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ABSTRACT 

Laying hens have an extra demand on calcium (Ca) homeostasis due to egg-laying. The 

calcium-sensing receptor (CaSR) plays a central role in Ca homeostasis. The thesis aimed to 

develop effective methods for maintaining desired Ca homeostasis in laying hens. The first study 

demonstrated that chicken CaSR (cCaSR) and chicken vitamin D receptor (cVDR) are widely 

distributed in the kidney, gastrointestinal tract, shell gland, and tibia in laying hens at different 

laying stages. The second study characterized cCaSR ligands in cCaSR-stably expressing HEK293 

cells and investigated the binding modes between cCaSR and its ligands. Results showed that L-

tryptophan (L-Trp) and inorganic PO43- are cCaSR modulators, acting as positive and negative 

allosteric modulators, respectively. The third study isolated chicken mesenchymal stem cells 

(MSCs) from broilers and layers and demonstrated that cCaSR and cVDR were expressed in 

broiler and layer MSCs. The osteogenic differentiation process in layer MSCs was faster than that 

in the broiler MSCs. L-Trp and 1,25-dihydroxycholecalciferol (1,25OHD3) were found to regulate 

proliferation and osteogenic differentiation in broiler and layer MSCs, depending on the 

modulator’s doses and treatment time. The fourth study was to investigate the interactive effects 

of Ca and L-Trp, and of Ca and 25-hydroxycholecalciferol (25HyD) substitution for vitamin D3 

on egg production, eggshell quality, bone health, and calcium homeostasis in Dekalb layers from 

26 to 29 weeks of age. Results showed that increased dietary Trp levels increased serum Ca level, 

eggshell quality, and tibia traits. An interactive effect was found that Ca continued to increase the 

relative eggshell weight and eggshell thickness as Trp level increased. However, 25HyD did not 

improve egg production, eggshell quality, and bone health. Taken together, the cCaSR and cVDR 

are widely expressed in laying hens. Ca2+ and L-Trp promoted osteogenic differentiation in 

chicken MSCs and they improved Ca utilization, eggshell quality, and bone health in laying hens. 
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1,25OHD3 can facilitate chicken MSC proliferation, but 25HyD did not promote egg quality and 

bone health in laying hens. The results provide evidence for the potential application of cCaSR 

modulators and different vitamin D3 sources to improve eggshell quality and bone health in laying 

hens.  
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Feed Sci. Technol., under review. 
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isolated from the compact bones of broilers and layers. J. Agri. Food Chem., 70(34): 10476–

10489. doi:10.1021/acs.jafc.2c03451 
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Laying hens have a dynamic bone turnover associated with a daily egg-laying cycle. Because 

of rapid bone turnover and calcium mobilization from bones for eggshell formation, osteoporosis 

that involves the progressive loss of structural bone is a big challenge in the laying hen industry 

(Whitehead and Fleming, 2000). Osteoporosis is one of the major causes of bone fractures in laying 

hens. Bone fractures are associated with pain and animal welfare issues. In addition, economic 

factors such as egg production and eggshell quality are closely linked to issues concerning bones 

(Kim et al., 2012). In addition, eggshell quality has an impact on the profitability of the egg 

industry and food safety. Poor eggshell quality occurs mainly in the last third of the laying cycle 

(Lichovnikova, 2007). Calcium is one of the key nutrients required for optimal eggshell and bone 

quality in laying hens (Kebreab et al., 2009). Extensive research has been done on the topic of 

calcium in laying hens. However, most studies have focused on the effects of dietary calcium 

sources, requirements, particle sizes, and calcium: phosphorus ratio on laying hen performance 

and health (Keshavarz, 2003; Cufadar et al., 2011; Ganjigohari et al., 2018). Osteoporosis cannot 

be easily resolved by simply increasing dietary calcium contents and it is still the main skeletal 

disorder in laying hens (Fleming, 2008). Therefore, there is a need for future research to 

systemically understand calcium metabolism in laying hens and then to develop a method to 

improve calcium mobilization and utilization based on a desired calcium homeostasis in laying 

hens. 

Calcium homeostasis refers to the constant Ca2+ concentration in the extracellular fluid and it 

is maintained through feedback mechanisms involving in three classic hormones, i.e., the 

parathyroid hormone (PTH), the active form of vitamin D3, and calcitonin as well as sex hormones 

in avian species by intestinal absorption, bone storage and resorption, and renal reabsorption (de 

Matos, 2008; Proszkowiec-Weglarz and Angel, 2013). The CaSR plays a central role in calcium 
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homeostasis because it can sense subtle changes in extracellular Ca2+ and regulate PTH secretion 

(Conigrave, 2016). Chicken CaSR has been cloned and characterized, and it has 79% and 84% 

homology with human CaSR on the nucleotide and amino acid level, respectively (Diaz et al., 

1997), and the in situ hybridization revealed that chicken CaSR is present in the parathyroid, 

kidney, brain, and small intestine (Diaz et al., 1997). The results indicated the presence of the 

functional CaSR in chickens with similar characteristics as mammalian CaSR, but only a few 

studies related to chicken CaSR have been conducted. Furthermore, it is not clear whether CaSR 

is expressed in the bone and shell gland in addition to its expression pattern in different tissues in 

laying hens. 

It has been well recognized that mammalian CaSR can be activated by Ca2+ and some other 

divalent and trivalent cations such as Mg2+, Al3+, Sr2+, amino acids, peptides, polyamines, and 

artificial pharmacological calcimimetics or antagonists (Saidak et al., 2009). After activation or 

blockade, CaSR can selectively induce downstream G protein-coupled signaling pathways to 

regulate PTH secretion and further mediate calcium homeostasis (Chakravarti et al., 2012). So far, 

no one has systemically revealed chicken CaSR ligands and their modulation mechanisms. A cost-

efficient and accurate way to find potent ligands of chicken CaSR requires a screening system that 

is specific to the target of chicken CaSR. As chicken CaSR has been cloned and identified in 

chickens (Diaz et al., 1997), screening its potent ligands can be done with an in vitro reporter cell 

system that can stably express chicken CaSR. Also, a chicken CaSR expression in vitro system is 

conducive to understanding ligand-specific downstream signaling pathways upon CaSR activation 

or blockade. 

Bone-depositing osteoblasts form an unmineralized organic matrix consisting of collagen and 

a series of non-collagenous proteins and lipids which subsequently mineralize (Kerschnitzki et al., 
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2014). Previous studies have suggested that a Ca2+ sensing mechanism is present in osteoblasts 

and is involved in their migration and proliferation. Yamaguchi et al. (1998) demonstrated that the 

CaSR agonists, gadolinium, and neomycin, as well as high Ca2+, could induce chemotaxis of 

mouse osteoblastic clonal cells. Exposure of primary osteoblasts or a variety of osteoblast-like 

cells to high levels of Ca2+ or the polycationic CaSR agonists, neomycin, and gadolinium stimulate 

osteoblast proliferation, differentiation, and a matrix-mineralization capacity via activation of 

mitogen-activated protein kinase (Yamaguchi et al., 1998; Yamaguchi et al., 2000; Chattopadhyay 

et al., 2004; Dvorak et al., 2004). CaSR is involved in rat bone marrow and mesenchymal stem 

cell (MSC) proliferation, which has the potential for application in regenerative medicine (Martino 

et al., 2014; Ye et al., 2016). MSCs are multipotent stem cells that can differentiate into a variety 

of bone cell types including osteoblasts. However, the mechanisms by which CaSR modulators 

regulate the osteogenic differentiation of mesenchymal stem cells are not yet understood. 

Overall, the following research gaps still need to be investigated: 

 1. The molecular distribution and localization of chicken CaSR and VDR in the kidney, 

gastrointestinal tract, shell gland, and bone, are still unclear (Study 1). 

 2. The potent chicken CaSR modulators are unknown. As well, the signaling cascades after 

chicken CaSR activation/blockade by its ligands are still unclear (Study 2).  

 3. The mechanisms by which CaSR modulators and 1,25-dihydroxycholecalciferol mediate 

proliferation and osteogenic differentiation of chicken MSCs are not yet understood (Study 3). 

 4. The application of CaSR modulators and vitamin D3 in laying hens needs to be further 

illustrated (Study 4).  
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2.1 Introduction 

Laying hens have a high demand for calcium which is needed to form eggshells during the 

active egg-laying period. Calcium is the most important mineral in bone and eggshell structures. 

Generally, an eggshell contains approximately 2.4 g of calcium. Only 60–75% of the eggshell 

calcium can be provided by the feed, and the remainder must be supplied by bone storage (Mueller 

et al., 1964; Fleming  2008; Świątkiewicz et al., 2015). At the onset of sexual maturity, the 

formation of structural bone ceases, and medullary bone as a woven bone is formed to provide a 

labile source of calcium for shell formation (Whitehead and Fleming, 2000). After formation, 

laying hens experience a rapid and constant medullary bone remodeling, and this process leads to 

a more diffuse arrangement of medullary bone spicules throughout the marrow cavity. The 

decrease in the proximity between medullary bone and the structural bone surfaces results in the 

structural bone tissues being exposed to the effects of osteoclasts (Whitehead and Fleming, 2000; 

Korver, 2020). As structural bone is not replaced during egg laying period, the progressive 

structural bone loss/osteoporosis occurs. Osteoporosis is one of the major causes of bone fractures 

in laying hens. Bone fractures are associated with pain and animal welfare issues. In addition, 

economic factors such as egg production and eggshell quality are closely linked to issues 

concerning bones (Kim et al., 2012). Maintaining good eggshell quality is crucial for egg industry, 

as egg breakage accounts for 8-10% of total egg production and results in substantial economic 

losses (Ketta and Tůmová, 2016), and it meets the demands of various stakeholders, such as egg 

producers, processing plants, egg traders, and consumers. Better methods that can be practiced by 

various sectors of the egg industry are needed to mitigate osteoporosis. One of these methods is to 

restore or maintain the desired calcium homeostasis in laying hens so that more calcium is 

available for eggshell and bone formation. In this review, the way by which calcium is metabolized 
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and factors involved in regulating calcium homeostasis in laying hens is systematically discussed 

to giveinsight into the potential solutions to osteoporosis in laying hens.  

2.2 Calcium in laying hens 

2.2.1 Function of calcium 

As with mammalian animals, calcium is an essential element and the most abundant metal in 

poultry. Basically, it serves two primary functions. First, calcium is the main component in 

building bones or eggshells. As a second function, calcium acts as a regulatory or messenger ion 

located in extracellular fluid or cytosol involving in a number of physiological and biochemical 

processes such as enzyme activity, hormone secretion, nerve conduction, blood clotting, 

intracellular signaling transduction, etc. (Rosol and Capen, 1996). In birds, the majority of calcium 

is stored in the bone as hydroxyapatite with the remaining present in the plasma membrane, cellular 

organelles, cytosol, and extracellular fluid (de Matos, 2008; Proszkowiec-Weglarz and Angel, 

2013). There are three forms of calcium in the extracellular fluid: (1) ionized calcium; (2) calcium-

containing compounds such as calcium citrate, calcium bicarbonate, and calcium lactate; (3) 

protein-bound calcium, accounting for 45% of total calcium, mainly to albumin and vitellogenin 

in birds (de Matos, 2008). Female birds go through dynamic and rapid calcium tunrover for 

eggshell formation during laying period. About 10% total body calcium is deposited in eggshell 

daily (Elaroussi et al., 1994), and the plasma ionized calcium is compleletly turned over 4 times 

per minute times every minute (Diaz et al., 1997). The ionized calcium ranges from 20% to 60% 

of the extracellular calcium in laying hens, which is about 50% in mammals (de Matos, 2008). 

Despite this, the ionized extracellular calcium concentration is between 1.2 mM and 1.3 mM, 

which is highly conserved in both mammals and poultry (Diaz et al., 1997; Proszkowiec-Weglarz 

and Angel, 2013). Any large shift in serum-ionized calcium is likely to have therapeutic 
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implications. The cytoplasm ionized calcium concentration is 10,000 times lower than the plasma 

ionized calcium concentration. The high concentration gradient shows the possibility that Ca2+ can 

function as a signaling molecule to mediate intracellular signaling transduction and activate 

biological processes (Rosol and Capen, 1996). The extracellular calcium-sensing receptor (CaSR) 

is a homodimeric complex located in the plasma membrane of various cells, which can sense subtle 

changes in extracellular calcium concentration and thus induce the intracellular calcium 

mobilization between organelles and endoplasm and activate downstream signaling cascades to 

maintain calcium homeostasis. It is of biological significance to maintain calcium homeostasis via 

CaSR both in mammals and in poultry. 

2.2.2 Calcium metabolism and homeostasis 

Generally, calcium homeostasis is regulated through feedback mechanisms involving three 

classic hormones: parathyroid hormone (PTH), the active form of vitamin D3, and calcitonin; as 

well as sex hormones (in layers), which is achieved by intestinal absorption, bone storage and 

resorption, and renal reabsorption (Proszkowiec-Weglarz and Angel, 2013). In addition to these 

pathways, the shell gland is a distinctive tissue that withdraws calcium for eggshell formation, 

which requires a high amount of calcium during egg-laying stages and imposes a huge extra 

demand on calcium homeostasis and requires several times as much calcium in the extracellular 

pool for eggshell calcification (Bar, 2009) (Figure 2.1).  

The small intestine is the main site of calcium absorption (Bronner, 2009). Unlike in mammals, 

most of the calcium is absorbed between the duodenum and upper ileum, and the most effective 

site of calcium absorption in the laying hen is the jejunum (Hurwitz and Bar, 1966). Calcium is 

(re)absorbed by a transcellular active transport or a paracellular passive transport mechanism in 

the kidney and intestine. The active transport is a calcium transporter-dependent process, involving 
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three steps: entry across the brush border of the epithelium; intracellular diffusion; and extrusion 

at the basolateral membrane. In birds, the second and third steps are vitamin D-dependent because 

the calbindinD28, plasma membrane Ca2+ pumps (ATP2B1 and 2) and Ca2+/Na+ exchangers 

(SLC8A1 and 3) are regulated by a vitamin D response element (VDRE) (Nys and Le Roy, 2018). 

Paracellular transport depends on tight junctions. The active form of vitamin D3, 1,25-

dihydroxycholcalciferol [1,25(OH)2D3] is produced in the kidney because this step needs 1α-

hydroxylase which is expressed predominantly in the kidney. The calcium reservoir of the 

medullary bone is formed with the onset of sexual maturity until shortly before the onset of egg 

production, which is mediated by estrogen (Whitehead, 2004). Bone resorption takes place in the 

medullary bone to release more calcium for eggshell formation during laying period.  

Overall, maintaining calcium homeostasis is a complicated process, especially in laying birds. 

When plasma calcium is at a relatively low level (hypocalcemia, e.g. layers are fed a calcium 

deficient diet or at the laying peak), more PTH is secreted. The PTH exerts direct effects on bone 

and kidney and indirect effects on the intestine through vitamin D3. 1α-hydroxylase is activated to 

produce more 1,25-dihydroxycholcalciferol [1,25(OH)2D3] in the kidney, which leads to the 

increase in vitamin D3-dependent calcium absorption and reabsorption; and PTH also facilitates 

bone resorption. On the other hand, increased plasma calcium concentration (hypercalcemia) 

causes increased secretion of calcitonin and decreased secretion of PTH. Synthesis of 1,25(OH)2D3 

is also reduced, in turn resulting in decreased calcium absorption, reabsorption and bone resorption 

in the intestine, kidney, and bone respectively (Mundy and Guise, 1999). Hypercalcemia in birds 

is most often physiologic and associated with increased estrogen secretion and production of 

calcium-binding proteins (de Matos, 2008). 
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Figure 2.1 Potential mode of calcium homeostasis in laying hens. Calcium homeostasis is 

regulated through feedback mechanisms involving three hormones: parathyroid hormone, active 

form of vitamin D3 [1,25(OH)2D3], and calcitonin.  Calcium homeostasis is achieved by intestinal 

absorption, bone storage and resorption, renal reabsorption, and shell gland withdrawal. 

Abbreviations: [Ca2+]e, Ca2+ in extracellular fluid; CaSR, calcium-sensing receptor. “+” represents 

increase.  
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2.2.3 Calcium requirement 

The recommended amounts of dietary calcium have been constantly adjusted over time to 

ensure that laying hens receive enough calcium to support eggshell formation during the laying 

period and to enable them to express their genetic potential. Common (1943) concluded that only 

about half of the ingested calcium was absorbed in laying hens according to previous studies. 

Peterson et al. (1960) reported that a level of dietary calcium of at least 3.4% was necessary for 

maximum eggshell quality. Using balance techniques, Hurwitz and Griminger (1962) estimated 

the calcium requirement to be between 2.4 and 3.6 g per hen per day in White Leghorn laying hens. 

The Subcommittee on Poultry Nutrition of the National Research Council (NRC) recommended a 

calcium requirement for laying hens of 2.25% and 2.75% of the diet in 1962 and 1966, respectively 

(NRC, 1962; NRC, 1966). Scott et al., (1971) demonstrated that the maximum production and 

eggshell quality were attained when the diet contains 3.5% calcium. The NRC (1984) estimated 

the calcium requirement to be at a constant level of 3.75 g per hen per day. Later. the NRC (1994) 

suggested the calcium requirement for Brown layers was 3.4% of dietary calcium for 110 g/d feed 

intake regardless of age. Bar et al. (2002) reported that a dietary calcium increases from 24-25 to 

36-40 g/kg improved egg production, shell weight, shell thickness, and reduced mortality. 

Lichovnikova (2007) indicated that in the last third of production, the recommendation for calcium 

was 4.1 g/kg to ensure eggshell quality. Therefore, the calcium requirement recommended by the 

NRC (1994) seems inadequate for optimal eggshell qualities and egg production in the modern 

layer industry and the NRC requirement should be revised in the face of the new growth and 

production potential of laying hens. Nowadays, the management guide of Lohmann Tierzucht 

suggested that the calcium requirement for modern commercial Lohmann layers is 4-5 g per hen 

per day depending on the different laying stages (Lohmann Tierzucht, 2019). However, Bello and 
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Korver (2019) and Pongmanee et al. (2020) indicated that the current recommendations for 

calcium provided by the primary breeders are likely substantially higher than required by 

commercial laying hens. It is crucial to consider various factors such as the genetic potential, 

breeds, ages, laying stages, and interactions with other elements when determining the calcium 

requirements for laying hens. 

2.2.4 Factors affecting calcium intake and utilization 

The significance of calcium requirement in layer production can be determined by the amount 

of dietary calcium retained and excreted (Griminger and Lutz, 1964). Given the fact that the 

eggshell contains about 94% CaCO3, which is equivalent to 2 grams of calcium (Ahmad et al., 

2003), the eggshell quality, egg production, and size and weight of eggs are good indicators for 

evaluating calcium utilization. There are a number of factors that may influence the optimum level 

of calcium intake and utilization for laying hens: the strain of bird, laying stages, calcium sources, 

the particle size of calcium sources, the energy level of the diet, nutritional status, feed and feeding 

management, environmental conditions, and housing system.  

Ahmad et al. (2003) reported that Bovanes hens (White Leghorn) required 5.57 g of calcium 

per hen per day for optimum performance and maximum egg production, which was higher than 

other commercial Leghorn hens. For Lohmann white/brown pullets before 18 weeks, the calcium 

requirement ranged from 0.9% to 2.5%. With the onset of laying period, the calcium requirement 

was increased with age from 3.8% to 4.5% (Lohmann Tierzucht, 2019). However, it is not always 

beneficial to further increase dietary Ca level when hens are fed adequate calcium because it may 

negatively affect the absorption and homeostasis of minerals (Pastore et al., 2012). Akbari 

Moghaddam Kakhki et al. (2019) has even reported that calcium intake beyond 4.2 g of 

Ca/bird/day did not lead to further improvement in eggshell thickness and decrease in eggshell 
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breaking strength. Previous study suggested that larger particles of CaCO3 would be beneficial in 

most commercial egg strains (Roland, 1986). Lichovnikova (2007) reported that as a source of 

calcium in the last third of production, two-thirds of large particles should be included in the diet 

to ensure the eggshell quality. Brister Jr et al. (1981) demonstrated that replacing oyster shells with 

pulverized limestone improved eggshell quality no matter if the hens had an adequate calcium 

intake (>3.75 g/hen/day). Calcium sulfate is considered an inferior calcium source compared to 

calcium carbonate because excessive sulfate may cause negative effects on eggshell quality 

(Hurwitz and Rand, 1965). Calcium carbonate sources such as limestone, oyster shells, eggshells 

also show different in vitro solubilities as follows: fine limestone 85%, eggshells 14%, oyster shell 

44%, and large limestone 49.5%, respectively (Lichovnikova 2007). Cheng and Coon (1990) 

reported that limestone solubility instead of particle size affected egg production and eggshell 

quality.  

The nutritional role of calcium is closely related to the level of the dietary phosphorus and 

vitamin D3. If the phosphorus and vitamin D3 levels are inadequate, calcium utilization will be 

negatively affected. There is a complex relationship between calcium, phosphorus, vitamin D3 and 

other hormones in calcium metabolism during laying (Pelicia et al., 2009). Phytic acid as an 

antinutritional factor is widely distributed in grains, cereals, lentils, etc., which affects dietary 

calcium and phosphorus availability. With phytase supplementation, the requirement of calcium 

and phosphorus might change. Lim et al. (2003) concluded that phytase supplementation improved 

egg production, but the effects of phytase were modified by dietary calcium levels. Härtel (1990) 

concluded that there were strong performance depressions and high mortality occurred when fed 

layers with the lowest phosphorus concentration and high calcium level.  



 14 

Environmental factors such as temperature and lighting program influenced eggshell quality. 

Grizzle et al. (1992) found that increased temperatures (> 32°C) significantly reduced eggshell 

quality, and intermittent (midnight) lighting supplements in addition to natural daylight improved 

eggshell quality. Griminger and Lutz (1964) concluded that the housing system also affects the 

consumption of calcium supplements. Hens housed in individual cages had the highest calcium 

supplement consumption compared with hens housed in community cages and floor pens.   

2.3 Modulators of calcium metabolism and homeostasis 

2.3.1 Hormones 

Calcium homeostasis is regulated via PTH, calcitonin, and the active form of vitamin D3, and 

these three hormones have been characterized in birds (de Matos, 2008). In addition to the three 

classic calcium-regulating hormones, estrogen, androgens, and prostaglandins are very important 

for avian calcium metabolism (Bar, 2008).  

PTH is an 88-amino acid peptide hormone produced by chief cells of the parathyroid gland in 

avian species in response to hypocalcemia (Dacke, 2000). Its structure is different from 

mammalian PTH which is an 84-amino acid peptide, but avian PTH exhibits a similar biological 

function to mammalian PTH and shares 56-65% homology in the active region (amino acid 1-34) 

with mammalian PTH (Dacke, 2000). The PTH exerts direct effects on bone and kidney and 

indirect effects on the intestine through vitamin D3 (de Matos, 2008). When the plasma calcium 

concentration is low, PTH will be secreted and exert its function by mobilizing calcium from bone 

resorption; stimulating renal calcium reabsorption and 1,25(OH)2D3 synthesis, intestinal calcium 

absorption facilitated by 1,25(OH)2D3, and osteoclastic bone resorption. Its function is initiated by 

binding to the membrane PTH receptor (Rosenbaum et al., 2009), and the functional PTH receptor 

has been characterized in the chicken kidney and duodenum (Silve et al., 1982). PTH secretion is 
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inhibited by a feedback mechanism when plasma calcium concentration is high (Conigrave, 2016). 

The concentration of PTH in birds is lower compared with mammals, but it is increased during 

eggshell calcification. In addition, birds seem to be more sensitive to PTH than mammals, 

evidenced by blood calcium elevating in minutes compared with hours or days in mammals in 

respondse to intravenous injections of the hormone (de Matos, 2008). Parathyroid hormone-related 

protein (PTHrP) is a protein member of the PTH family secreted by mesenchymal stem cells. 

PTHrP was first discovered in human tumour tissues and recognized as a cause of malignancy-

related hypercalcemia (Moseley et al., 1987; Stewart et al., 1987; Strewler et al., 1987). It has also 

been reported to be expressed during chicken embryologic development (Schermer et al., 1991). 

It shares a common receptor with PTH. The PTHrP isolated from chicken osteoclasts is associated 

with the inhibition of bone resorption (Moseley et al., 1987; Fenton et al., 1994). Moreover, the 

PTHrP level in the laying hen transiently increases when the egg moves through the oviduct, but 

it will gradually return to normal during the eggshell calcification period (de Matos, 2008). Avian 

PTHrP shares homology in the amino acid 1-34 with mammalian PTHrP (de Matos, 2008). 

Vitamin D as a steroid hormone has two important forms: vitamin D2 and vitamin D3 

(cholecalciferol). The bioactivity of vitamin D3 is ten times higher than that of vitamin D2 in avian 

species (DeLuca et al., 1988). Vitamin D3 can either be ingested through the diet or synthesized in 

the skin from 7-dehydrocholesterol (a precursor of vitamin D3) through exposure to ultraviolet 

light (Mundy and Guise, 1999). Then it will be converted to the active form in two steps to perform 

its function. First, cholecalciferol is hydroxylated at the 25 position which occurs in the liver to 

form 25-hydroxycholecalciferol (25HyD) by the 25-hydroxylase. This step is rapid, and it is not 

affected by plasma calcium concentration and other hormones (Norman, 1987). Second, 25HyD 

as the substrate is further hydroxylated at the C-1 position to form the active form of vitamin D3, 
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1,25(OH)2D3, in the kidney by 1α-hydroxylase. During the second hydroxylation, 24,25(OH)2D3 

is the other product in the avian species, but the quantity of 24,25(OH)2D3 is markedly lower than 

1,25(OH)2D3 (Norman, 1987). This step is regulated and affected by various factors in addition to 

itself via feedback inhibition. PTH, plasma calcium level, phosphorus, estrogens, prolactin, and 

growth hormone are all involved (de Matos, 2008). It has been reported that when hypocalcemia 

occurs, increased PTH secretion will cause an elevated production of 1,25(OH)2D3 in the kidney 

and increased activity of the 1α-hydroxylase (de Matos, 2008). The predominant role of 

1,25(OH)2D3 in calcium homeostasis is facilitating calcium absorption via the active transcellular 

pathway in the duodenum and jejunum in avian species (Hurwitz and Bar, 1966; Proszkowiec-

Weglarz and Angel, 2013). Previous studies reported that plasma calcium level was increased in 

chicks fed vitamin D3-deficient diet compared to chicks fed control vitamin D3 diet, and calcium 

mobilization in response to PTH injection was affected by vitamin D3 (Gonnerman et al., 1975). 

Yarden et al. (2000) found an increase in plasma calcium by repletion of vitamin D-deficient chicks 

with a normal diet. 

The chicken calcitonin (CT) gene has been isolated and sequenced. Its mRNA has two 

alternative splicings, coding either the precursor of calcitonin or the calcitonin gene‐related protein 

(CGRP), and they are expressed in the ultimobranchial gland and brain, respectively (Minvielle et 

al., 1987). CT is secreted by the C-cells of the thyroid gland in response to hypercalcemia in 

mammals (Mundy and Guise, 1999). Chicken CT has been predicted to be a 32-amino acid peptide 

(Lasmoles et al., 1985). It is recognized that chicken CT plays a role in avian calcium homeostasis, 

but its precise function in different tissues has not been systemically demonstrated. Basically, CT 

is produced in response to high plasma calcium concentration or hypercalcemia by the inhibition 

of osteoclastic bone resorption (Norman and Hurwitz, 1993). The CT has been reported to circulate 
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at much higher levels in birds than in mammals (Dacke, 2000). Inadequate calcium included in 

chicken feed resulted in decreased plasma calcium concentration and CT concentration compared 

with chickens fed with adequate calcium (Eliam et al., 1988). In addition, Dempster et al. (1987) 

demonstrated that the osteoclast is not a target cell for calcitonin in the embryonic chick. Krzysik-

Walker et al. (2007) confirmed the expression of CT in the chicken ovary and indicated ovarian 

CT was possibly involved in regulating follicular maturation. 

2.3.2 Vitamin D receptor (VDR) 

The 1,25(OH)2D3-dependent gene can be transcribed when 1,25(OH)2D3 binds to the 

intracellular VDR because it will trigger the formation of a heterodimer of the VDR with a partner 

protein retinoid X receptor (RXR). The heterodimer RXR-VDR-1,25(OH)2D3 complex then binds 

to the VDRE located in the promoter region of target genes, thereby activating the transcription 

(Bar, 2008). Several genes related to calcium transport and calcium metabolism have the VDRE 

sequence, including PTH, PTH-related proteins, calbindins, calcium ion channels, 24-hydroxylase, 

osteopontin, osteocalcin, CaSR, etc. (Bar, 2008; Proszkowiec-Weglarz and Angel, 2013). Human 

VDR complementary DNA (cDNA) was first isolated and cloned from the human intestine, and it 

has been demonstrated to belong to the steroid-receptor gene family (Baker et al., 1988). The 

cDNA of avian VDR was then cloned, and two vitamin D receptor mRNAs are 2.6 and 3.2 kb long, 

respectively (McDonnell et al., 1987). The mRNA of mammalian VDR is longer than that of avian 

species, but the encoded N-terminal of avian VDR is longer (Lu et al., 1997). Chicken VDR has 

been documented in various tissues such as the intestine (Lu et al., 1997), kidney (Lu et al., 1997), 

muscle (Zanello et al., 1997), shell gland (Yoshimura et al., 1997), bone (Pedrozo et al., 1999), 

and parathyroid gland (Garfia et al., 2002). In chicken, the expression of VDR is associated with 

sexual maturation and enterocyte differentiation (Wu et al., 1994). Moreover, chicken VDR is 
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distributed in the mucosal epithelium and tubular gland cells in the shell gland, and its expression 

is increased during sexual maturation and keeps even during molting (Yoshimura et al., 1997).  

2.3.3 Calcium-sensing receptor (CaSR) 

The CaSR is a homodimeric complex located in the cell membrane, and it belongs to the 

metabotropic glutamate receptor (mGluR) subclass of G-protein coupled receptors (GPCRs) 

superfamily (Jensen and Brauner-Osborne, 2007). The CaSR can sense subtle changes in 

extracellular calcium concentration and thus mediate PTH secretion to maintain calcium 

homeostasis via regulating intestinal absorption, bone storage and exchange, and renal 

reabsorption (Conigrave, 2016). In addition, the CaSR mediates a variety of physiological and 

pathophysiological processes such as ion channel activity, gene expression, inflammation, 

proliferation, differentiation, and apoptosis via inducing downstream signaling cascades. Since the 

extracellular CaSR was first cloned and characterized from the bovine parathyroid (Brown et al., 

1993), it has drawn more attention because of its versatile roles in biological processes. It has been 

reported that the CaSR is widely expressed in multiple tissues including the parathyroid gland, 

kidney, bone, and gastrointestinal tract (GIT) in the human (Garrett et al., 1995), rat (Riccardi et 

al., 1995), rabbit (Butters JR et al., 1997), mouse (Oda et al., 2000), dog (Skelly and Franklin, 

2007), and cat (Gal et al., 2010). The poultry CaSR was first cloned and identified from a chicken 

parathyroid gland (Diaz et al., 1997). The gene expression of the chicken CaSR in the kidney, 

parathyroid, small intestine, oviduct, and brain has also been verified (Deng et al., 2010). Notably, 

chicken CaSR was the first non-mammalian CaSR to be cloned and characterized. However, it still 

needs to be confirmed if the CaSR is present in shell gland and bone in laying hens.  
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2.3.4 Calcium transport-related proteins 

2.3.4.1 Proteins involved in the active transcellular pathway and passive paracellular 

pathway 

Calcium transport in the female avian species is associated with calcium reabsorption, 

absorption, and withdrawal in the kidney, intestine, and shell gland, respectively. Like mammals, 

calcium is transported across the epithelium by an active transcellular pathway or a passive 

paracellular pathway in birds (Hurwitz, 1989), but the main calcium transport mechanisms in 

different tissues are distinct in birds (Bar 2009; Nys and Le Roy, 2018). In the kidney, calcium 

reabsorption is mainly achieved by passive paracellular transport, while the calcium withdrawal 

from plasma to shell gland fluid is mediated predominately by the active transcellular pathway 

(Nys and Le Roy, 2018). In the intestine, calcium absorption occurs mainly in the proximal 

intestine (Hurwitz and Bar, 1966), but the transport mechanism depends on the concentration of 

calcium in the gut lumen (Nys and Le Roy, 2018). Transcellular calcium transport involves three 

steps:  

(1) Calcium enters the intestinal epithelium across the brush border membrane, which is 

facilitated by calcium channels transcription of transient receptor potential vanilloid 5 (TRPV5) or 

TRPV6 transporters. In mammals, TRPV5 and TRPV6 belong to the transient receptor potential 

(TRP) superfamily, vanilloid (V) subfamily, and they share 75% homology at the amino acid level 

(den Dekker et al., 2003). Both are expressed in the intestine and kidney, which are related to 

calcium transport and (re)absorption (Nijenhuis et al., 2005). Several studies have illustrated that 

the relative mRNA abundance of TRPV5 and TRPV6 varies in different tissues, and it is also 

different among species (Hoenderop et al., 2001; Weber et al., 2001). Generally, TRPV5 seems to 

be expressed mainly in the kidney, but TRPV6 shows higher expression in the small intestine in 
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mammals (den Dekker et al., 2003). Differently, in laying hens, it has been demonstrated that 

TRPV6 is expressed in the kidney, all intestinal segments, and shell gland (Yang et al., 2011; Yang 

et al., 2013), whereas the distribution and localization of TRPV5 hasnot yet been studied. Step one 

is rate limiting because the transcription of TRVP5 and 6, are regulated by different dietary calcium 

levels, and meanwhile, the gene expression of TRPV5 and 6 is vitamin D3‐dependent in humans 

(Bronner, 2003), but the presence of VDRE in TRPV6 in laying hens is still unclear (Nys and Le 

Roy, 2018). 

(2) Calcium is translocated in the cytoplasm through binding to calcium‐binding protein 

(calbindinD28k and calbindinD9k). Unlike mammalian intestinal and renal tissues, where two types 

of calcium‐binding protein calbindinD28k and calbindinD9k are expressed, calbindinD28k is the 

extremely predominant calcium‐binding proteins compared to calbindinD9k in the avian intestine 

(Bar, 2009). CalbindinD28k has been reported to be expressed in the intestine, kidney, and shell 

gland in poultry (Wasserman and Taylor, 1966; Taylor and Wasserman, 1972; Bar et al., 1992). 

Different laying stages and egg laying cycles affect the expression of CalbindinD28k in the intestine 

and shell gland (Bar et al., 1992), and the distribution of calbindin proteins is positively correlated 

to Ca2+ transport (Bar, 2009). Also, in the intestine, kidney, and shell gland, calbindins are identical: 

three variants of mRNA encode a major and two minor transcripts, but each of them codes for the 

same calbindin D28k consisting of 261 amino acids (Bar, 2009). Calbindin D28k is vitamin D3‐

dependent, and it is the most extensively studied one among calcium transport proteins (Bar, 2009; 

Nys and Le Roy, 2018). Both gene expression and synthesis of calbindin D28k are affected by 

1,25(OH)2D3 in the chicken intestinal epithelial cells (Bar et al., 1990). In addition, the expression 

of TRVP6 and calbindin D28k is regulated by estrogen, which is probably attributed to the high 

requirement of calcium in female birds during laying (Bar, 2009).  
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(3) Extrusion at the basolateral membrane is mediated by the plasma membrane Ca2+-ATPase 

(PMCA) and Na+/Ca2+ exchangers (NCXs) (Nys and Le Roy, 2018). This process is against the 

electrochemical gradient and thus it is energy dependent. PMCAs have more than 30 isomers. 

Among those, PMCA1b is the most predominant isomer expressed in mammalian and the chicken 

intestine and kidney (Bar, 2009). PMCA has been cloned and characterized in different segments 

of the chicken intestine (Cai et al., 1993). It has been reported that the VDRE was found in the 

promoter region of the human PMCA1 gene, and its transcription was mediated by 1,25(OH)2D3 

(Glendenning et al., 2000). The gene expression of chicken PMCA is also regulated by 

1,25(OH)2D3, as shown by an upregulation in its expression in the vitamin D3-treated group 

compared to the vitamin D3-depleted group, as reported by Cai et al. (1993). A few studies have 

supported the idea that estrogen regulates the gene expression and activity of PMCAs in mice (Van 

Cromphaut et al., 2003). PMCA in the shell gland of laying hens has been found in the apical-

microvillar membrane of tubular gland cells facing the shell gland lumen instead of in the 

basolateral membrane (Bar, 2008). However, PMCA in the shell gland was not, or was only 

slightly regulated by 1,25(OH)2D3 (Nys and De Laage, 1984; Grunder et al., 1990). Thinning 

eggshell induced by chlorophenylethylene is associated with decreased PMCA activity in birds, 

which demonstrated that PMCA is important for maintaining eggshell integrity and quality 

(Lundholm, 1997). The NCXs consist of three members NCX1, NCX2, and NCX3 in mammals 

(Lytton, 2007). NCX1 is the most important and predominant subtype among them, which is 

widely expressed in various tissues and organs such as the brain, heart, kidney, and GIT, and 

facilitates calcium (re)absorption (Liao et al., 2019). Like mammals, NXC1 is also expressed in 

the chicken intestine, and the protein and gene expression are regulated by 1,25(OH)2D3 in vitamin 

D-deficient chicks (Centeno et al., 2011). As for calcium reabsorption in the kidney, NXC1 is 
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involved mainly in basolateral calcium efflux (Lytton, 2007). The PMCA and NXCs are also 

vitamin D3-dependent (Bar, 2009; Nys and Le Roy, 2018). 

 

 

Figure 2.2 Transcellular absorption of calcium in the intestinal epithelial cell of laying hens. 
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When calcium intake is high, or calcium concentration is saturated, paracellular calcium 

transport accounts for a substantial fraction throughout the length of the intestine (Bar, 2009). This 

process is driven by a luminal electrochemical gradient between blood plasma and the intestinal 

lumen (+ 5 to + 15 mV) and facilitated by tight junctions between adjacent epithelial cells. The 

integrity and tightness of the intestinal barrier are important for normal paracellular calcium 

transport. Some evidence has supported that 1,25(OH)2D3 can promote paracellular calcium 

diffusion by increasing junction ion permeability and regulating the expression of tight junction 

proteins (Kutuzova and DeLuca, 2004; Fujita et al., 2008). 

2.3.4.2 Proteins associated with calcium transfer in the shell gland  

Shell gland glandular cells transfer a large amount of calcium into the shell gland lumen 

against the concentration gradient with a 1.2-1.3 mM of Ca2+ concentration in plasma and 6-10 

mM in the lumen of the shell gland fluid depending on the stage of eggshell calcification (Nys and 

Le Roy, 2018). The electrochemical potential difference and the discontinuity of calcium secretion 

are harmful to passive transcellular calcium transport to the shell gland lumen. Instead, active 

transcellular calcium transport is predominant (Nys and Le Roy, 2018). Paracellular pathways for 

calcium transport in the shell gland have not yet been demonstrated.  

The shell gland develops the ability to transfer large amounts of Ca2+ and HCO3− ions which 

serve as mineral precursors for the formation of eggshell CaCO3 (Nys and Le Roy, 2018). In 

addition to the proteins mentioned in the calcium transport in the intestine, carbonic anhydrase 

(CA) and osteopontin (OPN) are two distinct groups of proteins involved in calcium transport in 

the shell gland. The CAs are a group of zinc-containing enzymes that catalyze the reversible 

hydration of carbon dioxide to bicarbonate. The transfer of calcium occurs mainly via the uterine 

glandular cells, and CAs are widely distributed in uterine glandular cells to support ion transport 
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under acidic conditions. At least four distinct gene families encode them, and at least 16 different 

α-CA isoforms have been identified in mammals (Supuran, 2008). CA2 isozymes have also been 

purified in avian tissues including the kidney, bone, intestine, and shell gland (Gay and Mueller, 

1974; Holmes, 1977; Gabriella and Menghi, 1994). VDRE has been found in the promoter region 

of the CA2 gene (Quélo et al., 1994), and vitamin D3 has been found to affect the CA activity in 

the shell gland of laying hens (Grunder et al., 1990). OPN is a glycosylated, highly phosphorylated 

protein, which is expressed in various tissues including the bone (Nakamura et al., 2003) and shell 

gland (Pines et al., 1995). It has been reported that OPN is involved in bone remodeling and affects 

the migration and maturation of osteoclast precursors and osteoclast activity (Bar, 2009). The 

expression of OPN is correlated with the shell calcification cycle, which means that the highest 

expression was found at the peak of eggshell formation in the shell gland (Pines et al., 1995). Also, 

its expression was regulated by growth factors and hormones like 1,25(OH)2D3 (Han et al., 2003). 

However, the definitive function of OPN during eggshell formation has not been fully researched. 

2.4 Structure-function relationships of calcium-sensing receptor 

The cDNA of human CaSR is 3255 bp that encodes 1085 amino acids (Garrett et al., 1995), 

and its gene spans ∼103 kb containing eight exons (Yun et al., 2007). The gene expression is 

closely related to transcription, and the transcription of human CaSR is driven by two promoters 

P1 and P2, with P2 being more active than P1. As VDRE is also located in the P1 and P2, the gene 

expression of human CaSR is regulated by 1,25(OH)2D3, which has been verified (Canaff and 

Hendy, 2002). Chicken CaSR shares 79% and 84% homology with human CaSR on the nucleotide 

and amino acid levels, respectively (Diaz et al., 1997). The cDNA of chicken CaSR is 3177 bp 

which encodes 1059 amino acids (Diaz et al., 1997). Similar to human CaSR, as shown in Figure 

2.2, chicken CaSR consists of three domains: a large hydrophilic N-terminal extracellular domain 
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(ECD) comprising 611 amino acids; a hydrophobic seven helical transmembrane domain (TMD) 

comprising 249 amino acids; and a hydrophobic C-terminal intracellular domain comprising 198 

amino acids, which is slightly shorter than the human homologue (vs. 250 amino acids) (Diaz et 

al., 1997). Among that, the non-conserved segments are concentrated in an N-terminal 19-amino 

acid signal peptide and an intracellular domain (ICD) C-terminal tail which is involved in the G 

protein coupling signaling. The highly conserved region is between amino acids 24 and 308 in the 

ECD, especially between 91-250, presenting a completely uniform sequence, which is equivalent 

to the mGluR (Diaz et al., 1997). This highly conserved area might be related to maintaining CaSR 

function, which is evidenced by the fact that the mutation sites of mutations of the human CaSR 

associated with calcium homeostatic disorder hypercalcemia are located within this region (Aida 

et al., 1995). Similar to other mGluRs, human CaSR performs biological functions as a disulfide-

linked homodimer. It contains 11 potential N-linked glycosylation sites: eight glycosylation sites 

are used and associated with the different forms of CaSR; the other three are not used so they do 

not affect CaSR signaling (Hendy et al., 2013). A western blot analysis using human CaSR-

transfected HEK293 cells demonstrated four molecular forms of wild-type CaSR because of N-

linked glycosylation: non-glycosylated monomer (~120 kDa), which is rarely detected in the 

absence of MG132 (an inhibitor of proteasome degradation); immaturely core-glycosylated, high-

mannose monomer (~140 kDa), which is predominantly present in the ER; maturely glycosylated 

monomer (~160 kDa) present in the Golgi complex; and dimers (>280 kDa) (White et al., 2009). 
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Figure 2.3 Schematic diagram of the 2D structure of chicken CaSR. 
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2.4.1 Extracellular domain (ECD) 

Ligand binding induces large conformational changes within the CaSR ECD homodimer. As 

reported in the human CaSR, the ECD of CaSR consists of a Venus Flytrap (VFT) module 

comprising two domains (Lobe1 and Lobe 2, 507 amino acids) and a cysteine-rich (CR) domain 

(57 amino acids) (Hu et al., 2001). The three-dimensional crystal structure of the entire ECD of 

the human CaSR in active and inactive states has been revealed (Geng et al., 2016). In both states, 

the two protomers interact side by side with facing opposite to each other. In fact, Ca2+ binding 

alone cannot fully activate CaSR since CaSR remains in an inactive state regardless of the presence 

or absence of Ca2+. Instead, CaSR is only transformed into the active state when an amino acid 

binds to the ECD (Geng et al., 2016). In the inactive-state structure, the two protomers present an 

open conformation with only one Ca2+ binding to each protomer in Lobe 1. In the active structure, 

the two protomers exhibit a closed conformation by contacting both Lobe 1 and Lobe 2 with an L-

amino acid binding to the cleft between Lobe 1 and Lobe 2, while Ca2+ was bound to four sites of 

the VFT. The actions of Ca2+ and amino acids on CaSR are interdependent, and they act as co-

agonists to activate CaSR. Geng et al. (2016) first identified the four distinct Ca2+ binding sites. 

Among the four sites (named 1 to 4) within one protomer, site 1 is located in a loop region at the 

top of the Lobe 1 domain, and Ca2+ is supported by backbone carbonyl oxygen atoms of I81, S84, 

L87, and L88. Site 2 is positioned directly above the interdomain cleft in the Lobe1 domain, and 

it abuts the L-amino acid binding site in the cleft. The shared Ca2+-binding mode at site 2 between 

the inactive and active structures suggests that the Ca2+ bound at this site is an integral component 

of the CaSR structure. Site 3 is positioned at the edge of the interdomain cleft in Lobe 2 domain, 

and the Ca2+ is coordinated by the hydroxyl groups of S302 and S303 either directly or indirectly 

through water molecules. Site 4 is part of the homodimer interface formed upon agonist binding, 
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bridging the Lobe 2 domain and CR domain, and the Ca2+ ion is coordinated by three interfacial 

residues, including the carboxylate group of D234 and the carbonyl oxygen of E231 and G557 

(Geng et al., 2016). The binding sites of anions (PO43- and SO32-) were also found in the ECD of 

human CaSR (Geng et al., 2016). The active state is stabilized by Ca2+, whereas the inactive 

conformation is reinforced by PO43- (Geng et al., 2016). 

2.4.2 Transmembrane domain (TMD) 

So far, the structures of full-length human (Ling et al., 2021) and chicken CaSR (Wen et al., 

2021) have been revealed and demonstrated. Therefore, the confirmational changes in TMD upon 

ligand (Ca2+ and L-Trp) binding to human and chicken CaSR are understood. It has been reported 

that the presence of Ca2+ is necessary for the complete activation of human CaSR binding to L-

Trp because Ca2+ binding relays the conformational changes from ECD and further leading to the 

closure of two TMDs of dimeric CaSR (Ling et al., 2021). Wen et al. (2021) found out the binding 

modes of the positive modulator (evocalcet) and the negative allosteric modulator (NPS-2143) and 

chicken CaSR by cryo–electron microscopy. More structural mechanisms of activation of CaSR 

by different ligands are still to be revealed. It has been hypothesized that the conformational 

structure of helix 3 and 4 in the TMD might be altered after ligand activation (Wess, 1997). A843E 

mutation is the only mutation that has been identified to result in the activation of CaSR and it 

might alter the conformation of the TMD to promote G protein coupling (Zhao et al., 1999). The 

intracellular loop of TMD has been examined to be closely related to G protein-mediate signaling, 

especially L704 and F707 located in the second intracellular loop; L798, N802, and A804 located 

in the third intracellular loop (Chang et al., 2000). C677 and C765 in the first and second 

extracellular loops of the CaSR play an important role in maintaining the conformation of the 

CaSR (Ray et al., 2004). 



 29 

2.4.3 Intracellular domain (ICD)  

The ICD C-terminal tail is involved in the various functions of CaSR including cell surface 

expression, maintaining calcium homeostasis, and G protein-mediated cell signaling (Ray et al., 

1997). It has been identified that the mutation at T876 caused hypercalcemic disorders, familial 

hypocalciuric hypercalcemia (FHH), and neonatal severe hyperparathyroidism (NSHPT) related 

to calcium homeostasis, and it also led to the decreased cell surface expression compared to the 

wild-type CaSR (Bai et al., 1997). Moreover, based on the relevant studies, researchers have 

confirmed and concluded that the proximate membrane region of ICD is critical for cell surface 

expression and G protein-mediated cell signaling (Gama and Breitwieser, 1998; Chang et al., 2001; 

Gal et al., 2010). A mutant truncated after S895 or R929 still exhibits a similar level of Gq 

signaling characteristic to that of wild-type CaSR, but two-point mutations at H880 and F882 lose 

50-70% Gq signaling function (Chang et al., 2001). More recently, a novel naturally occurring 

deletion mutation related to autosomal dominant hypocalcemia (ADH) in the ICD has been found 

to inhibit signal transduction (Obermannova et al., 2016). In addition to the T888 mutant that 

inhibits the protein kinase C (PKC)-mediated phosphorylation of CaSR, the S875 mutant also 

shows the missing function of PKC phosphorylation, which suggests that T888 in tandem with 

S875 together control the function of CaSR and maintain calcium homeostasis (Binmahfouz et al., 

2019). 

2.5 Intracellular signaling via coupling with heterotrimeric G proteins 

2.5.1 Heterotrimeric G Proteins 

The intracellular CaSR signaling is known to be coupled with several heterotrimeric G 

proteins. According to the Gα subunit, they can be classified into four groups: Gq/11, Gi/o, G12/13, 

and Gs (Chakravarti et al., 2012). Gα protein subunit dissociates from βγ dimeric subunit, thereby 
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initiating a cascade of downstream signaling pathways and eventually inducing target gene 

transcription. It has been reported that CaSR activation by its agonist divalent cations induces 

intracellular calcium mobilization and inhibits cyclic adenosine monophosphate (Campbell and 

Smrcka) production via Gi/o and Gq/11-mediated pathways in the bovine parathyroid cells (Chen et 

al., 1989). The G12/13-mediated pathway induced by CaSR has also been confirmed to activate Rho 

and phospholipase D (PLD) and it works independently of Gi/o and Gq/11 in Madin-Darby canine 

kidney cells. Overall, CaSR is capable of coupling with various G protein pathways: Gi/o is 

involved in inhibiting the activity of adenylyl cyclase (AC) to suppress cyclic adenosine 

monophosphate cAMP generation and activate extracellular-signal-regulated kinase (ERK); Gq/11 

stimulates phosphatidylinositol-specific phospholipase C (PI-PLC), and thus regulates inositol 

trisphosphate (IP3) production, Ca2+ mobilization, and activates protein kinase-C (PKC); G12/13 

stimulates PLD by activating the Rho family of small G proteins; and Gβγ can also independently 

activate phosphatidylinositol 3-kinase (PI3K) (Arthur et al., 1997; de Jesus Ferreira et al., 1998; 

Hart et al., 1998; Kifor et al., 2001). 

2.5.2 Intracellular Ca2+ mobilization 

Intracellular Ca2+ level increases after CaSR activation by its agonists such as Ca2+ has been 

found in a variety of cell types via a Gq/11-mediated pathway (Brennan and Conigrave, 2009). In 

this signaling pathway, Gq/11 first activates PI-PLC, and then PI-PLC will hydrolyze its substrate, 

phosphatidylinositol bisphosphate (PIP2) to produce IP3 and diacylglycerol (DAG). IP3 binding to 

high-affinity receptors induces the intracellular Ca2+ release from cytoplasmic stores primarily in 

the ER and Ca2+ oscillations. After the transient Ca2+ release from the ER, the calcium transport 

channels like TRPC channels are activated to support the influx of extracellular calcium (Gees et 

al., 2010). Among these channels, TRPC1 has been documented to be involved in the CaSR-
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activated calcium oscillations in human colonic epithelial cells (Rey et al., 2010). In the meantime, 

intracellular Ca2+ concentration varies with oscillation frequency and extracellular Ca2+ 

concentration (Conigrave and Ward, 2013). Oscillatory signaling is important in biology when 

downstream responses require a threshold amplitude or frequency or both (Conigrave and Ward, 

2013). CaSR coupling to a Gq/11-mediated pathway has been recognized to inhibit PTH secretion. 

It has been confirmed that mice with both Gq and G11 double knock-out in parathyroid cells cannot 

suppress the PTH secretion by a feedback mechanism, and that they showed the same phenotypes 

as CaSR null mice, including hypercalcemia, hyperparathyroidism, relative hypocalciuria, skeletal 

abnormalities, retarded growth, and early postnatal death (Wettschureck et al., 2007; Rey et al., 

2010). The chemotaxis and mitogenesis of MC3T3-E1 osteoblasts are PLC-dependent via a Gq-

mediated pathway after CaSR activation (Godwin and Soltoff, 1997; Godwin and Soltoff, 2002).  

2.5.3 Intracellular cAMP changes 

The CaSR activation inhibits the activity of AC, thereby suppressing the production of cAMP 

via a Gi/o-mediated pathway or increasing the intracellular Ca2+ via a Gq/11-mediated pathway to 

indirectly inhibit cAMP synthesis because elevated intracellular Ca2+ concentration can inhibit the 

activity of AC isoforms (type 5, 6 and/or 9) or stimulate cAMP hydrolysis by activating 

phosphodiesterases (Chakravarti et al., 2012). Interestingly, elevated intracellular Ca2+ 

concentration was also found to stimulate cAMP production and cyclooxygenase 2 expression in 

primary mouse osteoblasts via a PKA pathway, but the underlying mechanism is unknown 

(Choudhary et al., 2004). Suppression of cAMP levels accompanies high extracellular Ca2+ 

concentration-induced suppression of PTH secretion in parathyroid cells (Brown et al., 1979a). 

This is an inhibitory mechanism that prevents hypercalcemia and PTH release via CaSR activation. 

However, the cAMP level can be also increased via Gs-mediated CaSR activation (through switch 
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bias from Gi to Gs) in cancer cells such as breast cancer cells (Mamillapalli et al., 2008) and 

pituitary tumor cells (Mamillapalli and Wysolmerski, 2010). Mamillapalli et al. (2008) also 

reported that CaSR activation increased PTHrP production in immortalized murine mammary cells 

and human breast cells, indicating that the malignant transformation of breast epithelial cells can 

cause a reversal in the typical suppression of PTHrP by CaSR activation due to a change in G-

protein coupling. It has not yet been clarified if the Gs-mediated pathway is related to the 

pathogenesis of all cancers. G12/13 is also involved in CaSR-mediated stimulation of cAMP 

synthesis by the same mechanism that AC7 is activated (Jiang et al., 2008).  

2.5.4 PKC activation  

DAG, PIP2 hydrolysate catalyzed by PI-PLC, in combination with Gq/11-mediated elevation of 

intracellular Ca2+ concentration, activates PKC isoforms (PKCα, βI, βII, and γ), and DAG can also 

activate other PKC isoforms (PKCs δ, ε, η, and θ) independently (Chakravarti et al., 2012). It has 

been reported that the mutation of CaSR T888 (primary PKC phosphorylation site) to a non-

phosphorylatable methionine causes autosomal dominant hypocalcemia in humans, suggesting 

that the PKC phosphorylation site of CaSR is important for regulating CaSR function and 

maintaining calcium homeostasis (Syndia et al., 2011). In addition to CaSR T888, which is 

recognized as a determinant PKC phosphorylation site, T646 and S794 in the first and third 

intracellular loops, and S895 and S915 in the ICD, are all PKC phosphorylation sites (Garrett et 

al., 1995; Bai et al., 1998). Furthermore, the NetPhos database predicts that CaSR has as many as 

15 potential PKC phosphorylation sites including S875 (Binmahfouz et al., 2019). PKC is a 

feedback modulator of CaSR signaling, which can inhibit the PI-PLC pathway by phosphorylating 

the CaSR and uncoupling the CaSR from Gq (Kawabata et al., 1996; Codazzi et al., 2001), or by 

phosphorylation of the PLCβ, which inhibits the Gq-mediated IP3 production and Ca2+ mobilization 
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(Kifor et al., 1990; Yue et al., 2000). In addition, PKC can also lower intracellular Ca2+ 

concentration by accelerating Ca2+ efflux (Usachev et al., 2002). PKC is important for activating 

downstream mitogen-activated protein kinases (MAPK) including extracellular signal-regulated 

kinases 1 and 2 (ERK1/2), c-Jun amino-terminal kinases (JNK), and p38 (Conigrave and Ward, 

2013).  

2.5.5 MAPK activation 

MAPKs are involved in the intracellular signaling cascades in response to the extracellular 

stimulations via various receptors. Three subfamilies of MAPKs have been characterized in 

vertebrates: ERK, JNK, and p38 (Krens et al., 2006). ERK1/2 (Suh et al., 2009), p38 (Schmidpeter 

and Schmid, 2014), and JNK (Ishikawa et al., 1997) in chicken have been found. As mentioned 

above, ERK1/2 lies downstream of Gq/11-activated PKC, and MAPK can also be activated via the 

Gi/o-mediated pathway as well as the activation of β-arrestin in bovine parathyroid and CaSR-

transfected HEK293 cells (Kifor et al., 2001). In addition, ERK phosphorylation by the CaSR is 

dependent on the tyrosine kinases-mediated pathway via tyrosine kinase-Ras-Raf-MEK-ERK 

(Koch et al., 1994). In this pathway, Ras activation was firstly mediated by Gβγ followed by Gi/o-

mediated ERK phosphorylation via subsequent signaling (Koch et al., 1994). One of the tyrosine 

kinases, SRC kinase, lies upstream of MAPK activation in response to CaSR stimulation in rat 

fibroblasts (McNeil et al., 1998). The other type of tyrosine kinases is transactivated receptor 

kinases such as epidermal growth factor (EGF), and ERK is phosphorylated by CaSR 

transactivating the EGF receptor (MacLeod et al., 2004). 

2.5.6 Rho activation 

The Rho family of small molecular weight guanosine-5'-triphosphatases (GTPases) mediate 

responses to Gq/11- and G12/13-coupled GPCRs. G12/13-mediated signaling activates PLD by the 
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CaSR stimulation, which produces phosphatidic acid by activating Rho (Huang et al., 2004). 

Biological actions of Rho, acting downstream of the CaSR, include regulation of cell-cell adhesion 

(Tu et al., 2008) and Gq-mediated intracellular Ca2+ oscillations (Rey et al., 2005) and activation 

of choline kinase and phosphatidylinositol 4-kinase (PI4K) (Huang et al., 2002), etc. Rho is also 

involved in actin stress-fiber assembly, which is important in constructing specific signaling 

scaffolds. The cytoskeletal actin-binding protein filamin acts as a scaffolding protein to bind CaSR 

for downstream signaling cascades (Awata et al., 2001) because filamin also interacts with Rho 

GEF Lbc, which mediates Rho activation (Pi et al., 2002). In addition, filamin has been 

demonstrated to participate in CaSR-mediated activation of MAPK ERK1/2 (Hjälm et al., 2001). 

2.6 Calcium-sensing receptor modulators  

There are two categories of CaSR ligands, namely orthosteric agonists and allosteric 

modulators (Saidak et al., 2009). Orthosteric agonists can directly bind to CaSR orthosteric sites 

where primary ligand Ca2+ is bound to activate CaSR on their own; allosteric modulators, in 

contrast, bind to allosteric sites distinct from orthosteric sites on CaSR and require the presence of 

orthosteric agonists like Ca2+ to activate CaSR concertedly (Saidak et al., 2009). 

2.6.1 Orthosteric agonists 

In addition to Ca2+, the other common orthosteric agonists are divalent and trivalent cations 

including Mg2+, Al3+, Sr2+, Mn2+, Ni2+, Ba2+ Gd3+, and La3+, polyamines such as spermine, and 

aminoglycoside antibiotics (Saidak et al., 2009; Chakravarti et al., 2012).   

Ca2+ binding sites in human CaSR have been clarified (Geng et al., 2016). As mentioned above, 

1 out of 4 (in terms of one protomer) binding site is shared in both active form and inactive form 

of CaSR, which indicates that Ca2+ is important for maintaining the structural function of CaSR, 

and it is directly linked to CaSR activation. The extracellular Ca2+ concentration level is important 
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in CaSR activation and regulating PTH secretion, but the Ca2+ level varies in different tissues. For 

example, the level of Ca2+ beneath adherent to osteoclasts is remarkably higher than that in the 

blood (Silver et al., 1988). Other divalent and trivalent cations may act similarly to Ca2+ on CaSR 

because it has been reported that there are four Ca2+ binding sites on the ECD of activated CaSR, 

and the activation by these cations is highly cooperative (Conigrave et al., 2000a). They are all 

positively charged, and the higher positive charge density means the higher ligand potency (Brown 

et al., 1990). For example, Gd3+ (EC50 is ~ 20 μM) and Pb2+ (EC50 is ~100 μM) are more potent 

activators of the CaSR than Ca2+ (EC50 > 1 mM) and other divalent cations. Al3+ is a weak agonist 

of the CaSR (Spurney et al., 1999). The potency of these cations has been ranked as Gd3+ > Ba2+ > 

Ca2+ > Mg2+ > Al3+ (McGehee et al., 1997). 

Polyamines including spermine, spermidine, and putrescine are well-known CaSR agonists 

(Quinn et al., 1997). They are produced by bacteria in the intestine, and the mucosa epithelial cells 

require polyamines to maintain their function including proliferation and development. CaSR is 

also found to be highly expressed along the entire GIT (Gama et al., 1997). Spermine, with four 

positive charges, is recognized as the most potent ligand of CaSR among these polyamines. The 

EC50 is ∼500 μM in the presence of 0.5 mM Ca2+, and PTH secretion is inhibited by 50% in the 

presence of 200 μM spermine (Quinn et al., 1997). The potency of polyamines to activate the CaSR 

has been ranked as spermine > spermidine > putrescine (Quinn et al., 1997). In addition, 

polyamines are important neurotransmitters, and they could be effective activators in the CaSR-

mediated biological processes of the brain. 

Principle antibiotic agonists of CaSR are bleomycin, gentamicin, and tobramycin, belonging 

to aminoglycoside antibiotics (AGAs). It has been reported that the EC50 of gentamicin, 

tobramycin, and neomycin regarding the increases in intracellular Ca2+ concentration is 258, 177, 
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and 43 μM in HEK293 cells transfected with the CaSR, respectively, ranking as neomycin > 

gentamicin ≥ tobramycin > kanamycin (McLarnon et al., 2002). The activation potency of AGAs 

is positively correlated with the number of their attached amino groups and nephrotoxic potential 

(Saidak et al., 2009). AGAs can activate CaSR to induce intracellular Ca2+ mobilization and PLC-

dependent ERK activation, but the signaling also causes an adverse effect (nephrotoxicity) in the 

proximal tubular opossum kidney cells (Ward et al., 2002; Ward et al., 2005). 

2.6.2 Allosteric modulators 

Allosteric modulators are classified as positive allosteric modulators (PAMs), also called type 

II agonists and negative allosteric modulators (NAMs), and they require the presence of orthosteric 

agonists to exert their effects.  

CaSR has been determined to be a broad-spectrum amino acid sensor (Conigrave et al., 2007). 

PAMs include naturally occurring compounds such as L-amino acids, glutathione (GSH) analogs, 

peptides, and synthetic compounds such as calcimimetics. NAMs are H+, Na+, PO43- and synthetic 

compounds such as calcilytics. Amino acids and CaSR are widely distributed along the GIT, and 

their interaction regulates various physiological and biochemical processes such as PTH secretion. 

Low protein diet treatment in vivo resulted in an elevation in serum PTH accompanied by an 

increase in cAMP level (Kerstetter et al., 1997). Furthermore, the aromatic L-amino acids 

including L-Phe, L-Trp, L-Tyr, and L-His, and some short aliphatic L-amino acids including L-

Thr and L-Ala have been identified as PAMs of CaSR in the HEK293 cells transfected with the 

CaSR (Conigrave et al., 2000b; Conigrave et al., 2007). The active part of these aromatic amino 

acids is their aromatic side chains, and their potencies depend on extracellular Ca2+ concentration. 

They cannot activate CaSR at a subthreshold Ca2+ level (£ 1.0 mM), but amino acids activate CaSR 

by mobilizing intracellular Ca2+ and enhancing its sensitivity to Ca2+ at Ca2+ concentrations above 
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the threshold (> 1.0 mM). Especially at an extracellular Ca2+ concentration of 2.5 mM, the aromatic 

amino acids are more effective than other amino acids in the HEK293 cells transfected with the 

CaSR, and the effectiveness of amino acids ligand to CaSR is ranked as aromatics > aliphatics, 

polar > acidic > basic, and branch-chain amino acids (Conigrave et al., 2000b). In addition, 

tripeptide GSH is a more potent PAM of CaSR than aromatic amino acids because it exhibits a 

larger side chain. In the structure, GSH has free α-amino and α-carboxyl groups, which facilitates 

GSH binding to CaSR (Kerstetter et al., 1997). The γ-glutamyl dipeptides, γ-Glutamyl cysteine, 

and γ-glutamyl valine, have been reported to be able to attenuate dextran sodium sulfate-induced 

colitis via CaSR activation in mice (Zhang et al., 2015a). 

The synthetic allosteric modulators such as calcimimetics and calcilytics are for therapeutic 

and pharmaceutic use to regulate the disorder of calcium metabolism associated with CaSR. 

Calcimimetics (such as NPS R-467 and NPS R-568) acting as PAMs, share similar structure 

properties with aromatic L-amino acids, with an aromatic ring and positively charged amine 

groups (Nemeth et al., 1998). Calcimimetics have been used for the treatment of 

hyperparathyroidism because they can amplify the sensitivity of the CaSR to extracellular Ca2+, 

leading to a decrease in PTH secretion, further decreasing blood Ca2+ level (Block et al., 2004; 

Peacock et al., 2005). Calcilytics such as NPS 2143 and NPS 89636 are CaSR antagonists, but 

their structure is similar to that of calcimimetics. They are originally developed to treat 

osteoporosis by blocking CaSR and stimulating the endogenous PTH secretion (Nemeth et al., 

2001; Nemeth, 2002). The IC50 of NPS-2143 for blocking the CaSR is 43 nM by decreasing the 

cytoplasmic Ca2+ concentration in the HEK293 cells expressing CaSR (Gowen et al., 2000), and 

41 nM by stimulating PTH secretion from the bovine parathyroid cells (Nemeth et al., 2001), 

respectively.  
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The activity of the CaSR is modulated by pH (Quinn et al., 2004), ionic strength (Quinn et al., 

1998), and anions such as PO43- (Brown et al., 1993), and they all negatively affect the activity of 

CaSR and the sensitivity of CaSR to its agonists. For example, with decreasing pH, CaSR is less 

sensitive to extracellular Ca2+ and concentration and vice versa, but the sensitivity shows some 

recovery when the pH value is higher than 5.5 (Quinn et al., 2004). The extracellular NaCl 

concentration affects the activation of CaSR by Ca2+ and spermine, and the higher the ionic 

strength, the lower the sensitivity of CaSR to its agonists (Quinn et al., 1998). Anion binding sites 

of CaSR are also located in its ECD, and there are two binding sites for PO43- in the active form of 

CaSR in each protomer (Geng et al., 2016). PO43- has also been reported to inhibit the production 

of intracellular IP3 in the HEK293 cells expressing CaSR and to stimulate PTH secretion from 

freshly isolated human parathyroid cells (Geng et al., 2016; Centeno et al., 2019). The arginine 

residues at PO43- binding sites compete with polyamines which show more positive charges, thus 

decreasing the negative effect of PO43- on CaSR activation in the presence of polyamines (Geng 

et al., 2016).  These findings suggest that H+, Na+, and PO43- are NAMs to CaSR. Different organs 

exhibit different ionic microenvironments, thereby affect the activation of CaSR and sensitivity of 

CaSR to its agonists, which facilitates maintaining calcium homeostasis. 

2.7 Important tissues involved in maintaining calcium homeostasis 

2.7.1 Parathyroid 

Parathyroid cells have been reported to possess a Ca2+ sensor function that can also recognize 

other di-, tri-, and polyvalent cations to induce intracellular signaling cascades by mediating IP3 

production and intracellular Ca2+ mobilization. After that, CaSR was first cloned and characterized 

from bovine parathyroid (Brown et al., 1993). CaSR is also highly expressed in the chicken 

parathyroid glands (Diaz et al., 1997). Both in humans and rats, 1,25(OH)2D3 treatment 
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upregulates CaSR transcription, as VDRE is located in the promoter of CaSR (Canaff and Hendy, 

2002). It has been reported that CaSR is located in the caveolin-rich plasma membrane domains 

of both bovine parathyroid chief cells and endothelium of the parathyroid gland (Kifor et al., 1998). 

CaSR plays crucial roles in parathyroid function including regulating PTH secretion and 

proliferation of parathyroid cells (Brown, 2007). Generally, hypocalcemia triggers PTH secretion 

via CaSR, and then increased PTH recruits other tissues and organs including the kidney, GIT, and 

bone to function together to maintain plasma calcium homeostasis. PTH secretion from 

parathyroid cells is considered a parameter to evaluate disorders of calcium metabolism such as 

familial FHH, NSHPT, and ADH, and functions of CaSR mutants (Conigrave, 2016). As 

mentioned above, it has been documented that Gq/11 double knockout mice showed excessive PTH-

related hypercalcemia, skeletal abnormalities, retarded growth, etc., which illustrated that Gq/11-

mediated intracellular Ca2+ mobilization regulates PTH secretion by activating CaSR 

(Wettschureck et al., 2007). In addition, CaSR activation stimulates Gs and Gi-mediated changes 

in cAMP level, which regulates PTH secretion (Brown et al., 1977; Brown et al., 1979b; Fitzpatrick 

et al., 1986; Chen et al., 1989; Mamillapalli and Wysolmerski, 2010). Interestingly, Kos et al. 

(2003) found that CaSR is necessary for the fine regulation of serum calcium levels and renal 

calcium excretion independent of its effect on PTH secretion in PTH–/–CaSR–/– mice. 

2.7.2 Gastrointestinal tract (GIT) 

GIT functions in nutrient digestion and absorption. The CaSR or CaSR transcripts have been 

found in GIT including the esophagus, stomach, small intestine, and large intestine in mammals 

(Chattopadhyay et al., 1998; Cheng et al., 1999), and in the duodenum and whole small intestine 

in avian species (Diaz et al., 1997; Deng et al., 2010). The CaSR is located on the basal layer of 

the normal human esophagus, and its activation induces intracellular signaling cascades including 
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ERK1/2 activation, intracellular calcium mobilization, and interleukin 8 (IL-8) secretion in the 

human esophageal epithelial cell line (Justinich et al., 2008). In the stomach, the CaSR has been 

reported to be expressed in the epithelial cells including G cells and parietal cells (Rutten et al., 

1999; Buchan et al., 2001; Busque et al., 2005), which is involved in the gastric acid secretion and 

mucosal layer repair (Geibel and Hebert, 2009). The activation of CaSR in the isolated gastric 

epithelial cells induces the change of intracellular Ca2+ concentration and a significant proliferative 

response (Rutten et al., 1999). The H+ and Cl- extrusion was stimulated by hormonal or neuronal 

routes from parietal cells via the apical channel. The CaSR is located on the basolateral membrane 

of parietal cells. its activation by extracellular Ca2+/Mg2+ and L-amino acids stimulates PLC-

mediated intracellular Ca2+ release, leading to increased activity of H+, K+-ATPase (proton pump), 

and promoting the rate of acid secretion (Geibel et al., 2001). The CaSR also plays a role in 

regulating the secretion of gastrin in the G cells while reducing calcium influx after its activation 

via the PLC-mediated pathway (Buchan et al., 2001). 

In addition to the stomach, the CaSR has been documented to be expressed in the different 

segments of the small and large intestine in mammals (Chattopadhyay et al., 1998; Zhao et al., 

2019), but the expression pattern in the avian species is still unclear so far. The small intestine 

functions in digestion, absorption, and chemosensing. 90% of calcium is absorbed in the small 

intestine, with the remainder is absorbed in the stomach and large intestine (Bronner, 2009). 

Interestingly, the CaSR was detected in the intestinal epithelial cells including goblet cells, 

enteroendocrine cells, and Paneth cells except for absorptive enterocytes (Chattopadhyay et al., 

1998; Hira et al., 2008). Zhao et al. (2022) has confirmed that CaSR is not expressed in the 

absorptive enterocytes of weaned piglets. Moreover, in different species, the principal site where 

calcium is absorbed in the intestine may differ. For example, over 60% of calcium uptake happens 
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in the ileum in mammals (Cramer and Copp, 1959; Partridge, 1978), whereas most of this uptake 

takes place in the jejunum in laying hens (Hurwitz and Bar, 1966). The CaSR is expressed mainly 

in the ileum among the small intestine in pigs (Zhao et al., 2019), but no more evidence supports 

other distribution patterns of CaSR in poultry. Therefore, the function of CaSR might not be 

closely associated with calcium absorption, but CaSR does play an important role in regulating the 

growth, proliferation, and differentiation of intestinal epithelium, and digestion and absorption of 

nutrients by chemosensing and hormone secretion (Geibel and Hebert, 2009; Tang et al., 2016). 

The CaSR is a multi-sensor, which can detect various nutritional ligands including mineral ions, 

polyamines, L-amino acids, and small peptides. The activation of CaSR induces a series of 

intracellular cascades associated with changes in second messengers like intracellular Ca2+ and 

cAMP level, which regulates intestinal fluid secretion (Geibel et al., 2006) and cholecystokinin 

(Hira et al., 2008; Liou et al., 2011). Moreover, there are a number of endocrine cells located in 

the ileum, and they are able to secret hormones like glucagon-like peptide 1 and 2, peptide YY and 

oxyntomodulin to mediate satiety, intestinal motility, transit, gastric emptying, intestinal integrity, 

and permeability (Liou, 2013). The regulation pattern of CaSR in endocrine cells of the ileum 

needs to be explored further. In the human epithelial colorectal adenocarcinoma Caco-2 cells, the 

proliferative response was reported to be related to CaSR activation (Kállay et al., 1997). Moreover, 

the CaSR activation stimulates E-cadherin production and β-catenin suppression which is related 

to colorectal carcinogenesis (Chakrabarty et al., 2003). Colon functions in fluid absorption and 

secretion, thereby regulating water and electrolyte homeostasis. It has been reported that the CaSR 

is also involved in the colonic fluid transport in both surface and crypt cells (Sheinin et al., 2000). 
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2.7.3 Kidney 

Calcium absorbed from the gut enters the blood and is filtered by the kidney. The kidney plays 

an important role in calcium homeostasis because the majority of filtered calcium (98%) is 

reabsorbed in the kidney in humans (Moor and Bonny, 2016). In hens, 99% of filtered calcium is 

reabsorbed in the kidney (Wideman Jr et al., 1987). The expression of the renal CaSR was first 

confirmed in the rat kidney (Riccardi et al., 1995). The mammalian renal CaSR mRNA is 

distributed throughout the nephron including the proximal tubule, thick ascending limb (TAL), 

distal tubule, and collecting duct (Riccardi et al., 1995; Riccardi and Brown, 2010). However, the 

CaSR protein localization is segment-specific in the kidney, and the polarity of receptor expression 

varies with cell type (Riccardi and Brown, 2010). Specifically, the CaSR is expressed at the base 

of the apical brush-border membranes of cells in the proximal tubule; in the basolateral membranes 

of TAL cells of Henle’s loop and distal convoluted tubule cells; and in some type A intercalated 

cells in cortical collecting ducts (Riccardi et al., 1998). The chicken CaSR mRNA and protein 

were confirmed to be expressed in the kidney, and CaSR is located in some tubular cellular 

structures (Diaz et al., 1997). No reports on the distribution and localization patterns of CaSR in 

chicken kidneys have been published since then. The expression of CaSR has been demonstrated 

to be regulated by 1,25(OH)2D3, PTH, and dietary phosphates in the kidney in mammals (Caride 

et al., 1998; Riccardi et al., 2000; Abukawa et al., 2001). In mammals, the majority (60-70%) of 

filtered calcium is reabsorbed in the proximal tubule; an additional 20-25% of filtered calcium 

reabsorption takes place in the TAL of Henle’s loop; and 8-10% of filtered calcium is reabsorbed 

in the distal convoluted tubule (Ba and Friedman, 2004). Renal calcium reabsorption in the 

proximal tubule and TAL is transporter and hormone-independent via a paracellular pathway 

between the epithelial cells (Moor and Bonny, 2016). The PTH stimulates transcellular Ca2+ 
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absorption in renal distal convoluted tubules (Gesek and Friedman, 1992), where the active 

regulation of calcium reabsorption takes place. Activation of CaSR stimulates intracellular 

signaling cascades that can regulate renal function, which is involved in: (1) divalent mineral 

reabsorption and urine excretion; (2) water resorption; (3) calcium and inorganic phosphate 

homeostasis; (4) urinary acidification; and (5) renin release (Hebert et al., 1997; Riccardi and 

Brown, 2010). The CaSR activated by relatively high extracellular calcium concentration via the 

p38α MAPK pathway regulates the VDR expression in the proximal tubule human kidney (HK-

2G) epithelial cells (Maiti et al., 2008). Evidence showed that Gi-coupled CaSR activation by 

extracellular Ca2+ inhibited AC and cAMP level in the TAL but had no effects in the proximate 

tubules (Takaichi and Kurokawa, 1986; Takaichi and Kurokawa, 1988). Moreover, co-expression 

of Ca2+-inhibitable type 6 AC and CaSR in the rat cortical TAL cells causes the suppression of 

cAMP levels after activating CaSR by extracellular Ca2+, which illustrates the participation of PI-

PLC-mediated intracellular calcium mobilization (de Jesus Ferreira et al., 1998).  

2.7.4 Bone 

The bone structure in avian species is distinct from that in mammals (Kim et al., 2012). Before 

sexual maturity, there are two types of bone providing structural integrity in egg-type birds: 

cortical bone and cancellous bone (Whitehead, 2004). The cortical bone is a compact structural 

bone, which is tightly packed and highly organized. The cancellous (trabecular) bone is a three-

dimensional lattice-shaped honeycomb architecture located at the end of bones (Kim et al., 2012). 

The medullary bone is only formed when the female bird reaches sexual maturity, and it lines the 

surface of the structural bone (Whitehead, 2004). It is characterized by collagen fibers randomly 

arranged in its matrix and is mechanically weaker than structural bones. After formation, the 

medullary bone undergoes rapid remodeling which serves as a liable reservoir of calcium to 
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support eggshell calcification, especially at night when the calcium supply from the digestive tract 

is limited. When the hen is not forming an eggshell and has more calcium and phosphorus in the 

diet than needed, the medullary bone tissue is replenished, but the structural bone tissue is not 

(Korver, 2020). Medullary bone spicules become more diffuse arranged throughout the marrow 

cavity over the laying period. In the end, medullary bone may occupy the entire cavity of 

pneumatized bones and loosely attach to structural bone surfaces, leading to more structural bone 

is exposed to the action of osteoclasts, and then the progressive structural bone loss/osteoporosis 

would be the net effect (Korver, 2020).  

The osteogenic cells isolated from hen medullary bone and chicken embryonic calvaria can 

form the bone-like matrix in both cortical bones and medullary bones (Hiyama et al., 1998). 

Moreover, alkaline phosphatase activity and its gene expression have been detected in osteogenic 

cells isolated from the medullary bone (Hiyama et al., 2005). Different from rat bone marrow cells 

in the late stages, the gene expression of two non-collagenous proteins related to the differentiation 

of osteoblasts is upregulated in the early stages in laying hens (Hiyama et al., 2005).   

The CaSR has been documented to be involved in bone remodeling including bone formation 

and resorption and the proliferation, differentiation, migration, and other functions of bone cells 

(Marie, 2010). The CaSR is expressed in the rat and human osteosarcoma (osteoblastic-like) cell 

lines UMR-106 and SAOS-2 and CaSR agonists, gadolinium, and neomycin, as well as high Ca2+, 

which could induce proliferation and chemotaxis of mouse osteoblastic clonal cells (Yamaguchi 

et al., 1998). Also, CaSR is involved in the osteoblastic differentiation of mouse MC3T3-E1 cells 

(Yamauchi et al., 2005). Immortalized or primary osteoblasts isolated from CaSR knockout mice 

are still able to respond to extracellular calcium, suggesting that other calcium-sensing receptors 

may control osteoblastic cells (Pi et al., 2000; Fromigué et al., 2009). Mesenchymal stem cells are 
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capable of going through osteogenic differentiation into osteoblasts which exhibit the classic 

response to PTH of elevated cAMP levels, and a bone-specific alkaline phosphatase activity 

(Caplan, 1991). The CaSR is involved in rat bone marrow and umbilical cord matrix mesenchymal 

stem cell proliferation, which has the potential for application in regenerative medicine (Martino 

et al., 2014; Ye et al., 2016). In addition, CaSR activation induced by calcimimetic R-568 has been 

reported to stimulate the osteogenic differentiation of mesenchymal stem cells isolated from 

human amniotic fluid and osteogenesis (Xu et al., 2012). The CaSR was also found to be expressed 

in osteoclast precursor cells, pre-osteoclasts, and osteoclasts (Kanatani et al., 1999). In osteoclasts, 

the detection of extracellular calcium concentration is necessary to elicit various intracellular 

signaling cascades that mediate gene expression and cell survival (Zaidi et al., 1999). Notably, 

activation of CaSR by high calcium levels was found to increase osteoclast apoptosis in vitro 

through activation of PLC and nuclear factor kappa B (NF-κB), indicating that the CaSR may play 

an important role in the control of osteoclastogenesis (Mentaverri et al., 2006). 

Although the cellular signaling pathways related to CaSR activation by nutrients are still 

unclear, previous studies have reported that the exposure of primary osteoblasts or a variety of 

osteoblast-like cells to high levels of Ca2+ or polycationic CaSR agonists, strontium, neomycin, 

and gadolinium stimulates osteoblast proliferation, differentiation, and a matrix-mineralization 

capacity via activation of mitogen-activated protein kinases such as extracellular signal-regulated 

protein kinases 1 and 2 or c-Jun N-terminal kinase (Yamaguchi et al., 1998; Dvorak et al., 2004; 

Chattopadhyay et al., 2007; Takaoka et al., 2010). However, the mechanisms by which CaSR 

modulators regulate the differentiation of osteoblast and mesenchymal stem cells are not yet 

understood. 
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2.7.5 Shell gland 

The shell gland is recognized as a critical organ controlling eggshell quality and mass because 

it regulates eggshell calcification and calcium transport from plasma to the shell gland lumen 

(Eastin Jr and Spaziani, 1978; Jonchère et al., 2012). A variety of calcium and other ion 

transporters are located in the apical and basolateral membrane of glandular cells of the shell gland 

(Bar, 2009), but the expression of CaSR in the shell gland has not yet been reported. The IP3 

receptor 1, 2, and 3 have been documented to be involved in the calcium transfer in the shell gland 

because it induces endoplasmic calcium release, but its gene expression is unchanged in the 

presence or absence of eggshell calcification (Jonchère et al., 2012). This might be evidence to 

support that the CaSR is expressed in the shell gland because CaSR activation induces PLC-

mediated intracellular IP3 production and Ca2+ mobilization via the Gq/11 pathway. More studies 

are needed to investigate whether CaSR is involved in other physiological and biochemical 

processes in the shell gland and whether it shows similar regulatory patterns compared to other 

tissues and organs.   
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CHAPTER THREE: HYPOTHESES AND OBJECTIVES 
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3.1 Hypotheses 

We hypothesized that CaSR is expressed in both shell gland and bone in laying hens, and that 

it performs the similar function (calcium homeostasis) and exhibits the similar characteristics 

(ligand recognition and biased agonism and antagonism via downstream G protein-coupled 

signaling) as mammlian CaSR. We also hypothesized that there is cross-talk between the CaSR 

and vitamin D system. By using CaSR modulators and different vitamin D3 forms, we can 

potentially improve bone health and eggshell quality in laying hens. Specifically, 1) chicken CaSR 

and VDR are expressed in different tissues including the shell gland and tibia with varied 

expression patterns at different laying stages; 2) similar to human CaSR, L-Trp and inorganic PO43- 

are the allosteric modulator of chicken CaSR, which can activate or block chicken CaSR with 

biased downstream signaling, and each of these two modulators exhibit distinctive binding 

mechanism; 3) CaSR modulators (Ca2+ and L-Trp) and 1,25-dihydroxycholecalciferol can mediate 

the proliferation and osteogenic differentiation of chicken MSCs; 4) the combined action of 

calcium and L-Trp as well as calcium and 25-hydroxycholecalciferol can boost calcium utilization 

and eventually improve production performance, egg quality, and bone health in laying hens. 

3.2 Objectives 

The overall objective of the thesis was to investigate the effect of CaSR modulators and 

different types of vitamin D3 on bone health and eggshell quality through restoring or maintaining 

calcium homeostasis in laying hens, and to identify the underlying molecular and cellular 

mechanisms. The specific objectives were to 1) investigate the molecular distribution and 

localization of poultry CaSR in the  gastrointestinal tract, shell gland and bone in laying hens; 2) 

characterize potential poultry CaSR ligands in an in vitro stable expression cell line using a 

luciferase reporter system; 3) investigate the effects of CaSR modulators and 1,25-
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dihydroxycholecalciferol on the proliferation and differentiation of MSCs isolated from compact 

bones of chickens; and 4) investigate the effects of CaSR modulators and 25-

hydroxycholecalciferol on egg production performance, eggshell quality, bone health, and calcium 

homeostasis in laying hens. 
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CHAPTER FOUR: MANUSCRIPT Ⅰ 

Molecular distribution and localization of extracellular calcium-sensing receptor (CaSR) 

and vitamin D receptor (VDR) at three different laying stages in laying hens (Gallus gallus 

domesticus)1 

 

 

  

 
1 Hui, Q., X. Zhao, P. Lu, S. Liu, M. Nyachoti, O. Karmin, and C. Yang. 2021. Molecular 

distribution and localization of extracellular calcium-sensing receptor (CaSR) and vitamin D 

receptor (VDR) at three different laying stages in laying hens (Gallus gallus domesticus). Poultry 

Science 100(5):101060. 
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4.1 Abstract 

The extracellular calcium-sensing receptor (CaSR) and vitamin D receptor (VDR) play 

important roles in regulating calcium mobilization, calcium absorption and calcium homeostasis, 

and they could be potential therapeutic targets for osteoporosis in laying hens. The present study 

investigated the molecular distribution of CaSR and VDR and the localization of CaSR in the 

kidney, proventriculus (true stomach), duodenum, jejunum, ileum, colon, cecum, shell gland and 

tibia of laying hens at three different laying stages (19, 40 and 55 weeks). The results showed that 

the relative mRNA abundance of CaSR in the kidney, ileum, proventriculus, duodenum, and colon 

was higher (P < 0.05) than the other tissues at 40 and 55 weeks. The relative mRNA abundance of 

CaSR in the tibia was higher (P < 0.05) at 55 weeks than at 40 weeks. However, there were no 

significant differences in the relative protein abundance of CaSR among all tested tissues at peak 

production (40 weeks), or in each tissue at the three different laying stages (P > 0.05). The relative 

mRNA abundance of VDR was higher (P < 0.05) in the small intestine (duodenum, jejunum, and 

ileum) when compared with other tissues at the three different laying stages. The relative protein 

abundance of VDR in the duodenum was higher (P < 0.05) than that in the proventriculus, colon, 

and cecum. There were no significant differences in the VDR expression among the tested tissues 

at the three different laying stages (P > 0.05). The immunohistochemical results showed that the 

positive staining was found widely in each tissue. Moreover, different laying stages did not affect 

the localization of CaSR except for the tibia tissue. In conclusion, similar to VDR, CaSR was 

widely expressed not only in the gut but also in the tibia and shell gland in laying hens. The 

expression level of CaSR and VDR in all tested tissues was unchanged at the different laying 

stages. 

Key words: Calcium-sensing receptor, vitamin D receptor, localization, distribution, laying hen  
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4.2 Introduction 

Laying hens have a dynamic bone turnover associated with the daily egg-laying cycle. 

Because of rapid bone turnover and calcium mobilization from bones for eggshell formation, 

osteoporosis is a big challenge in the laying hen industry that involves the progressive loss of 

structural bone (Whitehead and Fleming, 2000). Osteoporosis is one of the major leading causes 

of bone fractures in laying hens. Bone fractures are associated with pain and animal welfare issues. 

In addition, economic factors such as egg production and eggshell quality are closely linked to 

issues concerning bones (Kim et al., 2012). Calcium is the most important mineral in maintaining 

the structural integrity of bones and eggshells (Olgun and Aygun, 2016). Approximately 2.4 g of 

calcium is required in approximately 20 h for a laying hen to calcify a 60 g shelled egg (Fleming, 

2008). Only 60% to 75% of the eggshell calcium can be provided by the feed and the remainder 

must be mobilized from bone stores (Fleming, 2008). Also, calcium absorption, femur ash, and 

eggshell quality decline with age (Al-Batshan et al., 1994). Therefore, it is critical to maximize 

skeletal mineralization through calcium supplementation in laying hen diets before sexual maturity, 

so they have sufficient calcium or bone density to support egg laying. However, most dietary 

interventions are ineffective during the laying period. Calcium deficiency affects eggshell quality 

and also stimulates the secretion of parathyroid hormone (PTH) and vitamin D synthesis, which in 

turn leads to the depletion of calcium in the bone (Rath et al., 2000). Hypocalcemia or inadequate 

calcium levels in the blood decreases bone strength (Rath et al., 2000). An excess of calcium 

decreases phosphorous availability and reduces feed intake, which negatively affects eggshell 

quality and bone strength. Taken together, restoring or maintaining the desired calcium 

homeostasis by nutritional solutions might be an effective strategy to improve bone health and 

eggshell quality in laying hens.  
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Extensive research has been done on the topic of calcium in laying hens. However, most 

studies have focused on the effects of dietary calcium sources, requirements, particle sizes, and 

calcium: phosphorus ratio on laying hen performance and health (Keshavarz, 2003; Cufadar et al., 

2011; Ganjigohari et al., 2018). Osteoporosis cannot be easily solved by simply increasing dietary 

calcium contents and it is one of common diseases in laying hens globally. Calcium homeostasis 

is regulated through PTH, active form of vitamin D3, calcitonin, vitamin D receptor (VDR), 

calcium transporters and calcium-sensing receptor (CaSR) (Proszkowiec-Weglarz and Angel, 

2013). CaSR is a homodimeric complex located in the cell membrane and belongs to class C G-

protein coupled receptor (GPCR) (Jensen and Brauner-Osborne, 2007). It can sense subtle changes 

in extracellular calcium concentration and thus mediating PTH secretion to maintain calcium 

homeostasis via regulating intestinal absorption, bone storage and exchange, and renal 

reabsorption (Conigrave, 2016). In addition, CaSR mediates a variety of physiological and 

pathophysiological processes such as ion channel activity, gene expression, inflammation, 

proliferation, differentiation, and apoptosis via inducing downstream signaling cascades. Chicken 

CaSR (cCaSR) has 79% and 84% homology with human CaSR on the nucleotide and amino acid 

level, respectively. The in situ hybridization has revealed that CaSR is present in the parathyroid, 

kidney, brain and small intestine (Diaz et al., 1997). Yarden et al. (2000) have shown that the gene 

expression of cCaSR in the parathyroid gland is inversely associated with changes in plasma 

calcium concentration caused by a vitamin D-deficient diet. All these results indicate that the 

functional CaSR in chickens may possess similar characteristics to mammalian CaSR and play an 

important role in avian calcium homeostasis.  

It has been reported that CaSR is widely expressed in multiple tissues including the 

parathyroid gland, kidney, bone, and gastrointestinal tract (GIT) in humans, rat, and swine, etc. 
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(Abukawa et al., 2001; Kos et al., 2003; Quarles, 2003; Al-Dujaili et al., 2016; Zhao et al., 2019). 

CaSR also plays a central role in human calcium homeostasis by influencing bone modeling and 

remodeling, and recently becoming a potential therapeutic target for osteoporosis in 

postmenopausal women (Halse et al., 2014; Liang et al., 2016). However, it is not clear whether 

CaSR is expressed in the proventriculus, bone and shell gland in laying hens. It has been 

demonstrated that chicken VDR (cVDR) is expressed in the kidney (Lu et al., 1997), intestine (Lu 

et al., 1997), and shell gland (Yoshimura et al., 1997) of laying hens. We hypothesized that similar 

to cVDR, cCaSR is expressed in the proventriculus, shell glands and bones in laying hens. The 

objective of the present study was to investigate the molecular distribution and localization of 

poultry CaSR and VDR in the kidney, GIT, shell gland and bone in laying hens at three different 

laying stages. 

4.3 Materials and methods 

4.3.1 Locus and structure of chicken (Gallus gallus) CaSR  

The nucleotide sequence and amino acid sequence information of cCaSR was collected from 

the National Center for Biotechnology Information (NCBI, Accession No: XM_416491.6 and 

XP_416491.5) and Ensembl genome database (ENSGALG00000038405). The schematic diagram 

of the cCaSR gene exon/intron organization and protein domains was drawn using an online tool 

Exon-Intron Graphic Maker (http://www.wormweb.org/exonintron). The secondary structure 

diagram of the cCaSR was constructed using PROTTER (http://wlab.ethz.ch/protter/start/). The 

predicted three-dimensional model of a cCaSR disulfide-linked homodimeric extracellular domain 

(ECD) structure was based on a human CaSR template (Geng et al., 2016) using the SWISS-

MODEL (https://swissmodel.expasy.org/interactive). 
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4.3.2 Animals and management 

A total of 18 Lohmann LSL-Classic laying hens at 19 weeks (six birds), 40 weeks (six birds) 

and 55 weeks (six birds) of age were obtained from the Poultry Unit, Glenlea Research Station, 

University of Manitoba. Birds had ad libitum access to feed and water, and they were housed and 

maintained in accordance with the Canadian Council on Animal Care (CCAC) guidelines for the 

care and use of farm animals in research, teaching, and testing (CCAC, 2009). The experimental 

protocol (F18-043) was approved by the Fort Garry Campus Animal Care Committee at the 

University of Manitoba. Hens were fed a mash diet that was formulated to meet or exceed the 

nutritional requirements specified in the management guide (Lohmann Tierzucht, 2019). 

4.3.3 Tissue collection and preparation 

Six birds were euthanized using carbon dioxide asphyxiation at 19, 40 and 55 weeks of the 

laying period, respectively. Kidney, proventriculus, duodenum, jejunum, ileum, colon, cecum, 

shell gland and tibia were collected. Intestinal contents were flushed with ice-cold phosphate-

buffered saline (PBS). Collected tissues were immediately frozen in liquid nitrogen and then stored 

at -80 °C. Frozen samples were then individually ground to a fine powder using liquid nitrogen 

and a tissue pulverizer (59013N, Cole-Parmer, Vernon Hills, IL, USA) for RNA and protein 

extraction. Tissues were fixed in a 10% buffered formalin (Fisher Scientific, Waltham, MA, USA) 

for 24 h, and then formalin was replaced with 70% ethanol for longer storage for the paraffin block 

preparation.  

4.3.4 Real-time quantitative polymerase chain reaction (Real-time RT-qPCR) 

Total RNA extraction from each tissue was conducted using TRIzolTM reagent (Invitrogen 

Life Technologies, Waltham, MA, USA) as described in the manufacturer’s instructions. The 

quantity and quality of RNA were analyzed by Nanodrop 2000 spectrophotometer (Thermo 
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Scientific, Waltham, MA, USA), and the integrity of RNA was checked by RNA electrophoresis 

in agarose gel. Next, the first-strand cDNA was synthesized using the iScriptTM cDNA Synthesis 

kit (Bio-Rad, Hercules, CA, USA) according to the corresponding manufacturer’s protocol. The 

relative mRNA abundances of CaSR and VDR were measured using SYBR Green Supermix (Bio-

Rad) by a CFX Connect™ Real-Time PCR Detection System (Bio-Rad). PCR amplification was 

performed at a set of three min at 95 °C, then 40 cycles of 20 s at 95 °C, 30 s at 60 °C and 30 s at 

72 °C. At the end of each cycle, the fluorescence was monitored for 10 s. Each reaction was 

completed with a melting curve analysis to ensure the specificity of the reaction. Primers used in 

this study are listed in Table 1. Relative gene expression was calculated using the 2-ΔΔCt method 

(Livak and Schmittgen, 2001). Because of the big gap of threshold cycle (Ct) value for the 

reference gene when comparing tibia with other tissues, the target gene expression of tibia was 

shown separately. 

Table 4.1 Primers used in this study. 

Genes Accession No. Primer sequences (5’→ 3’) 

Gallus CaSR XM_416491.6 Forward: CAAACCAACGGGCACAGAAG 

Reverse: ATGCACTCCACTGATTCGGG 

Gallus VDR AF011356.1 Forward: CCGGATTCAGGGATCTGACG 

Reverse: AAGTCATTGCTTCCGCAGGT 

Gallus GAPDH 

(Reference) 

NM_204305 Forward: ACTGTCAAGGCTGAGAACGG 

Reverse: CACCTGCATCTGCCCATTTG 
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4.3.5 Western blot analysis 

The relative protein expression of CaSR and VDR was determined by Western blot analysis. 

Ground tissue samples were homogenized and lysed by a homogenizer (Powergen 125, Fisher 

Scientific) using pre-cooled RIPA buffer containing Halt™ protease and phosphatase inhibitor 

cocktail (Thermo Scientific) on ice. Sample lysates were centrifuged at 12,500 × g for 15 min to 

remove the insoluble debris. Total protein concentration was determined using the Pierce™ BCA 

protein assay kit (Waltham, MA, USA) as described in the manufacturer’s instructions. Protein 

was then denatured using 4 x Laemmli sample buffer (Bio-Rad) with 0.1 M dithiothreitol (DTT) 

at 95	°C for 9 min, the denatured protein samples (70 μg) were loaded and separated by 4–15% 

Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-Rad), and transferred onto a 

polyvinylidene difluoride (PVDF, Bio-Rad) membrane. Each membrane was blocked using 5% 

skim milk powder dissolved in tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room 

temperature, and then incubated with the rabbit polyclonal anti-CaSR antibody (1:1000, ab137408, 

Abcam, Cambridge, MA, USA) and VDR Monoclonal Antibody (9A7) (1:2000, MA1-710, 

Thermo Scientific) at 4 °C overnight. Secondary antibody incubation used horseradish peroxidase-

conjugated goat anti-rabbit IgG (65-6120, 1:1000, Thermo Scientific) and horseradish peroxidase-

conjugated anti-rat IgG (112-035-003, 1:5000, Jackson Immuno Research Laboratories, West 

Grove, PA, USA). Images were detected by ChemiDoc™ Imaging Systems (Bio-Rad) after 

incubation with Clarity MaxTM Western ECL Substrate (Bio-Rad). The densitometry of the target 

protein bands was quantified by Image Lab Software (Bio-Rad) and normalized to the total protein. 

The quantitative results were presented as relative to the kidney (in different tissues) at the 40 

weeks of age or relative to the 19 weeks of age (at different ages) in each tissue. 
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4.3.6 Immunohistochemistry  

Fixed tissues were processed and embedded in paraffin according to our previously published 

method (Zhao et al., 2019). Paraffin blocks were sectioned at 5 μm and put two sections on each 

Superfrost plus microscope slide (Fisher Scientific). Slides were then deparaffinized in xylene 

twice and then rehydrated in ethanol diluted serially in Mili-Q water (100%, 90%, 80% and 70%) 

and finally rinsed in Mili-Q water. Firstly, sections were stained with hematoxylin and eosin (H&E) 

to check the morphological state of the tissues. For immunohistochemical staining, antigen 

retrieval was conducted by incubating slides in 10 mM sodium citrate with 0.5% TweenTM 20 (pH 

at 6) in a water bath at 95 °C for 10 min. Sections were incubated with a mixture of 3% hydrogen 

peroxide and 10% methane for 10 min to block endogenous peroxidases, followed by the 

incubation with Avidin/Biotin Blocking system (Biolegend, San Diego, CA, USA) according to 

the manufacturer’s instruction, and then sections were blocked with normal donkey serum (1:20, 

017-000-001, Jackson Immuno Research Laboratories) for 1 h. Sections were incubated with a 

rabbit polyclonal anti-CaSR antibody (1:50, ab137408, Abcam) diluted in 2% bovine serum 

albumin (BSA) overnight at 4 °C. Next, Biotin-SP-AffiniPure Donkey Anti-Rabbit IgG (H+L) 

(1:500, 711-065-152, Jackson ImmunoResearch Laboratories) was incubated for 1 h at room 

temperature, and followed by the peroxidase-conjugated streptavidin incubation (1:500, Jackson 

ImmunoResearch Laboratories) at room temperature for 30 min. The color was visualized using 

Pierce™ DAB Substrate Kit (PI34002, Thermos scientific), and counterstained with Mayer’s 

Hematoxylin Solution (Sigma-Aldrich, St. Louis, MO, USA). Sections incubated without primary 

antibody were set as a negative control. Slides were finally scanned and photographed by using a 

Zeiss Axio Scope (Carl-Zeiss Ltd, Jena, Germany). 
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4.3.7 Statistical analysis 

Statistical analyses were carried out using SAS 9.4 (the SAS Institute, Cary, NC) and all figures 

were made using GraphPad Prism 6 software (San Diego, CA, USA). Results were expressed as 

the mean ± SEM. Statistical significance was determined using one-way ANOVA followed by 

Tukey’s multiple-comparison test. P value < 0.05 was considered statistically significant.  

4.4 Results 

4.4.1 Structure and hydrophobicity analysis of cCaSR  

Based on the information obtained from NCBI and Ensembl genome database, a schematic 

diagram of the cCaSR gene exon/intron and protein domains is shown in Figure 4.1. The cCaSR 

gene which maps the chicken chromosome 1q has 7 exons, spanning ~ 42 kb. The T-cell antigen 

CD86 gene lies upstream and cysteine protease inhibitor CSTB gene lies downstream of the cCaSR 

gene. Exons 1-7 encode 1059 amino acids (AAs) of cCaSR protein; ECD is encoded by 1833 

nucleotides of exon 1 to exon 6 including signal peptides encoded by 57 nucleotides of exon 1; 

transmembrane domain (TMD) is encoded by 747 nucleotides of exon 6; and intracellular domain 

(ICD) is encoded by 594 nucleotides of exon 7. The schematic diagram of the secondary structure 

of cCaSR protein is shown in Figure 4.2. The cCaSR consists of 1,059 AAs and divides into three 

domains: 1) a large N-terminal ECD that is comprised of the first 611 AAs containing a 19 AA N-

terminal signal peptide; 2) a seven helical TMD that is comprised of 250 AAs; and 3) a C-terminal 

ICD that is comprised of 198 AAs. The three-dimensional model of a cCaSR ECD structure was 

predicted based on a human CaSR template using SWISS-MODEL (Figure 4.3). The cCaSR 

functions in the form of disulfide-linked homodimers. The ECD is the main site where ligands 

bind, consisting of a large extracellular Venus Flytrap (VFT) module (Lobe1 and Lobe 2) and a 

cysteine-rich (CR) domain which connects the VFT module to the TMD.  
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Figure 4.1 Schematic diagram of the chicken CaSR (cCaSR) gene exon/intron organization and 

protein domains. Exons were drawn to the scale, but introns were not. There are seven exons and 

six introns in the cCaSR gene. Filled bars represent mRNA coding regions including exon 1-7. 

ATG, initiation codon; TAA, stop codon. The cCaSR protein contains 1,059 amino acid residues. 

SP, signal peptide; ECD, extracellular domain; TMD, transmembrane domain; ICD, intracellular 

domain. 
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Figure 4.2 Schematic diagram of the structure of chicken calcium-sensing receptor exported by 

PROTTER tool based on the protein sequence obtained from NCBI (Accession No: XP_416491.5). 
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Figure 4.3 Prediction three-dimensional model of a chicken calcium-sensing receptor disulfide-

linked homodimeric extracellular domain structure based on a human calcium-sensing receptor 

template using the SWISS-MODEL. 
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4.4.2 Relative mRNA abundance of cCaSR and cVDR 

The relative mRNA abundance of cCaSR and cVDR in the kidney, proventriculus, duodenum, 

jejunum, ileum, colon, cecum, shell gland, and tibia are shown in Figure 4.4. The results showed 

that the mRNA of cCaSR and cVDR was widely expressed in the kidney, proventriculus, gut, bone 

and shell gland of laying hens. The relative mRNA abundance of cCaSR in the cecum was 

significantly higher at 19 than at 40 and 55 weeks (P < 0.05). The relative mRNA abundance of 

cCaSR in the kidney, ileum, proventriculus, duodenum, and colon was significantly higher than 

that in other tissues at 40 weeks (P < 0.05). In the tibia, the relative mRNA abundance of cCaSR 

was significantly higher at 55 than that at 40 weeks (P < 0.05). The relative mRNA abundance of 

cVDR was at a relatively high level in the small intestine (duodenum, jejunum, and ileum) when 

compared with other tissues at the three different laying stages, but these differences were not 

significant. Moreover, the relative expression of cVDR in the shell gland was significantly higher 

at 40 than at 19 and 55 weeks (P < 0.05). 
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Figure 4.4 The relative mRNA abundance of chicken calcium-sensing receptor (CaSR, A) and 

chicken vitamin D receptor (VDR, B) in different tissues at three laying stages, and the relative 

mRNA abundance of CaSR (C) and VDR (D) in tibia at three different laying stages. Data were 

presented as mean ± SEM, n = 6. Different letters represent a significant difference among different 

tissues, and different letter superscripts represent a significant difference at different laying stages 

(P < 0.05).  
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4.4.3 Relative protein expression of cCaSR and cVDR 

As shown in Figure 4.5, the protein of cCaSR and cVDR was widely expressed in the kidney, 

proventriculus, gut, tibia and shell gland of laying hens at 40 weeks. Western blot images show 

that cCaSR are expressed in four bands with varied molecular weights (Figure 5A), and the bands 

for quantitating are indicated in “*”: 1) more than 250 kDa; 2) between 150 and 250 kDa; 3) and 

4) below 150 kDa. The band of chicken VDR was exhibited between 50 and 75 kDa (around 60 

kDa) in each tissue (Figure 4.5A). Figure 4.5B shows the quantified number of the four bands of 

cCaSR. The relative cCaSR protein abundance was not different among the different organs (P > 

0.05) in the different organs at 40 weeks. Figure 4.5C shows quantitative relative expression of 

cVDR. The relative cVDR protein abundance was significantly higher in the duodenum than in 

the proventriculus, colon, and cecum (P < 0.05) at 40 weeks. However, no significant difference 

was observed among the kidney, proventriculus, jejunum, ileum, colon, cecum, and shell gland at 

40 weeks (P > 0.05). As shown in Figure 4.6A to 4.6R, the protein of cCaSR and cVDR was 

expressed at the different ages of laying hens. No significant differences in the relative protein 

abundance of cCaSR and cVDR were observed among tissues at the three different laying stages 

(P > 0.05). 
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Figure 4.5 Representative western blot images (A) of chicken calcium-sensing receptor (cCaSR) 

and chicken vitamin D receptor (cVDR); the quantitative relative expression of cCaSR (B) and 

cVDR (C) in different tissues at the 40 weeks of age. Data were presented as mean ± SEM, n = 6. 

Different letters represent a significant difference (P < 0.05). Bands for quantitating are indicated 

in “*”.  
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Figure 4.6 The relative mRNA abundance of chicken calcium-sensing receptor in kidney (A),  

proventriculus (C), duodenum (E), jejunum (G), ileum (I), colon (K), cecum (M), shell gland (O) 

and tibia (Q) and chicken vitamin D receptor in kidney (B),  proventriculus (D), duodenum (F), 

jejunum (H), ileum (J), colon (L), cecum (N), shell gland (P) and tibia (R) at three different laying 

stages. Data were presented as mean ± SEM, n = 6.  
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4.4.4 Localization of cCaSR 

The localization of cCaSR in the kidney, proventriculus, gut, shell gland and tibia at different 

laying stages was detected by immunohistochemical staining. As shown in Figure 4.7, the positive 

brown staining was found widely in each tissue at different laying stages. In the kidney, the positive 

cCaSR staining was widely detected in the nephron, and mainly in the renal tubules. In the 

proventriculus, cCaSR was distributed on the surface of serrated secretory tubules. In the small 

intestine including duodenum, jejunum, and ileum, the positive staining was distributed widely 

along the simple columnar epithelium of the villus and crypts. In the large intestine including colon 

and cecum, the positive staining was mainly seen in the epithelium of crypts of Lieberkühn. In the 

shell gland, immunohistochemical positivity was primarily found in the stratified cuboidal 

epithelium. In the tibia, the clear immunohistochemical positivity was distributed within different 

laying stages. The positive staining was mainly detected in compact structural bone (cortical bone) 

at 19 weeks of age, and mainly in the medullary bone (as circled in red) at the 40 weeks of age. At 

55 weeks of age, the immunohistochemical positivity was found in both medullary bone (as circled 

in red) and cortical bone. 

  



 69 

 
 

 
  



 70 

 

  



 71 

 

 
  



 72 

 

  



 73 

 
 

Figure 4.7 Haemotoxylin and Eosin (H&E) staining (1) and chicken calcium-sensing receptor 

(cCaSR) immunohistochemistry (2 and 3) in the kidney (A), proventriculus (B), duodenum (C), 

jejunum (D), ileum (E), colon (F), cecum (G), shell gland (H), and tibia (I) at the 19 weeks (a), 40 

weeks (b) and 55 weeks (c) of age. Chicken CaSR immunoreactions are indicated as brown 

staining (+Primary Antibody, black arrows) and they are in contrast to blue counterstaining of the 

nuclei (-Primary Antibody). Medullary bone in the tibia is indicated in red circles. Scale bar for 

H&E staining represents 200 μm, and for cCaSR immunohistochemistry is 50 μm. Black arrows 

indicate positive staining. 
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4.5 Discussion 

Previous studies suggest that cCaSR has similar characteristics with mammalian CaSR and 

may also play very important roles in avian calcium homeostasis because of the close conservation 

of the amino acid sequence of the cCaSR with human CaSR (Diaz et al., 1997) and other 

mammalian CaSR (Brown et al., 1993; Riccardi et al., 1995; Zhao et al., 2019). Also, the 

expression of cCaSR in the parathyroid gland is regulated by the plasma calcium concentrations 

and vitamin D level in the diet (Yarden et al., 2000). In the present study, cCaSR was predicted to 

show a similar secondary and three-dimensional crystal structure with mammalian CaSR (Diaz et 

al., 1997), and the cCaSR was able to respond to exogenous Ca2+, Mg2+ and Gd3+ (Diaz et al., 

1997), which may support the hypothesis that cCaSR could play similar roles as mammalian CaSR. 

It has been well documented that in addition to calcium, a variety of nutritional ligands including 

di- and trivalent cations, AAs, pharmacological agents, polyamines, and polypeptides in mammals 

can activate CaSR (Magno et al., 2011; Zhao et al., 2019). Therefore, the cCaSR may share similar 

ligands with the mammal CaSR. The cCaSR has a large hydrophilic ECD, a seven helical 

hydrophobic TMD and a small hydrophilic ICD, and functions to detect ionized plasma calcium 

concentration, which shows a similar variation range to mammals, of between 1.2 mM and 1.3 

mM to maintain calcium homeostasis (Diaz et al., 1997). Therefore, it would be critical to 

characterize the functions of cCaSR and its potential ligands including nutrients, non-nutritional 

compounds and tastants, which might help to develop novel approaches to reduce the incidence of 

osteoporosis in laying hens. 

The distribution of cCaSR and cVDR is closely related to their function. In this study, the 

results demonstrated that cCaSR and cVDR were expressed in the kidney, proventriculus, 

duodenum, jejunum, ileum, colon, and cecum, which is consistent with the cCaSR expression 
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profile from previous studies in the kidney, duodenum and the whole small intestine (Diaz et al., 

1997; Deng et al., 2010). Notably, the gene and protein expression, and the distribution pattern of 

cCaSR in the different segments of the GIT, shell gland, and tibia was reported for the first time 

in the current study. Moreover, our results demonstrated that similar to cVDR, cCaSR is also 

distributed in the shell glands and tibia of laying hens, similar to what has been reported by others 

(Berry et al., 1996; Yoshimura et al., 1997). Similar to mammalian CaSR, the expression of cCaSR 

in the bones may be related to the calcium homeostasis and bone turnover in laying hens. However, 

the role of cCaSR in the shell glands is not known but may be related to eggshell formation because 

the shell gland is involved in the synthesis and secretion of substances for the formation of distinct 

layers of the eggshell (Bar, 2009).  

In the present study, the higher gene expression of cCaSR was found in the kidney, 

proventriculus (true stomach), and small intestine especially the ileum, which is consistent with 

that in mammals (Hebert, 1996; Brown and MacLeod, 2001; Fudge and Kovacs, 2004; Hebert et 

al., 2004; Zhao et al., 2019). However, the higher gene expression of cVDR was only found in the 

small intestine (duodenum, jejunum, and ileum), which is consistent with its function. The CaSR 

maintains calcium homeostasis by regulating parathyroid gland, kidney, GIT and the secretion of 

PTH, calcitonin and 1,25(OH)2D3. The kidney is responsible for the reabsorption of calcium and 

other mineral ions such as magnesium, and to the amount of minerals being excreted. Moreover, 

renal calcium status is a part of calcium homeostasis that closely affects homeostatic regulation of 

calcium and the secretion of its regulators [PTH, calcitonin, and 1,25(OH)2D3] because of feedback 

mechanisms (Riccardi and Brown, 2010). Therefore, detecting and monitoring renal calcium levels 

is critical to systematically regulate calcium homeostasis. Lots of evidence showed that CaSR is 

widely distributed along the epithelium of the GIT where digestion and absorption of nutrients 
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occur (Cheng et al., 1999; Hebert et al., 2004). Changes in Ca2+ concentration are also associated 

with secretion of gastrin, gastric acid, and HCO3- in the stomach, which is important for food 

digestion (Cheng et al., 1999). The proventriculus is the true stomach in poultry and performs the 

same function as the stomach in mammals, which can secret gastric acid and enzymes to initiate 

protein digestion. Proteins are broken down by proteases into smaller peptides and AAs during the 

digestion. L-AAs and other small peptides are known to be potent ligands for CaSR (Congrave et 

al., 2020; Zhang et al., 2015). This might be the reason why the expression level of cCaSR was 

much higher in the proventriculus. The small intestine undertakes the most absorption and 

chemosensing of nutrients. The gut chemosensing system is considered to be performed by the 

GPCRs that recognize nutrients, chemicals, and even microorganisms, and then initiates a 

downstream signaling cascade to maintain mineral homeostasis, and to regulate feed intake, gut 

function, and metabolism (Roura et al., 2019). Also, CaSR as a multimodal sensor can bind many 

nutrients especially Ca2+ and L-AAs, that might mediate nutrient absorption. Within the small 

intestine, unlike in mammals, the majority of calcium absorption does not take place in the ileum 

in laying hens (Hurwitz and Bar, 1966), but the expression of cCaSR in the ileum was higher than 

that in the duodenum and jejunum, which was consistent with the results of CaSR distribution in 

pigs (Zhao et al., 2019). This might be attributed to more hormones secreted by ileal 

enteroendocrine cells, which depends on the signaling of cellular calcium mobilization (Liou, 

2013). There are various hormones such as glucagon-like peptide 1 and 2, peptide YY and 

oxyntomodulin that are secreted by L cells in the ileum, regulating satiety, intestinal motility, 

transit, gastric emptying, intestinal integrity, and permeability, etc. (Liou, 2013). These results also 

illustrated that the predominant role of cCaSR might not be to directly regulate calcium absorption. 

Instead, the principal function of cCaSR is probably sensing the changes of calcium concentration 



 77 

to communicate with other receptors and mediate various biological processes via hormones or 

downstream signaling pathways to maintain the homeostasis of calcium or other nutrients. 

Compared to CaSR, the function of VDR is more specific, which assists calcium absorption 

through calcium transporters. The most of calcium is absorbed in the small intestine explaining 

why cVDR is mainly expressed in the small intestine. When 1,25(OH)2D3 diffuses into cells, it 

binds to either cytoplasmic or nuclear VDR, and then trigger the formation of a heterodimer of 

VDR with a partner protein that binds to vitamin D response element (VDRE) located in the 

promoter region of target genes. VDRE has been found in a number of genes in mammals including 

25(OH)D3 24-hydroxylase, PTH, calbindin D9k and D28k, calcium ion channels, CaSR, and 

osteocalcin, which are related to calcium absorption and homeostasis (Lu et al., 2000; Hendy and 

Canaff, 2016). However, during the process of calcium absorption in the small intestine, VDR is 

not the only element to respond to 1,25(OH)2D3. Alternatively, 1,25(OH)2D3 only takes minutes 

to hours to exert effects via binding to the other protein without going through longer genomic 

pathways (Huhtakangas et al., 2004). Therefore, other possibilities should be considered regarding 

the regulation of calcium absorption and homeostasis in layers. 

Nevertheless, the expression of cCaSR did not vary significantly in different tissues at peak 

production (40 weeks of age). Western blot images showed that CaSR had different forms in 

chickens. As the cCaSR exhibits a high homology and a similar molecular weight to mammal 

CaSR, the different forms of cCaSR might have similar modifications. Therefore, in this study, 

approximately 120 kDa band might be unglycosylated cCaSR protein; approximately 140 kDa 

band might be the core-glycosylated, high-mannose form of cCaSR (in the endoplasmic reticulum); 

approximately 160 kDa might be maturely glycosylated form of cCaSR (in the Golgi complex); 

more than 250 kDa band might be dimers and higher-order oligomers of cCaSR (White et al., 
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2009). In different tissues, we also observed that different forms of CaSR are expressed in different 

quantities. Various modifications and rapid turnover of CaSR probably resulted in a stable total 

amount of cCaSR. Calcium is absorbed by both an active transcellular pathway, and by a passive 

paracellular pathway through tight junctions. Most calcium transport proteins involved in the 

active transcellular pathway depend on 1,25(OH)2D3 and VDR. Among the small intestine, the 

duodenum has a highly active transport system (Christakos et al., 2011). That might be the reason 

why the expression of VDR in the duodenum is higher than that in other segments of the small 

intestine at peak production. Interestingly, different laying stages rarely affected the expression of 

both cCaSR and cVDR, which illustrated the importance of cCaSR and cVDR to regulate calcium 

homeostasis throughout the whole laying period. 

The cCaSR was expressed in tubular structures of the nephron. This finding is consistent with 

previous research by Diaz et al. (1997), who confirmed the presence of cCaSR in certain tubular 

cellular structures. Calcium absorbed from the gut enters the blood and is filtered by the kidney. 

In hens, 99% of filtered calcium is reabsorbed in the kidney (Wideman Jr et al., 1987). In addition, 

the rat CaSR has been identified in various segments of the nephron, with the polarity of its 

expression varying according to the specific cell type within each segment (Riccardi et al., 1998). 

This unique distribution pattern implies that it can sense alterations taking place in both the urinary 

space and the interstitial plasma (Riccardi and Brown, 2010). The GIT is another major site where 

cCaSR is located. The positive staining was found along the epithelium of the small intestine, 

which was consistent with what has been reported in mammals (Chattopadhyay et al., 1998; Zhao 

et al., 2019). It has been reported that CaSR is present in goblet cells and enteroendocrine cells 

(Hira et al., 2008). Although enteroendocrine cells account for ~1% of epithelial cells, they play 

an important role in hormone secretion to communicate with other cells and relay signals to the 
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brain thus regulating gut function and metabolism (Liou, 2013). Therefore, it is of significance 

that a large number of GPCRs such as CaSR and taste receptors located in enteroendocrine cells 

contribute to nutrient sensing. Notably, the bone types in the female avian are distinctive from that 

in mammals, which includes cortical, cancellous, and medullary bones during egg laying (Kim et 

al., 2007). Medullary bone is a highly labile secondary bone, providing calcium for eggshell 

formation by its resorption (Kim et al., 2012). It has been reported that hormones (estrogen and 

androgen) regulate the formation of the medullary bone (Fisher and Schraer, 1982). Medullary 

bone resorption is a crucial biological process to release calcium, which is undertaken by 

osteoclasts. It has been reported that CaSR is expressed in osteoclasts. Activation of osteoclasts 

may result in the proliferation, differentiation, and apoptosis of osteoclasts (Dvorak et al., 2004; 

Mentaverri et al., 2006). This indicates that CaSR might be an important receptor to regulate bone 

resorption and maintain calcium homeostasis in laying hens.  

In conclusion, this study demonstrated that cCaSR and cVDR are widely distributed in the 

kidney, proventriculus, duodenum, jejunum, ileum, colon, cecum, shell gland, and tibia of laying 

hens at different laying stages, especially cCaSR in the proventriculus, shell gland and tibia, and 

its distribution pattern in the GIT, which was reported for the first time. Relative expressions of 

cCaSR and cVDR varied in different tissues but did not change significantly among different 

laying stages. In addition, the localization in different tissues and the crystal structure of cCaSR 

was also highly similar to mammalian CaSR, which is evidence to support that cCaSR could be a 

potential therapeutic target for osteoporosis in laying hens.  
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BRIDGE TO CHAPTER FIVE 

In chapter four, the molecular distribution and localization of the chicken CaSR and VDR in 

different tissues at different laying stages in laying hens were investigated. We first confirmed that 

the CaSR is expressed in the shell gland and tibia. Our results illustrated the high similarity 

between human and chicken CaSR in terms of their structures and expression patterns. In chapter 

five, we will further explore the underlying mechanism by which chicken CaSR performs its 

function through constructing a chicken CaSR overexpression in vitro system to 1) characterize 

the roles of the chicken CaSR 2) identify potential nutritional chicken CaSR ligands; 3) reveal the 

chicken CaSR response mechanism to nutritional ligands and downstream biased signaling 

cascades; and 4) to simulate ligand binding sites and modes.  

 

  



 81 

CHAPTER FIVE: MANUSCRIPT Ⅱ 

Modulation mechanism of L-tryptophan and phosphate to the chicken extracellular calcium-

sensing receptor via downstream G protein-coupled signaling cascades and their binding 

modes2 

  

 
2Qianru Hui, Huanhuan Dong, Xiaoya Zhao, Paula Azevedo, Shangxi Liu, Martin Nyachoti, 

Karmin O, Chengbo Yang 

Under review in Animal Feed Science and Technology. 
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5.1 Abstract  

Laying hens have a dynamic bone turnover and a high demand for calcium from both feed and 

bone stores due to the daily egg-laying cycle. This study aims to reveal the modulation mechanism 

and binding sites of a nutritional agonist (L-Trp) and a nutritional antagonist (inorganic PO43-) to 

the chicken extracellular calcium-sensing receptor (cCaSR), and to provide evidence for 

maintaining the desired calcium homeostasis and preventing or attenuating chicken osteoporosis 

through the cCaSR modulation. Based on the luciferase reporter system, the two modulators 

showed biased agonism or antagonism through the Gαq, Gβγ/Gαi, Gα12, and Gαi-mediated signaling 

pathways and induced the changes in the second messengers, including intracellular Ca2+, 

extracellular signal-regulated kinase (ERK) 1/2, RhoA, and cyclic adenosine monophosphate 

(cAMP), respectively. L-Trp-induced cCaSR activation required the presence of Ca2+, and the Ca2+ 

concentration affected the activation potency. The half-maximal effective concentration (EC50) 

value for Ca2+ left-shifted by 12.88%, 5.18%, and 1.02% in the Gαq, Gβγ/Gαi, and Gα12-mediated 

signaling pathways in the presence of 1 mM L-Trp, while the half-maximal inhibitory 

concentration (IC50) of cAMP level for Ca2+ right-shifted by 10.15% in the Gαi-mediated signaling 

pathway in the presence of 1 mM L-Trp. The cCaSR response was significantly inhibited with 

increasing inorganic PO43- concentration by 92.97%, 31.50%, and 30.23% in the Gαq, Gβγ/Gαi, and 

Gα12-mediated signaling pathways at 2 mM of PO43- compared with the control (0.9 mM PO43-). 

The cAMP level was significantly increased by 51.20% (P < 0.05) at 5 mM of PO43- compared 

with the control in the Gαi-mediated signaling pathway. Therefore, both L-Trp and PO43- were 

biased toward the Gαq-mediated NFAT-RE signaling pathway. According to molecular docking 

and dynamics results, L-Trp shows one binding site in the extracellular domain (ECD) of cCaSR. 

In addition to hydrogen bonds, its aromatic side chain is conducive to binding with hydrophobic 
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interactions; PO43- shows two binding sites also in the ECD of cCaSR, with the hydrogen bonds 

being the main bond type. In conclusion, this study demonstrates that L-Trp and inorganic PO43- 

were cCaSR modulators, acting as positive and negative allosteric modulators, respectively, with 

biased agonism and antagonism, which provided evidence for cCaSR as a potential therapeutic 

target in chicken osteoporosis.  

Key words: Chicken extracellular calcium-sensing receptor; L-tryptophan; Inorganic phosphate; 

G protein-coupled signaling; Molecular docking 

 

5.2 Introduction 

The extracellular calcium-sensing receptor (CaSR) is a homodimeric complex located in the 

cell membrane, and it belongs to the metabotropic glutamate receptor (mGluR) subclass of the G 

protein-coupled receptors (GPCRs) superfamily (Jensen and Brauner-Osborne, 2007). This 

receptor can sense subtle changes in extracellular Ca2+ concentration and mediate PTH secretion 

to maintain calcium homeostasis via regulating intestinal absorption, bone storage and exchange, 

and renal reabsorption (Conigrave, 2016). In addition, CaSR mediates a variety of 

(patho)physiological processes, such as ion channel activity, gene expression, inflammation, 

proliferation, differentiation, and apoptosis by triggering downstream signaling cascades (Brown 

et al., 1979a; Kallay, 2018).  

Laying hens have a rapid bone turnover and high calcium demand because of the daily egg-

laying cycle. Insufficient dietary calcium for eggshell calcification is supplemented by medullary 

bone resorption. Over time, the modeling and remodeling of medullary bone contributes to a more 

diffuse arrangement of medullary bone spicules and the decrease in the proximity between 

medullary bone and the structural bone surfaces, resulting in the structural bone tissues being 
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exposed to the effects of osteoclasts (Korver, 2020). As the structural bone is not replaced, the net 

effect is structural bone loss and the progressive development of layer osteoporosis (Whitehead 

and Fleming, 2000). Osteoporosis is one of the major causes of bone fractures in laying hens. Bone 

fractures are associated with pain and animal welfare issues. In addition, economic factors such as 

egg production and eggshell quality are closely linked to issues concerning bones (Kim et al., 

2012). Restoring or maintaining the desired calcium homeostasis using a nutritional approach 

might be an effective strategy for improving bone health and eggshell quality in laying hens. The 

CaSR is involved in detecting subtle changes in extracellular Ca2+ and maintaining calcium 

homeostasis (Kallay, 2018), thus it might be a potential and promising therapeutic target in 

osteoporosis in laying hens.  

It is well recognized that there are two categories of CaSR ligands: orthosteric agonists and 

allosteric modulators (Saidak et al., 2009). Orthosteric agonists can directly bind to CaSR 

orthosteric sites where the primary ligand Ca2+ is bound to activate CaSR. Allosteric modulators 

including positive allosteric modulators (PAMs) and negative allosteric modulators (NAMs), bind 

to allosteric sites distinct from orthosteric sites on CaSR, and require the presence of Ca2+ to 

activate CaSR concertedly (Saidak et al., 2009). The aromatic L-amino acids such as L-Trp and 

some short aliphatic L-amino acids including L-Thr and L-Ala were identified as PAMs of CaSR 

(Conigrave et al., 2000b; Conigrave et al., 2007). PO43- has also been reported to be a NAM 

(Centeno et al., 2019).  

The application of these allosteric modulators enhances/reduces the sensitivity of CaSR to 

extracellular Ca2+. The CaSR is a broad-spectrum L-amino acid sensor (Conigrave et al., 2007). 

Previous studies have reported that L-aromatic amino acids were more potent PAMs of CaSR than 

other amino acids (Conigrave et al., 2000b). In addition, Trp is an essential amino acid, and it is 
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involved in the synthesis of some functional metabolites, such as serotonin (Le Floc’h et al., 2011). 

Its dietary requirement is at a relatively low level and decreases with age (Li et al., 2010). Generally, 

Trp obtained from conventional layer diets can meet the requirement, but proper supplementation 

of Trp showed beneficial effects on eggshell quality and immune function, as well as reducing 

stress and enhancing appetite (Macelline et al., 2021). Calcilytics such as NPS 2143 and NPS 

89636 are CaSR antagonists. They have shown great potential for human osteoporosis treatment 

by blocking CaSR and stimulating the endogenous PTH secretion (Nemeth et al., 2001; Nemeth, 

2002). Inorganic PO43- as a NAM has been reported to block CaSR in the stably transfected human 

CaSR HEK293 cells via a non-competitive antagonism, reducing receptor efficacy but not potency 

(Centeno et al., 2019). A large amount of phosphorus is stored in the form of phytic acid in plant-

based feed ingredients, but phytic acid is a common anti-nutritional factor that has negative effects 

on phosphorus utilization in feed ingredients and causes phosphorus pollution (Cowieson et al., 

2006). Phytase supplementation in the feed is a good strategy for alleviating the negative effects 

caused by phytic acid in laying hens (Bello and Korver, 2019), and the free PO43- released from 

phytic acid might create a great potential for CaSR modulation. Moreover, Geng et al. (2016) have 

presented the first crystal structures of the extracellular domain of human CaSR in active and 

inactive states, and the binding sites of Ca2+, L-Trp, and PO43- have been identified. Wen et al. 

(2021) demonstrated that L-Trp was also an agonist of chicken CaSR.  

It has been recognized that GPCRs show “functional selectivity” or “biased signaling” after 

ligand binding (Seyedabadi et al., 2019). Generally, different ligands have different binding sites 

to the GPCR and induce the distinct conformational reorganization of the receptor and then 

preferentially select one or more downstream pathways to transduce signals. It is of significance 

to understand the mechanism of the biased signaling for cCaSR because it may provide the 
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theoretical evidence for chicken osteoporosis drug/nutritional modulator discovery to increase 

therapeutic benefits and minimize the side effects for biased ligands (Thomsen et al., 2012; Leach 

et al., 2015). However, no systematic study has been conducted to investigate how CaSR initiates 

downstream signaling cascades and biased agonism/antagonism of CaSR regarding the Gα and 

Gβγ subunits. Moreover, the binding mechanism of L-Trp and PO43- to chicken CaSR is still unclear. 

In this study, we hypothesized that, as with human CaSR, L-Trp and inorganic PO43- are able to 

activate or block cCaSR with biased downstream signaling, and each modulator exhibits a 

distinctive binding mechanism. The objectives of this study were to investigate two potent 

nutritional ligands L-Trp (agonist) and inorganic PO43- (antagonist) to cCaSR and how the 

extracellular signals were transmitted via intracellular coupling with heterotrimeric G proteins 

after cCaSR was activated or blocked; and to predict the potential binding sites and modes for 

these two modulators by molecular docking and dynamics. 

5.3 Materials and methods 

5.3.1 Materials 

Flp InTM-293 cell line (Catalog No. R750-07) and pcDNATM 5/FRT vector (Catalog No. 

V6010-20) were purchased from Life Technologies (Waltham, MA, USA). The cyclic adenosine 

monophosphate (cAMP) response element (CRE) Firefly Luciferase vector (pGL4.29 E8471), 

nuclear factor of activated T-Cells response element (NFAT-RE) Firefly Luciferase vector 

(pGL4.30, E8481), serum response element (SRE) Firefly Luciferase vector  (pGL4.33, E1340), 

serum response factor response element (SRF-RE) Firefly Luciferase vector  (pGL4.34, E1350), 

and Dual-Glo® Luciferase Assay System (E2940) were purchased from Promega (Madison, WI, 

USA). The cAMP-Gi assay kit (62AM9PEB) was purchased from Cisbio (Codolet, France). The 

pRL-TK Renilla Luciferase reporter vector was kindly provided by Dr. Abdelilah Soussi Gounni’s 
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lab as a gift. All other reagents and chemicals were from Sigma Aldrich (St. Louis, MO, USA) 

unless otherwise stated. 

5.3.2 Expression vector  

Chicken (Gallus gallus) CaSR complementary DNA containing a C-terminal Flag-tag and two 

restriction enzyme sites (AflII and XholI) were synthesized and inserted into a pcDNA3.1(+) 

expression vector (GeneUniversal, Anhui, China). Next, chicken (Gallus gallus) CaSR 

complementary DNA containing a C-terminal Flag-tag after signal peptides were digested and 

inserted into a pcDNATM 5/FRT vector for further experiment. 

5.3.3 Cell culture and generation of stable transfected cCaSR Flp-InTM cell line 

Flp InTM 293 cells were cultured in a Dulbecco’s modified Eagle’s medium (DMEM) high 

glucose containing 1.8 mM CaCl2, 0.078 mM L-Trp, and 0.9 mM NaH2PO4 from Gibco/Life 

Technologies (Gibco/Life Technologies, Cat. No: 11965092) supplemented with 10% fetal bovine 

serum (FBS) and 50 U/mL penicillin/streptomycin (Gibco/Life Technologies) at 37°C with a 5% 

CO2 atmosphere. DMEM (high glucose and no phosphates) containing 1.8 mM CaCl2 and 0.078 

mM L-Trp (Gibco/Life Technologies, Cat. No: 11971025, Gibco) and DMEM (high glucose, no 

glutamine, and no calcium) containing 0.078 mM L-Trp and 0.9 mM NaH2PO4 (Gibco/Life 

Technologies, Cat. No: 21068028) were also used for measuring the dose-response curve of Ca2+ 

upon cCaSR activation. A Stable Flp-InTM 293 cell line expressing chicken CaSR (cCaSR-293) 

were generated by cotransfecting with pcDNATM5/FRT vectors containing chicken CaSR genes 

and pOG44 plasmids which expresses the Flp recombinase, and pcDNATM5/FRT/CAT vectors 

and pOG44 plasmids were cotransfected in Flp InTM 293 (CAT-293) cells as a transfection control 

using lipofectamine 2000 transfection reagent (Life Technologies) followed by hygromycin 

selections. Cells were selected from a single colony and cultured.  
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5.3.4 Verification of the stable expression of cCaSR 

When cells reached 70-80% confluence in 6-well plates after three to four weeks, the 

quantitative real-time RT-PCR and Western blot were conducted to verify the expression of 

gene/protein of interest. 

Total RNA extraction from cells was conducted using TRIzolTM reagent (Invitrogen Life 

Technologies, Waltham, MA, USA) as described in the manufacturer’s instructions. The first-

strand cDNA was synthesized using the iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules, CA, 

USA) according to the corresponding manufacturer’s protocol. The relative mRNA abundance of 

CaSR was measured using SYBR Green Supermix (Bio-Rad) by a CFX Connect™ Real-Time 

PCR Detection System (Bio-Rad). PCR amplification was performed at a set of three min at 95°C, 

then 40 cycles of 20 s at 95°C, 30 s at 60°C, and 30 s at 72°C. At the end of each cycle, the 

fluorescence was monitored for 10 s. Each reaction was completed with a melting curve analysis 

to ensure the specificity of the reaction. Threshold cycle (Ct) values of the target and reference 

gene were detected (Table 5.1).  

 

Table 5.1 Primers used in this study. 

Genes Accession No. Primer sequences (5’→ 3’) 

Gallus CaSR XM_416491.6 Forward: CAAACCAACGGGCACAGAAG 

Reverse: ATGCACTCCACTGATTCGGG 

Homo sapiens GAPDH 

(Reference) 

NM_001115114.1 Forward: CCGTCTTGAGAAACCTGCCA 

Reverse: GGATGAACGGCAATCCCCAT 

Note: cCaSR: chicken calcium-sensing receptor; hGAPDH: human GAPDH. 
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The relative protein expression of CaSR and Flag tag was determined by Western blot analysis. 

Cells were lysed using pre-cooled RIPA buffer containing Halt™ protease and phosphatase 

inhibitor cocktail (Thermo Scientific) on ice. Total protein concentration was determined using the 

Pierce™ BCA protein assay kit (Waltham, MA, USA) as described in the manufacturer’s 

instructions. Protein was then denatured using a 4 × Laemmli sample buffer (Bio-Rad) with 0.1 M 

dithiothreitol (DTT) at 95	°C for 9 min. Then, the denatured protein samples (30 μg) were loaded 

and separated by 4–15% Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-Rad), and 

transferred onto a polyvinylidene difluoride (PVDF, Bio-Rad) membrane. Each membrane was 

blocked using 5% skim milk powder dissolved in tris-buffered saline with 0.1% Tween 20 (TBST) 

for 1 h at room temperature, and then incubated with the rabbit polyclonal anti-CaSR antibody 

(1:2000, ab137408, Abcam, Cambridge, MA, USA) and mouse anti-DDDDK-Tag mAb-Tag 

Monoclonal Antibody (AE005) (1:2000, MA1-710, Thermo Scientific) at 4 °C overnight. 

Secondary antibody incubation used horseradish peroxidase (HRP)-conjugated goat anti-rabbit 

IgG (65-6120, 1:5000, Thermo Scientific) and HRP-conjugated goat anti-mouse IgG (31430, 

1:1000, Thermo Scientific). Images were detected by ChemiDoc™ Imaging Systems (Bio-Rad) 

after incubation with Clarity MaxTM Western ECL Substrate (Bio-Rad). The densitometry of the 

target protein bands was quantified by Image Lab Software (Bio-Rad) and normalized to reference 

(β-actin). 

5.3.5 Cell viability 

Cell viability was measured using WST-1 cell proliferation reagent (Sigma-Aldrich, MO, 

USA) according to the manufacturer’s protocol. Briefly, cells were seeded into a 96-well plate. 

The WST-1 reagent was diluted by 1:30 in a DMEM high glucose medium (calcium and glutamine 

free) before use. After the incubation at 37℃ for 30 min, the absorbance was measured at 450 nm 
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using a Synergy™ H4 Hybrid Multi-Mode Microplate Reader (BioTek, Vermont, USA). Cell 

viability results are expressed as a percentage of the specified control or the maximum in the group. 

5.3.6 Luciferase reporter assay 

The stably transfected cCaSR-293 cells and transfection control CAT-293 cells were seeded 

into 96-well plates with the density of 5 ́ 104 cells/well and cultured until the cells reached 70-80% 

confluence. The pGL4.30 [luc2P/NFAT-RE/Hygro], pGL4.33 [luc2P/SRE/Hygro], pGL4.34 

[luc2P/SRF-RE/Hygro] vectors were then transiently transfected into cCaSR-293 and CAT-293 

cells with a ratio (Firefly vector: Renilla vector = 10:1) using lipofectamine 2000 transfection 

reagent (Life Technologies) for 4 h according to the manufacturer’s protocol. The cells were then 

cultured in the DMEM containing 10% FBS. After 36 h, cells were serum-starved in the medium 

containing 1.25 mM CaCl2 and 1% FBS overnight.  

5.3.7 Dose-response curve of Ca2+ upon cCaSR activation 

The complete medium was then aspirated and replaced with different concentrations (0, 0.5, 

1, 2, 4, 6, 8, 16 mM) of CaCl2 (diluted in DMEM, high glucose, no glutamine, no calcium). After 

6 h, Firefly and renilla luciferase activities were measured using the Dual-Luciferase® Reporter 

Assay System according to the protocol by a SynergyTM Hybrid Multi-Mode Microplate Reader 

(BioTek, Winooski, VT). The reading parameters were as follows: the chemiluminescence mode 

was auto gain, and the integration time was 1s, no delay. Data were expressed as relative 

luminescence units (RLU) by calculating with the following equation: RLU = (Firefly 

RLUcCaSR/renilla RLUcCaSR) - (Firefly RLUCAT/renilla RLUCAT). 

 5.3.8 Dose-response curve of Ca2+ in the presence of L-Trp upon cCaSR activation 

A stock solution of L-Trp was prepared at 40 mM and diluted to the working concentration (1 

mM) in a DMEM high glucose medium (calcium and glutamine free) just before use. The 
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procedures of luciferase reporter assays were described in detail in section 5.3.6 of the Materials 

and methods. 

5.3.9 Dose-response curve of Ca2+ in the presence of NPS-R568 upon cCaSR activation 

NPS R-568 is a calcimimetic and it is a PAM of human CaSR used clinically, hereafter R568. 

In consideration of the risk of calcium and phosphate association, R568 was included to induce a 

cCaSR response (Centeno et al., 2019). A stock solution of R568 was prepared at 5.6 mM in 

DMSO and diluted to the working concentration (1 μM) in a DMEM high glucose medium 

(calcium and glutamine free) just before use. The procedures of luciferase reporter assays were 

described in detail in section 5.3.6 of the Methods. 

5.3.10 Phosphate-induced inhibition of cCaSR 

Phosphate was prepared in the form of phosphate buffer (200 mM) with Na2HPO4 and 

KH2PO4 in a 4:1 ratio (pH = 7.4) and diluted to different working concentrations in a DMEM high 

glucose medium (calcium and glutamine free) just before use. The procedures of luciferase 

reporter were carried out as mentioned above. 

5.3.11 The cAMP production assay 

The cAMP level was measured using a cAMP Gi kit (Cisbio, Codolet, France). The assay 

procedures were conducted according to the manufacturer’s protocol. Briefly, the stably 

transfected cCaSR-293 cells and transfection control CAT-293 cells were centrifuged and 

resuspended in a DMEM high glucose medium (calcium and glutamine free) at a concentration of 

400,000 cells/mL. In a white low volume 384-well plate, 5 μL of cell suspension and 4 μL of test 

compounds containing IBMX (0.5 mM) and ligands were mixed. The plate was sealed and 

incubated at 37 ℃ for 30 min. then, 1 μL of forskolin (2.5 μM) was added followed by 30 min 

incubation at 37 ℃. At last, 5 μL of lysis & detection buffer containing cAMP Eu-cryptate reagent 
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was added to each well followed by the addition of 5 μL of lysis & detection buffer containing 

cAMP d2 antibody. The plate was incubated for 1 h at room temperature. The fluorescence 

emission was measured at 620 nm and 665 nm using a Synergy™ H4 Hybrid Multi-Mode 

Microplate Reader (BioTek, Vermont, USA). 

5.3.12 Molecular docking and dynamics simulation 

5.3.12.1 Template protein and ligand preparation 

The crystal structure of Gallus gallus CaSR target protein (PDB ID: 7DD6, resolution: 3.20 

Å) was retrieved from the RCSB Protein Data Bank (https://www.rcsb.org/structure/). The protein 

was prepared and refined using the module of Protein Preparation Wizard in the Schrödinger 

Maestro software (Schrödinger, LLC, New York, USA). The crystal water was removed, the 

missing hydrogen atoms were added, and the missing bond information and the missing peptide 

segments were repaired. The protein was then energy-minimized and geometric structure-

optimized (constraint minimization using the opls3e force field). The structures of L-Trp, NPS R-

568, and PO43- were created using ChemDraw Ultra 12.0, and they were prepared through 

hydrogenation, structure optimization, and energy minimization according to the default settings 

of the LigPrep module in the Schrödinger Maestro software. 

5.3.12.2 Molecular docking study 

The processing and optimization of virtual screening were completed using the Glide module 

in the Schrödinger Maestro software. When screening in Glide module, the target protein was 

introduced to specify the appropriate location in receptor grid generation. The active site of the 

protein was defined as the centroid of the 10 Å box. The visualization after docking was completed 

using  PyMOL 2.1 software to analyze the interaction modes between ligands and the cCaSR, and 

the interactions with residues around the active site. Ligand binding free energy to the cCaSR was 
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estimated to validate the docking protocol and evaluate the accuracy of docking procedures using 

GlideScore, according to the scoring function below (Friesner et al., 2004): 

∆𝐺𝑏𝑖𝑛𝑑 = 𝐶!"#$%!"#$+𝑓(𝑇|𝑟) + 𝐶&'$()%(*+,$%(*+,+𝑔(∆𝑟)ℎ(∆𝛼)

+ 𝐶&'$()%-&./0*)%-&./0*)	+𝑔(∆𝑟)ℎ(∆𝛼) + 𝐶2.3%2*,.!%"$(+𝑓(𝑇|𝑚)
+ 𝐶/$,'𝐻/$,' + 𝐶#$!./%#&$'𝑉#$!./%#&$' + 𝐶-$+!𝐸-$+! + 𝐶4)5𝐸4)5
+ 𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛𝑒𝑟𝑚𝑠 

 

5.3.12.3 Molecular dynamics simulation 

The MD simulation of docked complexes was carried out using Desmond version 2020. 

OPLS3e force field was used to initiate the MD simulation, and the system was solvated using the 

TIP3 water model. The neutralization of the system was performed by adding counter ions. Energy 

minimization of the entire system was performed using OPLS3e. The geometry of water molecules, 

the bond lengths, and the bond angles of heavy atoms were restrained using the SHAKE algorithm. 

Simulation of the continuous system was executed by applying periodic boundary conditions and 

long-range electrostatics was maintained using the particle mesh Ewald method. The equilibration 

of the system was achieved using an NPT ensemble with the temperature at 300 k and pressure at 

1.0 bar. The coupling of temperature-pressure parameters was done using the Berendsen coupling 

algorithm. On post-preparation of the system, the production run was performed for 20 ns with a 

time step of 1.2 fs, and trajectory recording was done for every 20 ps summing up to 1000 frames. 

RMSD (Root mean square deviation) was calculated for the backbone atoms and was analyzed 

graphically to understand the nature of protein-ligand interactions. RMSF for each residue was 

calculated to analyze the major conformational changes in the residues between the initial state 

and dynamic state. 
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5.3.13 Statistical analysis 

All experiments were conducted with at least three replicates and the results were expressed 

as the mean ± SEM. Statistical analyses were carried out using GraphPad Prism 8 (San Diego, CA, 

USA). Statistical significance was determined using one-way ANOVA followed by Dunnett’s or 

Tukey’s multiple-comparison test. P value < 0.05 was considered statistically significant. Dose–

response (stimulation/inhibition) curves were fitted by non-linear regression using the model for 

dose-response with variable slope (four parameters) in GraphPad Prism 8 (San Diego, CA, USA).  

5.4 Results 

5.4.1 Identification of Flp-In™-293 cells stably expressing cCaSR 

As no Ct value of cCaSR gene was detected in the CAT-293 cells, the calculation method of 

the 2-ΔΔCt was not applicable. The Ct value of the cCaSR gene was 19.34 ± 0.07 (mean±SEM), 

and the Ct value of the human GAPDH gene was 18.21 ± 0.11 (mean ± SEM) in the cCaSR-293 

cells. The gene expression level of cCaSR was close to that of the reference gene, illustrating that 

the expression level of CaSR was very high in the cCaSR-293 cells. In addition, western blotting 

images show that both cCaSR and flag-tag were over-expressed in the Flp-In™-293 cells 

compared with the CAT transfection control (Figure 5.1). 

5.4.2 Dose-effect of calcium on the viability of cCaSR-overexpressing Flp-In 293 cells 

Figure 5.2 shows that a Ca2+ concentration at 0.25 mM significantly inhibited cell viability 

while cells incubated with a Ca2+ at concentrations between 0.5 and 16 mM kept a positive status 

for 6 h. Thus, a Ca2+ concentration at 0.25 mM was harmful to cells and was not suitable for further 

experiments. 
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Figure 5.1 Identification of Flp-In™-293 cells stably expressing chicken CaSR by Western blot 

analysis. CAT means pcDNATM5/FRT/CAT vector was stably transfected in Flp-In™ 293 cells 

(transfection control). 
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Figure 5.2 Dose-effect of calcium on the viability of chicken CaSR-overexpressing Flp-In 293 

cells. Cells were treated with calcium at different concentrations for 6 h. All data were presented 

as mean ± SEM, n = 5. Significant differences (P < 0.05) compared to 2 mM calcium are indicated 

on the graph with asterisks (*). 
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5.4.3 The cCaSR signaling in response to L-Trp 

As shown in Figure 5.3, cell viability when incubated with L-Trp in the presence of Ca2+ was 

measured ahead of activation assays. Preliminary experiments suggested that the half maximal 

effective concentration (EC50) value for Ca2+ via SRE and SRF-RE reporters-mediated signaling 

assays were around 2.5 mM and 2 mM, and the EC50 value for Ca2+ via NFAT-RE reporter-

mediated signaling assay was around 4.5 mM (these results were also consistent with Figure 5.4B, 

D, and F). Figure 5.3A shows that L-Trp concentrations at 10 and 15 mM significantly reduced 

the cell viability in the presence of 2.5 mM Ca2+ (P < 0.05), but Figure 5.3B shows that different 

L-Trp concentrations did not negatively affect cell viability in the presence of 4.5 mM Ca2+ (P > 

0.05).  

 
 
Figure 5.3  Dose-effect of L-tryptophan on the viability of chicken CaSR-overexpressing Flp-In 

293 cells. Cells were treated with L-tryptophan at different concentrations for 6 h. (A) Cells were 

incubated in the presence of 2.5 mM calcium. (B) Cells were incubated in the presence of 4.5 mM 

calcium. All data were presented as mean ± SEM, n = 5. Significant differences (P < 0.05) 

compared to 0 mM tryptophan in the presence of calcium are indicated on the graph with asterisks 

(*). 
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In the SRE reporter-mediated signaling assay, cCaSR response to Ca2+ and L-Trp is shown in 

Figures 5.4A and 5.4B. Figure 5.4A shows that L-Trp concentration at 5 mM significantly 

suppressed the response intensity of the SRE reporter (P < 0.05), thus 1 mM L-Trp was selected 

as the working concentration for further assay. Figure 5.4B shows that the EC50 value for Ca2+ in 

the presence of 1 mM L-Trp left-shifted from 2.64 mM to 2.51 mM (decreased by 5.18%) 

compared with that in the absence of L-Trp. Figure 5.5A shows the effect of L-tryptophan on 

cCaSR activation via the Gβγ/Gαi signaling pathway. When Ca2+ was at 1.5 mM, 1 mM L-Trp 

significantly increased Gβγ/Gαi-coupled cCaSR activation (P < 0.05).  

In the NFAT-RE reporter-mediated signaling assay, cCaSR response to different 

concentrations of Ca2+ in the presence of L-Trp is shown in Figures 5.4C and 5.4D. Figure 5.4C 

shows that 0, 0.2, and 5 mM L-Trp significantly decreased the activation of cCaSR response in the 

presence of 4.5 mM Ca2+ (P < 0.05). The activation at 1 mM L-Trp was at a relatively high level, 

thus 1 mM L-Trp was selected for further assay. Figure 5.4D shows that EC50 value for Ca2+ left-

shifted from 4.58 mM to 3.99 mM (decreased by 12.88%) after 1 mM L-Trp incubation. Figure 

5.5B shows the effect of L-Trp on cCaSR activation via the Gαq signaling pathway. When Ca2+ 

was at 0.5, 2, 5, and 6 mM, 1 mM L-Trp significantly increased Gαq-coupled cCaSR activation (P 

< 0.05). 

In the SRF-RE reporter-mediated signaling assay, cCaSR response to different concentrations 

of Ca2+ in the presence of L-Trp is shown in Figures 5.4E and 5.4F. Figure 5.4E shows that the 

SRF-RE reporter response to 1 mM L-Trp was at a relatively high level in the presence of 2 mM 

Ca2+, and 1 mM L-Trp was selected for further assay. Figure 5.4F shows that the EC50 value for 

Ca2+ basically kept stable, from 1.98 mM to 1.96 mM (decreased by 1.02%), after 1 mM L-Trp 



 99 

stimulation. Figure 5.5C shows that, when Ca2+ concentrations were at 3.5 and 6 mM, 1 mM L-

Trp significantly increased Gα12-coupled cCaSR activation (P < 0.05). 

 

 
 

Figure 5.4 Chicken CaSR response to L-tryptophan. Flp-In 293 cells stably expressed chicken 

CaSR were transiently transfected with vectors SRE-luc2P, NFAT-RE-luc2P, or SRF-RE-luc2P 
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for 48 h. Firefly luciferase activity was measured after 6 hours induction with the addition of 

calcium and L-tryptophan using the dual-Glo assay system in a 96-well format. (A) Gβγ 
potency 

ranking of different concentrations of L-tryptophan in the presence of 2.5 mM calcium, n = 4. (B) 

Gβγ/Gαi -mediated dose-response curve for calcium in the presence of L-tryptophan or not. n = 3. 

(C) Gαq 
potency ranking of different concentrations of L-tryptophan in the presence of 4.5 mM 

calcium, n = 4. (D) Gαq 
-mediated dose-response curve for calcium in the presence of L-tryptophan 

or not. n = 3. (E) Gα12 
potency ranking of different concentrations of L-tryptophan in the presence 

of 2 mM calcium, n = 4. (F) Gα12 
-mediated dose-response curve for calcium in the presence of L-

tryptophan or not. n = 3. The data were presented as mean ± SEM. Significant differences (P < 

0.05) compared with 0 mM tryptophan in the presence of calcium are indicated on the graph with 

asterisks (*). 
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Figure 5.5 Effect of L-tryptophan on chicken CaSR activation. Flp-In 293 cells stably expressed 

chicken CaSR were transiently transfected with vectors SRE-luc2P, NFAT-RE-luc2P, or SRF-RE-

luc2P for 48 h. Firefly luciferase activity was measured after 6 hours induction with the addition 

of calcium and L-tryptophan using the dual-Glo assay system in a 96-well format. (A) chicken 

CaSR response to different calcium concentrations in the presence of 1 mM L-tryptophan via the 

Gβγ/Gαi signaling pathway. (B) chicken CaSR response to different calcium concentrations in the 
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presence of 1 mM L-tryptophan via the Gαq signaling pathway. (C) chicken CaSR response to 

different calcium concentrations in the presence of 1 mM L-tryptophan via the Gα12 signaling 

pathway. The data were presented as mean ± SEM, n = 3. Significant differences (P < 0.05) 

between 0 and 1 mM L-tryptophan concentrations at a specific calcium concentration are indicated 

on the graph with asterisks (*). 
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Different from the luciferase reporter system, a direct cAMP assay can reflect the immediate 

changes in cAMP production in response to cCaSR activation, which was more suitable for 

detecting the decreased cAMP level if cCaSR was activated. Figure 5.6 shows the dose-response 

curve for calcium in the presence of L-Trp via the Gαi signaling pathway reflected by forskolin-

induced cAMP production. The half maximal inhibitory concentration (IC50) value for Ca2+ right-

shifted from 3.84 mM to 4.23 mM (increased by 10.15%) in the presence of 1 mM L-Trp. Figure 

5.7 shows that 1mM L-Trp significantly lowered the cAMP level at Ca2+ concentrations from 0.5 

mM to 10 mM (P < 0.05). 

 
 

 
 

Figure 5.6 Gαi -mediated dose-response curve for calcium in response to chicken CaSR activation 

in the presence of L-tryptophan or not reflected by forskolin-induced cAMP production. The data 

were presented as mean ± SEM. n = 3. 
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Figure 5.7 Chicken CaSR response to different calcium concentrations in the presence of 1 mM 

L-tryptophan via the Gαi signaling pathway reflected by forskolin-induced cAMP production. The 

data were presented as mean ± SEM, n = 3. Significant differences (P < 0.05) between 0 and 1 

mM L-tryptophan concentrations at a specific calcium concentration are indicated on the graph 

with asterisks (*).   
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5.4.4 The cCaSR signaling in response to inorganic PO43- 

Figure 5.8 shows that the dose-effect of PO43- on the viability of chicken CaSR-overexpressing 

Flp-In 293 cells when co-cultured with calcium and R568. Figure 5.8A shows that tested PO43- 

concentrations did not negatively affect the cell viability in the presence of 1 mM Ca2+ + 1 μM 

R568. However, PO43- concentrations at 5 and 10 mM significantly reduced the cell viability (P < 

0.05) in the presence of 2 mM Ca2+ + 1 μM R568 (Figure 5.8B). 

 

 
 
Figure 5.8 Dose-effect of inorganic phosphate on the viability of chicken CaSR-overexpressing 

Flp-In 293 cells in the presence of calcium and 1 μM R568. Cells were treated with phosphate at 

the indicated concentrations for 6 h. (A) Cells were incubated in the presence of 1 mM calcium 

and 1 μM R568. (B) Cells were incubated in the presence of 2 mM calcium and 1 μM R568. The 

data were presented as mean ± SEM, n = 5. Significant differences (P < 0.05) compared to 0.9 mM 

inorganic phosphate are indicated on the graph with asterisks (*). 
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 Figure 5.9A exhibits that 1 μM R568 left-shifted EC50 value for Ca2+ from 3.05 mM to 0.97 

mM (decreased by 68.20%), indicating that calcimimetic, R568, also worked for cCaSR and it can 

partially replace Ca2+ function on cCaSR activation. Thus, 1 mM Ca2+ + 1 μM R568 was used for 

PO43--induced inhibition assay. In the SRE reporter-mediated signaling assay, cCaSR response to 

different concentrations of PO43- is shown in Figure 5.10A. PO43--induced inhibition of cCaSR 

exacerbated with PO43- concentration growth. When PO43- concentration was ≥  2 mM, it 

decreased by 31.50% from 0.9 to 2 mM PO43-. 

Figure 5.9B shows that 1 μM R568 left-shifted the EC50 value for Ca2+ from 4.45 mM to 2.33 

mM (decreased by 47.64%), thereby selecting 2 mM Ca2+ + 1 μM R568 for further assay. In the 

NFAT-RE reporter-mediated signaling assay, the cCaSR response to different concentrations of 

PO43- is shown in Figure 5.10B. The cCaSR response by NFAT-RE decreased with increasing 

PO43- concentration. When the PO43- concentration was ≥ 1.8 mM, the cCaSR response was 

significantly reduced compared with 0.9 mM PO43- (P < 0.05), and it decreased by 74.68% and 

92.97% from 0.9 to 1.8 mM PO43- and from 0.9 to 2 mM PO43-, respectively. 

Figure 5.9C shows that 1 μM R568 left-shifted the EC50 value for Ca2+ from 2.80 mM to 0.95 

mM (decreased by 66.07%), and 1 mM Ca2+ + 1 μM R568 was selected for further assay. In the 

SRF-RE reporter-mediated signaling assay, the cCaSR response to different PO43-concentrations 

is shown in Figure 5.10C. The cCaSR response was inhibited with increasing PO43- concentration. 

When the PO43- concentration was ≥ 2 mM, cCaSR responses were significantly lower than that at 

0.9 mM PO43- (P < 0.05), and it was decreased by 30.23% from 0.9 to 2 mM PO43-. 

Figure 5.11 shows that 1 μM R568 right-shifted the EC50 value for Ca2+ from 3.84 mM to 1.91 

mM (decreased by 50.26%), and 1 mM Ca2+ + 1 μM R568 was selected for further assay. However, 

as shown in Figure 5.12, the cAMP production via the Gαi signaling pathway was increased after 
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cCaSR was blocked with increasing PO43- concentration. The cAMP level was significantly 

increased by 51.20% (P < 0.05) when the PO43- concentration was 5 mM compared with the control 

of 0.9 mM PO43-. 
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Figure 5.9 Dose-response curve for calcium in the presence of NPS R-568. Flp-In 293 cells stably 

expressed chicken CaSR were transiently transfected with vectors SRE-luc2P, NFAT-RE-luc2P, 

or SRF-RE-luc2P for 48 h. Firefly luciferase activity was measured after 6 hours incubation using 

the dual-Glo assay system in a 96-well format. (A) Gβγ/Gαi -mediated dose-response curve for 

calcium in the presence of R568 or not. (B) Gαq 
-mediated dose-response curve for calcium in the 

presence of R568 or not. (C) Gα12 
-mediated dose-response curve for calcium in the presence of 

R568 or not. The data were presented as mean ± SEM, n = 3. 
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Figure 5.10 Chicken CaSR response to inorganic phosphate. Flp-In 293 cells stably expressed 

chicken CaSR were transiently transfected with vectors SRE-luc2P, NFAT-RE-luc2P, or SRF-RE-

luc2P for 48 h. Firefly luciferase activity was measured after 6 hours incubation using the dual-

Glo assay system in a 96-well format. (A) Phosphate-induced Gβγ/Gαi inhibition of chicken CaSR. 
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(B) Phosphate-induced Gαq 
inhibition of chicken CaSR. (C) Phosphate-induced Gα12 

inhibition of 

chicken CaSR. The data were presented as mean ± SEM, n = 3. Significant differences (P < 0.05) 

compared to 0.9 mM inorganic phosphate are indicated on the graph with asterisks (*). 
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Figure 5.11 Gαi-mediated dose-response curve for calcium in response to chicken CaSR activation 

in the presence of NPS R-568 or not reflected by forskolin-induced cyclic adenosine 

monophosphate (cAMP) production. The data were presented as mean ± SEM. n = 3. 
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Figure 5.12 The effect of chicken CaSR inhibition in response to inorganic phosphate on 

forskolin-induced cyclic adenosine monophosphate (cAMP) production via the Gαi signaling 

pathway. The data were presented as mean ± SEM, n = 3. Significant differences (P < 0.05) 

compared to 0.9 mM inorganic phosphate are indicated on the graph with asterisks (*). 
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5.4.5 Molecular docking  

According to the results of the molecular docking simulation (Table 5.2), ligands (L-Trp, R-

568, and PO43-) exhibited interactions with the active site of cCaSR including hydrogen bonds, π-

π interactions, and hydrophobic interactions. Among three ligands, R568 as a calcimimetic showed 

the lowest free binding energy (-7.81 kcal/mol), meaning the highest docking score, which was 

superior to nutritional ligands L-tryptophan ((-7.06 kcal/mol) and phosphate (-7.87 kcal/mol).  

 

Table 5.2 Molecular docking analysis. 

Ligand  Compound Structure Interactions 

Glide binding 

energy score 

(kcal/mol) 

L-tryptophan 
 

Hydrogen bonds, 

Hydrophobic interactions, 

π-interactions 

-7.06 

NPS R-568 
 

Hydrogen bonds, 

Hydrophobic interactions, 

π-interactions 

-7.81 

Phosphate 

(PO43-) 
 

Hydrogen bonds -6.87 
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Binding sites and binding modes between cCaSR and ligands (Ca2+, L-Trp, NPS R-568, and 

PO43-) are shown in Figure 5.13. The active sites and binding pocket of nutritional ligands to 

cCaSR are located in ECD, and the binding site of calcimimetic, NPS R-568 is located in the 

transmembrane domain (TMD).  Ca2+ is an orthostatic modulator of CaSR, and Ca2+ shows three 

binding sites in ECD in each protomer of cCaSR (Figure 5.13B, C, and D). Site 1 is located in the 

Lobe 1, and Ca2+ is positioned by hydroxyl groups of Thr 100 and Ala 144 via hydrogen bonds. 

Site 2 is located at the interdomain cleft of the Venus Flytrap (VFT) module. It is coordinated by 

the hydroxyl group of Ser 302 and the backbone carbonyl oxygen atom of Arg 66 via hydrogen 

bonds. Site 3 is sandwiched between VFT and cysteine-rich domain (CRD) and is supported by 

the backbone carbonyl oxygen atom of Asp 234 and Gly 556 via hydrogen bonds. The L-Trp 

binding site is located at the interdomain cleft of the VFT module within ECD (Figure 5.13G), 

which is close to Ca2+ binding site 1. Hydrogen bonds are the main type of binding mode. Residue 

Ser 147 and Ser 170 interacts with the backbone carbonyl oxygen of L-Trp through hydrogen 

bonds; Ala 168 and Ser 170 interacts with backbone amino nitrogen of L-Trp through hydrogen 

bonds; and side-chain indole nitrogen of L-Trp forms a hydrogen bond with Glu 297. As ligand L-

Trp belonging to aromatic amino acids, π-interactions are found to coordinate the binding. A C-

H-π interaction is found between L-Trp and Tyr 218, and a π-π T-shaped stacking is found between 

L-Trp and Trp 70, thus L-Trp is stabilized by residues Trp 70 and Tyr 218 through hydrophobic 

interactions. The binding site of R568 is located in the TMD of cCaSR (Figure 5.13H), and R568 

is held in place by Phe 683, Phe 687, Leu 772, Ile 776, Phe 813, Phe 820, Tyr 824, and Ile 840 

through hydrophobic interaction and stabilized by residues Gln 680 and Glu 836 via the side chain 

amino nitrogen of R568 through hydrogen bonds. R568 is coordinated with residues Phe 820 and 

Phe 813 involving π-π stacking. As shown in Figures 5.13E and F, there are two anion phosphate 
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binding sites located in each lobe of the VFT module. Phosphate forms multiple hydrogen bonds 

with surrounding residues. The first site shows that phosphate binds with side chains of residues 

Arg 66, Arg 69, Ser 302, and Trp 70 through hydrogen bonds; the second binding site of phosphate 

is coordinated with residue His 192, Thr 195, Lys 225, Lys 516, and Arg 519 through hydrogen 

bonds.  
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Figure 5.13 The binding mode of ligands with chicken CaSR. (A) Overview of different ligands 

binding sites in the chicken CaSR homodimer. All binding sites are counted within one protomer. 

(B, C and D) Specific interactions of Ca2+ with chicken CaSR in three different calcium binding 
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sites. Ca2+ ions are drawn as green spheres. (E and F) Specific interactions of phosphate with 

chicken CaSR in two different phosphate binding sites. Phosphate is drawn as orange sticks. (G) 

Binding pocket of L-tryptophan (L-Trp). (H) Surrounding residues around NPS R-568 (yellow) 

are shown in stick models. The dotted line represents a hydrogen bond.  
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5.4.6 Molecular dynamics simulation 

During the simulation process of the dynamic movement of ligands and cCaSR in the aqueous 

solution, it was predicated that L-Trp, phosphate, and R568 would interact with cCaSR through 

hydrogen bonds, hydrophobic contacts (including π-interactions), ionic interactions, and water 

bridges (Figure 5.14, 5.15, and 5.16). As shown in Figure 5.14, similar to molecular docking results, 

the binding site of L-Trp is predominately stabilized by hydrogen bonds with Ser 147 and Asp 190. 

Asp 190 also contributes an electrostatic interaction with L-Trp. Greasy residues form hydrophobic 

interactions to coordinate the target protein flexibility. During molecular dynamics simulation, 

water molecules are important because water bridges are formed by hydrogen-bonded protein-

ligand interactions and mediated by a water molecule. Ala 168, Gly 148, and Asp 216 involve in 

water bridges. R568 binding is coordinated by two protomers (Figure 5.15), and Pro 822 and Ala 

823 from the other counterpart form hydrophobic interactions with R568. Hydrogen bonds, water 

bridges, and ionic interactions are found among Glu 766, Glu 836, and R568, and hydrogen bonds, 

water bridges, and hydrophobic interactions are found between Tyr 824 and R568, thus these three 

residues play important roles in cCaSR conformational flexibility and R568 binding. Phosphate 

shows two binding sites. Due to the simple structure of phosphate, hydrogen bonds and water 

bridges are the predominant contacts with cCaSR residues (Figure 5.16). RMSD results exhibit the 

importance of residues Glu 297, Arg 414, Ile 415, and Ser 416 in the binding site 1 (Figure 5.16A), 

which contact with phosphate through both hydrogen bonds and water bridges during the dynamic 

process. As shown in Figure 5.16B, in addition to hydrogen bonds and water bridges, phosphate 

binding site 2 shows ionic interactions with cCaSR residues, and binding site 2 shows the 

interaction between two protomers. Residues Glu 251 and Gln 254 from the other counterpart 

contribute to water bridges with phosphate dynamically, but only accounting for a small proportion. 
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Acidic residues Glu 191, Glu 229, and Glu 228 form water bridges with phosphate, and basic 

residues Arg 519 and Lys 225 show more versatile interactions with phosphate through ionic 

interactions, water bridges, and/or hydrogen bonds.  

 

 
Figure 5.14 Binding of L-tryptophan with chicken CaSR active site residues in the dynamic 

simulation process. 
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Figure 5.15 Binding of NPS R-568 with chicken CaSR active site residues in the dynamic 

simulation process. 
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Figure 5.16 Binding of phosphate with chicken CaSR active site residues in the dynamic 

simulation process. (A) Phosphate binding site 1. (B) Phosphate binding site 2. 

  

(A)

(B)
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5.5 Discussion 

The CaSR is a typical GPCR, and it plays important roles in (patho)physiological functions. 

The binding of CaSR and its ligands leads to CaSR conformational changes and induces biased 

agonism and antagonism via downstream G-protein coupled signaling, which can be reflected by 

mediating numerous tissue-specific functions (Leach et al., 2015). The intracellular CaSR 

signaling is known to be coupled with heterotrimeric G proteins. According to the Gα subunit, 

they can be classified into four groups, Gαq, Gαi, Gα12, and Gαs (Chakravarti et al., 2012). The Gα 

protein subunit dissociates from βγ dimeric subunit, thereby initiating a cascade of downstream 

signaling pathways and eventually induces target gene transcriptions (Figure 5.17). In the NFAT-

RE pathway, Gαq stimulates phosphatidylinositol-specific phospholipase C (PI-PLC), and thus 

regulates IP3 production, Ca2+ mobilization, and activates protein kinase-C (PKC) (Chakravarti et 

al., 2012). The NFAT-RE is directly in response to intracellular Ca2+. The SRE is in response 

directly to the extracellular signal-regulated kinase (ERK) 1/2, which reflects the overlapped 

effects of three signaling pathways mediated by PKC derived from the elevation of intracellular 

Ca2+ (Chakravarti et al., 2012), Gαi (Kifor et al., 2001), and Gβγ-tyrosine kinase-Ras-Raf-MEK-

ERK (Koch et al., 1994). Generally, CaSR activation suppresses the production of cAMP via the 

Gαi-mediated pathway or elevates intracellular Ca2+ via the Gαq-mediated pathway to indirectly 

inhibit cAMP synthesis (de Jesus Ferreira et al., 1998). However, the cAMP level may increase 

via Gαs-mediated CaSR activation (through switch bias from Gαi to Gαs) in some cancer cells such 

as breast cancer (Mamillapalli et al., 2008) and pituitary tumor cells (Mamillapalli and 

Wysolmerski, 2010).  The SRF-RE is in response directly to RhoA. The Rho family is a G protein 

with a small molecular weight. Gα12-mediated signaling activates PLD by the CaSR stimulation, 

which produces phosphatidic acid, by activating Rho (Huang et al., 2004). Also, the cytoskeletal 
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actin-binding protein filamin acting as a scaffolding protein to bind CaSR for downstream 

signaling cascades (Awata et al., 2001), as filamin also interacts with RhoGEF, which mediates 

Rho activation (Hart et al., 1998; Pi et al., 2002).  

 

 

Figure 5.17 Schematic diagram of chicken CaSR signaling pathways. AC: adenylyl cyclase; 

cAMP: cyclic adenosine monophosphate; ERK1/2: extracellular signal-regulated kinases 1 and 2; 

DAG: diacylglycerol; PKC: protein kinase C; PIP2: phosphatidylinositol bisphosphate; IP3: 

inositol trisphosphate; phospholipase C; PA: phosphatidic acid; RhoGEF: Rho guanine nucleotide 

exchange factors.  
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Ca2+ is a direct orthosteric activator of CaSR; its physiological concentration in poultry is 

similar to that in humans, varying between 1 mM and 2 mM (Proszkowiec-Weglarz and Angel, 

2013). When the Flp-In 293 cells stably expressed chicken CaSR were incubated with Ca2+ at 

concentrations less than 0.25 mM for 6 h, cell viability decreased significantly; but higher Ca2+ 

concentration up to 16 mM also did no harm to the cells. L-Trp is a well-recognized PAM, which 

means it cannot activate CaSR alone, but requires the presence of Ca2+ (Liu et al., 2020). Also, L-

Trp is an essential nutrient for cell growth. L-Trp concentrations above 10 mM in the presence of 

2.5 mM Ca2+ negatively affected cell viability after 6 h incubation, but Ca2+ concentration at 4.5 

mM alleviated the negative impact caused by L-Trp. Our results suggested that CaSR activation 

may provide a protective effect on cell viability and growth.  

In the SRE, NFAT-RE, and SRF-RE pathways, the EC50 value in each signaling pathway was 

different under the same conditions indicating that the activation of cCaSR by Ca2+ showed biased 

agonism. This was especially evident in the NFAT-RE pathway, its EC50 value for Ca2+ (4.57 mM) 

was significantly higher than that in the SRE (2.64 mM) and SRF-RE (1.98 mM) pathways. The 

IC50 value for Ca2+ in response to the cAMP level was 3.84 mM. Moreover, previous studies have 

reported that the EC50 for Ca2+ varied from 2.3 mM to 4.2 mM in the human CaSR-expressing 

HEK293 cells using calcium imaging or measuring the IP1 accumulation (Conigrave et al., 2000b; 

Carrillo-López et al., 2010; Thomsen et al., 2012). Thomsen et al. (2012) also reported that 

EC50/IC50 for Ca2+ was 1.63 mM and 2.87 mM by measuring cAMP and phosphorylation of 

ERK1/2, respectively. There are three possible reasons for these differences: 1) Biased agonism 

of CaSR; 2) Different measurement methods. Generally, previous studies measured the 

intracellular calcium oscillation and IP1 accumulation to reflect Gαq signaling, cAMP to reflect 

Gαi, and ERK to reflect the ternary effect mediated by Gαq, Gαi, and Gβγ. The complicated signaling 
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and various measurement methods can cause the difference in EC50/IC50 values; and 3) Different 

structures between human and chicken CaSR. Although cCaSR shares high homology with human 

CaSR, there are still some differences. The non-conserved regions of sequence are mainly 

distributed within the intracellular domain, which is involved in G protein coupling (Diaz et al., 

1997).  

According to our results, when the concentrations of L-Trp were more than 2 mM, the 

luminescence intensity decreased significantly, indicating that the concentration of CaSR 

modulators also closely affected CaSR function and downstream signaling cascades. In the NFAT-

RE pathway, the EC50 curve for Ca2+ left-shifted the most (13.57%) in the presence of L-Trp 

compared with that in the SRE (5.18%) and SRF-RE (1.02%) pathways, as well as that in the Gαi-

mediated cAMP production pathway (right-shifted by 10.15%). Therefore, the Gαq-mediated 

signaling pathway was predominant in the presence of L-Trp. Next, to avoid potential interactions 

between calcium and phosphate, which could affect the characterization of biased signaling of 

inorganic PO43- (a NAM), we partially replaced calcium with the calcimimetic R568 and 

investigated the signaling of R568 as well. According to our results, we confirmed that R568 was 

also a PAM to cCaSR because R568 can activate cCaSR via multiple signaling pathways and the 

left-/right-shifted dose-response curve of Ca2+ by more than 40%. Also, we found that the 

magnitude of the dose-response curve for Ca2+ shifted the most in the SRE and SRF-RE pathways 

in the presence of R568, suggesting that R568 biased to Gβγ/Gαi and Gα12-mediated signaling 

pathways in terms of its potency of cCaSR activation. Interestingly, in the NFAT-RE pathway, 

R568 enhanced the efficacy of cCaSR activation by Ca2+ (higher maximal response, by 26.03%). 

The difference between these two PAMs regarding their biased agonism mechanism might be 

attributed to the different structures between L-Trp and R568 and different binding areas. It has 
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been reported that L-Trp binds to the ECD of CaSR (Geng et al., 2016), but R568 binds to the 

TMD (Petrel et al., 2004). In addition, Ca2+ concentration is also important to L-Trp potency 

(Young and Rozengurt, 2002). In the NFAT-RE and SRE pathways, when the Ca2+ concentration 

was more than 4 mM and 3.5 mM, respectively, a significant change in the NFAT-RE and SRE 

response was observed, suggesting that L-Trp enhanced CaSR sensitivity to Ca2+, and the variation 

trend was consistent with the results of Conigrave et al. (2000b). Recently, Ling et al. (2021) has 

revealed the crystal structure of full-length human CaSR in the inactive state, Ca2+ and/or L-Trp 

bound states. They confirmed that L-Trp cannot activate the CaSR alone because L-Trp binding 

enabled the closed conformation of the Venus Flytrap (VFT) domain (an intermediate active state), 

but L-Trp is not able to induce the rotation of TMD of CaSR and thus not able to activate the CaSR. 

However, L-Trp can promote the CaSR activation in the presence of Ca2+ because Ca2+ binding 

initiates and relays the twist at the VFT domain to the TMD. Therefore, L-Trp plays an important 

role in the complete activation of CaSR, which also supports the precise regulation of calcium 

homeostasis via cCaSR. PO43-, as a NAM, exhibited opposite of the L-Trp and R568. The results 

showed that the NFAT-RE response decreased to the greatest extent when the PO43- concentration 

increased to 2.5 mM compared with other response elements, similar to the results of the biased 

agonism of L-Trp. The reason might be that the binding sites of PO43- to CaSR are also located in 

the ECD (Geng et al., 2016).  

The CaSR responds to many ligands and shows biased signaling, and conformational 

reorganization in the ligand binding sites is undoubtedly diverse. The biased agonism or 

antagonism is supported by the stabilization of the active or inactive state of receptor conformation 

(Kenakin, 2009). Also, the full-length cCaSR crystal structure has been revealed (Wen et al., 2021), 

which is conducive to explaining the structure-function relationship of cCaSR. In this study, we 
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found one binding site for L-Trp docking and two binding sites for PO43- docking in the ECD of 

cCaSR. The confirmed binding site of L-Trp (Wen et al., 2021) and predicted binding sites PO43- 

to cCaSR were similar to the results in the human CaSR (Geng et al., 2016). Hydrogen bonds are 

the main category for L-Trp binding. Also, the aromatic side chain of L-Trp contributed to a lot of 

the binding to the receptor, which forms C-H-π interaction, π-π T-shaped hydrophobic interaction. 

The N-terminal and C-terminal of L-Trp form strong H bond interactions with cCaSR, which 

possibly stabilize the binding of L-Trp and may also adjust the conformation of cCaSR after 

activation to perform its biological functions. The aromatic ring of L-Trp is sandwiched between 

the receptor residues Ala 298 and Trp 70 and produced aromatic interactions, which might be the 

structural mechanism for cCASR to selectively recognize L-Trp. It should be noted that the L-Trp 

binding site is close to the Ca2+ binding site 1, which might explain why Ca2+ is required when L-

Trp activates cCaSR. In particular, Thr 100 and Thr 145 support the conformational stabilization 

when L-Trp binds to cCaSR in the presence of Ca2+. A similar binding mode was found in the 

human CaSR (Geng et al., 2016). As with human CaSR, two binding sites of cCaSR to PO43- were 

reported (Geng et al., 2016). However, PO43- exhibits relatively simple binding modes, which 

mainly depend on the hydrogen bonds and hydrophobic interactions. As for R568, it is a small 

molecule-drug and an allosteric calcimimetic, targeting the TMD of cCaSR. This study 

demonstrated that R568 as a calcimimetic of cCaSR with biased agonism for the first time. 

Although R568 is not suitable for the application of animal feeds, investigating this calcimimetric 

is necessary because R568 is of great importance when studying the structure-function relationship 

of cCaSR. It has been reported that another calcimimetic, cinacalcet, can correct biased allosteric 

modulation of human CaSR because the binding site of these drugs (in the TMD) is far from Ca2+ 

binding sites (in the ECD) (Makita et al., 2019). It is difficult to take receptor flexibility into 



 128 

consideration because the protein conformation was changing during molecular docking (rigid-

body docking). Thus, molecular dynamics can simulate the dynamic movements within the active 

site in an aqueous solution. During this process, the interactions between cCaSR and modulators 

become more diverse. In particular, the involvement of water molecules contributes to the 

conformational changes and structural stabilization during binding.  

The PTH functions directly in response to hypocalcemia to elevate the plasma calcium 

concentration by mobilizing calcium from bone resorption; stimulating renal calcium reabsorption 

and 1,25(OH)2D3 synthesis; and promoting intestinal calcium absorption facilitated by 

1,25(OH)2D3 (Dacke, 2000). Typically, in the animal body, CaSR activation-induced downstream 

signaling inhibits PTH release. Second messengers, such as cAMP and intracellular Ca2+, as well 

as the mitogen-activated protein kinases (MAPKs) ERK1/2 have been reported to be involved in 

the inhibitory control of PTH secretion (Brown et al., 1979a; Nemeth and Scarpa, 1987; Corbetta 

et al., 2002). Given that CaSR activation inhibits the increase in plasma calcium concentration, its 

activation is not always beneficial for calcium absorption and utilization in the body. However, 

CaSR activation was reported to have a positive effect on chemotaxis and proliferation of 

osteoblasts, osteogenic differentiation of mesenchymal stem cells, and bone remodeling (Kanatani 

et al., 1999; Gabusi et al., 2012; Pipino et al., 2014). Also, CaSR activation contributes to gut 

hormone secretion and gut chemosensing function (Liou et al., 2011; Liou, 2013). Overall, 

maintaining calcium homeostasis via CaSR relies on a dynamic system (e.g., in the animal body) 

because CaSR plays various roles in (patho)physiological processes. The key is to find the balance 

between CaSR activation and inhibition. However, the present study is still a foundational study 

that illustrates the possibility and provides the theoretical evidence that the nutritional modulator 

L-Trp and inorganic PO43- could be applied to mediating calcium metabolism in poultry. In the 
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future, the effect of cCaSR modulation by these two nutritional modulators on chicken calcium 

homeostasis, PTH, and calcitonin metabolism as well as production performance in laying hens 

still needs to be investigated. For example, how does a specific biased signaling pathway affect 

calcium metabolism and even egg production after the activation of cCaSR by L-Trp? 

In conclusion, this study demonstrated that, as with human CaSR, nutrients L-Trp and 

inorganic PO43- were cCaSR modulators, acting as PAM and NAM, respectively, with biased 

agonism and antagonism in vitro. L-Trp and inorganic PO43- biased to the Gαq-mediated signaling 

pathway, but calcimimetic, R568 biased to the Gβγ/Gαi and Gα12-mediated signaling pathways. The 

results also provided theoretical evidence that L-Trp and inorganic PO43- could be used as potential 

nutritional ligands to prevent or attenuate chicken osteoporosis during the egg-laying cycle through 

the cCaSR modulation in vivo. Similar to human CaSR, L-Trp shows just one binding site to the 

ECD of cCaSR. In addition to hydrogen bonds, its aromatic side chain is conducive to binding; 

inorganic PO43- shows two binding sites also in the ECD of cCaSR, with the hydrogen bonds being 

the main bond type.  
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BRIDGE TO CHAPTER SIX 

In chapter five, we 1) identified two effective and economic nutritional ligands to chicken 

CaSR acting as an agonist (L-Trp) and antagonist (inorganic PO43-); 2) revealed molecular 

mechanisms of how the two ligands initiate downstream G protein-coupled signaling and biased 

agonism/antagonism of CaSR regarding the Gα and Gβγ subunits; 3) illustrated the structure and 

function relationship of chicken CaSR by molecular docking and dynamics; and 4) provided 

overall theoretical evidence to support that L-Trp and PO43- could be potentially applied to the egg 

industry to mediate calcium homeostasis and prevent/mitigate calcium unbalance or osteoporosis. 

Therefore, in chapter six, we will investigate the feasibility of these findings to improve bone 

formation and remodeling by conducting a cell culture experiment in isolated mesenchymal stem 

cells (MSCs) from the compact bone of broilers and layers. 
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CHAPTER SIX: MANUSCRIPT Ⅲ 

Effects of L-tryptophan and 1,25-dihydroxycholecalciferol on proliferation and osteogenic 

differentiation of mesenchymal stem cells isolated from the compact bone of broilers or 

layers 3 

  

 
3 Hui, Q., X. Zhao, K. O, and C. Yang. 2022. Effects of L-Tryptophan and 1,25-

dihydroxycholecalciferol on proliferation and osteogenic differentiation of mesenchymal stem 

cells isolated from the compact bone of broilers and layers. J. Agri. Food Chem. 70(34):10476-

10489. 
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6.1 Abstract  

Poultry are vulnerable to bone problems throughout their lives or production period due to 

rapid growth in broilers and the active laying cycle in layers. The calcium-sensing receptor (CaSR) 

is important in calcium and bone metabolism. The objective of this study was to investigate the 

effect of CaSR ligand (L-Trp) and 1,25-dihydroxycholecalciferol [1,25(OH)2D3] on the regulation 

of proliferation and osteogenic differentiation of chicken mesenchymal stem cells (MSCs) isolated 

from the compact bone of 14-day-old Ross 308 chickens and Dekalb pullets, which can provide 

cell-based evidence for the prevention or alleviation of skeletal disorders in the poultry industry. 

Firstly, the dose- (0, 0.5, 1, 2, 5, 10, and 15 mM) and time-effect (0, 7, and 14 d) of L-Trp on the 

proliferation and osteogenic differentiation in chicken MSCs were investigated. The 5 mM L-Trp 

had a balanced effect between proliferation and osteogenic differentiation in broiler and layer 

MSCs when differentiated for 7 days. The broiler and layer MSCs were then treated with (1) 

osteogenic medium, osteogenic medium supplemented with (2) 1 nM 1,25(OH)2D3, (3) 2.5 mM 

Ca2+, (4) 2.5 mM Ca2++5 mM L-Trp, (5) 2.5 mM Ca2++5 mM L-Trp+1 μM NPS-2143, respectively 

for 7 days. Results showed that the 5 mM L-Trp significantly inhibited the proliferation of broiler 

and layer MSCs on day 7 (P < 0.05), but 1 nM 1,25(OH)2D3 significantly promoted the 

proliferation of layer MSCs (P < 0.05). Only 2.5 mM Ca2++5 mM L-Trp group significantly 

increased the mineralization process during osteogenic differentiation (P < 0.05), and this 

treatment also significantly upregulated the mRNA expression of vitamin D receptor (VDR), β-

catenin, and osteogenesis genes in broiler MSCs (P < 0.05). The osteogenic differentiation process 

in layer MSCs was faster than that in broiler MSCs. In layer MSCs, Ca2+ alone significantly 

facilitated mineralization and ALP activity after 7-day osteogenic differentiation (P < 0.05). 

However, 5 mM L-Trp significantly inhibited the differentiation and mineralization process by 



 133 

downregulating the mRNA expression of CaSR, VDR, β-catenin, and osteogenic genes (P < 0.05) 

in layer MSCs. Taken together, L-Trp and 1,25(OH)2D3 can regulate proliferation and osteogenic 

differentiation in both broiler and layer MSCs depending on doses, treatment time, and cell 

proliferation and differentiation stages. 

Key words: Calcium-sensing receptor; L-tryptophan; 1,25-dihydroxycholecalciferol, osteogenic 

differentiation, chicken mesenchymal stem cells 

 

6.2 Introduction 

Bone problems are a big challenge in both the broiler and egg industries, causing huge 

economic loss and animal welfare issues. Skeletal disorders in broiler chickens are mainly 

attributed to rapid growth, which contributes to tibial dyschondroplasia, rickets, lameness, and leg 

deformities (Fleming, 2008). Osteoporosis is one of the major causes of bone fractures in laying 

hens. Bone fractures are associated with pain and animal welfare issues. In addition, economic 

factors such as egg production and eggshell quality are closely linked to issues concerning bones 

(Kim et al., 2012). Nutritional intervention is commonly used to mitigate skeletal disorders, such 

as calcium and vitamin D3 supplementation. However, the absorption of nutrient supplementation 

is limited, thus the more comprehensive method through the regulation of bone metabolism and 

calcium homeostasis should be applied to the poultry industry to systemically enhance poultry 

bone health.  

Bone mesenchymal stem cells (MSCs) are known as strong self-renewal ability and 

multilineage differentiation potential, which can differentiate into osteoblast, adipocyte, 

chondrocyte, and myoblast (Bilezikian et al., 2008). They continue contributing different types of 

cells to bone formation and play an important role in bone turnover and metabolism (Chen et al., 
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2019). Since human MSCs were first proved to exhibit multilineage potential (Pittenger et al., 

1999), they have been recognized as an ideal model to investigate bone and joint diseases and the 

modulation mechanism of potential drugs and functional components during MSC osteogenesis 

(Liu et al., 2014). Moreover, some studies have reported that chicken MSCs were successfully 

isolated from both bone marrow (Khatri et al., 2009; Bai et al., 2013) and compact bone (Adhikari 

et al., 2019) and presented multi-potent properties.  

It has been reported that the calcium-sensing receptor (CaSR) is expressed in MSCs (Di Tomo 

et al., 2013; Pipino et al., 2014), and CaSR plays a central role in calcium homeostasis and mediates 

many physiological and pathological processes, such as cell proliferation, differentiation, and 

apoptosis (Kallay, 2018). Evidence points to the role of CaSR in osteogenic differentiation, and it 

has been recognized a potential therapeutic target in osteoporosis (Marie, 2010). It has been well 

recognized that there are two categories of CaSR ligands: orthosteric agonists and allosteric 

modulators (Saidak et al., 2009). Orthosteric agonists can directly bind to CaSR orthosteric sites 

where primary ligand Ca2+ is bound to activate CaSR on its own. Allosteric modulators including 

positive allosteric modulators (PAMs) and negative allosteric modulators (NAMs), bind to 

allosteric sites distinct from orthosteric sites on CaSR, and require Ca2+ to activate CaSR 

concertedly (Saidak et al., 2009). Allosteric modulators affect the sensitivity and responsiveness 

of CaSR to extracellular Ca2+ and downstream signaling cascades (Zhang et al., 2016). It has been 

reported that elevated extracellular Ca2+ level and CaSR PAM, NPS R-568, significantly 

stimulated osteogenic differentiation of MSCs via CaSR activation (Pipino et al., 2014). Moreover, 

L-tryptophan (L-Trp) has been recognized as a potent CaSR PAM (Conigrave et al., 2007) and L-

Trp as an essential and functional amino acid, is involved in both protein synthesis and 

neuromodulation process (Fouad et al., 2021). Also，it is considered as a limiting amino acid in 
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corn-soybean meal poultry diets (Harms, 1992; Russell and Harms, 1999), and the adequate L-Trp 

is conducive to the improvement of meat and egg performance, meat and egg quality, gut health, 

and immunity (Fouad et al., 2021).  

The 1,25-dihydroxycholecalciferol [1,25(OH)2D3, active form of vitamin D3] is important in 

calcium metabolism because many genes related to calcium transport and calcium metabolism 

have a vitamin D response element (VDRE) sequence located in their promoter region, thereby 

acting as a transcription factor of these genes including CaSR and many calcium transporters (Bar, 

2009). However, the effect of 1,25(OH)2D3 on bone cell proliferation, osteogenic differentiation, 

and mineralization has been inconsistent across different species (Harrison et al., 1989; St-Arnaud, 

2008; Tarroni et al., 2012; Chen et al., 2021), and is also influenced by factors such as cell origin, 

drug dose, and treatment time (Czekanska et al., 2012; Van Driel and Van Leeuwen, 2014). 

Although a few studies focused on avian MSCs and the osteogenic differentiation, no one has 

investigated and discussed the similarities and differences of both broiler and layer MSCs and the 

role of CaSR during their proliferation and osteogenic differentiation. Moreover, studies on the 

effect of 1,25(OH)2D3 on chicken MSC proliferation and osteogenesis are still limited, especially 

the indirect role of 1,25(OH)2D3 in chicken MSC osteogenesis via the regulation of CaSR 

transcription not been investigated yet. In this study, we aimed to compare the proliferation and 

differentiation processes of MSCs isolated from broiler and layer compact bone; to investigate the 

does- and time-effect of L-Trp on the regulation of proliferation and osteogenic differentiation of 

chicken MSCs; and to reveal the regulation mechanism of L-Trp and 1,25(OH)2D3 via CaSR 

during chicken MSC proliferation and osteogenic differentiation. This study may provide 

theoretical evidence that CaSR could be a potential target to regulate bone formation and 
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remodeling in broilers and layers and to broaden the application of L-Trp and 1,25(OH)2D3 to 

poultry skeletal disorders.  

6.3 Materials and methods 

6.3.1 Isolation and culture of chicken compact bone MSCs  

All experiments were approved by the Fort Garry Campus Animal Care Committee at the 

University of Manitoba. The isolation methods referred to Adhikari et al. (2019) and Zhu et al. 

(2010) with some modifications. Briefly, legs were removed from the hip joint and metacarpal of 

14-day-old Ross 308 broiler chickens and 14-day-old Dekalb pullets after they were euthanized 

by CO2 inhalation. After muscle was removed, femurs and tibiae were soaked in 70% ethanol for 

1 min. Epiphyses were then removed, and only shafts were kept. Bone marrow from the shaft was 

flushed with a wash medium composed of low glucose DMEM and 2% Antibiotic-Antimycotic 

(Gibco, MA, USA) by a syringe needle. The bone shafts were opened, and they were cut into small 

pieces and soaked in the digestion medium (wash medium supplemented with 1 mg/mL of 

collagenase (Sigma-Aldrich, MO, USA) for 2 h at 37°C with shaking until bone marrow was 

completely removed by washing with wash medium. Digestion medium along with compact bone 

fragments was then filtered through a 60 μm nylon sterile filter unit (Sigma-Aldrich) to remove 

bone residues. The digestion suspension was centrifuged at 1200 rpm for 10 min. The supernatant 

was discarded, and the cell pellet was resuspended and washed with standard medium [SM, low 

glucose DMEM supplemented with 10% fetal bovine serum (FBS, Hyclone, USA), 2 mM L-

glutamine (Sigma-Aldrich), and 1% Antibiotic-Antimycotic] twice. Washed cells were collected 

and seeded into 6-well plastic plates (marked as P0) with a density of 2×105/cm2 in a complete 

medium and incubated at 37 ℃, 5 % CO2. After 24 h, the medium was changed to remove non-

adherent cells. After several days, single cells grew up to visible colonies and they were 
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subcultured (marked as P1) using 0.25% trypsin-EDTA (Gibco) in 25 cm2 cell culture flasks. Then, 

the medium was changed every 3 days, and cells were subcultured when 80% confluence was 

reached. All experiments were performed on boiler and layer MSCs between passages 2 and 6. 

For osteogenic differentiation, chicken MSCs were seeded into 6-well plated at a density of 

2×104 cells/cm2 cells. On confluency, chicken MSCs were cultured in the osteogenic medium [OM, 

standard medium supplemented with 0.05 mM ascorbic acid-2-phosphate (Sigma-Aldrich), 10 

mM β-glycerophosphate (Sigma-Aldrich), and 100 nM dexamethasone (Sigma-Aldrich)] for up to 

14 days. In the meantime, chicken MSCs were treated with CaSR positive modulator (L-Trp), 

negative modulator (NPS-2143), or 1,25(OH)2D3 in the presence or absence of 2.5 mM Ca2+ (basal 

Ca2+ level in SM and OM was 1.8 mM). 

6.3.2 MSC morphology  

Chicken MSCs were observed daily under a microscope (Advanced Microscopy Group) to 

check their morphology and growth characteristics.  

6.3.3 MSC proliferation assay 

Chicken MSCs were seeded at 104 cells/cm2 in 96-well plates and the proliferation rate was 

measured on days 1, 3, 5 and 7 of incubation with different treatments using cell proliferation 

reagent WST-1 (Sigma-Aldrich) with a 20× dilution ratio. The absorbance was measured at 450 

nm using a Synergy™ H4 Hybrid Multi-Mode Microplate Reader (BioTek) after 1 h incubation at 

37 °C. Cell viability was presented as a percentage of control cells. 

6.3.4 Real-time quantitative polymerase chain reaction (Real-time qPCR) 

Chicken MSCs for real-time qPCR determination were cultured in 6-well plates. Total RNA 

extraction from each tissue was conducted using TRIzolTM reagent (Invitrogen Life Technologies, 

Waltham, MA, USA) as described in the manufacturer’s instructions. The first-strand cDNA was 
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synthesized using the iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA) according to 

the corresponding manufacturer’s protocol. The relative mRNA abundances of cell surface 

markers and target genes were measured using SYBR Green Supermix (Bio-Rad) by a CFX 

Connect™ Real-Time PCR Detection System (Bio-Rad). PCR amplification was performed a set 

of 3 min at 95 °C, then 35 cycles of denaturation for 20 s at 95 °C, annealing for 30 s at 60 °C, and 

extension for 30 s at 72 °C. At the end of each cycle, the fluorescence was monitored for 10 s. 

Each reaction was completed with a melting curve analysis to ensure the specificity of the reaction. 

The primer sequences of the chicken MSC surface markers, osteogenic differentiation-related 

genes, and signaling-related genes are listed in Table 6.1. PCR products for cell surface marker 

identification were separated on 1% agarose gels and visualized using ChemiDoc™ Imaging 

Systems (Bio-Rad). The relative gene expression was calculated using the 2-ΔΔCt method (Livak 

and Schmittgen, 2001).  

Table 6.1 Primers used in this study. 

Genes Primer sequences (5’→ 3’) Product Size 

CD29 Forward: GAACGGACAGATATGCAACGG 300 

Reverse: TAGAACCAGCAGTCACCAACG  

CD44 Forward: CCGGATTCAGGGATCTGACG 290 

Reverse: AAGTCATTGCTTCCGCAGGT  

CD90 Forward: GGTCTACATGTGCGAGCTGA 471 

 Reverse: AAAGCTAAGGGGTGGGAGAA  

CD34 Forward: GTGCCACAACATCAAAGACG 239 

 Reverse: GGAGCACATCCGTAGCAGGA  

CaSR Forward: CAAACCAACGGGCACAGAAG 118 

 Reverse: ATGCACTCCACTGATTCGGG  
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VDR Forward: CCGGATTCAGGGATCTGACG 133 

 Reverse: AAGTCATTGCTTCCGCAGGT  

OPN Forward: CATGGCCAGTGAGCAAATCC 92 

 Reverse: GTGGTACCTGTGTGTGTGGT  

OCN Forward: GGATGCTCGCAGTGCTAAAG  142 

 Reverse: CTCACACACCTCTCGTTGGG   

ALP Forward: CGACCACTCACACGTCTTCA  140 

 Reverse: CGATCTTATAGCCAGGGCCG  

BMP2 Forward: TCAGCTCAGGCCGTTGTTAG  163 

 Reverse: GTCATTCCACCCCACGTCAT   

RUNX2 Forward: TCTCTGAACTCTGCACCAAGTC  229 

 Reverse: GCTCGGAAGCACCTGAGAGG   

COL1A2 Forward: CTGGTGAAAGCGGTGCTGTT  222 

 Reverse: CACCAGTGTCACCTCTCAGAC   

NFATc1 Forward: GCTCGGCAGCACCATGAA 102 

 Reverse: GACAATGAGGAATGCGCCAC  

CTNNB1 Forward: GAACCTCTTGGATACCGCCC 88 

 Reverse: TAGGGTCCATACCCAAGGCA  

β-actin 

(Reference) 

Forward: CAACACAGTGCTGTCTGGTGGTA 205 

Reverse: ATCGTACTCCTGCTTGCTGATCC  

GAPDH 

(Reference) 

Forward: ACTGTCAAGGCTGAGAACGG 100 

Reverse: CACCTGCATCTGCCCATTTG  

Note: All primers belong to Gallus gallus. CaSR: calcium-sensing receptor; VDR: vitamin D 

receptor; OPN: osteopontin; OCN: osteocalcin; ALP: alkaline phosphatase; BMP2: bone 
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morphogenetic protein 2, RUNX2: runt-related transcription factor 2; COL1A2: collagen type I 

alpha 2; NFATc1: nuclear factor of activated T-cells 1; CTNNB1: β-catenin. 
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6.3.5 Western blot analysis 

The relative protein expression of CaSR and VDR was determined according to the method 

of Hui et al. (2020). In brief, after 7-day osteogenic differentiation, chicken MSCs cultured in 6-

well plates were harvested and lysed using pre-cooled RIPA buffer containing Halt™ protease and 

phosphatase inhibitor cocktail (Thermo Scientific) on ice. Total protein was determined using the 

Pierce™ BCA protein assay kit according to the manufacturer’s instructions. Denatured protein 

samples (50 μg) were loaded and separated by 4–15% Mini-PROTEAN® TGX Stain-Free™ 

Protein Gels (Bio-Rad) and transferred onto a polyvinylidene difluoride membrane (Bio-Rad). 

Each membrane was blocked using 5% skim milk for 1 h at room temperature, and then incubated 

with the rabbit polyclonal anti-CaSR antibody (1:1000, ab137408, Abcam, Cambridge, MA, USA) 

and VDR Monoclonal Antibody (9A7) (1:2000, MA1-710, Thermo Scientific) at 4 °C overnight. 

Secondary antibody incubation was performed using horseradish peroxidase-conjugated goat anti-

rabbit IgG (65-6120, 1:1000, Thermo Scientific) and horseradish peroxidase-conjugated anti-rat 

IgG (112-035-003, 1:5000, Jackson Immuno Research Laboratories, West Grove, PA, USA). 

Images were detected by ChemiDoc™ Imaging Systems (Bio-Rad) after incubation with Clarity 

MaxTM Western ECL Substrate (Bio-Rad). The densitometry of the target protein bands was 

quantified by Image Lab Software (Bio-Rad) and normalized to the total protein. 

6.3.6 Alizarin red S (ARS) staining 

Monolayers of chicken MSCs differentiated with different treatments in the 6-well plates for 

7 days were used for mineralization detection by the ARS staining method as described by Gregory 

et al. (2004) and Chen et al. (2021). Cells were washed with phosphate-buffered saline (PBS) and 

fixed with 1 mL of 10% formalin (Fisher Scientific, Waltham, MA, USA) per well for 15 min at 

room temperature. The monolayers were stained with 1 mL of 40 mM ARS solution at pH 4.1- 4.3 
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(Sigma-Aldrich) for 45 min in the dark. Unstained dye was rinsed with deionized water four times 

before visualization and quantification. Colorimetric quantification of ARS staining was 

performed according to Gregory et al. (2004). 

6.3.7 Alkaline phosphatase (ALP) activity assay 

ALP assay was conducted using SigmaFast™ BCIP/NBT tablet (Sigma-Aldrich) as prepared 

by manufacturer’s instruction. After 7-day differentiation, monolayers of chicken MSCs were 

washed with PBS and fixed with 1 mL of 10% formalin (Fisher Scientific) per well for 30 s at 

room temperature. Cells were rinsed with deionized water twice and stained with 1 mL of prepared 

BCIP/NBT solution per well for 10 min at room temperature. The color development was stopped 

by rinsing monolayers with deionized water. Detailed staining was visualized and photographed 

by a Zeiss Axio microscope (Carl-Zeiss Ltd, Jena, Germany). 

6.3.8 Statistical analysis 

Each well from a multi-well plate was set as an experimental unit for all analyses. Results 

were expressed as mean ± SEM with at least three repeats. Statistical significance of data related 

to time and dose effect of L-Trp on MSC proliferation and osteogenic differentiation was 

determined by two-way ANOVA, and other results were analyzed by one-way ANOVA followed 

by Tukey’s multiple-comparison test using GraphPad Prism 8 software (San Diego, CA, USA). P 

value < 0.05 was considered statistically significant.   

6.4 Results 

6.4.1 Identification of isolated broiler and layer MSCs 

MSCs were isolated from the tibial and femoral compact bone of broilers and layer pullets, 

and then their surface antigen genes were tested to identify the cells. As shown in Figure 6.1, both 

broiler and layer MSCs expressed MSC-specific markers CD29, CD44, CD90 with the absence of 



 143 

hemopoietic stem cell marker CD34, which illustrated that they were chicken MSCs. Figure 6.2 

showed the MSC morphology at different stages. The morphological characteristics of broiler and 

layer MSCs were the same. They were all spindle-shaped, large, and flattened cells, and showed 

positive cell proliferation potential during passage 0 to 6. 

 
 

 

Figure 6.1 Surface specific marker analysis of broiler and layer MSCs by real-time quantitative 

polymerase chain reaction in passage 1. 
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Figure 6.2 Cell morphology at different stages and passages of broiler MSCs and layer MSCs 

isolated from leg compact bones. Broiler MSCs (A) passage 0 when forming obvious colonies; (B) 

passage 2-6 during growth; (C) passage 2-6 when reaching confluency; Layer MSCs (D) passage 

0 when forming obvious colonies; (E) passage 2-6 during growth; (F) passage 2-6 when reaching 

confluency. Each scale bar represents 1000 μm. 
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6.4.2 Time- and dose-effect of L-Trp on chicken MSC proliferation 

The proliferation rate of broiler and layer MSCs for 7 days is shown in Figures 6.3A and B, 

respectively. Cells were subcultured every 7 days when reaching confluency. In the broiler MSCs, 

higher L-Trp dose at 10 and 15 mM significantly inhibited cell proliferation after day 3 (P < 0.05), 

and 5 mM L-Trp started significantly reducing cell viability after day 5 (P < 0.05). On day 7, all 

L-Trp supplementation groups significantly inhibited cell proliferation compared with the control 

(P < 0.05). Similar to the broiler MSCs, a high concentration of L-Trp showed an inhibitory effect 

on cell proliferation, but layer cells had more tolerance to L-Trp. On day 7, L-Trp only at 5, 10, 

and 15 mM significantly decreased the proliferation rate (P < 0.05), while 2 mM L-Trp had no 

negative effect on proliferation compared with the control (P > 0.05). When comparing the 

proliferation capacity of MSCs from different origins, broiler MSCs grew faster than layer MSCs 

before day 5. 

 

Figure 6.3 The proliferation rate of (A) broiler MSCs and (B) layer MSCs. Cells were treated with 

basal standard medium (SM, 1.8 mM Ca2+), SM supplemented with high calcium (2.5 mM) and 

different concentrations of L-tryptophan (0, 0.5, 1, 2, 5, 10, 15 mM) for 1, 3, 5, and 7 days. Data 

were presented as mean ± SEM, n = 6. Different letters represent a significant difference (P < 0.05). 
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6.4.3 Time- and dose-effect of L-Trp on chicken MSC osteogenic differentiation 

During broiler and layer MSC osteogenic differentiation, relative mRNA expression of CaSR, 

VDR, and osteogenic differentiation markers including ALP, osteopontin (OPN), osteocalcin 

(OCN), bone morphogenetic protein 2 (BMP2), and runt-related transcription factor 2 (RUNX2) 

were determined on day 0, 7, and 14 (Figure 6.4 and 6.5). In broiler MSCs, the mRNA abundance 

of CaSR was downregulated on both day 7 and 14 compared with the SM group (undifferentiated 

cells), but on day 14, its expression restored to some degree, especially at 5 mM L-Trp, it was the 

highest expression compared with other treatments (Figure 6.4A). Similarly, the mRNA 

expression of CaSR in layer MSCs was lower than SM group on days 7 and 14, but when L-Trp 

concentrations were greater than or equal to 2 mM, its expression was significantly upregulated 

compared with the SM group (P < 0.05, Figure 6.5A). We found that VDR and all genes of 

osteogenesis markers in broiler MSCs were upregulated with time after osteogenic induction (cells 

were cultured in OM) when L-Trp supplementation concentrations were less than 5 mM (Figure 

6.4B-G). In other word, high dose of L-Trp at 10 and 15 mM significantly upregulated the mRNA 

expression in almost all genes except for ALP compared with that treated with 5 mM L-Trp or 

lower on day 7 (P < 0.05). When the L-Trp concentration was 5 mM, some genes including ALP 

and OCN showed the highest expression level on day 7 (Figure 6.4C and E), but other genes 

including OPN, BMP2, and RUNX2 continued upregulating until day 14 (Figure 6.4D, F, and G). 

In layer MSCs, the variation trend of the expression of osteogenesis-related genes was not 

completely consistent with that in broiler MSCs (Figure 6.5B-G). The 7- and 14-day osteogenic 

differentiation significantly upregulated the mRNA expression of VDR in layer MSCs (P < 0.05, 

Figure 6.5B). Also, 10 and 15 mM L-Trp did not facilitate osteogenic differentiation on day 7 

compared to broiler MSCs, while in contrast, the gene expression of some osteogenic markers, 
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such as ALP, OCN, and BMP2 was significantly downregulated compared with that in 5 mM L-

Trp group (P < 0.05, Figure 6.5C, E, and F). Overall, in both broiler and layer MSCs, L-Trp 

concentrations at 10 and 15 mM inhibited the expression of genes of those osteogenic 

differentiation markers either on day 7 or day 14. Therefore, 5 mM L-Trp was recognized as a 

critical concentration to promote osteogenic differentiation without the harmful effect shown by 

10 and 15 mM L-Trp. As most osteogenesis-related genes were significantly upregulated on day 

7 compared with the SM group, 7-day osteogenic differentiation was eligible to be applied to the 

following experiments. In addition, given the inhibitory effect of 5 mM L-Trp on MSC 

proliferation, 7-day osteogenic differentiation was selected because it can minimize the inhibitory 

effect compared with 14-day osteogenic differentiation. To sum up, 5 mM L-Trp and 7-day 

differentiation were selected for the following osteogenic differentiation experiments. 

As shown in Figure 6.6, chicken CaSR had 3 bands with varied molecular weights, and the 

bands for quantitating were indicated in “*”: 1) more than 250 kDa, 2) around 150 kDa, and 3) 

around 120 kDa. According to western blotting results, in both broiler and layer MSCs, CaSR and 

VDR expression in OM groups were not significantly higher than that in the SM group after 7-day 

osteogenic differentiation (P > 0.05, Figure 6.6A and B). In addition, their expressions in broiler 

and layer MSCs cultured in different L-Trp concentrations did not vary in an obvious dose-

dependent manner.  
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Figure 6.4 The mRNA abundance of (A) calcium-sensing receptor (CaSR), (B) vitamin D receptor 

(VDR), and osteogenic genes including (C) alkaline phosphatase (ALP), (D) osteopontin (OPN), 

(E) osteocalcin (OCN), (F) bone morphogenetic protein 2 (BMP2), and (G) runt-related 

transcription factor 2 (RUNX2) during osteogenic differentiation in broiler MSCs. Cells were 

treated with osteogenic medium (OM, 1.8 mM Ca2+), OM supplemented with high calcium (2.5 

mM) and different concentrations of L-tryptophan (0, 0.5, 1, 2, 5, 10, 15 mM) for 0, 7, and 14 days 

after confluence. Data were presented as mean ± SEM, n = 3. Different letters represent a 

significant difference among different concentrations of L-tryptophan and * represents a 

significant difference for different differentiation time (P < 0.05). 
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Figure 6.5 The mRNA abundance of (A) calcium-sensing receptor (CaSR), (B) vitamin D receptor 

(VDR), and osteogenic genes including (C) alkaline phosphatase (ALP), (D) osteopontin (OPN), 

(E) osteocalcin (OCN), (F) bone morphogenetic protein 2 (BMP2), and (G) runt-related 

transcription factor 2 (RUNX2) during osteogenic differentiation in layer MSCs. Cells were treated 

with osteogenic medium (OM, 1.8 mM Ca2+), OM supplemented with high calcium (2.5 mM) and 

different concentrations of L-tryptophan (0, 0.5, 1, 2, 5, 10, 15 mM) for 0, 7, and 14 days after 

confluence. Data were presented as mean ± SEM, n = 3. Different letters represent a significant 

difference among different concentrations of L-tryptophan and asterisks “*” represent a significant 

difference for different differentiation time (P < 0.05). 
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Figure 6.6 Protein expression of CaSR and VDR. (A and D) Representative western blot images 

of calcium-sensing receptor (CaSR) and vitamin D receptor (VDR). (B and E) The quantitative 

relative expression of CaSR and (C and F) VDR in broiler and layer MSCs differentiated for 7 
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days. Cells were treated with osteogenic medium (OM, 1.8 mM Ca2+), OM supplemented with 

high calcium (2.5 mM) and different concentrations of L-tryptophan (0, 0.5, 1, 2, 5, 10, 15 mM) 

after confluence. Standard medium (SM) is set as the control (no differentiation). Data were 

presented as mean ± SEM, n = 3 Different letters represent a significant difference (P < 0.05). 

Bands for quantitating are indicated in “*”. 
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6.4.4 Effect of CaSR modulators and 1 nM 1,25(OH)2D3 on chicken MSC proliferation 

As shown in Figure 6.7, the proliferation rate of broiler MSCs was faster than that of layer 

MSCs for 7 days. On day 5, the variation trend in broiler and layer MSCs was similar. 1 nM 

1,25(OH)2D3 started promoting proliferation rate, reaching the highest compared with other 

treatments, but 5 mM L-Trp with and without NPS-2143 both inhibited cell proliferation.  On day 

7, 1,25(OH)2D3 and 2.5 mM Ca did not significantly improve broiler MSC proliferation compared 

with the control (P > 0.05), but 5 mM L-Trp with and without NPS-2143 still inhibited MSC 

proliferation (Figure 6.7A). Differently, 1,25(OH)2D3 significantly increased layer MSC 

proliferation compared with other treatment groups (P < 0.05, Figure 6.7B). 

 

Figure 6.7 The proliferation rate of (A) broiler MSCs and (B) layer MSCs. Cells were treated with 

basal standard medium (SM, 1.8 mM Ca2+) alone or SM supplemented with 1 nM 1,25-

dihydroxycholecalciferol, high calcium (2.5 mM), 5 mM L-tryptophan, or 1 μM NPS-2143 after 

confluence. Data were presented as mean ± SEM, n = 3. Different letters represent a significant 

difference (P < 0.05). 1,25OHD3: 1,25-dihydroxycholecalciferol.    
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6.4.5 Effect of CaSR modulators and 1 nM 1,25(OH)2D3 on chicken MSC osteogenic 

differentiation 

Calcium deposits in broiler and layer MSCs cultured in different OM for 7 days were detected 

by ARS staining (Figure 6.8A and 6.9A) and the spectrophotometric quantification data are shown 

in Figure 6.8B and 6.9B. In broiler MSCs, 5 mM L-Trp significantly promoted the mineralization 

process during a 7-day osteogenic differentiation compared with the control (P < 0.05), but the 

NAM of CaSR, NPS-2143, significantly offset this effect (P < 0.05, Figure 6.8B). Both 1 nM 

1,25(OH)2D3 and 2.5 mM Ca2+ alone did not affect the mineralization level of osteogenic 

differentiated MSCs compared with the control (P > 0.05, Figure 6.8B). In contrast, in layer MSCs, 

7-day differentiation obviously facilitated the calcium deposition among all treatments in 

comparison to that in broiler MSCs (Figure 6.8A and 6.9A). The highest level of mineralization 

was detected in the 2.5 mM Ca2+ alone treatment group, and it was significantly higher than other 

groups (P < 0.05). The 5 mM L-Trp did not promote calcium deposit, but 5 mM L-Trp alone and 

5 mM L-Trp + NPS-2143 significantly inhibited the process compared with the control (P < 0.05). 

The ALP staining results in broiler MSCs and layer MSCs are shown in Figure 6.8C, 6.8D, 

6.9C, and 6.9D, respectively. In broiler MSCs, similar to ARS staining, the 5 mM L-Trp 

supplemented groups showed the highest ALP activity, and it was significantly higher than that in 

the control group (P < 0.05, Figure 6.8E). However, 1 nM 1,25(OH)2D3 supplementation 

significantly inhibited ALP activity compared with the control (P < 0.05). In layer MSCs, ALP 

activity varied similar to ARS staining. The highest staining value was found in the 2.5 mM Ca 

group, followed by other treatment groups (Figure 6.9E). Compared broiler with layer MSCs 

osteogenic differentiated for 7 days, ALP activity was higher in layer MSCs, which was consistent 

with the ARS staining result. 
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Figure 6.8 Calcium deposition and alkaline phosphatase (ALP) activity in broiler MSCs. (A) 

Alizarin red S (ARS) staining in broiler MSCs differentiated for 7 days. (B) Spectrophotometric 

quantification data of ARS staining. (C) ALP staining in broiler MSCs differentiated for 7 days. 

(D) Microscopic pictures of ALP staining. Scale bar represents 200 μm; (E) Microscopic pictures 
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were quantified with mean grey value. Cells were treated with osteogenic medium (OM, 1.8 mM 

Ca2+) alone or OM supplemented with 1 nM 1,25-dihydroxycholecalciferol, high calcium (2.5 

mM), 5 mM L-tryptophan, or 1 μM NPS-2143 after confluence. Data were presented as mean ± 

SEM, n = 3. Different letters represent a significant difference (P < 0.05). 1,25OHD3: 1,25-

dihydroxycholecalciferol. 
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Figure 6.9 Calcium deposition and alkaline phosphatase (ALP) activity in layer MSCs. (A) 

Alizarin red S (ARS) staining in broiler MSCs differentiated for 7 days. (B) Spectrophotometric 

quantification data of ARS staining. (C) ALP staining in broiler MSCs differentiated for 7 days. 

(D) Microscopic pictures of ALP staining. Scale bar represents 200 μm; (E) Microscopic pictures 

were quantified with mean grey value. Cells were treated with osteogenic medium (OM, 1.8 mM 
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Ca2+) alone or OM supplemented with 1 nM 1,25-dihydroxycholecalciferol, high calcium (2.5 

mM), 5 mM L-tryptophan, or 1 μM NPS-2143 after confluence. Data were presented as mean ± 

SEM, n = 3. Different letters represent a significant difference (P < 0.05). 1,25OHD3: 1,25-

dihydroxycholecalciferol. 
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Figure 6.10 and 6.11 showed the mRNA abundance of CaSR, VDR, osteogenesis-related genes, 

and genes belonging to Wnt and calcium/calcineurin signaling pathways. In broiler MSCs, CaSR 

gene expression was significantly downregulated in the 2.5 mM Ca and Ca+Trp+NPS-2143 groups 

compared with the control (P < 0.05, Figure 8A). VDR mRNA expression was only significantly 

upregulated in the treatment groups having 5 mM L-Trp compared with the control (P < 0.05, 

Figure 6.10B). The mRNA expression of ALP, OCN, COL1A2, and CTNNB1 showed the same 

variation trend as VDR mRNA expression (Figure 6.10C, E, F, and J). NPS-2143 promoted the 

gene expression of OPN, BMP2, and RUNX2, which was significantly higher than L-Trp alone (P 

< 0.05), and the gene expression of OPN and BMP2 was significant higher in L-Trp containing 

groups compared with other groups. NFATc1 gene expression did not show significant differences 

among all treatment groups (P > 0.05). In layer MSCs, regarding the gene expression of CaSR, 

VDR, ALP, COL1A2, NFATc1, and CTNNB1, no treatment group significantly upregulated the 

expression level compared with the control (P > 0.05), and 5 mM L-Trp alone even significantly 

downregulated the gene expression of CaSR, VDR, ALP (P < 0.05). As for the gene expression of 

OPN, OCN, BMP2, and RUNX2, at least one treatment group showed the significantly higher 

expression level compared with the control (P < 0.05). The 1,25(OH)2D3 supplementation 

significantly upregulated OPN gene expression (P < 0.05, Figure 6.11D). The highest OCN gene 

expression level was found in the L-Trp+NPS-2143 group and it was significantly higher than the 

control and Ca alone groups (P < 0.05, Figure 6.11E). The L-Trp and L-Trp+NPS-2143 groups 

upregulated the BMP2 gene expression (Figure 6.11G), which were significantly higher than the 

control, Ca alone, and 1,25(OH)2D3 groups (P < 0.05). However, RUNX2 gene expression in the 

Ca alone group was significantly higher than the control (P < 0.05, Figure 6.11H).  
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Figure 6.10 The mRNA abundance of (A) calcium-sensing receptor (CaSR), (B) vitamin D 

receptor (VDR), and osteogenic genes including (C) alkaline phosphatase (ALP), (D) osteopontin 

(OPN), (E) osteocalcin (OCN), (F) collagen type I alpha 2 (COL1A2), (G) bone morphogenetic 

protein 2 (BMP2), and (H) runt-related transcription factor 2 (RUNX2), (I) nuclear factor of 
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activated T-cells 1 (NFATc1), and (J) β-catenin (CTNNB1) during osteogenic differentiation in 

broiler MSCs. Cells were treated with osteogenic medium (OM, 1.8 mM Ca2+) alone or OM 

supplemented with 1 nM 1,25-dihydroxycholecalciferol, high calcium (2.5 mM), 5 mM L-

tryptophan, or 1 μM NPS-2143 after confluence. Data were presented as mean ± SEM, n = 3. 

Different letters represent a significant difference (P < 0.05). 1,25OHD3: 1,25-

dihydroxycholecalciferol. 
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Figure 6.11 The mRNA abundance of (A) calcium-sensing receptor (CaSR), (B) vitamin D 

receptor (VDR), and osteogenic genes including (C) alkaline phosphatase (ALP), (D) osteopontin 

(OPN), (E) osteocalcin (OCN), (F) collagen type I alpha 2 (COL1A2), (G) bone morphogenetic 

protein 2 (BMP2), and (H) runt-related transcription factor 2 (RUNX2), (I) nuclear factor of 
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activated T-cells 1 (NFATc1), and (J) β-catenin (CTNNB1) during osteogenic differentiation in 

layer MSCs. Cells were treated with osteogenic medium (OM, 1.8 mM Ca2+) alone or OM 

supplemented with 1 nM 1,25-dihydroxycholecalciferol, high calcium (2.5 mM), 5 mM L-

tryptophan, or 1 μM NPS-2143 after confluence. Data were presented as mean ± SEM, n = 3. 

Different letters represent a significant difference (P < 0.05). 1,25OHD3: 1,25-

dihydroxycholecalciferol. 
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6.5 Discussion 

The comparative analysis of the dose- and time-effects of Ca2+ and L-Trp on poultry MSC 

proliferation and osteogenic differentiation were first investigated, which contributing to finding 

a suitable dose and time point to further reveal the regulation mechanism of CaSR and VDR in 

bone formation and remodeling. Generally. L-Trp inhibited broiler MSC proliferation and had a 

bilateral effect on layer MSC proliferation for 7 days depending on different doses of L-Trp. The 

7-day proliferation assay was consistent with the MSC subculture cycle, and we found some 

similarities and differences between broiler and layer MSCs. Both origins of cells were vulnerable 

to the high doses of L-Trp (10 and 15 mM) even at an early stage. Proliferation and differentiation 

processes are recognized as negatively correlated (Ruijtenberg and van den Heuvel, 2016), which 

suggested slightly proliferation inhibition at a relatively high L-Trp concentration might contribute 

to osteogenic differentiation (Zhang et al., 2015b).  

The gene expression data of broiler MSCs also supported this point of view. L-Trp 

concentrations higher than 10 mM (10 and 15 mM) significantly upregulated the gene expression 

of CaSR, VDR, and osteogenesis-related markers on day 7 compared with other treatments. 

However, 10 and 15 mM L-Trp treatment groups then underwent a rapid downregulation on day 

14, which indicated that constantly high doses of L-Trp were detrimental to MSC differentiation 

proceeding. The high inhibition rates on broiler MSC proliferation at 10 and 15 mM L-Trp were 

observed, thus 5 mM L-Trp might be a proper dose to investigate the regulation mechanism of 

CaSR modulators and 1,25(OH)2D3 on broiler MSC proliferation and osteogenic differentiation. 

As 5 mM L-Trp showed a positive effect on some mRNA expression of genes related to osteogenic 

differentiation for 7 days and less harm to proliferation compared to high doses of L-Trp in 10 and 

15 mM, 5 mM L-Trp and 7-day osteogenic differentiation were selected for further investigation 
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in layer MSCs. The same concentration of L-Trp and same treatment time were conducive to the 

comparative analysis of both origins of MSCs. Moreover, the differentiation process may not 

promote CaSR expression, but the CaSR modulator did change the CaSR expression pattern, which 

was possibly due to Ca2+ and L-Trp being involved in the signaling modulation of CaSR. Although 

the variation trends were different from broiler MSCs to layer MSCs, 5 mM L-Trp was the only 

concentration that increased mRNA abundance of CaSR constantly from day 0 to day 14, which 

indicated that 5 mM L-Trp worked as a critical point for further experiments. 

Different from that in broiler MSCs, 7-day differentiation significantly upregulated all gene 

expression regardless of L-Trp doses and showed less difference compared with 14-day 

differentiation. This circumstance might suggest that the process of osteogenic differentiation in 

layer MSCs was faster than that in broiler MSCs. In other words, the expression of osteogenesis-

related genes probably reached the summit before day 7.   

To reveal the regulation mechanism of CaSR and VDR during chicken MSC proliferation and 

osteogenic differentiation, in addition to Ca2+ and 5 mM L-Trp, we included 1 nM 1,25(OH)2D3, 

and 1 μM NPS-2143 (CaSR antagonist). The selection of 1 nM 1,25(OH)2D3 was based on the 

results of Chen et al. (2021) who has reported that increasing the dose of 1,25(OH)2D3 had a 

negative effect on osteogenic differentiation of broiler MSCs. Therefore, 1 nM 1,25(OH)2D3 was 

a suitable concentrate to investigate the regulation mechanism. In this study, we found that the 

1,25(OH)2D3 had a positive effect on proliferation, especially in layer MSCs. The reason might be 

that laying hens have more active bone turnover and calcium metabolism and are thus more 

sensitive to 1,25(OH)2D3 (Whitehead, 2004).  

Osteogenic differentiation/osteoblast development is recognized as a temporal sequence of 

events. The first period is characterized by cell growth and proliferation and type I collagen 
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production, followed by extracellular matrix maturation in which proliferation decreases and 

osteoblast phenotypic markers such as ALP activity is actively increased. The last stage is 

mineralization and during which time osteoblast markers, OCN and OPN, are highly expressed 

(Owen et al., 1990). Calcium deposition of ARS staining reflects the mineralization process and 

ALP activity is closely related to extracellular matrix maturation. The results of ARS and ALP 

staining after the 7-day differentiation also supported that the osteogenic differentiation in layer 

MSCs was faster than that in broiler MSCs. However, the highest level of ARS and ALP staining 

in the 2.5 mM Ca + 5 mM L-Trp group in broiler MSCs suggested that L-Trp might be beneficial 

for osteogenic differentiation at the early stage. Therefore, further study could be conducted to 

investigate the effect of L-Trp on osteogenic differentiation during shorter time intervals in layer 

MSCs, which might show consistent results with broiler MSCs. The negative effect of 

1,25(OH)2D3 on ALP activity and calcium deposition compared with the control in broiler MSCs 

was consistent with Chen et al. (2021), but no significant negative effect of 1,25(OH)2D3 was found 

in layer MSCs, which illustrated the main role of 1,25(OH)2D3 in bone formation and remodeling 

was to increase the MSC proliferation, but the effect of 1,25(OH)2D3 was also affected by bone 

matrix competency and the differentiation status from MSCs to osteoblasts (Owen et al., 1991).  

The regulation of gene expression during osteogenic differentiation is complicated. The gene 

expression of CaSR was not significantly upregulated in other treatments compared with the 

control but their variation trend was similar to ARS staining (calcium deposition) in both broiler 

and layer cells. It was probably due to CaSR being highly involved during the differentiation 

process (Barradas et al., 2012), but its mRNA expression abundance might not reflect its function 

in mediating osteogenesis. It is still unclear regarding the CaSR downstream signaling cascades 

after its activation or blockade, which requires further studies on CaSR signaling during the 
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osteogenic differentiation in chicken MSCs. Moreover, it has been reported that BMP-2 can 

promote osteogenic differentiation by regulating cellular Ca2+ changes and intracellular calcium 

signaling, which was closely related to CaSR activation (Xu et al., 2016; Yanai et al., 2019). In 

this study, only L-Trp supplementation significantly upregulated the mRNA expression of BMP-

2 in both broiler and layer MSCs, suggesting that the activation of CaSR by L-Trp might contribute 

to at least the Ca2+/IP3-mediated signaling pathway in MSCs and further regulate the expression 

of BMP-2 and osteogenesis (Yanai et al., 2019). The supplementation of 1,25(OH)2D3 did not 

promote the transcription level of CaSR and most of osteogenesis-related genes in both broiler and 

layer MSCs, illustrating that 1 nM 1,25(OH)2D3 at least for a short period of time had a limited 

effect on mediating differentiation and mineralization process. The reason might be the intricate 

regulation of the vitamin D system on the transcription of osteogenic genes involving many factors 

such as the source of MSCs, treatment time, concentration, ambient condition, etc. (Chen et al., 

2021).  

Interestingly, 1 μM NPS-2143 inhibited the gene expression of CaSR in both broiler and layer 

MSCs, but in most osteogenic genes, CaSR NAM (NPS-2143) supplementation upregulated their 

gene expression in broiler MSCs. The results were similar to Koori et al. (2014) who found that 

NPS-2143 addition was conducive to gene expression of OCN and OPN and increasing doses of 

NPS-2143 showed more mineralization in cell line 1–17 (human periodontal ligament stem cells). 

However, the positive effect of L-Trp might show different regulation patterns from other PAMs 

such as NPS R-568, which was reported to be beneficial for osteogenic differentiation of human 

amniotic fluid mesenchymal stem cells (Pipino et al., 2014) because the binding sites of L-Trp and 

NPS R-568 with CaSR were located in CaSR extracellular domain (Wen et al., 2021) and 

transmembrane domain (Petrel et al., 2004), respectively, which may induce different downstream 
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signaling cascades. Nevertheless, the expression pattern of osteogenic genes in layer MSCs was 

different, and the positive effect of treatment groups on the expression of osteogenic genes varied 

without a consistent trend. The possible reason might be that the osteogenic differentiation process 

in layer MSCs was faster than that in broiler MSCs, and it had been the turning point, thereby 

showing fluctuating results in the gene expression.  

Wnt/β-catenin and calcium-calcineurin-NFAT signaling pathways play an important role in 

MSC osteogenic differentiation, which are known to regulate bone mass and osteogenesis gene 

expression (Barker, 2008; Ritchie et al., 2011; Chen et al., 2019). To this end, we measured the 

canonical components (β-catenin and NFATc1) of two pathways. The variation of β-catenin gene 

expression was mostly consistent with the variation of osteogenic markers and mineralization in 

broiler and layer MSCs during 7-day osteogenic differentiation, which suggested that the Wnt/β-

catenin signaling pathway played an important role in regulating osteogenic differentiation of 

chicken MSCs. NFATc1 is a nuclear factor belonging to the NFAT family, but its gene expression 

did not respond to different treatments in both cells. Therefore, in the future, it is worth further 

investigating the effect of CaSR modulators on the temporal sequence of osteogenesis and the 

downstream signaling pathways after CaSR activation during chicken osteogenic differentiation. 

Taken together, L-Trp this study may shed new light on mechanisms that CaSR could be a target 

and L-Trp could be a potential nutritional molecule to prevent or attenuate bone diseases for 

poultry industry. 

In conclusion, CaSR and VDR were first confirmed to be expressed in broiler and layer MSCs. 

CaSR PAM, L-Trp at 5 mM, had a balanced effect on mediating proliferation and osteogenic 

differentiation in broiler and layer MSCs. The 1 nM 1,25(OH)2D3 promoted proliferation instead 

of facilitating the differentiation and mineralization process of chicken MSCs. In a 7-day 
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osteogenic differentiation, 5 mM L-Trp could be a two-edged sword on the MSC osteogenesis 

process according to different differentiation stages. As osteogenic differentiation in layer MSCs 

was faster than that in broiler MSCs, at an early osteogenic differentiation stage, 5 mM L-Trp was 

beneficial for the differentiation and mineralization by activating CaSR, upregulating the mRNA 

expression of VDR, β-catenin, and osteogenic genes (ALP, OPN, OCN, COLLA2, and BMP-2) in 

broiler MSCs. However, 5 mM L-Trp inhibited the differentiation and mineralization process by 

downregulating the mRNA expression of CaSR, VDR, β-catenin, and osteogenic genes (ALP and 

RUNX-2) in layer MSCs at a relatively late osteogenic differentiation stage. Chicken MSC 

proliferation and osteogenic differentiation processes can be selectively manipulated by adjusting 

doses and treatment time of L-Trp and 1,25(OH)2D3 at suitable MSC stages. 
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BRIDGE TO CHAPTER SEVEN 

            In chapters four and five, we proved the presence of CaSR and VDR in different tissues in 

laying hens and confirmed nutritional CaSR ligands and their binding modes. In chapter six, our 

study provides evidence for the practical application of L-Trp beyond the role of functional amino 

acids in the poultry industry to mitigate bone disorders. In addition, the findings will contribute to 

the improvement of eggshell quality and bone health, and even calcium retention and utilization 

in laying hens. Thus, in the next chapter (chapter seven), we will investigate the effects of L-

tryptophan and 25-hydroxycholecalciferol at different dietary calcium levels on egg production, 

eggshell quality, bone health, and calcium homeostasis in laying hens. 
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CHAPTER SEVEN: MANUSCRIPT Ⅳ 

Interactive effects of calcium and L-tryptophan, and of calcium and 25-

hydroxycholecalciferol substitution for vitamin D3 on egg production, eggshell quality, bone 

health, and calcium homeostasis in Dekalb laying hens from 26 to 29 weeks of age4 

  

 
4Qianru Hui, Xiaoya Zhao, Shengnan Li, Karmin O, Martin Nyachoti, Chengbo Yang 

Under preparation. 
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7.1 Abstract  

Calcium (Ca) metabolism is important in the laying hen industry. This study was to investigate 

the interactive effect of Ca and L-tryptophan (L-Trp), and of Ca and a complete replacement of 

vitamin D3 with 25-hydroxycholecalciferol (25HyD) on egg production, eggshell quality, bone 

health, and calcium homeostasis in laying hens. In Experiment 1, a total of 72 Dekalb white layers 

were selected and divided into a 3×3 factorial arrangement (n=8) with three levels of Ca (3.5%, 

4.2%, and 4.9%) and three levels of Trp (0.18%, 0.22%, and 0.26%). In Experiment 2, a total of 

48 Dekalb white layers were selected and divided into a 3×2 factorial arrangement (n=8) with three 

levels of Ca (3.5%, 4.2%, and 4.9%) and with or without 25HyD substitution for equivalent 

vitamin D3. Experimental data from both experiments were collected from 26 weeks of age for 4 

weeks. Experiment 1 and 2 shared 3 treatments at 0.22% Trp as the control. In Experiment 1, 

average daily feed intake (ADFI) and body weight (BW) was increased with dietary Trp level from 

0.22% to 0.26%, while the greatest egg mass was observed at a Trp level of 0.18%. Also, Trp level 

affected serum total Ca concentration, relative eggshell weight (ESW), eggshell thickness (EST), 

and eggshell breaking strength (EBS) linearly, and 0.26% Trp significantly increased serum total 

Ca concentration, relative ESW, EST, and EBS compared with recommended Trp at 0.22% (P < 

0.05). Moreover, an interaction between Trp and Ca was found in relative ESW and EST (P < 

0.05), indicating increasing level of Trp up to 0.26% and of Ca up to 4.9% resulted in the greatest 

relative ESW and EST. Dietary Trp at 0.18% significantly decreased tibia weight, ash, Ca content, 

and P content compared with 0.26% Trp (P < 0.05). In Experiment 2, 25HyD only increased serum 

total Ca level and tibia P content. Relative ESW, EST, EBS, tibia weight, ash, Ca content, and P 

content were only increased by dietary Ca level instead of 25HyD. In conclusion, increased dietary 

Trp level increased Ca level, eggshell quality, and tibia traits, and the combined application of Trp 
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and Ca showed an interactive effect on the increase in the relative ESW and EST. However, 25HyD 

substitution for vitamin D3 showed a limited impact on improving egg production, eggshell quality, 

bone health, and calcium homeostasis.   

Key words: L-tryptophan, 25-hydroxycholecalciferol, calcium homeostasis, eggshell quality, 

bone health, layer  

 

7.2 Introduction 

Egg laying and shell calcification impose severe extra demands for calcium (Ca). Around 2.4 

g of Ca is exported for eggshell formation on a daily basis (Fleming, 2008), representing about 10% 

of the total body calcium of a hen (Nys and Le Roy, 2018). The intensive and dynamic Ca turnover 

challenges Ca homeostasis, which requires a robust system to absorb, transfer, and utilize Ca in 

laying hens, especially in the key organs such as the intestine, shell gland, bone, and kidney (Nys 

and Le Roy, 2018). The imbalanced calcium metabolism negatively affects eggshell quality and 

bone health. Eggshell quality ensures the egg integrity and safety of egg content (Kemps et al., 

2006; Świątkiewicz et al., 2015). Skeletal disorders in laying hens are mainly attributed to 

structural bone loss (or even osteoporosis) during the egg-laying period because only 60%-75% of 

eggshell Ca is provided by feed and the remainder must be mobilized from bone stores (Almeida 

Paz et al., 2006; Fleming, 2008). At the onset of sexual maturity, laying hens stop forming 

structural bone and instead form only medullary bone (Whitehead, 2004). Therefore, timing of 

nutritional interventions is critical in improving eggshell quality and bone health in laying hens. If 

dietary changes are left until sexual maturity, the effects will primarily be on medullary bone 

formation (Fleming, 2008). To achieve optimal peak bone quality before encountering excessive 
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resorption, more effective and comprehensive nutritional interventions are required during the 

laying period. 

Ca homeostasis is mediated by the calcium-sensing receptor (CaSR) through feedback 

mechanisms involving several hormones: the parathyroid hormone (PTH); the active form of 

vitamin D3 [1,25(OH)2D3]; and calcitonin to regulate intestinal absorption, bone storage and 

resorption, and renal reabsorption (de Matos, 2008; Hendy et al., 2013; Proszkowiec-Weglarz and 

Angel, 2013). The process of egg laying and shell calcification creates an additional calcium 

pathway through the shell gland. This imposes significant additional demands on calcium 

homeostasis, as the formation of the shell requires several times more calcium than what is 

available in the extracellular pool (Bar, 2008). The CaSR is a class C G protein-coupled receptor 

(GPCR). Its activation or blockade through binding with ligands can induce the downstream G 

protein-coupled signaling and perform functions in maintaining Ca homeostasis and regulating 

PTH secretion (Kallay, 2018). L-Trp has been recognized as an effective CaSR positive allosteric 

modulator, which can exert its effect in the presence of Ca (Conigrave et al., 2007; Wen et al., 

2021). In addition, as an essential amino acid, Trp is not only involved in protein biosynthesis, but 

also plays a role in producing key metabolites such as serotonin, melatonin, kynurenic acid, and 

quinolinic acid during Trp metabolism, which are important neural and immune modulators in 

poultry (Bai et al., 2017; Fouad et al., 2021). Previous studies regarding Trp in layers focus mainly 

on the Trp requirement in different laying stages (Cardoso et al., 2014; Wen et al., 2019a); the 

relationship between Trp concentration and behaviors (Birkl et al., 2019) and between Trp 

concentration and production performance and egg quality (Khattak and Helmbrecht, 2019); and 

the functional effects of Trp on immunomodulation and stress response (Dong et al., 2012). 
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However, the interaction between dietary Trp and Ca and its effects on calcium homeostasis, 

production performance, bone health, and eggshell quality in laying hens has not been well studied.  

1,25(OH)2D3 is the active form of vitamin D3 and it is involved in the active Ca transport and 

CaSR transcription (Mundy and Guise, 1999; Hendy et al., 2013; Proszkowiec-Weglarz and Angel, 

2013). 1,25(OH)2D3 is produced primarily in the kidney by enzymatic hydroxylation (1α-

hydroxylase) of 25-hydroxycholecalciferol (25HyD) (Norman, 2008). 25HyD is the most active 

precursor for 1,25(OH)2D3, which is 2- to 4-fold more effective than vitamin D3 in chicken diets 

(Soares et al., 1995). Also, 25HyD has been commercialized and applied in poultry diets. Many 

studies investigated 25HyD in laying hens. According to Silva (2017), providing dietary 

supplementation of 25HyD to laying hens from day 1 to 34 weeks had a positive impact on egg 

production from onset of laying to 34 weeks of age. Chen et al. (2020) found that long-term 25HyD 

supplementation was beneficial for egg production only at an early laying stage. Kakhki et al. 

(2019) showed that top-dressed 25HyD linearly increased egg weight at various dietary Ca levels 

in aged laying hens. However, limited studies investigated the interactive effect of Ca levels and 

25HyD substitution for vitamin D3 on calcium homeostasis, production performance, bone health, 

and eggshell quality in the early laying period.  

In this study, we proposed the hypothesis that the combined action of L-Trp, 25HyD, and Ca 

can boost Ca utilization via CaSR and thereby improve performance, egg quality, and bone health 

in laying hens. We aimed to investigate the interactive effects of Ca and L-Trp, and of Ca and 

25HyD substitution for vitamin D3 on egg production, eggshell quality, bone health and calcium 

homeostasis in Dekalb laying hens at a pre-peak laying stage. The findings would provide a 

theoretical basis for the potential application of L-Trp and 25HyD at a specific dietary Ca level. 
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7.3 Materials and methods 

7.3.1 Animals and housing 

This study included two experiments and the protocol (F18-043/2) was approved by the Fort 

Garry Campus Animal Care Committee, University of Manitoba. All procedures were carried out 

in accordance with the Canadian Council on Animal Care guidelines (CCAC, 2009). A total of 96 

Dekalb White laying hens were obtained from the main flock of the Poultry Unit, the University 

of Manitoba at 24 weeks of age with the initial body weight (BW) ranging from 1.6 kg to 1.7 kg. 

Birds were housed in individual cages for 6 weeks including one week of the adaptation period, 

one week of the transition period, and four weeks of the formal experimental period. Birds had 

access to water and feed ad libitum. The housing conditions including temperature, humidity, 

lighting program, etc. were adjusted followed by the Dekalb Commercial Management Guide.   

7.3.2 Experimental design 

Over the first week, all birds were fed a commercial layer diet for adaptation followed by a 

50/50 commercial diet and experimental diet for transition. In Experiment 1, three levels of Trp 

(0.18%, 0.22%, and 0.26%) and three levels of Ca (3.5%, 4.2%, and 4.9%) were used to investigate 

the interactive effects of calcium and L-Trp on egg production, eggshell quality, bone health and 

calcium homeostasis in laying hens. A total of 72 Dekalb White laying hens were randomly 

assigned into 9 treatments with 8 replicates of each treatment (n=8), and all birds were housed in 

individual cages. A basal diet was formulated according to the nutritional requirement shown in 

Dekalb Commercial Management Guide (Dekalb, North America Edition) except for the Trp and 

Ca levels. The recommended dietary level of Trp and Ca is 0.22% and 4.2% respectively in Dekalb 

layers aged 17-38 weeks. The analyzed Trp and Ca level was 0.18% and 3.39% respectively in the 

basal diet. The Trp and the Ca-deficient basal diet is shown in Table 7.1. L-Trp (98% feed grade) 
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was supplemented to the basal diet in 0.04% (L-Trp) increments, resulting in experimental diets 

containing 0.18%, 0.22%, and 0.26% of Trp. Limestone (40.94% Ca) was added to replace the 

insoluble poultry grit in the basal diet, resulting in experimental diets containing 3.39%, 4.09%, 

and 4.79% Ca. 

In Experiment 2, three levels of Ca (3.5%, 4.2%, and 4.9%) with or without a complete 

replacement of dietary vitamin D3 (3000 IU/kg) with 25HyD (75 µg/kg) were used to investigate 

the interactive effects of Ca and 25HyD on egg production, eggshell quality, bone health and 

calcium homeostasis in laying hens. A total of 48 Dekalb White laying hens were randomly 

assigned into 6 treatments with 8 replicates of each treatment (n=8), and all birds were housed in 

individual cages. Experiment 1 and 2 shared 3 treatments, they are experimental diets with 0.22% 

Trp + 3.39% Ca, 0.22% Trp + 4.09% Ca, and 0.22% Trp + 4.79% Ca. The remaining 3 treatment 

diets maintained the same levels of Ca and Trp as 0.22% Trp + 3.39% Ca, 0.22% Trp + 4.09% Ca, 

and 0.22% Trp + 4.79% Ca, but we only replaced the equivalent amount of vitamin D3 in the diet 

with 25HyD (DSM Nutritional Products, Parsippany, NJ, USA).  
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Table 7.1 Composition of Ca and Trp-deficient basal diet, as fed basis 

Ingredient  Nutrient profile Calculated Analyzed 

 (%)  (%) (%) 
Corn 52.66 ME (kcal/kg) 2900 N/A 
Corn DDGS1 14.68 Crude protein  18.00 18.49 
Corn gluten meal 10.35 Calcium 3.50 3.39 
Limestone 7.60 Total phosphorus 0.71 0.66 
Soy oil 4.04 Available phosphorus 0.48 N/A 
Insoluble poultry grit 3.50 Tryptophan 0.18 0.18 
Biofos2 1.67    
Soy protein concentrate 1.30    
Fish meal 1.00    
Soybean meal 0.95    
L-lysine 0.60    
Vitamin premix3 0.50    
Mineral premix4 0.50    
L-Arginine 0.25    
DL-Methionine 0.25    
L-Threonine 0.18    
Total 100    

1Distiller’s dried grains with solubles. 
2Biofos (Mosaic Feed Ingredients, Lithia, FL, USA), a feed grade monocalcium phosphate, 
containing 21% P and 18% Ca. 
3,4Vitamin and mineral premix provided per kg of diet: 11 000 IU retinol, 3000 IU cholecalciferol, 
20 IU tocopherol, 3 mg menadione, 0.02 mg cobalamin, 6.5 mg riboflavin, 1 mg folic acid, 10 mg 
calcium pantothenate, 40 mg niacin, 0.2 mg biotin, 2.2 mg thiamine, 4.5 mg pyridoxine, 1000 mg 
choline, 85 mg manganese, 80 mg zinc, 80 mg iron, 10 mg copper, 0.3 mg selenium, 0.1 mg iodine, 
0.67 mg sodium and 125 mg Endoxâ (antioxidant, product No. 015118-21-CA, Kemin Industries, 
Des Moines, IA, USA). 
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7.3.3 Data collection 

Throughout the whole experimental period, hens were monitored at least twice daily and 

weighed weekly to record BW. Birds with BW below 20% initial BW were culled. Feeds were 

provided three times per week to maintain diet freshness, but average daily feed intake (ADFI) 

was determined weekly. Egg production and egg weight were recorded daily, and the weekly 

averages of hen-day egg production (HDEP), egg weight, egg mass, and feed conversion rate (FCR) 

were analyzed. At week 2 and week 4, eggs collected from each hen for three consecutive days 

(Friday to Sunday) were pooled to measure egg quality including yolk weight, eggshell weight, 

and eggshell thickness, and the relative yolk weight, relative albumen weight, and relative eggshell 

weight were calculated accordingly. Over week 4, eggs collected from Tuesday to Thursday were 

measured for eggshell breaking strength. At the endpoint, 5 mL of blood was collected from the 

wing vein of each bird. Serum was obtained after centrifugation at 2500 ×g at 4°C for 15 min. 

Serum was then aliquoted into 1.5 mL vials and stored at -80°C until analysis for serum total Ca, 

serum ionized Ca, serum PTH, and serum 1,25(OH)2D3. After blood collection, birds were 

euthanized with CO2 inhalation, and their left tibia bones were collected for tibia weight and ash 

measurements. Tibiae were stored in plastic sampling bags at -20°C until analysis. 

7.3.4 Egg and eggshell quality 

Egg quality including yolk weight, eggshell weight, and eggshell thickness was measured 

according to the methods of Wen et al. (2019a) and Chen et al. (2020). Fresh eggs were broken to 

separate egg yolk and albumen using an egg separator, and egg yolks were weighed. Eggshells 

with eggshell membrane were washed and dried at 105 °C for 16 h. Eggshells were then weighed, 

and the thickness of each eggshell was measured three times on the equator of eggs using a digital 

vernier caliper (precision at 0.01 mm), and the averages were recorded. Albumen weight and the 
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relative weight of different parts were calculated according to the above measurements. Eggshell 

breaking strength was measured using an Instron Universal Testing Machine Model 5965 (Instron 

Corp, Canton, MA, USA) referring to Wen et al. (2019b). The blunt end of each egg was faced 

down during testing. Bluehill Software (Instron Inc., Norwood, MA, USA) was used to record the 

maximum compression load in kilogram-force (kgf) at the eggshell break.  

7.3.5 Tibia quality 

Fat-free tibia weight, ash content, total Ca, and P content were measured to indicate tibia 

quality and health. Fat-free tibia weight and ash content were determined according to the methods 

of Wen et al. (2019b). Left tibias were thawed and boiled for 10 min to remove flesh residues. 

Tibia bones were then soaked in hexane using a Soxhlet apparatus to extract fat. Extracted bones 

were air-dried and weighed. Fat-free ash content was determined after bones were placed in the 

muffle furnace at 600 °C for 18 h. Tibia ash was digested in acids according to the method 985.01 

(AOAC, 2005). Total Ca and P analysis were performed using an inductively coupled plasma mass 

spectrometry (ICP-MS, Varian Inc, Palo Alto, CA, USA) as described by method 968.08 for Ca 

(AOAC, 2005) and method 946.06 for P (AOAC, 2005). 

7.3.6 Ca homeostasis 

Serum total Ca was measured using a colorimetric assay kit (MAK022, Sigma-Aldrich, USA). 

Chicken PTH was determined using a chicken PTH enzyme-linked immunosorbent assay (ELISA) 

kit (MBS264930) purchased from MyBiosource (San Diego, CA, USA) according to the 

manufacturer's specification. Serum ionized Ca and 1,25(OH)2D3 were analyzed at Veterinary 

Diagnostic Laboratory (Michigan State University, East Lansing, MI, USA) using an electrolyte 

analyzer and a high-performance liquid chromatography mass spectrometry, respectively.  
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7.3.7 Statistical analysis 

The two experiments in this study were completely randomized design. Birds were housed in 

individual cages, and each cage was considered an experimental unit. All data were analyzed by 

the MIXED procedure of SAS (version 9.4; SAS Inst. Inc., Cary, NC, USA). Data from all tests 

were performed by the repeated-measures analysis or single-measure results of birds were 

analyzed with a two-factor factorial model (L-Trp and Ca in Experiment 1; 25HyD and Ca in 

Experiment 2). Dietary treatments and experimental units in Experiments 1 and 2 were considered 

as the fixed effect and random effect respectively. The normalized distribution of data was 

analyzed by the Shapiro-Wilk test. The Orthogonal Polynomial Contrasts were performed to 

further test trends including linear and quadratic responses to L-Trp if the P value was significant. 

All data were presented as least squares means (LSM) and SEM, adjusted using Tukey’s test to 

compare for significant differences (P < 0.05).  

7.4 Results 

7.4.1 Feed consumption, body weight, and egg production performance  

In Experiment 1, as shown in Table 7.2, ADFI was affected by the main effects of dietary Trp 

and Ca (P < 0.05) without being influenced by the interaction between Trp and Ca (P = 0.193) 

from 26 to 29 weeks of age. A dietary inclusion of 0.26% Trp significantly increased the ADFI 

compared to the recommended Trp level of 0.22%. In contrast, a dietary inclusion of 0.18% did 

not significantly decrease ADFI compared to the recommended Trp level of 0.22%. Higher Ca at 

4.9% and recommended Ca at 4.2% significantly stimulated ADFI compared with Ca deficiency 

at 3.5%. The variation of BW was in accordance with ADFI. Significant main effects of Trp (P = 

0.003) and Ca (P < 0.001) were observed in BW, and the BW was increased linearly (P = 0.004) 

with Trp levels increasing. 0.26% Trp significantly increased ADFI, and BW compared with other 
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doses of Trp (P < 0.05). Egg mass was affected by the main effects of Trp quadratically (P = 

0.016), and egg mass was significantly decreased with Trp supplementation up to 0.22% compared 

to 0.18% Trp (P < 0.05), but egg mass was not decreased with Trp supplementation up to 0.26%. 

Egg weight was only affected by the main effect of Ca (P = 0.001). Overall, dietary Ca at 3.5% 

significantly reduced ADFI, BW, egg weight, and egg mass compared with Ca at 4.2% and 4.9% 

(P < 0.05). No main effects and interactions were found in HDEP and FCR (P > 0.05). 

In Experiment 2, ADFI, BW, HDEP, egg weight, egg mass, and FCR in Experiment 2 are 

shown in Table 7.3. The main effect of Ca on ADFI was found to be significant (P = 0.023), 

showing the greatest ADFI at 4.9% Ca, which was significantly higher than that at 3.5% Ca. There 

was no treatment effect on HDEP (P > 0.05). BW, egg weight, egg mass, and FCR were not 

influenced by treatments or their interaction (P > 0.05). 
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Table 7.2 Feed consumption, body weight, and egg production performance in laying hens fed 

diets with three different levels of Ca and L-Trp from week 26 to week 29 of age1 

Main 
effects 

ADFI2, 
g/bird/day 

BW3, 
kg 

HDEP4, 
% 

Egg weight, 
g 

Egg mass, 
g 

FCR5 

Trp, %       
0.18 91.3ab 1.57b 97.0 55.8 54.1a 1.70 
0.22 89.2b 1.56b 94.0 54.5 51.2b 1.80 
0.26 96.1a 1.62a 96.2 55.3 53.3ab 1.81 
SEM 2.0 0.01 1.3 0.6 0.8 0.05 
Ca, %       
3.5 86.5b 1.53b 94.0 55.4b 50.2b 1.73 
4.2 94.6a 1.61a 95.9 56.5a 54.2a 1.79 
4.9 95.4a 1.61a 97.3 55.7a 54.2a 1.79 
SEM 1.5 0.01 1.3 0.6 0.8 0.05 
P value       
L-Trp 0.044 0.003 0.257 0.276 0.042 0.208 
Ca 0.003 <.0001 0.239 0.001 0.001 0.648 
Trp × Ca 0.193 0.354 0.372 0.695 0.581 0.149 
Trp dose 
response       

Linear 0.091 0.004 0.677 0.594 0.458 0.101 
Quadratic 0.063 0.062 0.111 0.131 0.016 0.508 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
2Average daily feed intake. 
3Body weight. 
4Hen-day egg production. 
5Feed conversion ratio, average daily feed intake/ egg mass. 
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Table 7.3 Feed consumption, body weight, and egg production performance in laying hens fed 

diets with three different levels of Ca with or without a complete replacement of dietary vitamin 

D3 (3000 IU/kg) with 25-hydroxycholecalciferol (25HyD, 75 µg/kg) from week 26 to week 29 of 

age1 

Main effects ADFI2, 
g/bird/day 

BW3, 
kg 

HDEP4, 
% 

Egg weight, 
g 

Egg mass, 
g 

FCR5 

Vitamin D3 source       
Vitamin D3 94.6 1.61 95.9 56.5 54.2 1.79 
25HyD 91.4 1.59 96.2 55.4 53.4 1.73 
SEM 1.8 0.02 1.3 0.6 0.9 0.05 
Ca, %       
3.5 89.4b 1.57 97.6 55.5 54.2 1.65 
4.2 91.6ab 1.60 94.6 56.4 53.4 1.78 
4.9 97.9a 1.62 95.9 56.0 53.8 1.85 
SEM 2.2 0.02 1.6 0.7 1.1 0.06 
P value       
25HyD 0.200 0.371 0.867 0.195 0.830 0.428 
Ca 0.023 0.117 0.445 0.643 0.245 0.114 
25HyD × Ca 0.823 0.253 0.049 0.660 0.083 0.060 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
2Average daily feed intake. 
3Body weight. 
4Hen-day egg production. 
5Feed conversion ratio, average daily feed intake/ egg mass.  
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7.4.2 Egg and eggshell quality 

Egg and eggshell quality in Experiment 1 is shown in Table 7.4. Although the egg weight, 

relative yolk weight, and relative albumen weight were affected by Trp or Ca, eggshell quality 

indexes including the relative eggshell weight, eggshell thickness, and eggshell breaking strength 

were significantly increased by the main effect of Trp (0.18% to 0.26%) linearly (P < 0.0001) in 

a dose-dependent manner. Moreover, an interactive effect of Trp × Ca on the relative eggshell 

weight (P = 0.007) and eggshell thickness (P = 0.013) was observed, indicating that increasing 

level of Trp up to 0.26% and of Ca up to 4.9% resulted in the greatest relative eggshell weight and 

eggshell thickness (Table 7.5).  

Egg and eggshell quality in Experiment 2 is shown in Table 7.6. The main effect of vitamin 

D3 type and the interaction between 25HyD and Ca had no significant effect on egg and eggshell 

quality (P > 0.05). However, Ca supplementation alone resulted in a significant increase in relative 

eggshell weight (P < 0.0001), eggshell thickness (P < 0.0001), and eggshell breaking strength (P 

= 0.0002) when comparing 3.5% Ca to 4.9% Ca.  
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Table 7.4 Egg quality and egg composition in laying hens fed diets with three different levels of 

Ca and L-Trp from week 26 to week 29 of age1 

Main effects Relative 
yolk weight, 

% 

Relative 
albumen 
weight, 

% 

Relative 
eggshell 
weight, 

% 

Eggshell 
thickness, 

mm 

Eggshell 
breaking 
strength, 

kgf 
Trp, %      
0.18 24.4 66.2 8.9c 0.40b 4.19b 
0.22 23.6 66.2 9.4b 0.41b 4.69b 
0.26 25.1 64.7 10.2a 0.44a 5.52a 
SEM 0.4 0.6 0.1 0.00 0.18 
Ca, %      
3.5 24.1 66.2 9.6 0.42 4.74 
4.2 24.6 65.4 9.5 0.42 4.78 
4.9 24.7 65.4 9.4 0.41 4.88 
SEM 0.4 0.6 0.1 0.00 0.19 
P value      
L-Trp 0.064 0.110 <.0001 <.0001 <.0001 
Ca 0.486 0.499 0.633 0.503 0.863 
Trp × Ca 0.675 0.459 0.007 0.013 0.275 
Trp dose 
response      

Linear 0.223 0.073 <.0001 <.0001 <.0001 
Quadratic 0.044 0.274 0.352 0.213 0.518 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
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Table 7.5 Interaction means of relative eggshell weight and eggshell thickness in laying hens fed 

diets with three different levels of Ca and L-Trp from week 26 to week 29 of age1 

L-Trp, % Ca,  
% 

Relative 
eggshell weight, 

% 

Eggshell thickness, 
mm 

0.18 3.5 9.3cd 0.41bd 
0.18 4.2 8.8d 0.40cd 
0.18 4.9 8.7d 0.38d 
0.22 3.5 9.7abc 0.41bd 
0.22 4.2 9.5bcd 0.42abcd 
0.22 4.9 9.1abcd 0.40cd 
0.26 3.5 9.8abc 0.42abc 
0.26 4.2 10.3ab 0.45ab 
0.26 4.9 10.5a 0.45a 
SEM  0.2 0.008 
P value    
L-Trp  <.0001 <.0001 
Ca  0.633 0.503 
L-Trp×Ca  0.007 0.013 

a–dValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
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Table 7.6 Egg quality and egg composition in laying hens fed diets with three different levels of 

Ca with or without a complete replacement of dietary vitamin D3 (3000 IU/kg) with 25-

hydroxycholecalciferol (25HyD, 75 µg/kg) from week 26 to week 29 of age1 

Main effects Relative 
yolk 

weight, 
% 

Relative 
albumen 
weight, 

% 

Relative 
eggshell 
weight, 

% 

Eggshell 
thickness, 

mm 

Eggshell 
breaking 
strength, 

kgf 
Vitamin D3 source      
Vitamin D3 24.6 65.4 9.5 0.42 4.78 
25HyD 24.0 66.4 9.6 0.42 4.95 
SEM 0.4 0.6 0.1 0.00 0.17 
Ca, %      
3.5 24.1 67.0 8.9c 0.40b 4.15b 
4.2 23.9 65.9 9.5b 0.42b 4.88ab 
4.9 24.9 64.7 10.3a 0.45a 5.56a 
SEM 0.5 0.7 0.1 0.01 0.21 
P value      
25HyD 0.344 0.246 0.624 0.816 0.499 
Ca 0.261 0.075 <.0001 <.0001 0.0002 
25HyD × Ca 0.557 0.817 0.697 0.604 0.876 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
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7.4.3 Tibia quality 

Tibia quality indicated by tibia weight and tibia mineral content is shown in Table 7.7 for 

Experiment 1. The tibia weight, ash, and Ca and P content were all influenced by the main effect 

of Trp (P < 0.05) linearly (P < 0.01). Trp deficiency at 0.18% significantly inhibited these 

parameters compared with Trp at 0.26%. Moreover, the tibia ash (P = 0.0027) and P content (P = 

0.0015) were also affected by the main effect of Ca, and the Ca level at 4.9% significantly 

decreased tibia ash and P content compared with 3.5% Ca. No interaction between Trp and Ca was 

found in tibia-related indexes (P > 0.05). 

The tibia quality results for Experiment 2 are shown in Table 7.8. There was a significant main 

effect of Ca on the tibia weight (P = 0.008), tibia ash (P < 0.0001), and Ca (P = 0.0003) and P 

content (P = 0.003). A dietary Ca level at 4.9% significantly decreased the tibia weight, ash, and 

Ca and P content compared to that at 3.5% Ca. 25HyD substitution did not significantly improve 

tibia quality (P > 0.05). On the contrary, it significantly reduced tibia P content (P = 0.0012). No 

interactive effect of 25HyD × Ca was observed in tibia quality-related parameters. 
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Table 7.7 Tibia bone quality in laying hens fed diets with three different levels of Ca and L-Trp 

from week 26 to week 29 of age1 

Main effects Tibia weight, 
g 

Tibia ash, 
% 

Tibia Ca, 
% 

Tibia P, 
% 

Trp, %     
0.18 4.19b 55.21b 22.82b 10.58b 
0.22 4.23ab 56.77a 23.72a 10.75ab 
0.26 4.48a 57.62a 23.41a 10.90a 
SEM 0.09 0.31 0.18 0.07 
Ca, %     
3.5 4.20 57.25a 23.62 10.91a 
4.2 4.35 56.33ab 23.33 10.70ab 
4.9 4.36 56.02b 22.99 10.62b 
SEM 0.09 0.32 0.20 0.02 
P value     
L-Trp 0.023 <.0001 0.005 0.005 
Ca 0.354 0.027 0.102 0.015 
Trp × Ca 0.973 0.815 0.516 0.744 
Trp dose 
response     

Linear 0.008 <.0001 0.004 0.001 
Quadratic 0.401 0.398 0.056 0.923 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
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Table 7.8 Tibia bone quality in laying hens fed diets with three different levels of Ca with or 

without a complete replacement of dietary vitamin D3 (3000 IU/kg) with 25-

hydroxycholecalciferol (25HyD, 75 µg/kg) from week 26 to week 29 of age1 

Main effects Tibia weight, 
g 

Tibia ash, 
% 

Tibia Ca, 
% 

Tibia P, 
% 

Vitamin D3 source     
Vitamin D3 4.35 56.33 23.33 10.70b 
25HyD 4.27 57.06 23.51 10.93a 
SEM 0.07 0.32 0.19 0.06 
Ca, %     
3.5 4.10b 55.07c 22.64b 10.63b 
4.2 4.29ab 56.73b 23.51a 10.78b 
4.9 4.53a 58.29a 24.07a 11.04a 
SEM 0.09 0.39 0.23 0.74 
P value     
25HyD 0.450 0.109 0.510 0.012 
Ca 0.008 <.0001 0.0003 0.003 
25HyD × Ca 0.780 0.619 0.086 0.427 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=8. 
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7.4.4 Ca homeostasis 

Calcium homeostasis measurements including concentrations of serum total Ca, ionized Ca, 

1,25(OH)2D3, and PTH for Experiment 1 are shown in Table 7.9. There were significant main 

effects of Trp (P = 0.01) and Ca (P < 0.0001) on the serum total Ca, feeding more Trp up to 0.26% 

linearly (P = 0.016) and quadratically (P = 0.024) increased serum total Ca level compared to 

0.18% and 0.22% Ca. However, serum ionized Ca, PTH, and 1,25(OH)2D3 were not affected by 

the main effects of Trp and Ca or their interaction (P > 0.05).  

Calcium homeostasis measurements for Experiment 2 are shown in Table 7.10. The dietary 

25HyD substitution significantly increased serum total Ca compared with birds fed with vitamin 

D3 (P = 0.046). Serum ionized Ca, PTH, and 1,25(OH)2D3 remained unchanged in response to the 

main effects of vitamin D3 type and dietary Ca or their interactive effect (P > 0.05).  
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Table 7.9 Calcium homeostasis measurements in laying hens fed diets with three different levels 

of Ca and L-Trp from week 26 to week 29 of age1 

Main effects Serum total 
Ca, mmol/L 

Serum ionized Ca, 
mmol/L 

Serum 1,25(OH)2D32, 
pmol/L 

Serum PTH3, 
pg/mL 

Trp, %     
0.18 5.94b 1.23 519.05 168.93 
0.22 5.63b 1.25 520.07 161.40 
0.26 7.11a 1.27 524.15 150.20 
SEM 0.31 0.02 8.97 9.93 
Ca, %     
3.5 5.09b 1.22 524.87 170.47 
4.2 6.28a 1.26 528.47 161.73 
4.9 7.31a 1.26 509.93 148.33 
SEM 0.31 0.02 9.27 9.33 
P value     
L-Trp 0.010 0.473 0.890 0.419 
Ca <.0001 0.376 0.353 0.245 
Trp × Ca 0.234 0.419 0.614 0.963 
Trp dose 
response     

Linear 0.016 0.259 0.677 0.195 
Quadratic 0.024 0.905 0.902 0.881 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=5. 
21,25-dihydroxycholecalciferol. 
3Parathyroid hormone. 
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Table 7.10 Calcium homeostasis measurements in laying hens fed diets with three different levels 

of Ca with or without a complete replacement of dietary vitamin D3 (3000 IU/kg) with 25-

hydroxycholecalciferol (25HyD, 75 µg/kg) from week 26 to week 29 of age1 

Main effects Serum total Ca, 
mmol/L 

Serum ionized Ca, 
mmol/L 

Serum 1,25(OH)2D32, 
pmol/L 

Serum PTH3, 
pg/mL 

Vitamin D3 source     
Vitamin D3 6.28b 1.26 528.5 161.7 
25HyD 7.38a 1.26 549.9 153.7 
SEM 0.36 0.01 9.3 6.7 
Ca, %     
3.5 6.21 1.25 537.4 167.3 
4.2 6.67 1.27 546.1 163.6 
4.9 7.60 1.26 534.1 142.3 
SEM 0.43 0.02 11.0 8.3 
P value     
25HyD 0.046 0.974 0.118 0.412 
Ca 0.101 0.761 0.787 0.093 
25HyD × Ca 0.285 0.446 0.091 0.834 

a–cValues with different superscripts within each column are significantly different (P < 0.05). 
1n=5. 
21,25-dihydroxycholecalciferol. 
3Parathyroid hormone. 
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7.5 Discussion 

CaSR plays a central role in Ca homeostasis. L-Trp as a CaSR positive allosteric modulator, 

activates CaSR in the presence of Ca (Conigrave et al., 2007). We were the first to investigate the 

interactive effects of Ca and L-Trp on egg production, eggshell quality, bone health and calcium 

homeostasis in Dekalb laying hens at a pre-peak laying stage. The main effect of Trp and Ca and 

the interactive effect of dietary Trp and Ca on performance, egg and eggshell quality, bone health, 

and calcium homeostasis were investigated in Experiment 1. Throughout the 4-week experimental 

period (birds from 26 to 29 weeks of age), we found that ADFI, BW, and egg mass were associated 

with dietary Trp level. The possible reason might be that, in addition to its role in body protein 

synthesis, Trp is also involved in serotonin and kynurenine metabolic pathways, which affect stress 

regulation, immune function, production performance, appetite, and feed consumption (Le Floc’h 

et al., 2011; Fouad et al., 2021). It has been reported that feed intake (FI) plateaus after the dietary 

Trp level meets the requirement of birds. In addition, decreased or deficient Trp levels have been 

shown to result in reduced FI (Russell and Harms, 1999; Peganova et al., 2003; Wen et al., 2019a; 

Sarsour et al., 2021). However, in this study, the low dietary Trp at 0.18% did not cause a 

significant decrease in FI, which was probably because 0.18% Trp was not much deficient to 

Dekalb White laying hens from 26 - 29 weeks of age. Peganova et al. (2003) found that dietary 

Trp down to 1 (g/kg diet) significantly decreased FI in Lohmann Brown layers from 31 - 37 weeks 

of age. Sarsour et al. (2021) reported that Trp intake down to 105 mg/day significantly decreased 

FI in W-36 laying hens from 22 - 34 weeks of age. In contrast, a dietary inclusion of 0.26% Trp 

significantly increased the ADFI compared to the recommended Trp level of 0.22%. Also, BW 

changed in agreement with FI. The result indicated that higher dietary Trp did showed beneficial 

effect on FI and BW gain in laying hens. Interestingly, the lowest Trp level at 0.18% contributed 
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to a higher egg mass compared to 0.22% Trp, which illustrated that a mild Trp deficiency could 

improve production performance. The importance of Ca in laying hens is well recognized. In the 

present study, 3.5% dietary Ca, which was lower than recommended level significantly decreased 

FI. However, the results were not consistent with previous reports that a low Ca level did not affect 

FI (Taher et al., 1984; An et al., 2016), or FI was depressed as dietary Ca levels increased (Hurwitz 

et al., 1969; Narváez-Solarte et al., 2006), as laying hens have a specific appetite for Ca (Wilkinson 

et al., 2011). The inconsistency might be due to the high inclusion level of insoluble poultry grit 

in the Ca-deficient basal diet. Consequently, lower FI led to low Ca intake and thereby decreasing 

BW, egg weight and mass.  

The high quality of eggshells is fundamental to make a profit and ensure food safety in the 

egg industry (Kemps et al., 2006). Eggshell quality as reflected by eggshell weight, thickness, and 

breaking strength was significantly increased with Trp level increasing during only a 4-week 

period from 26 - 29 weeks of age, which illustrated that short-term dietary Trp manipulation 

affected Ca flows in laying hens. Similar to our results, previous studies have reported a significant 

increase in eggshell weight and thickness with increased dietary Trp levels (Khattak and 

Helmbrecht, 2019; Wen et al., 2019a). Also, the interaction between Trp and Ca was found in 

eggshell weight and thickness, suggesting that the combined application of Trp and Ca might show 

a synergistic effect on improving eggshell quality, and Trp level might mediate Ca effectiveness 

in the improvement of eggshell weight and thickness. Given these results, it may be necessary to 

reconsider Ca nutrition in laying hens in relation to their Trp levels and to explore the combined 

application of Trp and Ca at different laying stages to improve eggshell quality. 

Dietary Trp at 0.26% increased tibia weight, ash, Ca, and P content compared to a 0.18%, but 

Trp at 0.26% did not affect these parameters compared with recommended dietary Trp at 0.22%. 
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These results may encourage further studies to explore the relationship between dietary Trp level 

and bone health in laying hens. Calcium retained in the body not only supports eggshell formation 

but also flows to plasma and bone stores in laying hens (Kebreab et al., 2009). Dietary Trp at 0.26% 

increased serum total Ca concentration in this study. These results may illustrate that the prior flow 

of extra Ca went to eggshell formation instead of Ca storage in the bone. Interestingly, the lower 

Ca level at 3.5% increased tibia ash and P content compared with those of diet at 4.2% Ca, which 

was similar to reports by Jiang et al. (2013) and An et al. (2016), showing that relatively low Ca 

level contributed to better tibia weight, ash, and density. The findings might give us a warning that 

simply increasing dietary Ca would have an adverse effect on bone health and mineral deposition 

in laying hens. 

The positive effects of Trp on eggshell quality and tibia health and the interactive effect of Ca 

and Trp on the improvement of eggshell quality could be attributed to an active Ca metabolism in 

the body. The high level of serum total Ca indicated an active Ca circulation in laying hens and 

thereby facilitating Ca retention in both eggshell and bone health. In agreement with our results, 

Khattak and Helmbrecht (2019) reported that higher Trp increased Ca levels in the blood. Although 

laying hens presented a relatively high total serum Ca level, the ionized serum Ca concentration 

remained unchanged during the egg-laying period. This is likely because ionized Ca is the 

physiologically active form, and it is of clinical significance to be tightly controlled within a 

specific range (de Matos, 2008). This portion of extracellular Ca is subject to Ca homeostasis, and 

it is regulated through the interaction of PTH, calcitonin, and vitamin D3 metabolites via CaSR, in 

response to varying demands (Diaz et al., 1997). Given the importance of PTH and 1,25(OH)2D3 

in Ca metabolism and Ca homeostasis, the unchanged serum ionized Ca, PTH, and 1,25(OH)2D3 

levels in this study might be attributed to two factors: 1) high sensitivity and absolute low 
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concentration of hormones in the body and 2) the serum ionized Ca concentration being within a 

normal range at the time of sample collection.  

In this study, 25HyD was added to the diet in replacement of equivalent vitamin D3. Whether 

or not 25HyD was substituted did not affect feed intake, body weight, or production performance, 

which was consistent with the findings reported by Keshavarz (2003) in laying hens 50 to 66 weeks 

of age. Also, Kakhki et al. (2019) found no impact of top-dressed 25HyD on feed intake and 

production performance in aged laying hens. Unlike our results, some previous studies have found 

that long-term 25HyD supplementation has a beneficial effect on egg production (Koreleski and 

Świątkiewicz, 2005; Chen et al., 2020), which suggests that dose and timing selection are crucial 

for making better use of 25HyD. Based on our results and these previous studies, long-term 25HyD 

supplementation may improve production performance during laying compared with the simply 

25HyD substitution for equivalent vitamin D3.  

Although 25HyD significantly increased serum total Ca concentration, its effect on eggshell 

quality and tibia Ca deposition was not significant. Also, no interaction between 25HyD and Ca 

was found in eggshell quality, bone health, and Ca metabolism. The results were consistent with 

previous reports that 25HyD did not show a positive effect on eggshell and(or) bone quality 

(Roland and Harms, 1976; Keshavarz, 2003; do Nascimento et al., 2014; Kakhki et al., 2019). The 

results indicated that the effects of 25HyD on Ca metabolism and retention were limited in laying 

hens, which was probably because that recommended vitamin D3 was adequate to maintain Ca 

homeostasis. Moreover, compared with the main effect of vitamin D3 source, eggshell quality and 

tibia traits were more sensitive to Ca levels. Since the benefits of 25HyD on production 

performance, eggshell quality, and bone health were limited in this study, future research could 
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explore the use of higher levels of 25HyD or a combination of different sources of vitamin D3 at 

varying levels of dietary Ca.  

In conclusion, the supplementation of L-Trp for a dietary Trp level of 0.26% increased ADFI 

and BW, but did not increase tibia weight, ash, Ca content, and P content compared with the 

recommended level at 0.22% Trp. The increase in serum total Ca concentration with 0.26% dietary 

Trp resulted in more Ca being utilized for eggshell formation, as demonstrated by the observed 

increase in relative eggshell weight, eggshell thickness, and breaking strength. Moreover, an 

interaction between Trp and Ca was found increasing level of Trp up to 0.26% and of Ca up to 

4.9% resulted in the greatest relative eggshell weight and eggshell thickness. The main effect of 

25HyD only increased serum total Ca level and tibia P content. Eggshell quality and tibia bone 

traits were affected mainly by Ca level instead of 25HyD substitution for vitamin D3 in the diet. 

The results provided evidence for the combined application of Trp and Ca in improving egg 

production, eggshell quality, bone health, and Ca metabolism in laying hens. In the future, it is 

worth investigating the accurate doses of Trp and Ca for a better synergistic effect in laying hens 

with different strains at different laying stages.  
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CHAPTER EIGHT: GENERAL DISCUSSION 

It is well known that laying hens have a unique dynamic bone turnover due to the daily egg 

laying cycle with rapid bone turnover and calcium mobilization from bones for eggshell formation. 

Osteoporosis is therefore the main skeletal disorder in laying hens, which raises animal welfare 

concerns and results in poor eggshell quality (Fleming, 2008). Eggshell quality has a considerable 

impact on the profitability of the egg industry. Commercial layers utilize about 10% of their total 

body calcium volume daily in shell production (Kerschnitzki et al., 2014). Such an intensive 

transport mechanism imposes severe demands on calcium homeostasis. CaSR plays a central role 

in calcium homeostasis (Kallay, 2018), and it is also involved in therapeutic targets for calcium 

metabolism disorders in humans such as FHH and NSHPT (Brown et al., 1998). Therefore, the 

finding that calcium retention and utilization can be improved through mediating CaSR in laying 

hens is significant. However, studies on chicken CaSR are limited, and there is a need to 

comprehensively understand chicken CaSR from the beginning of process, and to provide 

accumulating evidence for the manipulation of calcium metabolism by mediating CaSR and VDR 

in laying hens. 

In chapter four, evidence for the presence of CaSR and VDR in main calcium metabolism-

related tissues including kidney, GIT, shell gland, and tibia in different laying stages was brought 

up. Calcium homeostasis is achieved by intestinal absorption, bone storage and resorption, and 

renal reabsorption in mammals (Kallay, 2018). In laying hens, the shell gland is a distinctive tissue 

that withdraws calcium for shell formation (Bar, 2008). The expression and presence of CaSR and 

VDR in the kidney, GIT, shell gland, and tibia indicate the foundation that CaSR and VDR could 

be manipulated for the desired calcium homeostasis in laying hens. Also, as many findings 

regarding human CaSR have been reported, it is worth comparing the difference and the similarity 
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between human and chicken CaSR to better understand the sequence, structure, distribution, and 

function. Chicken CaSR has 79% and 84% homology with human CaSR on the nucleotide and 

amino acid level, respectively (Diaz et al., 1997), suggesting that there is a high likelihood that 

chicken CaSR performs the same function and characteristics as human CaSR. In terms of 

distribution pattern, CaSR expression is high in the kidney and ileum, which is the same as CaSR 

distribution in mammals (Zhao et al., 2019). The main calcium absorption site is between the 

duodenum and upper ileum in chickens (Hurwitz and Bar, 1966), indicating that CaSR is 

independent from calcium digestion and absorption, and does not directly affect calcium 

transporters. VDR and the active form of vitamin D3, 1,25(OH)2D3, are important in calcium 

metabolism because many genes related to calcium transport metabolism have VDRE a sequence 

located in their promoter region, thereby inducing the transcription. These genes include CaSR 

and many calcium transporters such as calbindin D9k, D28k, and calcium ion channels 

(Proszkowiec-Weglarz and Angel, 2013). Therefore, understanding the distribution and 

localization of VDR is also conducive to regulating calcium absorption and calcium metabolism 

via CaSR.  

Chapter four confirmed the presence of CaSR and VDR in laying hens and revealed their 

expression pattern in different tissues, which shows the feasibility and a theoretical basis to further 

explore the role of CaSR in laying hens. The first step is to screen potential modulators of CaSR 

and understand their modulation mechanisms. As CaSR is a receptor protein, it is difficult to 

investigate it directly in a live animal. To minimize the disturbance, we constructed an in vitro 

stable Flp-InTM 293 cell line overexpressing chicken CaSR to investigate its potential ligands and 

downstream G protein-coupled signaling cascades, as outlined in chapter five. Since the most 

potential for the application of CaSR modulators in feed supplements, the cost, safety, 
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functionality, effectiveness, etc. should be taken into consideration when screening CaSR ligands. 

Nutritional ligands such as aromatic amino acids and inorganic phosphate show their advantage to 

be selected as potential chicken CaSR modulators because 1) they are proven to be effective human 

CaSR positive allosteric modulators (PAMs) (Conigrave et al., 2000b) and negative allosteric 

modulators (NAMs) (Centeno et al., 2019); 2) they are essential nutrients that play vital 

physiological and biochemical roles in the animal body; 3) they are cheaper than artificial CaSR 

modulators such as NPS R-568; 4) their function and safe dose range are known, so the risks are 

controlled when using these modulators. Fortunately, L-Trp and inorganic phosphate are also 

confirmed to be chicken CaSR PAM and NAM, respectively, as shown in chapter five, which 

activate or block chicken CaSR by inducing different G protein-coupled signaling pathways. CaSR 

is a typical GPCR, which transmits extracellular signals across the plasma membrane via 

intracellular coupling with G proteins. According to the Gα subunit, they can be classified into 

four groups: Gq/11, Gi/o, G12/13, and Gs. The dissociation of the Gα subunit from the βγ dimeric 

subunit initiates a cascade of downstream signaling pathways (Chakravarti et al., 2012). Different 

GPCR ligands result in “functional selectivity” or “biased agonism”, which means that a specific 

ligand can selectively elicit one or more G protein-coupled signaling pathways and alter 

downstream cellular responses by preferentially stabilizing different active conformational states 

of the receptor (Wootten et al., 2018). Indeed, our results elucidate that biased agonism also exists 

in chicken CaSR. Both L-Trp and PO43- were biased to the Gαq-mediated signaling pathway. This 

finding provides the information about how L-Trp and PO43- affect downstream signaling. In the 

future, it is also necessary to find the link between different signaling pathways to specific 

physiological and chemical functions so we might selectively control poultry performance 

parameters by manually applying different CaSR modulators to poultry diets. Moreover, 
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understanding the binding mode of CaSR to its ligands is conducive to categorizing similar 

modulators and investigating signaling efficacy (Furness et al., 2016) because the various ligands 

can stabilize the unique conformation of the CaSR after binding to the CaSR. Therefore, our results 

can guide the discovery of novel chicken CaSR ligands. 

After confirming an effective chicken CaSR PAM and revealing the corresponding 

downstream signaling pathways and binding modes, we further investigated the potential 

application of these findings to chicken osteogenesis. It is well documented that CaSR is a potential 

therapeutic target in human osteoporosis (Marie, 2010) and CaSR PAM has promoted osteogenic 

differentiation of human MSCs (Di Tomo et al., 2013). In chapter six, we isolated MSCs from 

compact bones of broiler chicken and laying hens to investigate the dose effect of L-Trp on chicken 

MSC proliferation and osteogenic differentiation. We then then investigated the interactive effect 

of 1,25(OH)2D3, Ca2+, 5 mM L-Trp, and CaSR antagonist, NPS-2143 to reveal the regulation 

mechanism of L-Trp via CaSR during chicken MSC proliferation and osteogenic differentiation. 

The findings provide theoretical evidence that CaSR could be a potential target for regulating bone 

formation and remodeling in broilers and layers and broaden the application of L-Trp and the 

active form of vitamin D3 to poultry skeletal disorders. Additionally, it is important for researchers 

to consider factors such as dosage, treatment duration, and production stages when conducting 

animal trials. The comparative study in both broiler and layer MSC elucidates the differences and 

similarities during broiler and layer MSC proliferation and osteogenic differentiation. In terms of 

osteogenesis markers, the degree of 14-day differentiation in broiler MSCs was similar to 7-day 

differentiation in layer MSCs, which might suggest that layer MSCs differentiation was faster than 

that for broiler MSCs. Although the osteogenic differentiation in the boiler or layer MSCs was not 

synchronized, the presence of both results may provide standards for each other to compare, which 
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helps us better understand the process of chicken MSC osteogenic differentiation. Therefore, to 

investigate the temporal sequence of chicken MSC osteogenesis at a shorter time interval at various 

doses of CaSR modulators may be helpful to illustrate the underlying mechanism.  

Furthermore, based on our cell culture results, we designed and conducted a layer study in 

chapter seven to systemically investigate the interactive effect of calcium and L-Trp, and 25-

hydroxycholecalciferol (25HyD) substitution for vitamin D3 on production performance, eggshell 

quality, bone health, and calcium homeostasis in laying hens. L-Trp is a CaSR allosteric modulator 

that binds to allosteric sites on CaSR and requires the presence of Ca2+ to activate CaSR 

concertedly (Saidak et al., 2009). Thus, for a better application of L-Trp in practical production, 

we also need to consider dietary calcium levels. Calcium metabolism affects eggshell quality and 

bone health (de Matos, 2008). Dietary Trp at 0.26% increased serum total calcium concentration, 

resulting in more calcium being directed towards eggshell formation. This was supported by the 

observed increase in relative eggshell weight, eggshell thickness, and breaking strength. 

Furthermore, we found an interaction between Trp and Ca levels, where Ca continued to improve 

the relative eggshell weight and eggshell thickness as the Trp level increased. These results support 

the use of L-Trp in improving eggshell quality in laying hens. However, more studies should be 

conducted to find the most effective Trp and calcium concentrations when applying it to layer diets. 

1,25(OH)2D3 regulates CaSR transcription (Hendy et al., 2013). 25HyD is the most active 

precursor for 1,25(OH)2D3, which is 2- to 4-fold more effective than vitamin D3 in chicken diets 

(Soares et al., 1995). Also, the cost of 25HyD is more competitive compared to 1,25(OH)2D3, and 

it has been commercialized and applied in poultry diets. However, our study did not find a positive 

effect of simply replacing vitamin D3 with 25HyD at different levels of calcium on egg production, 

eggshell quality, bone health, and calcium metabolism, despite the crosstalk between the vitamin 
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D system and calcium homeostasis being a heavily researched topic in laying hens. Overall, L-Trp 

or combined supplementation of L-Trp and calcium showed a positive effect on eggshell quality, 

bone health, and calcium metabolism in laying hens. In the future, we are considering carrying out 

a broiler study to verify the interactive effect of L-Trp and calcium on bone formation and 

remodeling as broilers also experience skeletal disorders during their lifespan. 

Inorganic phosphate was proved to be a NAM of cCaSR in chapter five, but it was regrettable 

that the effect of inorganic phosphate on production performance, eggshell quality, bone health, 

and calcium homeostasis was not investigated in vivo in this thesis because of thecalcium and 

phosphate association and the interdependence of Ca and phosphate in Ca metabolism. In the 

future, we need to bring up a considerate experimental design and find a more suitable phosphate 

ingredient for diet formulation when investigating the effect of inorganic phosphate in laying hens.   
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CHAPTER NINE: SUMMARY AND FUTURE STUDIES 

9.1 Summary 

The major findings that can be drawn from the present research are: 

1) The chicken CaSR shares a high similarity with the human CaSR regarding protein 

structure. 

2) The chicken CaSR and VDR are widely distributed in the kidney, gastrointestinal tract, 

shell gland, and tibia of laying hens at different laying stages.  

3) Relative expression of chicken CaSR and VDR varies in different tissues but is not 

significantly changed among different laying stages. 

4) Like human CaSR, L-tryptophan and inorganic phosphate are also cCaSR modulators, 

acting as positive and negative allosteric modulators, respectively. Both L-tryptophan 

and PO43- are biased to the Gαq-mediated signaling pathway. 

5) There is one binding site for L-Trp and two binding sites for PO43- in the ECD of chicken 

CaSR, and the confirmed binding site of L-Trp and predicted binding sites PO43- to 

chicken CaSR are similar to the results in the human CaSR. 

6) CaSR and VDR were expressed in broiler and layer MSCs. 

7) Osteogenic differentiation in layer MSCs was faster than that in broiler MSCs. 5 mM L-

Trp promoted osteogenic differentiation of MSCs at an early stage. 1 nM 1,25(OH)2D3 

promoted proliferation instead of facilitating the differentiation and mineralization 

process in chicken MSCs. 

8)  Increased dietary Trp level (0.26%) improved the serum calcium level, eggshell quality, 

and tibia traits, and the combined application of Trp and calcium showed an interactive 

effect that calcium kept improving the relative eggshell weight and eggshell thickness as 
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Trp level increased. However, the 25HyD substitution for vitamin D3 did not increase 

egg production, eggshell quality, bone health.   

9.2 Future studies 

This thesis demonstrates the importance of chicken CaSR and VDR in maintaining the 

desired calcium homeostasis and mediating calcium metabolism-related disorders in laying hens. 

Although these studies showed the potential value of CaSR modulators and different sources of 

vitamin D in practical production, there are many unknown areas that still need to be explored: 

1) The relationship between different G protein-coupled signaling pathways and the 

corresponding physiological and biochemical functions in laying hens. 

2) The effect of CaSR modulators (at various doses) on the temporal sequence of 

osteogenesis. 

3) The accurate doses of Trp and Ca for a better synergistic effect on eggshell quality 

and bone health in laying hens with different strains at different laying stages. 

4) The effects of inorganic phosphate on production performance, eggshell quality, bone 

health, and calcium homeostasis, or even the prevention and alleviation of calcium 

metabolism-related disorders in laying hens regarding CaSR inhibition. 
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