(P <0.050), and worse FCR (P < 0.001) when compared with the non-challenged birds
through the experiment (P < 0.050). FI showed a nonsignificant trend of increase with the
fish oil diet (P = 0.064), but there was no significant interaction between challenge doses

and diet variables (P > 0.050).
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Body composition

The body composition results are presented in Table 6.6. On 6 DPI, the Eimeria
infection significantly reduced BMC (P < 0.050), bone area (P < 0.001), fat percent
(P <0.001), total tissue (P < 0.001), fat mass (P < 0.001) and lean mass (P < 0.050), but
not BMD (P > 0.050). The high challenge groups (T5 and T6) had the worse fat and lean
mass compared to the non-challenge control. The fish oil diet significantly increased total
tissue weight (P < 0.050) and lean mass (P < 0.050), and showed a trend of increase in
BMD (P =0.092), BMC (P = 0.054) and fat mass (P = 0.083) compared with the soybean
oil diet groups. There was a trend of interaction between diets and infectious doses on fat
percent (P = 0.068) and fat mass (P = 0.077). Likewise, on 12 DPIl, BMC, BMD, bone
area, fat percent, tissue weight, fat mass and lean mass were all significantly reduced by
different levels of Eimeria infection (P < 0.001) but not diet (P > 0.05). No significant
interaction between diet and infectious doses was found on 12 DPI.
Lesion score, gastrointestinal permeability and intestinal morphology

On 5 DPI, the results of intestinal permeability (Figure 6.1) showed that the serum
concentrations of FITC-d were significantly affected by infection (P < 0.001) and diet (P
=0.001), and there was a significant interaction between infection and diet variables (P =
0.050). The concentration of FITC-d (ug/mL) in the serum was significantly increased by
different doses of Eimeria infection (P < 0.001). The fish oil diet significantly decreased
the serum level of FITC-d compared with soybean oil diet groups (P < 0.050) under each

challenge level.
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Lesion score reading on 6 DPI (Figure 6.2) indicated that the severity of intestinal lesions
of duodenum, jejunum and ileum, and ceca were significantly affected by Eimeria
infection (P < 0.001). No lesion was found in the intestine or ceca of birds from
unchallenged groups. The diet factor has a positive affected that fish oil reduced the
lesion score at the jejunum and ileum junction (P = 0.029). There was no interaction
between infectious doses and diet variables (P > 0.050) over the different regions of the
intestine.

Histopathological examination of the affected intestine demonstrated
characteristic microscopic signs of coccidiosis in the affected-broilers on 6 DPI (Figure
6.3; Table 6.6). The villi height, crypt depth, and villus /crypt ratios of the duodenum and
jejunum were significantly affected by Eimeria infection (P < 0.001). But the Eimeria
infection had no significant impact on ileum villi height (P > 0.05). Eimeria infection did
not alter the villi width at the duodenum, jejunum, or ileum (P > 0.05). The diet variable
did no effect on intestinal morphology traits (P > 0.05). There was a significant
interaction between infectious doses and diets on jejunum crypt depth (P < 0.05), but no
significant interaction between infectious doses and diets on the other morphology traits
(P > 0.05).

Bone growth variables

The bone growth rate, which was measured by the calcein labeling method,
showed a significant reduction in the Eimeria-infected groups (Figure 6.4A and B; P <
0.001). The higher Eimeria challenge doses (T5 and T6) showed a more significant

suppression in bone formation. However, the diet variable did not affect the bone
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formation rate (P > 0.050), or there was no interaction between infection and diet
treatments on bone formation rate with the calcein labeling method (P > 0.050).
By measuring the expression of bone formation biomarkers in the bone marrow, results
showed Eimeria infection significantly decreased the mRNA expression of BGLAP (P <
0.001; Figure 6.4C), RUNX2 (P < 0.001), and showed a trend of decreasing in BMP2 (P
=0.072; Figure 6.4C). The fish oil diet had no significant impact on bone formation (P >
0.05), and there was no interaction between infection and diet treatments on bone
formation biomarkers in the bone marrow (P > 0.05). Besides, a higher expression level
of FABP4 was detected in the bone marrow of Eimeria-challenged chickens than non-
infected control groups (P < 0.05; Figure 6.5A). The adipocyte cell walls were observed
in the bone marrow (Figure 6.5B). However, neither Eimeria infection nor diets changed
the size (P > 0.05; Figure 6.5C) or the number of fat cells in the bone marrow (P > 0.05;
Figure 6.5D).
Bone remodeling status

Eimeria-challenge significantly decreased the expression of OPG compared to
non-challenged control in the bone marrow (P < 0.001; Figure 6.6A), in the cecal tonsils
(P < 0.001; Figure 6.6C) and in the spleen (P < 0.001; Figure 6.6D). The infectious doses
and diet had a significant interaction on the mRNA expression of RANKL in bone marrow
(Figure 6.6A; P = 0.032). The effect of the diet treatment showed an infectious dose-
depend manner, where fish oil decreased bone marrow RANKL expression compared with
soybean oil in the low challenge dose groups (T3 vs. T4; P < 0.050), and fish oil diet

increased the bone marrow expression of RANKL in the high challenge groups compared
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with soybean oil groups (T5 vs. T6; P < 0.050). In contrast to the expression pattern in
bone marrow, Eimeria infection significantly decreased the mRNA expression of RANKL
in the spleen (P < 0.050). Moreover, the mRNA ratio of RANKL/ OPG, a standard index
biomarker of osteoclastogenic stimulation and bone remodeling, was significantly
increased by Eimeria infection in the spleen (P < 0.050), indicating an increased bone
remodeling state in infected birds. Moreover, there was a positive correlation between
MRNA expression of TNF and SOST in bone marrow (Figure 6.6B; P < 0.001;
R2=0.523).
Total antioxidant capacity and immune response

Total antioxidant capacity affected by infection (Figure 6.7A; P < 0.050) but not
diet factor on 6 DPI. However, neither infection or diet significantly affected the serum
total antioxidant capacity on 12 DPI (Figure 6.7B; P > 0.050).
In cecal tonsils, the mMRNA expression of NFKB1, IL10 and IL1B was reduced by
Eimeria infection on 6 DPI compared to uninfected control groups (P < 0.05; Figure
6.8A). The mRNA expression of TNF and IFNG reminds unchanged with infection (P >
0.05). For the diet variable, the fish oil diet significantly increased 1L10 expression
compared with the soybean oil diet (P < 0.05). There was no interaction between diet and
infection variables on immune response-related marker genes expression in cecal tonsils.
In the spleen, in contrast to the effect of Eimeria infection in cecal tonsils, a trend of
increased expression of 1L10 was observed in Eimeria-infected birds compared to
uninfected control (P = 0.072; Figure 6.8B). There was a lower level of mMRNA

expression of TNF in high-challenge doses than low-infection groups and uninfected
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control groups (P < 0.050; Figure 6.8B). There was no interaction between diet and
infection variables on the expression of immune response gene in the spleen.
Discussion

Fatty acids, especially essential fatty acids, are gaining more attention in poultry
nutrition research in recent years because of their benefits on the health of birds. The
results of this study, as well as those previously reported (Allen, et al., 1996; Danforth, et
al., 1997; Allen and Danforth, 1998; Yang, et al., 2006), clearly showed that fish oil diet
reduced intestinal lesions caused by Eimeria infection, especially in the jejunum. Studies
have shown that the n-3 PUFA exhibited a dual role as a prooxidant and antioxidant
depending on the cell types under treatment (Di Nunzio, et al., 2011; Radzikowska, et al.,
2019). Mitochondrial membranes have a high DHA content, that PUFAS can be inserted
into the cell membranes and affects the antioxidant signaling to control oxidative stress
level (Garrel, et al., 2012). Supplying fish oil diet to rats resulted in a higher expression
and activity of the antioxidant enzyme superoxide dismutase (SOD) and a lower
membrane peroxidation in plasma (Erdogan, et al., 2004; Garrel, et al., 2012). And many
studies concluded that dietary supplementation of n-3 PUFA may enhance resistance to
free radical attacks and reduce lipid peroxidation (Oppedisano, et al., 2020). On the other
hand, the n-3 PUFA-enriched fish oil diet is also highly susceptible to oxidation due to
multiple double bonds (Awada, et al., 2012). Oxidized lipid is a pro-apoptotic factor that
can induce cell damage and causes extensive tissue damage that causes losses in
productive performance (Awada, et al., 2012). Antioxidants in the diet play a protective

role in reducing fat oxidation in the n-3 PUFA-enriched diet, as well as protecting the
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tissue from oxidative damage caused by lipid oxidation (Lesson and Summers, 2001).
The additional antioxidant content is required with increased polyunsaturated oil content
in chicken diets (Surai, 2007). More specifically, when soybean oil content increased by
1% in the diet, it was advised to increase vitamin E level by 20 IU. And as for increased
fish oil by 1%, the requirement for additional vitamin E is 8 IU (Lesson and Summers,
2001). Based on the current experiment setting, the soybean oil group might display more
significant antioxidant depletion, and that oxidative stress might be a factor that
suppressed growth in soybean oil diet groups compared with the fish oil diet. However,
we did not observe any significant differences in serum total antioxidant capacity. It is
unclear whether the n-3 PUFA-enriched fish oil is antioxidative or prooxidative under
Eimeria infection in the current study.

It is well known that eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid
(DHA,; 22:6n-3), and arachidonic acid (AA, n-6 PUFA) are common constituents of the
cell membrane, where AA commonly act as a pro-inflammatory factor (Alhusseiny and
El-Beshbishi, 2020). The amounts and ratio of those long-chain fatty acids on different
types of cell membranes can be modulated by dietary supplementation of n-3 PUFA
(Calder, 2013). Dietary fats can modulate the immune response and affect both humoral
and cellular responses in human clinical research and mice models (Erickson, 1986;
Radzikowska, et al., 2019). Increased consumption of long-chain n-3 PUFAs could
reduce the amount of AA in cells membrane and change the inflammatory state of cells,
or change the response of immune cells, repressing the production of proinflammatory

mediators, including proinflammatory cytokines and inflammatory eicosanoids (Calder,
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2006; Eilati, et al., 2013). A large number of studies have shown the anti-inflammatory
effects of the n-3 PUFAs in mammal endothelial cells (Radzikowska, et al., 2019;
Lauridsen, 2020). In chickens, several unique avian lymphoid organs, including cecal
tonsils and bursa of Fabricius, have evolved in the defendant system to defend against
intestinal pathogens such as coccidia (Yun, et al., 2000). In the current study, Eimeria
infected groups showed a numerically higher level of IL10 in the spleen compared with
non-infected control. As for the diet variable, the expression of IL10 was increased by the
fish oil diet in cecal tonsils. Chicken IL10 mRNA expression was identified mainly in the
bursa of Fabricius and the cecal tonsils (Rothwell, et al., 2004). IL10 is an anti-
inflammatory cytokine that plays a crucial role in preventing overproduced inflammatory
factors. However, previous studies hypothesized that protozoan parasites take advantage
of host IL10 to trick the chicken immune response in surrounding microenvironments
(Arendt, et al., 2019). Several studies reported that the serum level or intestine level of
IL10 increased by Eimeria infected (Cornelissen, et al., 2009; Morris, et al., 2015), and
using an antibody to suppress the Eimeria-induced IL10 might reduce the performance
loss (Sand, et al., 2016; Arendt, et al., 2019). We hypothesized that the different pattern
of immune response might depend on the dose administered, genetic components of host
species and Eimeria species, sampling tissue, and different time points of sampling.
Besides, the lipid content, dietary fat peroxidation level, and diet antioxidant content
could all possibly affect the immune response (Fries-Craft, et al., 2021). Based on the
current study, we conclude that fish oil positively impacts gut integrity during Eimeria

infection compared with the soybean oil diet. The production of IL10 can possibly be a
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key factor in regulating the immune response and mediating gut permeability after
Eimeria infection with a fish oil diet. More detailed research is in need to better
understand the function of n-3 PUFA under pathogen challenge conditions.

Moreover, as for the current results, the growth performance of broilers showed a
trend of improvement with the fish oil supplement compared with soybean oil. The
supplementation of fish oils positively impacted Fl on 5, 6 and 7 DPI after Eimeria
infection. And the jejunum is where the significant interaction between diet treatments
and infectious doses occurred. Previous studies reported a severe gut leakage on 5, 6 and
7 DPI with Eimeria challenge (Teng, et al., 2020a), and explained that the severe tissue
damage might be due to the Eimeria reproduction and expanding stage of its life cycle.
The jejunum is the main intestinal compartment responsible for lipid absorption, and a
small portion of the digestion of fat continues in the upper ileum (Tancharoenrat, et al.,
2014; Rodriguez-Sanchez, et al., 2019). The less severe damage over the jejunum can
result in a higher absorption rate of lipid content. With a fish oil diet, abnormal shedding
of the asexual and sexual parasite was observed in the cecal lumen in the previous study,
indicating the suppression of coccidia development with fish oil supplement (Danforth, et
al., 1997). Moreover, several investigations have indicated that cecal tonsils lymphocytes
involved in the intestinal immune response to Eimeria, the number of CD4* cecal tonsil
lymphocytes in chickens increased at 4 and 6 DPI (Lillehoj and Trout, 1996; Yun, et al.,
2000). The innate immune response plays a significant role in controlling coccidia
development. Therefore, the modulation of the immune response by fish oil supplements

can positively impact on the immune state in intestine which led to higher FI.
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Furthermore, studies reported that Eimeria can repress host cells from apoptosis at
early stages of development, and the inhibition of host cell apoptosis can be beneficial
to the intracellular growth and development of E. tenella (Zhang, et al., 2015; Wang, et
al., 2021). The pro-apoptotic nature of n-3 PUFA-enriched fish oil can also contribute to
the suppression of Eimeria development. High dietary n-3 PUFA can possibly alter the
host cell membrane component and change the host cell environment to limit the
development of the parasite. Although the underlying mechanism or exact roles of fish oil
in controlling avian coccidiosis remain unclear, we could conclude that fish oil
supplement has a beneficial role in chicken intestinal integrity under Eimeria infection at
the early infection stage. This statement is agreed with the suggestion from a previous
study that suggested a short-term use of fish oil during the acute infection stage can be a
nutritional strategy for minimizing the production loss caused by coccidiosis (Allen, et
al., 1996). Future studies focusing on the interaction between n-3 PUFA and the life cycle
of Eimeria are important to understand the character of this parasite. Effective doses for
n-3 PUFA are difficult to determine due to inconsistencies in dose and time of exposure
between different in vivo and in vitro models. Further research is needed to determine the
anti-inflammatory potential of less-studied ®-3 PUFAs as a feed alternative to control
coccidia infection in chickens.

In the current study, an increased ratio in RANKL/OPG within infection groups
indicated a higher remodeling status in Eimeria-infection groups compared to non-
infected control, showing pathogen infection might be a factor that regulated bone

homeostasis under infected conditions. In the bone marrow, a positive correlation
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between SOST and TNF in bone marrow was observed in this study. This result was
consistent with previous reports that TNF plays a positive role in sclerostin expression in
bone marrow (Thakker, et al., 2017). The pro-inflammatory cytokines can up-regulate the
expression and activity of sclerostin, which inhibits the bone formation related pathways
and down-regulated expression of bone formation genes. Sclerostin is primarily secreted
by osteocytes that play an important negative role in bone formation and mineralization
(Thakker, et al., 2017). Studies with in vitro cells showed, TNF increased sclerostin
expression in osteocytes, and the level of SOST mRNA was increased by TNF (Osta, et
al., 2014; Ohori, et al., 2019). For diet variables, N-3 PUFA on osteoimmunology has
been largely researched in human and mice models. Studies reported a lower expression
of osteoclastogenic cytokines (RANKL, TNF-a, and IL-6) was detected in rodents that
was supplied fish oil diet (Fong, et al., 2012). Studies indicated that the change in
immune states has a direct impact on the activation of bone resorption (Ambrozova, et
al., 2010). Some studies in human indicated that n-3 PUFA can reduce bone loss under
stress or during aging (Salari Sharif, et al., 2010; Dou, et al., 2022). Our previous report
also showed the immune response is a major factor that led to decreased bone mineral
density by increasing osteoclast number and activity (site my paper). In the current study,
bone mineral density data showed a trend of increasing in fish oil diet groups compared
to soybean oil groups by using DEXA body composition analysis. However, the diet
variable showed no effect on the expression of any bone remodeling markers. We
hypothesize that the mechanisms of action of the n-3PUFA on bone health are complex.

The energy level (feed intake amount), nutrition absorption ability and gut integrity could
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all affect bone homeostasis, and nutritional factors greatly impact on bone homeostasis.
Thus, it is hard to illustrate the direct evidence based on our current in vivo experimental
setting, and more studies are necessary to prove whether n-3 PUFA supplementation

plays a significant role in bone health.
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Tables

Table 6.1: Fatty acids profiles of fish oil and soybean oil used in current study.

Fatty acids Area of Total Faty Acids (%)

Fish oil Soybean oil 2
Myristic, C14:0 08.90 0.1
Palmitic, C16:0 18.28 10.30
Palmitoleic, C16:1 12.51 5.20
Stearic, C18:0 03.08 3.80
Oleic, C18:1 09.07 22.80
Linoleic, C18:2 (omega-6) 01.41 51.00
Alpha Linolenic, C18:3 (omega-3) 01.36 6.80
Stearidonic, C18:4 (omega-3) 02.81 -
Arachidonic, C20:4 (omega-6) 01.07 0.3
Eicosapentaenoic, C20:5 (omega-3) 14.67 -
Docosapentaenoic, C22:5 (omega-3) 02.50 -
Docosahexaenoic, C22:6 (omega-3) 1151 0.2
Other 12.81 -

! Fish oil: Virginia Prime Gold, Omega Protein. It is a refined long-chain omega-3 fish
oil specifically formulated as a palatable feed ingredient. Fish oil contains
approximately 35% total omega-3 fatty acids with a balanced concentration of EPA
and DHA.2 Soybean oil: Harvest value, USA. The nutrition facts shown a total
saturated fat content is 11%. The soybean oil profile is referred to previous

publications (Clemente and Cahoon, 2009; Oladiji, et al., 2009).
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Table 6.2. Composition and calculated contents of the experimental

diets.
Ingredient (%) Starter Grower (14-26 d)

(0-13 d) Soybean oil diet | Fish oil diet
Corn 58.17 55.41 55.41
Soybean meal -48% | 34.08 30.44 30.44
Soybean oil 2.00 5.00 0
Fish oil 0 0 5.00
Limestone 0.50 0.47 0.47
Dical. Phos. 1.80 1.70 1.70
Common salt 0.23 0.22 0.22
Vitamin premix} 0.25 0.25 0.25
Mineral premix? 0.08 0.08 0.08
DL-methionine 0.28 0.25 0.25
L-lysine-HCL 0.16 0.13 0.13
Threonine 0.05 0.04 0.04
Sand 1.00 6.01 6.01
Energy and nutrient composition
ME, kcal/kg 3008 3086 3086
Crude protein % 21.00 19.00 19.00
Lysine % 1.18 1.05 1.05
Methionine % 0.59 0.54 0.54
Arginine % 1.36 1.23 1.23
Threonine % 0.77 0.69 0.69
Tryptophan % 0.25 0.22 0.22
Valine % 1.03 0.94 0.94
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Total sulfur amino 0.88 0.80 0.80

acid %

Ca% 0.90 0.84 0.84

Available P % 0.45 0.42 0.42

vitamin premix include provides the following per kg of diet:
Vitamin A 2,204,586 U, Vitamin D3 200,000 ICU, Vitamin E 2,000
IU, Vitamin B12 2 mg, Biotin 20 mg, Menadione 200 mg, Thiamine
400 mg, Riboflavin 800 mg, d-Pantothenic Acid 2,000 mg, Vitamine
B6 400 mg, Niacin 8,000 mg, Folic Acid 100 mg, Choline 34,720 mg.
2Mineral premix provides the following per kg of diet: Ca 0.72 g, Mn

3.04 g, Zn 2.43 g, Mg 0.61 g, Fe 0.59 g, Cu 22.68 g, | 22.68 g, Se 9.07

g.
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Table 6.3:

Nucleotide sequences of the primers used for real-time RT-PCR.

Primer sequence (5°-3")

Produ

ct

length

(bp)

Annealing  Accession #

temperatu
re (°C)

GAPDH

F-
GCTAAGGCTGTGGGGAAAGT
R-
TCAGCAGCAGCCTTCACTAC

161

55

NM_204305.1

RNA18S
1

F-
AGCCTGCGGCTTAATTTGAC
R-
CAACTAAGAACGGCCATGCA

121

56.5

AF 173612.1

BMP2

F-
TCAGCTCAGGCCGTTGTTAG
R-

GTCATTCCACCCCACGTCAT

163

57

XM_025148488
1

RUNX2

F-
ACTTTGACAATAACTGTCCT
R-

GACCCCTACTCTCATACTGG

192

60

XM_015285081
2

BGLAP

F-
GGATGCTCGCAGTGCTAAAG
R-
CTCACACACCTCTCGTTGGG

142

57

NM_205387.3

NFKB1

F-
GAAGGAATCGTACCGGGAAC
A

131

59

XM_015285418
2
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R-
CTCAGAGGGCCTTGTGACAG
TAA

SOST

F-
GACAGAAATCATCCCCGAGA
R-
CCTGGTTCATCGTGTTGTTG

83

58

XM_040653287
2

OPG

F-
ACGCTTGTGCTCTTGGACAT
R-
CAGCGTAGTACTGGTCTGGG

193

60

NM_001033641
A1

RANKL

F-
ACACGCCCTTTGAAAATCAG
R-

GCAAAAGGTTGCTTCTCTGG

196

60

XM_015275777
2

FABP4

F-
GCAGAAGTGGGATGGCAAA
G

R-
GTTCGCCTTCGGATCAGTCC

153

60

NM_204290.1

PPARG

F-
GAGCCCAAGTTTGAGTTTGC
R-
TCTTCAATGGGCTTCACATTT

131

58

XM_025154400
1

CEBPB

F-
CCGCTCCATGACCGAACTTA
R-
GCCGCTGCCTTTATAGTCCT

205

60

NM_205253.2
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IL10 F-CATGCTGCTGGGCCTGAA 61 NM_001004414
R- 4
CGTCTCCTTGATCTGCTTGAT .

G

IL1B F- 120 59 XM_015297469
AGATGAAGCGGGTCAGCTC 2
R-

GCATCAAGGGCTACAAGCTC

TNF F- 100 60 XM_040694846
CGTGGTTCGAGTCGCTGTAT 2
R-CCGTGCAGGTCGAGGTAC

IFNG F- 86 60 NM_205149.2
AACCTTCCTGATGGCGTGAA
R-

GCTTTGCGCTGGATTCTCAA

! GAPDH: glyceraldehyde-3-phosphate dehydrogenase; RNA18S1: RNA, 18S

ribosomal 1; BGLAP: bone gamma-carboxyglutamate protein; RUNX2: runt-related

transcription factor 2; BMP2: bone morphogenetic protein 2; NFKB1: nuclear factor

kappa B subunit 1; RANKL: TNFSF11, TNF superfamily member 11, also known as

receptor activator of nuclear factor kappa-B ligand; SOST: sclerostin; OPG:

osteoprotegerin also known as osteoclastogenesis inhibitory factor or tumour necrosis

factor receptor superfamily member 11B; FABP4: fatty acid binding protein 4;

PPARG: peroxisome proliferator activated receptor gamma; CEBPB: CCAAT
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enhancer binding protein beta; IL10: interleukin 10; IL1B: interleukin 1 beta; TNF:

ChTNF-a, chicken tumor necrosis factor-like; INFG: interferon gamma.
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Table 6.4: Daily feed intake (g) from 0 DPI to 12 DPI.

aily
| Challenge . . . . . .
fee Diet Dpi 1 Dpi2 |Dpi3 |[Dpid |Dpi5 |Dpi6
) Doses
intake
T1 SO |- 77.9 68.4 824 |[779% |714?2 [101.2%
T2 FO |- 82.2 71.5 844 (8072 |6952 |101.3%
T3 SO | Low 78.4 68.1 83.8 |68.8° |49.7% |60.0¢
T4 FO | Low 82.1 68.0 81.4 |67.7° |53.9° |[78.1°
T5 SO | High 81.4 67.2 815 |585°¢ [36.49 [52.6¢1
T6 FO | High 84.0 68.6 80.6 |59.2¢ |47.1°¢ |70.3%
SEM 0.692 0.568 |0.557 | 1.344 |1.898 |2.937
ANOVA 0.059 0.370 |0.316 | <0.001 | <0.001 | <0.001
| Diets 0.010 0.207 |0.712 | 0.486 | 0.001 | <0.001
p-value
Challenge Doses | 0.136 0.282 | 0.215 | <.0001 | <0.001 | <0.001
Challenge*Diets | 0.970 0.531 |0.261 |0.431 |0.001 |0.002
Daily
) Challenge ) ) _ _ ) _
feed Diet Dpi 7 Dpi 8 Dpi 9 | Dpi 10 | Dpi 11 | Dpil2
) Doses
intake (g)
115.9 | 120.18
T1 SO |- 103.82 107.0% | ) 128.72 | 99.8 2
116.3
T2 FO |- 104.42 105.12 . 129.82 | 133.52 | 100.52
104.1 | 115.9
T3 SO | Low 80.7° 95.0° ) “ 115.5° | 87.4°P
116.7
T4 FO | Low 83.6° 97.2° |97.1° “ 114.4% | 83.3"
T5 SO | High 72.6° 89.2° 194.7° | 109.6° | 112.9° | 85.2°P
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T6 FO | High 85.6° 101.5° | 97.9° | 114.3% | 110.3 | 86.2°
ANOVA 2.111 1573 |1.664 | 1.606 |1.719 |1.427
. <0.00
Diets <0.001 | 0.005 . 0.049 | <0.001 | <0.001
p-value
Challenge Doses | 0.040 0.134 | 0.600 | 0.077 | 0.880 | 0.906
_ <0.00
Challenge*Diets | <0.001 0.004 . 0.002 | <0.001 | <0.001

1T1, control group with soybean oil diet; T2, control group with fish oil diet; T3,

soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil

diet group that challenge with low dose of Eimeria solution; T5, soybean oil diet group

that challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge

with high dose of Eimeria solution.

a.b.¢.d Tregtments with different letters means a significantly difference between

treatments by using Tukey’ s HSD test, p < 0.05, N = 8.
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Table 6.5: Cumulative feed intake (FI), body weight gain (BWG, g) and feed

conversion ratio (FCR) from 0 DPI to 12 DPI.

Treatmemts! | Diet | Challenge | BW (g) Dpi 0-6
DPIO | DPI6 |DPI12 |FI(g) |BWG |FCR
(9
T1 331.0 | 623.62 | 1067.8 | 479.3% | 292.52 | 0.6152
SO |- .
T2 331.8 | 639.22 | 1103.7 | 489.62 | 307.32 | 0.610°?
FO |- .
T3 331.7 | 545.8P | 920.5° | 408.8° | 214.1 | 0.467°
SO | Low
bc
T4 331.0 | 568.5° | 908.0° | 431.3P | 237.5" | 0.536
FO | Low
ab
T5 SO | High 330.4 | 512.7°¢(838.6" | 379.2P | 194.3¢ | 0.481°
T6 _ 328.6 | 537.6° | 884.6" | 411.3P | 209.0 |0.535
FO | High
bc ab
SEM 0.505 | 7.867 | 16.570 | 6.338 | 8.197 |0.013
P-value ANOVA 0.501 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001
Diets 0.595 | 0.088 |0.162 |0.111 |0.071 |0.530
Challenge doses | 0.227 | <0.001 | <0.001 | 0.029 <0.001 | <0.001
Challenge*Diets | 0.594 | 0.858 |0.309 |0.387 |0.865 |0.719
Dpi 7-12 Dpi 0-12
Treatmemts! | Diet | Challenge | FI BWG | FCR FI (9) BWG | FCR
(9) (9) (9)
T1 <0 575.4 | 444.2 |0.654 | 1054.72|736.72 | 0.638°2
} a ab
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T2 589.1 | 464.5 | 0.657 | 1078.82|771.92 | 0.638%
FO |- . .
T3 511.2 | 374.7 | 0.615 |920.0° |588.8° | 0.555P
SO | Low
b abc
T4 508.9 | 339.4¢ | 0.605 |940.2° |577.0° | 0.577
FO | Low
b ab
T5 _ 479.1 | 304.1¢ | 0.600 | 858.3" |498.4° | 0.554P
SO | High .
T6 _ 509.6 | 347.0 | 0.557 |920.9® |556.0° | 0.549"
FO | High
b bc
SEM 8.352 | 11.077 | 0.013 | 13.777 | 16.487 | 0.009
P-value ANOVA 0.091 | <0.001 | 0.255 | <0.001 | <0.001 | <0.001
Diets 0.133 [ 0.642 |0.975 |0.064 |0.153 |0.746
Challenge doses | 0.147 | <0.001 | 0.033 | 0.026 <0.001 | <0.001
Challenge*Diets | 0.156 | 0.238 | 0.311 | 0.156 | 0.304 |0.386

171, control group with soybean oil diet ; T2, control group with fish oil diet ; T3,

soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish

oil diet group that challenge with low dose of Eimeria solution; T5, soybean oil

diet group that challenge with high dose of Eimeria solution; T6, fish oil diet

group that challenge with high dose of Eimeria solution.

ab.¢ Treatments with different letters means a significantly difference between

treatments by using Tukey’s HSD test, p < 0.05, N = 8.
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Table 6.6: Body composition of broiler chick on 6 DPI and 12 DPI.

Treatm | Di | Challe | BM | BM Area Fat Total Fat Lean
ent! et | nge D2 |C percent | tissue | mass | mass
/c
wle (emiem o @ |©
T1 S | 0.12 | 7.18 | 58.56 | 13.906 | 599.989 | 84.53 | 518.1
0] 2 g2 |3 a a g2 | 15%®
T2 F ol 0.12 | 7.42 | 60.37 | 13.163 | 622.924 | 81.98 | 540.9
6 O 2 52 5 a a 72 08¢
S 0.12 | 6.36 | 50.75 546.919 | 41.75 | 505.1
|DP T3 o |tow |77 g% g 7638 | o gt | gge
T4 F Low 0.13 | 7.48 |56.31 | 9.5944 | 591.512 | 56.89 | 534.6
0] 2 g2 |2 b ab 70 728
S . 0.12 | 5.61 |44.68 ¢ | 485.910 | 34.81 | 451.0
T5 o |High | ¢ ob g 7.106¢ | . 3¢ | gob
F . 0.13 | 6.48 |49.00 521.631 | 38.92 | 482.5
T6 0 ngh 2 8 ab 0 7.388 ab be 4c 65 ab
SEM 2'00 (7)'19 1.347 | 0.365 8.913 2.581 2'363
0.11 | 0.03 | 0.002 <0.0 |<0.0
ANOVA 39 76 3 <0.001 | <0.001 01 01
0.10 | 0.02 |<0.0 <0.0
o Challenge dose 2 6 01 <0.001 | <0.001 01 0.019
val | 0.09 | 0.05
ue | Diets 2' 4' 0.214 | 0.293 0.027 0.083 | 0.044
Challenge*Diets 8'20 3'62 0.564 | 0.068 | 0.845 0.077 | 0.964
T1 S No 0.14 | 16.3 | 1104 | 15.409 | 1039.86 | 162.9 | 876.8
O 6? 412 | 552 |2 a 221 76%
12
F 0.14 | 15.7 | 107.0 | 15.691 | 1021.22 | 161.0 | 860.2
DP
Ol o [N |s® o12 o002 |@ : 662 | 37%
S 0.13 | 11.0 | 79.13 | 11.574 | 847.82 |102.2 | 745.5
T3 0] Low 6 bc 39 b 0 b b ab 16 b 87 abc
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F 0.13 | 10.7 | 78.30 | 11.365 p | 93.81 | 702.3
T4 0 Low 4° 61 b 4 b b 796.19 5 b 38 be
S . 0.13 | 104 | 77.31 b p| 77.02 6729
T5 o |High |45 |36 [gv~ |9765° | 757.33° | o7 | )¢
F . 0.13 | 105 b | 74.80 | 688.6
6 o |High | ;o7 |56 [78 |95 76357° | 35 | 21
SEM 2'00 g'42 2361 | 0296 | 22.604 | 4.981 }18'26
0.01 | <0.0 | <0.0 <0.0 |<0.0
ANOVA 5 01 01 <0.001 | <0.001 01 01
5 Challenge dose 2'00 (<)g0 Sgo <0.001 | <0.001 820 ;go
val
ue Diets g'89 (2)'75 0.756 | 0.683 0.606 0.532 | 0.681
Challenge*Diets 2'86 g.gs 0.925 | 0.701 0.848 0.943 | 0.770

71, control group with soybean oil diet; T2, control group with fish oil diet; T3,

soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil

diet group that challenge with low dose of Eimeria solution; T5, soybean oil diet group

that challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge

with high dose of Eimeria solution.

2BMD, bone mineral density; BMC, bone mineral content; Area, bone area; Fat percent

(%), fat percentage; Lean percent (%), lean percentage; Total tissue (g), lean mass plus

and fat mass; Fat (g), fat mass; Lean (g), muscle mass; BM(g), total body mass. SO,

soybean oil group; FO, fish oil group.

329




Table 6.7: the villi height, villi width, crypts depth, and villus/crypt ratio in the

duodenum, jejunum and ileum of broilers on 6 DPI.

Challenge ] Duodenum (um)
Treatment! Diets
Doses V2 vw? ct V:C°
T1 - SO 710.26 % | 66.28 | 55.56° 14.42%
T2 - FO 730.982 | 91.00 |56.17° 14.112
T3 Low SO 541.69°¢ |58.83 |118.44% |4.89P
T4 Low FO 567.65° | 67.00 | 108.27% |5.52°P
T5 High SO 455.98¢ | 78.28 |121.50% |4.30°
T6 High FO 422.940° | 74.37 |135.922 |3.56"
SEM 21.99 354 |6.06 0.83
ANOVA <0.001 0.118 | <0.001 <0.001
Challenge dose <0.001 0.071 |<0.001 <0.001
P-value i
Diets 0.749 0.315 | 0.919 0.888
Challenge*Diets 0.78 0.432 |0.973 0.879
Jejunum
Challenge )
Treatment! Diets \V/ Vw C V:C
Doses
T1 - SO 449.9302 64.83 63.77° 7.658
T2 - FO 408.54 ® 45.69 55.38°P 7.692
T3 Low SO 302.18%¢ 7354 | 97.36% | 3.25P
T4 Low FO 253.89°¢ 56.16 121.7028 | 2.11°
T5 High SO 308.79 82.02 125.312 | 2.62°
T6 High FO 276.22 60.59 |[83.58% |3.85"°
SEM 21.99 3.54 16.84 3.88
ANOVA <0.001 <0.001 |0.104 0.001
P-value
Challenge dose <0.001 <0.001 |0.102 0.006
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Diets 0.749 0977 [0.107 0.419
Challenge*Diets 0.78 0.171 0.994 0.047
lleum

Challenge _
Treatment! J Diets \ Vw C V:C

Doses
T1 - SO 209.95 5526 |48.903° |4.85°
T2 . FO 193.48 5594 |38.90° |5.17%
T3 Low o) 219.26 58.76 |8152% |278°
T4 Low FO 199.69 6059 | 7575% 272"
T5 High SO 172.44 67.77 |8419% |2.19°
T6 High FO 192.46 68.37 |8165% |249°
SEM 5.79 2.32 3.54 0.25

ANOVA 0.26 0.24 <0.001 | <0.001

Challenge dose 0.70 0.09 <0.001 <0.001
P-value

Diets 0.483 0.486 |0.161 0.572

Challenge*Diets 0.550 0578 | 0.550 0.767

1T1, control group with soybean oil diet; T2, control group with fish oil diet; T3,

soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil

diet group that challenge with low dose of Eimeria solution; T5, soybean oil diet group
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that challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge
with high dose of Eimeria solution.

2V: villi height; 3 Vw: villi width; 4 C: crypts depth °: V:C, villus height / crypt depth
ratio.

3 Means followed by superscript letters are different by Tukey’s test (P<0.05); N=8.
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Figure 6.1: Gut permeability on 5 DPI. Eimeria infection had a significant effect on gut
permeability at 5 DPI (P < 0.001), and the diet treatment also significantly affected the
gut permeability (P = 0.001). There was a significant interaction between infection and
diets (P = 0.050). Higher concentration of FITC-d (ng/mL) in the serum revealed more
severe damage to the gut epithelium owing to the Eimeria challenge.

T1, control group with soybean oil diet; T2, control group with fish oil diet; T3,
soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil diet
group that challenge with low dose of Eimeria solution; T5, soybean oil diet group that
challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge with
high dose of Eimeria solution.? ® ? Treatments with different letters means a significantly

difference between treatments by using Tukey’s HSD test, P < 0.05, N = 8.
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2.5
Diet effect on Jejunum and Ileum lesion score: P = 0.029

. [ \
§ iH i[ J

T1 T2

(9]

Lesion Score

B Duodenum Jejunum and lleum Ceca

Figure 6.2: Lesion score on 6 DPI. No lesion was found in the intestine or ceca of birds
from unchallenged groups. The severity of intestinal lesions of duodenum (P < 0.001),
jejunum and ileum (P < 0.001), and ceca (P < 0.001) were significantly affected by
Eimeria infection. The diet factor has a positive affected that fish oil reduced the lesion
score at the jejunum and ileum junction (P = 0.029), but had no effect on intestinal lesion
at duodenum or ceca (P > 0.050). There was no interaction between infectious doses and
diet variables (P > 0.050).

T1, control group with soybean oil diet; T2, control group with fish oil diet; T3,
soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil diet
group that challenge with low dose of Eimeria solution; T5, soybean oil diet group that
challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge with

high dose of Eimeria solution.
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Figure 6.3: Histopathological examination of the affected intestinal demonstrated
characteristic microscopic signs of coccidiosis in the affected broilers on 6 DPI. The villi
height, crypt depth, and villus /crypt ratios of the jejunum were significantly affected by
Eimeria infection (P < 0.001). The diet variable has no effect on intestinal morphology
traits (P > 0.05). There was a significant interaction between infectious doses and diets on
jejunum crypt depth (P < 0.05), but no significant interaction between infectious doses
and diets on the other morphology traits (P > 0.05).

T1, control group with soybean oil diet; T2, control group with fish oil diet; T3,
soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil diet
group that challenge with low dose of Eimeria solution; T5, soybean oil diet group that
challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge with

high dose of Eimeria solution.
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Figure 6.4: Bone formation measurement. (A) Fluorescence image of the tibia cross-
section of broilers. Bone formation rate was visualized by double calcein labels. (B) The
measurement results of the distance between calcein labels. (C) By measuring the
expression of bone formation biomarkers in bone marrow, results shown Eimeria
infection significantly decreased the mMRNA expression of BGLAP (P < 0.001), RUNX2
(P <0.001), OPG (P < 0.001), and showed a trend of decreasing in BMP2 (P = 0.072).
The fish oil diet had no significant impact on bone formation (P > 0.05), and there was no
interaction between infection and diet treatments on bone formation biomarker in bone
marrow (P > 0.05).

a.3b.b Treatments with different letters means a significantly difference between
treatments by using Tukey’s HSD test, P < 0.05, N = 8. * Indicated there was a
significant difference between challenged and non-challenged groups. T1, control group
with soybean oil diet; T2, control group with fish oil diet; T3, soybean oil diet group that
challenge with low dose of Eimeria solution; T4, fish oil diet group that challenge with
low dose of Eimeria solution; T5, soybean oil diet group that challenge with high dose of
Eimeria solution; T6, fish oil diet group that challenge with high dose of Eimeria

solution.
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Figure 6.5: The measurement of adipogenesis in bone marrow. (A) an increased level of
FABP4 was detected in bone marrow of Eimeria-challenged groups than non-infected
control (P < 0.05; Figure 5A). (B) Histology image of bone marrow adipocyte wall with
H&E stanning. (C) Infection or diet variables did not change the size of adipocytes in
bone marrow (P > 0.05). (D) Infection or diet variables did not change the number of
adipocytes in bone marrow (P > 0.05).

* Indicated there was a significant difference between challenged and non-
challenged groups. T1, control group with soybean oil diet; T2, control group with fish
oil diet; T3, soybean oil diet group that challenge with low dose of Eimeria solution; T4,
fish oil diet group that challenge with low dose of Eimeria solution; T5, soybean oil diet
group that challenge with high dose of Eimeria solution; T6, fish oil diet group that

challenge with high dose of Eimeria solution.
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Figure 6.6: The effect of diet and Eimeria-infection on bone remodeling gene marker
expression. (A) Eimeria-challenge significant decreased the expression of OPG in the
bone marrow (P < 0.001). The infectious doses and diet had a significant interaction on
MRNA expression of RANKL in bone marrow (P = 0.032), compared to non-challenged
control. The effect of the diet treatment showed an infectious dose-depend manner, where
fish oil decreased bone marrow RANKL expression compared with soybean oil in the low
challenge dose groups (T3 VS. T4; P < 0.050), and fish oil diet increased the bone
marrow expression of RANKL in the high challenge groups compared with soybean oil
groups (T5 VS T6; P < 0.050). (B) There was a positive correlation between mRNA
expression of TNF and SOST in bone marrow (P < 0.001; R?= 0.523). (C) Eimeria-
challenge significant decreased the expression of OPG in cecal tonsils (P < 0.001). (D)
Eimeria-challenge significant decreased the expression of OPG (P < 0.001) and RANKL
(P < 0.001) in the spleen. Moreover, the mRNA ratio of RANKL/ OPG, a common index
biomarker of bone remodeling, were significant increased by Eimeria infection in the
spleen (P < 0.050).

3.3, b Treatments with different letters means a significantly difference between
treatments by using Tukey’s HSD test, P < 0.05, N = 8. * Indicated there was a
significant difference between challenged and non-challenged groups. T1, control group
with soybean oil diet; T2, control group with fish oil diet; T3, soybean oil diet group that
challenge with low dose of Eimeria solution; T4, fish oil diet group that challenge with

low dose of Eimeria solution; T5, soybean oil diet group that challenge with high dose of
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Eimeria solution; T6, fish oil diet group that challenge with high dose of Eimeria

solution.
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Figure 6.7: Total antioxidant capacity in serum. (A) Total antioxidant capacity affected
by infection (P < 0.050) but not by diet on 6 DPI. (B) Neither infection or diet
significantly affected the serum total antioxidant capacity on 12 DPI (P > 0.050).

* Indicated there was a significant difference between challenged and non-
challenged groups. T1, control group with soybean oil diet; T2, control group with fish
oil diet; T3, soybean oil diet group that challenge with low dose of Eimeria solution; T4,
fish oil diet group that challenge with low dose of Eimeria solution; T5, soybean oil diet
group that challenge with high dose of Eimeria solution; T6, fish oil diet group that

challenge with high dose of Eimeria solution.
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Figure 6.8: The immune response in the cecal tonsils and the spleen. (A) In cecal tonsils,
the mRNA expression of NFKB1, 1L10 and IL1B was reduced by Eimeria infection on 6
DPI compared to uninfected control groups (P < 0.05). The mRNA expression of TNF
and IFNG reminds unchanged with infection (P > 0.05). For the diet variable, the fish oil
diet significantly increased IL10 expression compared with the soybean oil diet (P <
0.05). There was no interaction between diet and infection variables on immune
response-related marker genes expression in cecal tonsils. (B) In the spleen, in contrast to
the effect of Eimeria infection in cecal tonsils, a trend of increased expression of IL10
was observed in Eimeria-infected birds compared to uninfected control (P = 0.072).
There was a lower level of MRNA expression of TNF in the high challenge doses than the
low-infection groups and uninfected control groups (P < 0.050). There was no interaction
between diet and infection variables on the mMRNA expression of immune response
makers in the spleen.

T1, control group with soybean oil diet; T2, control group with fish oil diet; T3,
soybean oil diet group that challenge with low dose of Eimeria solution; T4, fish oil diet
group that challenge with low dose of Eimeria solution; T5, soybean oil diet group that
challenge with high dose of Eimeria solution; T6, fish oil diet group that challenge with
high dose of Eimeria solution. ®#:® Treatments with different letters means a
significantly difference between treatments by using Tukey’s HSD test, P < 0.05, N = 8.
* Indicated there was a significant difference between challenged and non-challenged

groups.

345



CHAPTER 7

SUMMARY AND CONCLUSIONS

With increasing concerns around farm animal welfare, poultry bone abnormalities
have become one of the significant challenges for the poultry industry. For a long time,
bone health in broiler production yet gained enough attention. Bone marrow contains
different cell types that perform bone formation and resorption and serves as the cradle of
hematopoiesis and a reservoir of bone-related stem cells and cytokines, providing an
ideal environment for communicating between bone metabolism and the immune system.
The Eimeria-challenge model was chosen as a disease in vivo study model to understand
the possible link between intestinal parasite infection and bone health in the current
study. Results showed that the factors that affect bone metabolism and homeostasis
during pathogen infection include but are not limited to malabsorption of nutrients, the
data emphasized the delayed bone development in the parasite-challenged groups was
attributable to an uncoupling of osteoblast and osteoclast activity, whereby increased
bone resorption and decreased bone formation were closely associated with immune
response/oxidative stress during Eimeria infection. In order to further understand the
direct interaction between bone homeostasis and antioxidant status, in vitro and in ovo
investigation was used to confirm the functional significance of antioxidants in bone

homeostasis. Treatment with H>O> altered cellular antioxidant enzyme gene expression,
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and long-term treatment of H>O. impaired osteogenic differentiation potential but was
also associated with a greater potential for adipogenesis in chicken MSCs with oxidative
stress, highlighting that cellular oxidative stress caused by exogenous H>O, accumulation
modulate stem cell differentiation capacity. The embryonic study showed that H20,-
induced oxidative stress suppressed bone formation gene marker expression with chronic
effects. In the last part of the study, fish oil was used as a nutritional supplementation that
improved gut integrity after Eimeria spp. infection. Although the fish oil supplement
didn’t alter the bone mineral density, an increased bone remodeling status was observed
in Eimeria-infection groups in this study, indicated pathogen infection caused immune
response regulated bone homeostasis.

Taken together, with the long-held notion that the central pathophysiology of
bone disorder was nutrition deficiency and physical stress, we demonstrated that bone
disorder is also closely connected with bone modeling and remodeling which are
associated with immune response/oxidative stress. In fact, the long bone should be
considered as an essential multifunctional organ that dynamically responds to immune
status, gut health and oxidative stress in broiler chicken. Further studies on
osteoimmunology and oxidative stress are needed to address bone disorder issues and
will further lead to a more precise understanding of the mechanism underlying the
pathogenesis of bone mineral loss and bone disease in broilers. More studies on
antioxidation supplementation in chicken bone health are needed for improving animal

production and welfare in the future.
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