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ABSTRACT 

This study is to explore the potential roles of the calcium-sensing receptor (CaSR) on gut health 

in pigs. Chapter one introduces the background of the whole study, which helps to elicit the thesis 

hypothesis and objectives outlined in Chapter three. A literature review is provided in Chapter two 

that reviews the structural features, physiological roles, and related underlying mechanisms of the 

CaSR. The distribution and localization of the pCaSR were explored in Chapter four, and our 

results found the wide expression of the pCaSR in the intestine. In Chapter five identifies the 

expression of the pCaSR in porcine enterocytes, while data revealed that the pCaSR is not 

expressed in porcine enterocytes. Chapter six describes the ligands screening of the pCaSR and 

related cell signaling, and we found that the activation of the pCaSR showed biased agonism 

through multiple signaling. Furthermore, α-casein (90-95) and L-Tryptophan (L-Trp) are type II 

agonists for the pCaSR. In Chapter seven, both the roles of CaSR ligands in gut hormone secretion 

and the mechanisms and effects of CaSR ligands in the gut barrier function were explored using 

an in vitro model challenged with peptidoglycan (PGN). Our results suggested that L-Trp and α-

casein (90-95) attenuated the inflammation response and improved nutrient absorption and barrier 

function. In Chapter eight we provide a general discussion, and all references are included in 

Chapter nine. Collectively, the pCaSR is widely expressed in the porcine tissues, and the activation 

of the pCaSR has the potential to improve gut health and growth performance in swine production.  
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4. Zhao, X, Q, Hui, P, Azevedo, K. O, C. Yang. 2022. Effects of pCaSR ligands on the 

nutrient absorption and barrier function in the intestinal epithelial cells co-culture system 

challenged with peptidoglycan. Under preparation. J Anim Sci. 

 



 vi 

CONTRIBUTIONS OF AUTHORS  

            The thesis was overall prepared by Xiaoya Zhao and reviewed, revised, and approved by 

internal examiners including Dr. Chengbo Yang (advisor), Dr. Karmin O (co-advisor), Dr. Martin 

Nyachoti (committee), and Dr. Francis Lin (committee). 

            All manuscripts (chapter four to chapter seven) have been revised and approved by the co-

authors, and the specific contributions of all listed authors were well-described below. 

            Chapter Four: Manuscript I. Dr. Chengbo Yang and Xiaoya Zhao conceived and designed 

this study. Xiaoya Zhao, Brayden Schindell, Weiqi Li, Liju Ni, Dr. Shangxi Liu, Charith U B 

Wijerathne performed experiments. Xiaoya Zhao and Charith U B Wijerathne analyzed data and 

prepared figures; Xiaoya Zhao, Shangxi Liu, and Chengbo Yang drafted the manuscript. Xiaoya 

Zhao, Brayden Schindell, Weiqi Li, Liju Ni, Shangxi Liu, Charith U B Wijerathne, Dr. Joshua 

Gong, Dr. C Martin Nyachoti, Dr. Karmin O, Dr. Chengbo Yang edited and revised the manuscript. 

            Chapter Five: Manuscript II. Dr. Chengbo Yang and Xiaoya Zhao conceived and designed 

this study. Xiaoya Zhao and Qianru Hui performed experiments. Xiaoya Zhao analyzed data and 

prepared figures; Xiaoya Zhao and Chengbo Yang drafted the manuscript. Xiaoya Zhao, Qianru 

Hui, Dr. Paula Azevedo, Dr. C Martin Nyachoti, Dr. Karmin O, Dr. Chengbo Yang edited and 

revised the manuscript. 

            Chapter Six: Manuscript III. Dr. Chengbo Yang and Xiaoya Zhao conceived and designed 

this study. Xiaoya Zhao and Qianru Hui performed experiments. Xiaoya Zhao analyzed data and 

prepared figures; Xiaoya Zhao and Chengbo Yang drafted the manuscript. Xiaoya Zhao, Qianru 

Hui, Dr. Paula Azevedo, Dr. Karmin O, Dr. Chengbo Yang edited and revised the manuscript. 

            Chapter Seven: Manuscript IV. Dr. Chengbo Yang and Xiaoya Zhao conceived and 

designed this study. Xiaoya Zhao and Qianru Hui performed experiments. Xiaoya Zhao analyzed 



 vii 

data and prepared figures; Xiaoya Zhao and Chengbo Yang drafted the manuscript. Xiaoya Zhao, 

Qianru Hui, Dr. Paula Azevedo, Dr. Karmin O, Dr. Chengbo Yang edited and revised the 

manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

 TABLE OF CONTENTS  

ABSTRACT ................................................................................................................................... ii 

ACKNOWLEDGMENTS ........................................................................................................... iii 

FOREWORD................................................................................................................................. v 

CONTRIBUTIONS OF AUTHORDS ....................................................................................... vi 

TABLE OF CONTENTS .......................................................................................................... viii 

LIST OF ABBREVIATIONS ................................................................................................. xxiii 

CHAPTER ONE: GENERAL INTRODUCTION .................................................................... 1 

GENERAL INTRODUCTION .................................................................................................... 2 

CHAPTER TWO: LITERATURE REVIEW ............................................................................ 4 

LITERATURE REVIEW ............................................................................................................ 5 

2.1 Identification and structural analysis of calcium-sensing receptor ....................................... 5 

2.1.1 Identification of calcium-sensing receptor gene and protein ......................................... 5 

2.1.2 Calcium-sensing receptor structure................................................................................ 8 

2.2 The localization and physiological role of the calcium-sensing receptor in different tissues

................................................................................................................................................... 13 

2.2.1 Calcium-sensing receptor in the parathyroid ............................................................... 16 

2.2.2 Calcium-sensing receptor in the kidney ....................................................................... 17 

2.2.3 Calcium-sensing receptor in the bone .......................................................................... 18 

2.2.4 Calcium-sensing receptor in the nervous system ......................................................... 19 

2.2.5 Calcium-sensing receptor in the stomach .................................................................... 21 

2.2.6 Calcium-sensing receptor in the small and large intestine........................................... 22 

2.3 Calcium-sensing receptor ligands binding and signaling pathways ................................... 25 



 ix 

2.3.1 Calcium-sensing receptor activation ............................................................................ 25 

2.3.1.1. Cations ................................................................................................................................. 26 

2.3.1.2 L-Amino acids ...................................................................................................................... 27 

2.3.1.3 Synthetic allosteric modulators ............................................................................................. 28 

2.3.1.4 Polyamines and polypeptides................................................................................................ 29 

2.3.1.5 Aminoglycoside antibiotics .................................................................................................. 30 

2.3.1.6 pH and ionic strength ............................................................................................................ 30 

2.3.2. Calcium-sensing receptor regulated intracellular signaling pathways ........................ 31 

2.3.2.1 Gq signaling pathway ........................................................................................................... 35 

2.3.2.2 MAPK signaling pathway ..................................................................................................... 35 

2.3.2.3 Gi/o signaling pathway ......................................................................................................... 37 

2.3.2.4 Akt signaling pathway .......................................................................................................... 38 

2.3.2.5 G12/13 signaling pathway ........................................................................................................ 39 

2.4 Summary ............................................................................................................................. 40 

CHAPTER THREE: HYPOTHESES AND OBJECTIVES................................................... 42 

HYPOTHESES AND OBJECTIVES ....................................................................................... 43 

CHAPTER FOUR: MANUSCRIPT Ⅰ ....................................................................................... 44 

4.1 Abstract ............................................................................................................................... 45 

4.2 Introduction ......................................................................................................................... 46 

4.3 Materials and methods ........................................................................................................ 47 

4.3.1 Database information collection .................................................................................. 47 

4.3.2 Animals and sample collection .................................................................................... 48 

4.3.3 Total RNA isolation, cDNA synthesis, and real-time PCR analyses .......................... 48 

4.3.4 Western blotting analyses ............................................................................................ 49 



 x 

4.3.5 Immunohistochemistry ................................................................................................ 50 

4.3.6 Data analysis ................................................................................................................ 51 

4.4 Results ................................................................................................................................. 51 

4.4.1 Structure features of pCaSR gene and protein ............................................................. 51 

4.4.2 CaSR mRNA and amino acid sequences alignment and phylogenetic analysis .......... 57 

4.4.3 Real-time PCR analyses of pCaSR mRNA abundance in different tissues ................. 59 

4.4.4 Western blotting analyses of pCaSR protein abundance in different tissues ............... 61 

4.4.5 Immunolocalization of the pCaSR protein in different tissues .................................... 61 

4.5 Discussion and conclusion .................................................................................................. 64 

BRIDGE TO CHAPTER FIVE ................................................................................................. 68 

CHAPTER FIVE: MANUSCRIPT Ⅱ ....................................................................................... 69 

5.1 Abstract ............................................................................................................................... 70 

5.2 Introduction ......................................................................................................................... 70 

5.3 Materials and methods ........................................................................................................ 73 

5.3.1 Cell culture ................................................................................................................... 73 

5.3.2 Animals and sample collection .................................................................................... 73 

5.3.3 Porcine intestinal epithelial cells isolation ................................................................... 74 

5.3.4 Cell sorting of enterocytes by fluorescence-activated cell sorting (FACS) ................. 75 

5.3.5 RNA extraction, cDNA synthesis and droplet digital PCR (ddPCR) .......................... 76 

5.3.6 Library preparation and mRNA sequencing ................................................................ 76 

5.3.7 Immunofluorescence staining and western blotting .................................................... 77 

5.4 Results ................................................................................................................................. 78 



 xi 

5.4.1 Isolation of enterocytes from the porcine ileum by FACS .......................................... 78 

5.4.2 RNA isolation and purification from FACS sorted enterocytes .................................. 80 

5.4.3 Identification of pCaSR in both isolated porcine enterocytes and IPEC-J2 by droplet 

digital PCR (ddPCR)............................................................................................................. 80 

5.4.4 Identification of pCaSR in both isolated porcine enterocytes and IPEC-J2 by RNA 

sequencing............................................................................................................................. 82 

5.4.5 Identification of pCaSR in both isolated porcine enterocytes and IPEC-J2 by 

immunofluorescence staining and western blotting .............................................................. 84 

5.5 Discussion and conclusion .................................................................................................. 86 

BRIDGE TO CHAPTER SIX .................................................................................................... 94 

CHAPTER SIX: MANUSCRIPT Ⅲ ........................................................................................ 95 

6.1 Abstract ............................................................................................................................... 96 

6.2 Introduction ......................................................................................................................... 96 

6.3 Materials and methods ...................................................................................................... 101 

6.3.1 Materials for cell culture, transfection, and luciferase activity assay ........................ 101 

6.3.2 Generation of pcDNA5/FRT-pCaSR and Flp-In-293 cells stably expressing pCaSR

............................................................................................................................................. 101 

6.3.3 Detection of pCaSR expression by real-time PCR and western blotting................... 102 

6.3.4 Dual-luciferase reporter assays .................................................................................. 103 

6.3.5 cAMP - Gi assay ........................................................................................................ 104 

6.3.6 Molecular model of pCaSR binding to L-Tryptophan and α-casein (90-95) ............ 104 

6.3.7 Data analysis .............................................................................................................. 105 



 xii 

6.4 Results ............................................................................................................................... 106 

6.4.1 Identification of Flp-In-293 cells stably expressing the pCaSR ................................ 106 

6.4.2 The pCaSR signaling pathway activation by extracellular calcium .......................... 108 

6.4.3 Effect of L-Tryptophan on Ca2+-stimulated pCaSR response ................................... 110 

6.4.4 pCaSR signaling pathway in response to different concentrations of α-casein (90-95)

............................................................................................................................................. 112 

6.4.5 Molecular model of L-Tryptophan and α-casein (90-95) bounding to the pCaSR .... 115 

6.5 Discussion and conclusion ................................................................................................ 120 

BRIDGE TO CHAPTER SEVEN ........................................................................................... 127 

CHAPTER SEVEN: MANUSCRIPT Ⅳ ................................................................................ 128 

7.1 Abstract ............................................................................................................................. 129 

7.2 Introduction ....................................................................................................................... 130 

7.3 Materials and methods ...................................................................................................... 132 

7.3.1 Materials .................................................................................................................... 132 

7.3.2 STC-1 cells culture and treatments ............................................................................ 132 

7.3.3 Co-culture system and experimental setup ................................................................ 133 

7.3.4 GLP-1 secretion study................................................................................................ 133 

7.3.5 cAMP - Gi assay ........................................................................................................ 134 

7.3.6 Inositol monophosphate 1 (IP1) assay ....................................................................... 134 

7.3.7 Extracellular signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation assay ..... 135 

7.3.8 Real-time PCR ........................................................................................................... 135 

7.3.9 Western blotting ......................................................................................................... 136 

7.3.10 Barrier integrity measurement ................................................................................. 137 



 xiii 

7.3.11 Data analysis ............................................................................................................ 137 

7.4 Results ............................................................................................................................... 137 

7.4.1 Effects of L-Trp and α-casein (90-95) on GLP-1 release in STC-1 cells .................. 137 

7.4.2 Effects of L-Trp and α-casein (90-95) on CaSR activation response in STC-1 cells 140 

7.4.3 Effects of L-Trp and α-casein (90-95) on cytokines gene expression in co-culture system 

challenged with PGN .......................................................................................................... 142 

7.4.4 Effects of L-Trp and α-casein (90-95) on nutrient transporters and mucin-2 gene 

expression in a co-culture system challenged with PGN .................................................... 146 

7.4.5 Effects of L-Trp and α-casein (90-95) on tight junction protein gene expression in a co-

culture system challenged with PGN .................................................................................. 150 

7.4.6 Effects of L-Trp and α-casein (90-95) on tight junction protein expression in a co-culture 

system challenged with PGN .............................................................................................. 154 

7.4.7 Effects of L-Trp and α-casein (90-95) on tight junction proteins expression in co-culture 

system challenged with PGN .............................................................................................. 157 

7.5 Discussion and conclusion ................................................................................................ 159 

CHAPTER EIGHT: GENERAL DISCUSSION ................................................................... 166 

9.1 Summary ........................................................................................................................... 174 

9.2 Future studies .................................................................................................................... 175 

CHAPTER TEN: LITERATURE CITED ............................................................................. 176 

 

 

 



 xiv 

LIST OF FIGURES 

Figure 2.1 Identification of CaSR expression in different species. ............................................... 7 

Figure 2.2 Schematic representation of the dimeric CaSR. Dimeric structure of the CaSR is shown 

with intracellular, transmembrane, and extracellular domains ..................................................... 11 

Figure 2.3 Summary of some of the organ systems in which the CaSR has been identified and the 

identified functions it carries in these locations ............................................................................ 15 

Figure 2.4 Generalized representations of CaSR-mediated signaling pathways ......................... 34 

Figure 4.1 A schematic intron-exon and protein structure of the. Only lengths of exons (boxes) 

were drawn to scale, but introns (lines connecting exons) were not. (A) The DNA of pCaSR gene 

is consisted of seven exons and six introns. Blank bars (part of exon 2 and 7) represent exons which 

are not involved in mRNA translation and gray bars means mRNA coding regions containing part 

of exon 2, exon 3-6 and part of exon 7). ATG: start codon; TAA: termination codon. (B) pCaSR 

protein contains 1079 amino acid residues. Open arrowhead: additional 10 amino acids which is 

associated with alternative splicing. SP: signal peptide; VFT: venus flytrap domain; Cys: cysteine 

rich domain; ECD: extracellular domain; TMD: transmembrane domain; ICD: intracellular 

domain........................................................................................................................................... 53 

Figure 4.2 Three-dimensional homology models of the pCaSR extracellular domain (ECD) (A) 

and of the 7 transmembrane domain (TM) module helices (B). The pCaSR ECD homology model 

and the helices of pCaSR 7 TM module were modeled on a human calcium sensing receptor 

template (Geng et al., 2016) and metabotropic glutamate receptor 1 (Wu et al., 2014) using the 

SWISS-MODEL, respectively ...................................................................................................... 54 



 xv 

Figure 4.3 Three- Schematic of the pCaSR secondary structure model and ligands binding sites 

and transmembrane domains (A) and hydropathy plot analysis of the 1079 amino acids in pCaSR 

protein using the scale Hphob. / Kyte & Doolittle (B) ................................................................. 56 

Figure 4.4 A phylogenetic tree of the amino acid sequences of chicken, pig, rat, mouse, human 

and goat CaSR. The tree was constructed by the neighbor-joining method based on the Poisson 

correction model with 1000 bootstrap replicates using MEGA 6.0 software. The bar (0.01) 

indicates the genetic distance. GenBank accession numbers: Sus scrofa (GenBank ID: 

NM_001278748), Capra hircus (GenBank ID: KF006348), Homo sapiens (GenBank ID: U20759), 

Rattus norvegicus (GenBank ID: AAC52195), Mus musculus (GenBank ID: AAD28371), and 

Gallus gallus (GenBank ID: XP_416491.5) ................................................................................. 58 

Figure 4.5 Real-time PCR analyses of pCaSR mRNA abundances in the kidney, lung, liver, 

stomach, duodenum, jejunum, ileum, and colon in the weaned piglets. Results were normalized 

with GAPDH as a house keeping gene and presented as mean ± SEM (n = 6). Bars show different 

letters differ (P < 0.05). ................................................................................................................ 60 

Figure 4.6 Western blotting analyses of pCaSR protein abundances in the stomach, duodenum, 

jejunum, ileum, and colon in the weaned piglets. A: Representative bands of pCaSR (130 kDa) 

and β-actin (45 kDa). B: Densitometric analyses of western blotting bands. Data were normalized 

with -actin as the housekeeping protein and presented as mean ± SEM (n = 3). Bars show different 

letters differ (P < 0.05). ................................................................................................................ 62 

Figure 4.7 Haemotoxylin and Eosin (H&E) staining and immunohistochemical staining of pCaSR 

protein in the stomach, duodenum, jejunum, ileum, and colon in the weaned piglets. Positive 

staining for pCaSR was indicated by brown deposits. -pCaSR represented negative control which 



 xvi 

the primary antibody was omitted from the staining procedure. Scale bar for H&E staining 

represents 100 m, and for immunohistochemical staining is 50 m .......................................... 63 

Figure 5.1 Proposal model of nutrient sensing via calcium-sensing receptor (CaSR) in enterocytes 

and enteroendocrine cells (EECs) (created with BioRender.com). AM, apical membrane; BLM, 

basolateral membrane; cAMP, cyclic adenosine monophosphate; CCK, cholecystokinin; GLP-1, 

glucagon-like peptide 1; GLP-2, glucagon-like peptide 2; PKA, protein kinase A; PKC, protein 

kinase C; PYY, peptide YY .......................................................................................................... 72 

Figure 5.2 Flow cytometry isolation of primary porcine enterocytes: Fluorescence-activated cell 

sorting images show the gating strategy for the isolation of porcine ileal enterocytes. Dots likely 

to represent singlets were selected based on size and granularity, while debris and dead cells were 

excluded using DAPI staining. As mentioned in materials and methods, Alexa fluor 488 dye 

conjugated to the primary antibody Sucrase-Isomaltase Antibody (A-12), which was used to mark 

porcine enterocytes; thus, Alexa fluor 488+ represents porcine enterocytes ................................ 79 

Figure 5.3 A representative image (events from QuantaLife software) of calcium-sensing receptor 

(CaSR) expression detection in sorted enterocytes and IPEC-J2 by using droplet digital PCR: A01 

presents negative control with 50 ng cDNA input (HEK-293 cell which does not express 

endogenous CaSR was used to be negative control ); A02 represents isolated porcine intestinal 

enterocytes with 200 ng cDNA input; A03 represents isolated porcine intestinal enterocytes with 

100 ng cDNA input; A04 represents isolated porcine intestinal enterocytes with 50 ng cDNA input; 

A05 represents IPEC-J2 cells with 100 ng cDNA input; A06 represents IPEC-J2 cells with 50 ng 

cDNA input; A07 represents positive control (HEK-293 cell line which stably expresses the 

exogenous pCaSR) with 50 ng cDNA input. The channel amplitudes are plotted in Y-axis, and the 

number of droplets (events) are plotted in the X-axis................................................................... 81 



 xvii 

Figure 5.4 Detection of calcium-sensing receptor (CaSR) and enterocytes-specific markers in 

IPEC-J2 and isolated epithelial cells by using RNA sequencing. SI: sucrase-isomaltase; MAG: 

maltase-glucoamylase ................................................................................................................... 83 

Figure 5.5 Detection of calcium-sensing receptor (CaSR) in HEK-293, Caco-2, IPEC-J2, and 

isolated epithelial cells by using immunofluorescence staining and western blotting; (A) CaSR was 

detected with primary antibody Anti-CaSR antibody and AlexaFluor®488-conjugated secondary 

antibodies; nuclei were stained with DAPI (blue). The right panel is the merged image of the left 

and middle panels. Scale bar is 20 µm; (B) protein lysates (70 μg) from HEK-293 cells (first lane), 

Caco-2 cells (second lane), IPEC-J2 (third lane) and isolated epithelial cells (fourth lane) ........ 85 

Figure 6.1 Schematic diagram showing main CaSR activation triggered signaling pathways 

(Created with BioRender.com). Upon stimulation, Gi/o signaling pathway is associated with the 

inhibition of cAMP; ERK1/2 activation signaling is related to the βγ subunits related activation, 

and the recruitment of β-arrestins; Gq/11 signaling pathway is involved in the activation of 

phospholipase C (PLC), as well as production of inositol trisphosphate (IP3) and diacylglycerol 

(DAG), which in turn enhances intracellular calcium concentration; G12/13 signaling pathway 

represents the activation of small G protein RhoA GTPase ......................................................... 99 

Figure 6.2 Identification of pCaSR in Flp-In-293-CAT cells and Flp-In-293-pCaSR cells by 

western blotting. Two major bands are shown in the upper panel, including the upper band 

representing the dimeric form of pCaSR (250 kDa), the lower band showing mature glycosylated 

pCaSR monomer (165 kDa)........................................................................................................ 107 

Figure 6.3 Different concentrations of CaCl2 induced pCaSR activation responses in Flp-In-293-

pCaSR cells. Flp-In-293-pCaSR cells were transiently transfected with various luciferase reporters 

as indicated: NFAT-RE-luc2P, SRE-luc2P, or SRF-RE-luc2P along with pRL-TK Renilla 



 xviii 

Luciferase Reporter Vector (ratio 9:1) for 36 hours, followed by the induction of different levels 

of CaCl2 (0.25 mM–16 mM). The fold of induction and % of control was determined as described 

in Materials and Methods............................................................................................................ 109 

Figure 6.4 Effect of 1 mM L-Trp on the pCaSR activation responses in the presence of 

extracellular calcium in Flp-In-293-pCaSR cells. Flp-In-293-pCaSR cells were maintained in the 

same condition as Figure 6.3, followed by the induction of different levels of L-Trp. The fold of 

induction was determined as described in Materials and Methods.. ........................................... 111 

Figure 6.5 Effect of α-casein (90-95) on the pCaSR activation responses in the presence of 

extracellular calcium in Flp-In-293-pCaSR cells. Flp-In-293-pCaSR cells were maintained in the 

same condition as Figure 6.3, followed by the induction of α-casein (90-95) with the presence of 

CaCl2. The fold of induction was determined as described in Materials and Methods. Different 

letters represent a significant difference (P < 0.05) .................................................................... 114 

Figure 6.6 Homology modeling of pCaSR. (A) The predicted pCaSR extracellular domain (ECD) 

crystal structure was constructed by using human CaSR ECD as the template; (B) Ramachandran 

plot of the homology-modeled structure of pCaSR ECD. Alignment of pCaSR was conducted by 

BLAST. Human CaSR ECD was retrieved from RCSB Protein Data Bank (PDB ID: 5K5S) and 

used as the template for pCaSR .................................................................................................. 116 

Figure 6.7 Docking simulations of binding position and conformational changes between L-Trp 

and pCaSR by using Discovery Studio 4.5. (A) The conformation changes of L-Trp induced by 

pCaSR; (B) The binding of L-Trp in the active sites of pCaSR. The L-Trp is shown in the stick 

model while the surface of pCaSR is shown in green, grey, and purple; (C) The three- and two-

dimensional analysis of the interactions of L-Trp in the active site of pCaSR........................... 117 



 xix 

Figure 6.8 The ligand-receptor interactions of α-casein (90-95) with the active sites of pCaSR 

generated by using Discovery Studio 4.5. (A) The predicted crystal structure model of pCaSR with 

binding cavity based on human CaSR as a template; (B) Chemical structure of α-casein (90-95); 

(C) Two-dimensional interaction diagram between α-casein (90-95) and the pCaSR. The legend 

inset represents the type of interaction between the α-casein (90-95) atoms and the amino acid 

residues of pCaSR ....................................................................................................................... 119 

Figure 7.1 Effects of the L-tryptophan (L-Trp) and α-casein (90-95) on the release of glucagon-

like peptide-1 (GLP-1) from STC-1 cells. The STC-1 cells were treated with different 

concentrations of the L-Trp and α-casein (90-95). After several time points, samples from the 

supernatant were collected, and GLP-1 secretion levels were determined by using GLP-1 assay 

Kit. The data were presented as mean ± SEM, SEM = Standard error of the mean, N = 3. Different 

letters (a, b) mean a significant difference (P < 0.05) ................................................................. 139 

Figure 7.2 Effects of the L-tryptophan (L-Trp) and α-casein (90-95) on calcium-sensing receptor 

(CaSR) activation response in STC-1 cells. The STC-1 cells were diluted in 384-well plate and 

then treated with different concentrations of the L-Trp and α-casein (90-95) with the presence of 

extracellular calcium, respectively. The forskolin-induced cyclic adenosine monophosphate 

(cAMP) production (A and D), inositol monophosphate 1 (IP1) accumulation (B and E), and 

phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) (C and F) were 

measured using commercial kits. The data were presented as mean ± SEM, SEM = Standard error 

of the mean, N = 3. “*” represents P < 0.05; “**” represents P < 0.01; “***” represents P < 0.001

..................................................................................................................................................... 141 

Figure 7.3 Effect of L-tryptophan (L-Trp) on cytokines gene expression in co-culture system 

challenged with PGN. Total RNA was isolated from IPEC-J2 cells and the gene expression levels 



 xx 

of IL-1β (A), IL-6 (B), IL-8 (C), and TNF-α (D) were detected by real-time PCR. Data were 

expressed as mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters (a, b) 

indicate statistically significant differences at P < 0.05 ............................................................. 144 

Figure 7.4 Effect of α-casein (90-95) on cytokines gene expression in co-culture system 

challenged with peptidoglycan (PGN). Total RNA was isolated from IPEC-J2 cells and the gene 

expression levels of IL-1β (A), IL-6 (B), IL-8 (C), and TNF-α (D) were detected by real-time PCR. 

Data were expressed as mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters 

(a, b) indicate statistically significant differences at P < 0.05 .................................................... 145 

Figure 7.5 Effect of L-tryptophan (L-Trp) on nutrient transporters and mucin-2 gene expression 

in co-culture system challenged with peptidoglycan (PGN). Total RNA was isolated from cells 

after PGN treatment, and the mRNAs expression levels of alanine-serine-cysteine transporter 2 

(ASCT2) (A), sodium-dependent neutral amino acid transporter (B0AT1) (B), excitatory amino 

acid carrier 1 (EAAC1) (C), peptide transporter 1 (PepT1) (D), sodium–glucose cotransporter type 

1 (SGLT1) (E), and mucin-2 (F) were detected by real-time PCR. Data were expressed as mean ± 

SEM, SEM = Standard error of the mean, N = 4. Different letters (a, b, c) represent statistically 

significant differences (P < 0.05).. ............................................................................................. 148 

Figure 7.6 Effect of α-casein (90-95) on nutrient transporters and mucin-2 gene expression in co-

culture system challenged with peptidoglycan (PGN). Total RNA was isolated from cells after 

PGN treatment. The mRNAs expression levels of alanine-serine-cysteine transporter 2 (ASCT2) 

(A), sodium-dependent neutral amino acid transporter (B0AT1) (B), excitatory amino acid carrier 

1 (EAAC1) (C), peptide transporter 1 (PepT1) (D), sodium–glucose cotransporter type 1 (SGLT1) 

(E), and mucin-2 (F) were detected by real-time PCR. Data were expressed as mean ± SEM, 



 xxi 

SEM = Standard error of the mean, N = 4. Different letters (a, b, c) represent statistically significant 

differences (P < 0.05)... .............................................................................................................. 149 

Figure 7.7 Effect of L-tryptophan (L-Trp) on tight junction proteins gene expression in co-culture 

system challenged with peptidoglycan (PGN). Total RNA was isolated from cells after different 

concentrations of PGN treatment, and the mRNA abundance of claudin 1 (CLDN1) (A), CLDN3 

(B), occludin (OCLN) (C), and zonula occludens-1  

(ZO-1) (D) were detected by real-time PCR. Data were presented as mean ± SEM, SEM = Standard 

error of the mean, N = 4. Different letters (a, b) indicate statistically significant differences (P < 

0.05) ............................................................................................................................................ 152 

Figure 7.8 Effect of α-casein (90-95) on tight junction proteins gene expression in co-culture 

system challenged with peptidoglycan (PGN). Total RNA was isolated from cells after different 

concentrations of PGN treatment, and the mRNA abundance of claudin 1 (CLDN1) (A), CLDN3 

(B), occludin (OCLN) (C), and zonula occludens-1 (ZO-1) (D) were detected by real-time PCR.  

Data were presented as mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters 

(a, b, c) indicate statistically significant differences (P < 0.05).…………………………….....153 

Figure 7.9 Effects of L-tryptophan (L-Trp) and α-casein (90-95) on tight junction proteins 

expression in co-culture system challenged with peptidoglycan (PGN). The protein abundance of 

zonula occludens-1 (ZO-1) was measured by western blotting. Data were presented as mean ± 

SEM, SEM = Standard error of the mean, N = 3. Different letters (a, b) mean statistically significant 

differences at P < 0.05 ................................................................................................................ 155 

Figure 7.10 Effects of L-tryptophan (L-Trp) and α-casein (90-95) on tight junction proteins 

expression in co-culture system challenged with peptidoglycan (PGN). The protein abundance of 

claudin 3 (CLDN3) were measured by western blotting. Data were presented as mean ± SEM, 



 xxii 

SEM = Standard error of the mean, N = 3. Different letters (a, b) mean statistically significant 

differences at P < 0.05 ................................................................................................................ 156 

Figure 7.11 Effect of L-tryptophan (L-Trp) and α-casein (90-95) and peptidoglycan (PGN) 

treatment on in co-culture system barrier integrity were determined by 

transepithelial/transendothelial electrical resistance (TEER) (A) and permeability (B). Values were 

mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters (a, b) indicate a significant 

difference (P < 0.05). .................................................................................................................. 158 

Figure 7.12 Putative mechanistic cross talk between enteroendocrine cells and absorptive 

enterocytes during the peptidoglycan (PGN) challenge ............................................................. 165 

 

 

 

 

 

 

 

 

 

 

 



 xxiii 

LIST OF ABBREVIATIONS 

AC 

AM 

ASCT2 

BLM 

BSA 

B0AT1 

Adenylyl cyclase 

Apical membrane 

Alanine-serine-cysteine transporter 2 

Basolateral membrane 

Bovine serum albumin 

Sodium-dependent neutral amino acid transporter  

cAMP Cyclic adenosine monophosphate 

CaSR 

CCK 

CLDN 

CRD 

Calcium-sensing receptor 

Cholecystokinin 

Claudin 

Cysteine-rich domain  

DAG 

DAPI 

ddPCR 

Diacylglycerol 

4′,6-diamidino-2-phenylindole 

droplet digital PCR 

DMEM 

DTT 

EAAC1 

Dulbecco’s modified eagle medium 

Dithiothreitol 

Excitatory amino acid carrier 1 

ECD Extracellular domain 

EC50 Half-maximal effective concentration 

EDTA 

EECs 

ERK1/2 

Ethylenediaminetetraacetic acid 

Enteroendocrine cells 

Extracellular signal-regulated kinases 1 and 2 



 xxiv 

FACS 

5′-UTR 

GIP 

GLP-1 

Fluorescence-activated cell sorting 

5-untranslated region 

Gluco-insulinotropic peptide 

Glucagon-like peptide-1 

GPCRs 

GTP 

HEK-293 cells 

G protein-coupled receptors 

Guanosine 5′-triphosphate 

Human embryonic kidney 293 cells 

ICD Intracellular domain 

IC50 

IL 

IPEC-J2 

IP1 

Half-inhibitory concentration 

Interleukin 

Intestinal porcine epithelial cell line-j2 

Inositol monophosphate 1 

IP3 

JAK 

JNK 

Inositol trisphosphate 

Janus kinase 

c-Jun N-terminal kinase 

LB 

L-Trp 

MAPK 

mGluR 

OCLN 

PBS 

Lobe 

L-tryptophan 

Mitogen-activated protein kinase 

Metabotropic glutamate receptor 

Occludin 

Phosphate buffer solution 

pCaSR 

PCR 

Pig calcium-sensing receptor 

Polymerase chain reaction 



 xxv 

PDB 

PepT1 

PGN 

PKA 

PKC 

Protein data bank 

Peptide transporter 1 

Peptidoglycan 

cAMP-dependent protein kinase 

Protein kinase C 

PLC 

PLCβ 

PMSF 

PTH 

PTHrP 

PYY 

RhoA 

SGLT1 

STC-1 

SI 

TAL 

TBST 

TEER 

TMD 

TNF-α 

TRPV5 

VFT 

ZO-1 

Phospholipase C 

Phospholipase Cβ 

phenylmethylsulfonyl fluoride 

Parathyroid hormone 

Parathyroid hormone-related protein  

Peptide YY 

Ras homolog family member A  

Sodium–glucose cotransporter type 1 

Secretin tumor cell line 

Sucrase-isomaltase 

Thick ascending limb 

Tris-buffered saline with 0.1% Tween 20 

Transepithelial/transendothelial electrical resistance 

Transmembrane domain 

Tumor necrosis factor α 

Transient receptor potential vanilloid 5 

Venus flytrap 

Zonula occludens-1 



 1 

CHAPTER ONE: GENERAL INTRODUCTION 
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GENERAL INTRODUCTION 

It is well known that the use of in-feed prophylactic antibiotics in swine production is a 

precaution to reduce the risk of disease and optimize the overall welfare and health of the pigs, 

which makes the systematic prophylactic use redundant (Diana et al., 2019). Those optimizations 

may also increase productivity and decrease expenditures on antibiotics (Pluske et al., 2018). The 

intestine is the main absorptive organ of the digestive system with the assistance of digestive 

enzymes and microbial fermentation. Furthermore, the gut serves as a pivotal barrier that keeps 

out pathogens or toxins from the environment, so the gut also is the largest immune organ (Vighi 

et al., 2008).  

In this context, instead of just reducing antimicrobial usage, our goal should shift to 

building a healthy gut to support the pigs during all stages of production. Only a healthy gut can 

build a healthy pig and protect it from being disturbed by sickness during its lifespan. Moreover, 

effective digestion, absorption and utilization of dietary nutrients also relies on a healthy digestive 

system. A healthy gut allows the pig to focus its energy on eating and growing, leading to better 

tissue accretion and higher production efficiency, resulting in a higher return on investment in 

swine production. This is the reason why maintaining gut health is an “all-the-time deal” in 

livestock production (Feeds, 2014; Liao and Nyachoti, 2017). 

 The gut operates not only as an organ for nutrient digestion and absorption, but it also acts 

as a chemosensory system that, through a series of biochemical cascades, maintains the 

homeostasis in animals and humans (Reimann et al., 2012; D. Burrin et al., 2013; Ipharraguerre, 

2013; Kaji et al., 2013; Mace and Marshall, 2013; Yang et al., 2013). Specifically, the gut 

chemosensing system is characterized by a network of G protein-coupled receptors (GPCR) that 

sense different types of nutrients, compounds, and microbes, and subsequently trigger a cascade 
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of cellular signal transduction to modulate nutrient absorption, and gut health (Liu et al., 2013). 

Understanding the relationship between gut chemosensing, integrity and body metabolism in 

animals and humans has emerged as an interesting research area. As an essential compartment of 

gut chemosensors, the activation of the CaSR induced by nutritional ligands could trigger a wide 

range of downstream signaling pathways, subsequently contributing to various physiological 

activities, including nutrient digestion and absorption, energy metabolism, gut barrier function, as 

well as immune response (Zhang and Mine, 2018). This implies that the CaSR has the potential to 

exert multiple roles on the regulation of gut health.  

So far, efforts have fixated on human and rat CaSR, while relatively little is known about 

pCaSR’s roles on gut health. Hence, the objectives of four studies (from Chapter Four to Chapter 

Six) in this thesis were to explore the roles of the pCaSR on the maintenance of gut homeostasis 

and the relative underlying molecular mechanisms. 
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CHAPTER TWO: LITERATURE REVIEW 
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LITERATURE REVIEW 

2.1 Identification and structural analysis of calcium-sensing receptor  

2.1.1 Identification of calcium-sensing receptor gene and protein 

The G protein-coupled receptors (GPCRs) constitute the largest type of membrane 

receptors and play a key role in cell-cell communication (George et al., 2002). Based on the 

sequence difference of seven transmembrane domains (TMDs), the GPCRs can be categorized into 

five families (Class A, Class B, Class C, Class D, and Class E). In particular, the class C GPCRs 

contain metabotropic glutamate receptors (mGlu receptors), calcium-sensing receptors (CaSR), γ-

aminobutyric acid B receptors (GABAB receptors), sweet and amino acid taste receptors, 

pheromone receptors, odorant receptors as well as some orphan receptors.  

The class C GPCRs all have one large N-terminal extracellular domain (ECD), seven 

TMDs, and an intracellular domain. Plus, class C GPCRs usually form dimers with unique 

activation modes. As one member of GPCRs, the CaSR was identified as a master regulator for 

extracellular calcium homeostasis, and it also plays a pivotal role in sensing nutrients and 

modulating the physiology, growth, and development of the animals (Brennan et al., 2014). Using 

the expression-cloning technique in Xenopus laevis oocytes, the CaSR was initially characterized 

in the bovine parathyroid (Brown et al., 1993). Subsequently, the human CaSR equivalent was 

isolated from the parathyroid tumor in 1995. Bovine CaSR protein shares 93% identity with human 

CaSR, and their clones expressed in Xenopus laevis oocytes show similar pharmacological features 

as those confirmed in parathyroid cells (Garrett et al., 1995). In addition to bovine and human, the 

CaSR has been detected in various types of vertebrates, and it is well conserved by the high 

similarity in sequences across different species (Figure 2.1) (Bai, 2004). In particular, the amino 

acid sequences of human CaSR and those from rat and rabbit share more than an 80% identity to 
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that of bovine CaSR (Bai, 2004). So far, the presence of the CaSR has been found in a series of 

species, like bovine, human, rat, mouse, rabbit, dog, cat, pig, salamander, chicken, and fishes such 

as elasmobranch fish (Garrett et al., 1995; Diaz et al., 1997; Nearing et al., 2002; Skelly and 

Franklin, 2007; Gal et al., 2010; Zhao et al., 2019). 

It has been demonstrated that the mature form of the CaSR is expressed on the cell surface 

as a homodimer, while some research also found that there is cross-family covalent 

heterodimerization between the CaSR and Group I mGluRs (Bai et al., 1998; Gama et al., 2001). 

A previous study indicated that CaSR homodimer is formed in the endoplasmic reticulum, and the 

authors claimed that the dimerization is important while still inadequate for the release of the CaSR 

from the endoplasmic reticulum to the cell surface (Pidasheva et al., 2006). The CaSR dimerization 

is formed before expressing on the cell surface, while researchers also found that the confomation 

of CaSR changes with the presence of cations binding, which possibly benefits the oxidation of 

free sulfhydryl groups and then boosts the CaSR dimer formation, implying that the binding of 

CaSR ligand could potentially stabilize the CaSR dimer (Ward et al., 1998).   
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Figure 2.1 Identification of CaSR expression in different species. 
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Identification work of CaSR protein expression is usually conducted using western blotting. 

Regarding the western blot analysis of CaSR protein expression, the sizes of CaSR main bands are 

around 120, 200 kDa, and 350 kDa, respectively (Ray et al., 1998). Frequently, the two major 

species at nearly 130-140 and 150-160 kDa represent two forms of the CaSR, that is, the immature 

form and the mature form, respectively. Moreover, the band of about 130-140 kDa is a fully N-

glycosylated monomer which is N-glycosylated with CaSR carbohydrates, while the band which 

is about 150-160 kDa is also a fully N-glycosylated monomer and is N-glycosylated with complex 

carbohydrates (Ray et al., 1998). It was demonstrated that only the mature form of the CaSR was 

identified on the cell surface (Bai et al., 1998). In addition, the minor species at 120 kDa was 

considered to be the non-N-glycosylated form of the CaSR. A very small fraction of the non-N-

glycosylated form of the mature CaSR is expressed on the cell plasma membrane and the 

expression level of it is much lower compared with the other forms of the CaSR (Bai et al., 1998). 

As for bands ranging from 200-350 kDa, they are considered the dimeric or oligomeric forms of 

the CaSR. 

2.1.2 Calcium-sensing receptor structure 

The human CaSR gene contains eight exons and spans around 100 kb which maps to 

3q13.3–21 (Janicic, 1995; Yun et al., 2007). Exon 1 is a 5-untranslated region (5′-UTR) and 

contains two parts (exon 1A and 1B) that encode alternative 5′-UTRs splicing to exon 2, suggesting 

the presence of two promoters driving transcription of alternative 5′-UTR exons (Hendy and 

Canaff, 2016). Specifically, studies have documented those two promoters found in the human 

CaSR: one promoter includes TATA and CAAT boxes and the second GC-rich one does not have 

a TATA box, which possibly contributes to the presence of multiple CaSR mRNAs through tissue-

specific regulation mode (Chikatsu et al., 2000). The other six exons (exons 2 to 7) have been 
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demonstrated to encode the human CaSR protein which consists of 1078 amino acids residues 

(Hendy and Canaff, 2016). The translation of the CaSR gene starts in exon 2, as the AUG initiation 

codon is in exon 2. Plus, the 5’-UTR upstream of the ATG start codon consists of 242 nucleotides 

(Hendy and Canaff, 2016). Previous studies also documented that exon 5 (77 amino acids) has an 

alternatively spliced transcript action, as the lack of exon 5 was found in a variant human CaSR in 

human keratinocytes (Oda et al., 1998). That change in exon 5 makes this a mutant of human CaSR 

with reduced sensitivity to extracellular calcium changes. In exon 7, there are two different types 

of 3-UTR sequences, one is short (177-nucleotide), and the other one is longer (1304-nucleotide) 

(Chikatsu et al., 2000).  

As shown in Figure 2.3, the family C GPCRs like γ-aminobutyric acid, GPRC6A, as well 

as CaSR are all dimers and have a large ECD which includes a biolobed “Venus flytrap” (VFT) 

(Reyes-Cruz et al., 2001). The ECD has been demonstrated to be crucial for the regular function 

of the CaSR, given the fact that many spontaneous mutations located in the ECD usually result in 

calcium homeostatic disorders (Hu and Spiegel, 2007). Based on structural analysis of mGlu like 

receptors, VFT was shown to include a bilobate domain formed by two lobes (Lobe 1 and Lobe 

2). Besides, the disulfide bond connecting two VFTs lobes has been shown to stabilize this dimer 

(Romano et al., 2001). Furthermore, lobe 1 (LB1) and lobe 2 (LB2) of VFT could delineate an 

interlobe cavity, which allows the occurring of the ligand binding (Kunishima et al., 2000). In the 

unliganded state, the VFT oscillates between an inactive (open form) and active (closed form) 

conformation. When the ligand was presented to the receptor, it could bind to LB1 in the open 

status of VFT and then stabilizes to become a closed state by additionally contacting with LB2 

(Chun et al., 2012). Furthermore, inhibitors or competitive antagonists have been shown to inhibit 

the receptor activation by preventing the full closure of the VFT (Bessis et al., 2002; Kniazeff et 
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al., 2004). The VFT is crucial for the CaSR, as studies showed that the deletion of VFT in the 

CaSR caused negative responses on the CaSR in different ways which range from reducing CaSR 

gene expression (both the total and cell membrane expression level) resulting in lower biological 

activity (Reyes-Cruz et al., 2001). Plus, similar to mGluRs, ligands binding sites are predominantly 

positioned in the VFT of the CaSR, and those ligands include cations like Ca2+, Mg2+, Gd3+ as well 

as L-AAs such as L-Tryptophan (L-Trp) (Reyes-Cruz et al., 2001). After extracellular calcium 

binds in the cleft between LB1 and LB2, it results in the closing of two lopes and then leads to the 

rotation of VFT, which finally contributes to the activation of the CaSR. Besides ECD, the CaSR 

also contains seven TMDs, and a hydrophilic (C)-terminus (C-tail) (Bai, 2004). The CaSR ECD is 

linked to the TMD by a cysteine-rich domain (CRD). Notably, the ECD and CRD are not linked 

by disulfide bonds (Hu et al., 2001). Previous studies reported that there are N-linked glycosylation 

sites Asn-Xaa-Ser/Thr in the CaSR ECD, phosphorylation sites of protein kinase C (PKC), protein 

kinase A (PKA) within the intracellular loops of the CaSR (Alfadda et al., 2014). Based on the 

site-directed mutagenesis, it was suggested that the glycosylation sites are efficiently glycosylated, 

and the disruption of those N-glycosylation sites could decrease the cell-surface expression of the 

CaSR, while N-linked glycosylation is likely not pivotal for CaSR biological action such as signal 

transduction (Ray et al., 1998). Plus, evidence showed that a certain number of N-glycosylation 

sites were still needed for the cell membrane expression of the CaSR (Ray et al., 1998). 
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Figure 2.2 Schematic representation of the calcium-sensing receptor (CaSR) dimeric structure.  
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The TMDs (TM1-TM7) were identified as seven hydrophobic regions that traverse the cell 

membrane, and those seven domains keep apart from each other in the absence of the CaSR ligand 

(Garrett et al., 1995). Based on early studies, the important roles of TMDs are involved in the G 

protein-mediated cellular signaling pathways, given that the intracellular loops of other GPCRs 

were associated with the coupling of receptors to G proteins (Chang et al., 2000). Meanwhile, it 

was proposed that TMDs may also affect the CaSR dimerization via noncovalent interactions 

(Zhang et al., 2001). Moreover, an early study also proposed that the TM5 region of the CaSR may 

be involved in the CaSR dimerization (Hebert et al., 1996). Moreover, one study found that the 

TMDs are also involved in the ligands binding, as additional calcium ion binding sites were 

confirmed in the TMDs. In this study, they found that even though they lack the ECD, the chimeric 

CaSR expressed at the cell surface could still respond to the extracellular calcium ion when the 

allosteric agonists such as NPS R-568 were subjected to the CaSR (Hauache et al., 2000). 

According to their speculation, extracellular loops of TMDs are the only portion of TMDs exposed 

to the extracellular environment, and the acidic residues in extracellular loops of TMDs are likely 

responsible for the extracellular Ca2+ binding (Hauache et al., 2000).  

Compared with both the ECD and 7 TMDs, the residues within the signal peptide (SP), and 

residues in ICD are less conserved among various species. Notably, relatively conserved regions 

of the CaSR ICD remain between species, such as the region from positions 863 to 925 and the 

region spanning residues 960 –984 (Ray et al., 1997b). It was reported that the region spanning 

residues 863–925 within the ICD plays an essential role in the expression of the CaSR at the cell-

surface level, and the biological activity of the CaSR, while the region spanning residues 960 –

984 was associated with the bonding to accessory proteins (Hjalm et al., 2001). Early studies 

demonstrated that CaSR mutants occurring between positions 863 and 925 made the CaSR unable 
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to respond to the extracellular calcium without impairing the CaSR expression level, ultimately 

contributing to the dysfunction of the CaSR such as in familial hypocalciuric hypercalcemia or 

autosomal dominant hypocalcemia (Bai et al., 1997; Ray et al., 1997b). Moreover, researchers also 

found that the truncation of residue 888 caused a calcium ion release from intracellular stores 

instead of the intracellular calcium influx induced by the CaSR activation, which ultimately 

blocked the PLC signaling pathway (Chang et al., 2000). Interestingly, in comparation with the 

normal CaSR, the CaSR mutants which had a termination codon at position 892 or CaSR mutant 

that lost the region between positions 894 and 1075 were both shown to have a higher cell-surface 

expression level of the CaSR and a more active response on the release of intracellular calcium 

from calcium stores (Bai et al., 1998; Bai, 2004). Additionally, early studies claimed that the CaSR 

ICD is very critical for both the characteristic positive cooperativity of the CaSR and the CaSR 

desensitization rate after its repeated exposure to the extracellular calcium, given the fact that 

CaSR mutant truncating at residue 868 showed lower sensitivity to the extracellular calcium (Bai, 

2004).    

2.2 The localization and physiological role of the calcium-sensing receptor in different tissues 

As previously stated, the prominent role of the CaSR at the physiological level is to 

maintain the systemic calcium metabolism in the whole body (Brown, 2000). Specifically, as 

shown in Figure 2.4, the CaSR has been shown to strike the calcium balance by modulating PTH 

in parathyroid glands, modifying the calcium reabsorption in the kidney, regulating the recruitment 

and differentiation of osteoblasts and osteoclasts in the bone, promoting keratinocyte 

differentiation in the skin, as well as controlling the ingestion and absorption of calcium in the 

digestive system (Brown, 2000; Bai, 2004; VanHouten et al., 2004; Alfadda et al., 2014). 

Specifically, the CaSR expressed in parathyroid and thyroid glands and those tissues mentioned 
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above has a significant role in modulating systemic calcium homeostasis by sensing circulating 

concentration of extracellular calcium within the body (Chun et al., 2012). For instance, when the 

level of extracellular calcium is low, the CaSR regulates the calcium balance by promoting the 

production of PTH from the parathyroid gland and reducing the calcitonin production in the 

thyroid gland (Hu and Spiegel, 2007). 
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Figure 2.3 Summary of the distribution and localization of the calcium-sensing receptor (CaSR) 

in various types of tissues and relative physiological roles. 
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The presence of higher levels of circulating PTH improves bone resorption, promotes 

calcium efflux from the skeleton, and aids the secretion of renal 1, 25-dihydroxyvitamin D3 

production, finally contributing to the increased calcium absorption in the digestive tract (Quarles, 

2003). Moreover, it has been reported that the CaSR-induced reduction of calcitonin production 

responds to a lower level of circulating calcium caused by the inhibition of bone resorption and 

elevating renal calcium excretion, contributing to an increased overall level of calcium (Quarles, 

2003). 

2.2.1 Calcium-sensing receptor in the parathyroid 

 The CaSR was first isolated from the parathyroid where the CaSR was found in caveolae 

of parathyroid cells, making parathyroid cells popular in exploring the cell-signaling role of the 

CaSR in most studies (Kifor et al., 1998). In general, these studies found that the CaSR maintains 

calcium homeostasis by regulating the PTH secretion in response to the changes of extracellular 

Ca2+ levels (Conigrave, 2016). Early research showed that the CaSR maintains blood calcium 

levels, especially the blood ionized calcium concentration within a narrow range (around 1.2 mM) 

by regulating the accurate release of PTH into circulation (Chen and Goodman, 2004). The small 

changes in blood ionized calcium concentrations could be monitored by chief cells in the 

parathyroid through the response of the CaSR (Egbuna and Brown, 2008). Furthermore, the 

mutations of the CaSR have been reported to cause clinical disorders of calcium metabolism 

(Pollak et al., 1993; Pollak et al., 1994; Chou et al., 1995).  

Based on previous studies, vitamin D response elements are involved in promoter elements 

controlling the alternative transcripts of the CaSR (Canaff and Hendy, 2002). Plus, some findings 

suggest that the CaSR cell-surface expression level in parathyroid could be affected by calcitriol 

or 1, 25-dihydroxy-vitamin D, so vitamin D was involved in regulating the CaSR expression (Chen 
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and Goodman, 2004). Interestingly, current evidence also found that the rising level of 

extracellular calcium does not affect the CaSR expression level in rat parathyroid, although some 

studies documented that the increasing extracellular calcium concentration could upregulate CaSR 

expression in the chicken parathyroid gland (Cetani et al., 2000; Chang et al., 2000; Chang et al., 

2001). In this context, the upregulation of CaSR expression and the subsequent activation of the 

CaSR, in turn, posed a positive response on the CaSR-mediated calcium homeostasis in 

parathyroid glands (Chang et al., 2001). Notably, the extracellular calcium also modulates the 

expression of the vitamin D receptor, which could promote the effect of vitamin D on the 

expression level of the CaSR and boost the biological effect of the CaSR (Chang et al., 1999a). 

Given that the CaSR plays a crucial role in the calcium metabolism under normal and 

pathophysiological conditions in parathyroid cells, further studies about CaSR’s function in 

parathyroid glands are needed. 

2.2.2 Calcium-sensing receptor in the kidney 

            Following the characterization of the CaSR in parathyroid glands, the CaSR was identified 

in the kidney, where the CaSR also serves an essential function in calcium homeostasis (Riccardi 

et al., 1995; Toshimasa., 1995). Interestingly, the identification results of the CaSR protein 

expression in the kidney differ among various studies. For example, by employing the 

immunohistochemistry technique, some researchers found that the CaSR was detected throughout 

the main parts of the nephron, including the proximal convoluted tubule, thick ascending limb 

(TAL) (Ye et al.), distal convoluted tubule, and cortical collecting ducts (Riccardi et al., 1998). 

However, other researchers disagree with the previously mentioned findings on the basis that they 

did not find detectable CaSR protein expression in the proximal convoluted tubule, distal 

convoluted tubule, as well as collecting duct, even though other studies found a large amount of 
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CaSR mRNA in the distal convoluted tubule, cortical collecting ducts, and TAL in rat kidneys 

(Riccardi et al., 1996; Yang et al., 1997; Loupy et al., 2012; Toka et al., 2012). Besides, early 

studies localized the CaSR protein to the apical brush-border membrane in the proximal tubule, 

basolateral membranes in thick ascending limbs, and the apical plasma membrane of inner 

medullary collecting duct cell (Butters et al., 1997; Riccardi et al., 1998). Since each part of the 

nephron serves a specialized function, we propose that the role of the CaSR in each segment 

mentioned above is also different and unique.  

            Early research reported a high abundance of CaSR protein expression on the basolateral 

membranes of cells in the TAL where reabsorption of NaCl takes place (Riccardi et al., 1998; 

Riccardi, 2012; Toka et al., 2012). That resulted in a lumen-positive transepithelial difference that 

drives calcium and magnesium transportation (Bourdeau and Burg, 1979; Shareghi and Agus, 

1982). Previous experiments documented that calcium and magnesium absorption in the TAL 

decreased with the presence of increasing levels of peritubular calcium or magnesium (Wong et 

al., 1983; Quamme, 1989). When agonists like calcium and neomycin stimulated the CaSR, the 

subsequent activation was found to impair the activity of 70-pS apical membrane potassium 

channel via the cytochrome P-450-dependent metabolite of arachidonic acid-involved regulation 

in the TAL (Wang et al., 1996). In addition, some researchers reported that the CaSR modulates 

the intracellular pH in a chloride-dependent manner in the medullary TAL (Aslanova et al., 2006).  

2.2.3 Calcium-sensing receptor in the bone 

            As it does in both the parathyroid glands and the kidney, the CaSR has been found to serve 

important roles in the bone. In 1997, CaSR expression was initially confirmed in the bone, as 

researchers reported the expression of the CaSR in the mouse osteoblastic cell line (Yamaguchi et 

al., 1998). After confirming the CaSR in the mouse osteoblastic cell line MC3T3-E1, subsequent 
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research identified the CaSR expression in the osteoblasts of mouse and bovine (Chang et al., 

1999b). These studies documented the CaSR-induced increase in proliferation of osteoblasts, 

although the related signaling pathway is still unclear (Dvorak et al., 2004). Additionally, evidence 

shows that when the CaSR was activated, it suppressed the bone resorption within the osteoclasts 

(Kameda et al., 1998). The stimulation of the CaSR has been demonstrated to enhance 

differentiation and apoptosis in osteoclasts, while the CaSR-induced differentiation promotion 

might result from the parathyroid hormone-related protein (PTHrP) as the stimulation of the CaSR 

has been shown to raise the expression level of PTHrP (Mentaverri et al., 2006; Ahlstrom et al., 

2008). 

2.2.4 Calcium-sensing receptor in the nervous system 

            The presence of the CaSR has also been confirmed in the enteric nervous system, like the 

nerve plexus. Employing immunocytochemistry and in situ hybridization technique to confirm the 

CaSR in almost all areas of the brain, it was shown that the expression of the CaSR was broadly 

found across the central nervous system, and the difference between expression levels of the CaSR 

is huge (Yano et al., 2004). Interestingly, the expression profile of the CaSR in the nervous system 

resembles that of GPCRs-mGluR and GABAB receptors, and recent studies also found that the 

CaSR could heterodimerize with mGluR and GABAB receptors (Gama et al., 2001; Chang et al., 

2007). 

            Researchers found that the heterodimerization of the CaSR with the GABAB receptor 

formed signaling and membrane-anchored receptor complexes, and the complexes appear to 

enhance CaSR expression and signaling responses to the increasing level of the extracellular 

calcium in the brain (Chang et al., 2007; Cheng et al., 2007). Even though high level of CaSR 

expression was found in the subfornical organ and olfactory bulbs, as well as hippocampus, there 
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was no positive signal of the CaSR detected in mitral cell layer and external plexiform layer. In 

the piriform cortex, the CaSR mRNA abundance was moderate, while the expression of this 

receptor in the cerebral cortex was deficient (Rogers et al., 1997). Plus, pronounced expression of 

the CaSR was found in the cornu ammonis 3 region of the hippocampus, while mild to moderate 

expression levels of the CaSR was observed in other regions such as the basal ganglia and 

ventrolateral nucleus of the thalamus (Rogers et al., 1997).  

            Like the various expression patterns of the CaSR in many regions of the brain and cells 

expressing the CaSR, CaSR’s function in the nervous system is also quite diverse. In neurons, the 

CaSR has been shown to participate in neuronal growth and migration, synaptic plasticity, and 

neurotransmission (Ruat and Traiffort, 2013). Plus, there is emerging evidence that the CaSR is 

involved in the myelinogenesis and the modulation of the central nervous system ionic 

microenvironment in oligodendroglial cells (Ruat and Traiffort, 2013). Moreover, researchers also 

proposed that the CaSR may still serve an essential role in the extracellular calcium homeostasis 

in the brain. As stated previously, the high densities of the CaSR mRNA in the brain were detected 

in the subfornical organ, implying that the CaSR may serve a significant role in region-specific 

neuronal functions (Ferry et al., 2000). As a pivotal hypothalamic thirst center, the SFO is exposed 

to systemic fluid because it is located outside the blood-brain barrier (Ruat and Traiffort, 2013). 

There is experimental evidence indicating that the role for the CaSR in the subfornical organ is 

likely to sense the fluctuation of extracellular calcium concentration when the ionic strength 

changes and then the CaSR is involved in the central regulation of systemic fluid and electrolyte 

balance (McKinley et al., 2004). According to the experiment conducted in hippocampal 

pyramidal neurons, it was shown that the CaSR participated in the regulation of the calcium-

activated potassium channels and may block neuronal excitability and neurotransmission through 
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membrane repolarization (Schneggenburger and Neher, 2000). Also, the abundant expression of 

the CaSR in hippocampal neurons implies that the CaSR also regulates the activation of calcium-

permeable, nonselective cation channels such as Na+-leak channel with the decrease of 

extracellular calcium levels (Vassilev et al., 1997; Yano et al., 2004). Interestingly, those 

stimulations of calcium-permeable, nonselective cation channels through the CaSR are activated 

by a CaSR agonist named amyloid-β peptide, which shows high expression levels in patients with 

Alzheimer’s disease (Ye et al., 1997). Hence, some researchers have proposed that the CaSR might 

play a supporting role in Alzheimer’s disease, given that the other type of CaSR agonist called 

apolipoprotein E also has a close association with this disease (Conley et al., 2009).  

2.2.5 Calcium-sensing receptor in the stomach 

        After the first identification of the CaSR in Necturus gastric mucosa within the stomach by 

using RT-PCR, the CaSR was detected in the basolateral membrane of surface epithelial cells in 

the antrum by employing immunohistochemistry, following the confirmation of the CaSR in 

human gastric epithelial and glandular cells as well as cells of submucosal and myenteric plexuses 

(Cima et al., 1997; Ray et al., 1997a; Cheng et al., 1999). It is well known that gastric acid is 

closely associated with nutrient digestion and absorption in the stomach, and the expression of the 

CaSR was detected in gastric cells of the basement membrane (Cheng et al., 1999). Regarding acid 

secretion, the classical regulation pathways contain the paracrine, endocrine, and neuroendocrine 

systems as well as the H+-K+-ATPase activation, which mediates the production of HCL and the 

modulation of gastric acid secretion (Prinz et al., 1992; Aditi and Graham, 2012; Xie et al., 2014). 

Previous research demonstrated that Ca2+ is the second messenger involved in these pathways. 

Both in vivo and in vitro studies have shown that the CaSR serves pivotal roles in gastric acid 

secretion. In human studies, it was suggested that the stipulation of the CaSR results in the 
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elevation of serum gastrin concentration and basal gastric acid secretion (Ceglia et al., 2009). The 

complicated mechanism of this process is as follows: the activation of the CaSR located on the 

basal aspects of parietal cells contributes to an elevation in intracellular Ca2+ levels, which 

promotes parietal cell H+-K+‑ATPase activity and the following gastric acid release, while 

inhibition of the CaSR causes a reduced acid secretion even when glands are subjected to classic 

secretagogues (Geibel et al., 2001; Ceglia et al., 2009). Experiments have suggested that factors 

like L-AAs, pH, and exposure to a high level of extracellular calcium could stimulate the CaSR in 

G cells, contributing to the stimulation of gastrin secretion (Hebert et al., 2004). Specifically, the 

activation of the CaSR with lower extracellular Ca2+ levels resulted in a proliferative response in 

human gastric mucous epithelial cells (Rutten et al., 1999; Feng et al., 2010). Moreover, when the 

CaSR was stimulated by gadolinium (Gd3+) the activation of the CaSR contributed to an elevation 

in intracellular Ca2+ levels, leading to the stimulation of gastrin secretion (Gama et al., 2001). 

Interestingly, these studies also found that when the function of the CaSR was blocked, it similarly 

led to a reduced acid secretion (Ruat et al., 1995; Busque et al., 2005). Furthermore, some 

researchers have found a high expression level of the CaSR on human gastrinoma cells, while the 

stimulation of the CaSR stimulates gastrin secretion (Feng et al., 2010). Combining all of these 

findings, researchers proposed that the CaSR serves an essential function of acid secretion, repair 

of the damaged gastric mucosa, and maintaining normal G-cell numbers (Bevilacqua et al., 2005; 

Dufner et al., 2005).  

2.2.6 Calcium-sensing receptor in the small and large intestine 

            So far, the CaSR has been confirmed along the gastrointestinal tract including the 

duodenum, jejunum, ileum and colon, which play very important roles in the digestion, and 

absorption of nutrients, as well as the secretion of hormones regulating the flow of water and ions 
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to maintain water and electrolyte homeostasis (Chattopadhyay et al., 1998). Specifically, the 

presence of the CaSR in the small and large intestine was identified on the apical and basolateral 

membranes of both colonic crypt cells and villi epithelial cells located in the small intestine 

(Chattopadhyay et al., 1998; Cheng et al., 2002). 

            Data obtained from early studies revealed that the CaSR was involved in the calcium 

homeostasis in the small intestine when the CaSR expressed in the small intestine was subjected 

to different concentrations of extracellular calcium as well as vitamin D (Favus et al., 1981). 

Recent studies have proven that the CaSR could sense L-AAs such as phenylalanine, tryptophan, 

asparagine, arginine, and glutamine in the small intestine and stimulate gut peptide secretion with 

the presence of extracellular calcium in intestinal enteroendocrine cells (Mace et al., 2012). 

According to these studies, the CaSR acts as a pivotal modulator of intestinal enteroendocrine cells 

like K- and L-cell activity when the CaSR was subjected to both nutrients and non-nutrients (Mace 

et al., 2012). Specifically, these studies establish a new role for the CaSR as the modulator of gut 

peptide secretion that detects nutrients in the small intestine and participates in the stimulation of 

gut hormones including gluco-insulinotropic peptide (GIP), glucagon-like peptide-1 (GLP-1), and 

peptide YY (PYY) (Mace et al., 2012). 

            As for the colon, its main role is modulating fluid absorption and secretion, while colonic 

surface and crypt cells have been shown to serve an important function in both nutrient absorption 

and secretion (Quinn et al., 1997; Lin et al., 1998). Previous studies focusing on colonic fluid 

transport and gastric acid secretion showed that the CaSR in the colon is involved in the two main 

roles mentioned above, making the CaSR a promising target to prevent secretory diarrhea (Geibel 

and Hebert, 2009). Moreover, the CaSR has been demonstrated to sense nutrient availability to 
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epithelial cells located in the digestive system and possibly affect the rapid turnover observed in 

the intestinal epithelium (Geibel and Hebert, 2009).  

            Together with all the findings previously stated, the effect of the CaSR in the small and 

large intestine provides new insights for both inhibiting diarrhea and inflammatory bowel disease 

and reducing the risk for colon cancer, thus making the CaSR a pharmacological target. Diarrheal 

diseases have been a serious problem in both human health and animal production. Indeed, 

secretory diarrheas are caused by excessive secretion and/or impaired absorption of fluid and 

electrolytes across the intestinal epithelium (Thiagarajah et al., 2015). Studies have demonstrated 

that the intestinal fluid secretion in secretory diarrhea are closely associated with a range of ion 

and solute transport proteins, the stimulation of cyclic nucleotides, and Ca2+ signaling pathways 

(Frizzell and Hanrahan, 2012). It was suggested that cholera toxin-mediated diarrhea is frequently 

accompanied by an elevation in cAMP, while the Escherichia coli heat stable toxin increases the 

production of the cGMP level (Kopic and Geibel, 2010; Foulke-Abel et al., 2020). This fluid and 

electrolyte imbalance resulted from the secretory process because of chloride loss, and the 

impaired intestinal absorptive capacity (Lucas, 2001). Based on the functional assay, it was 

suggested that the CaSR expressed along the intestinal tract plays a negative role in the action of 

cAMP- or cGMP-inducing secretagogues which includes the cholera toxin and heat stable 

Escherichia coli enterotoxin STa on fluid transport in the intestine. Specifically, the CaSR 

performs this function through promoting the degradation of the previously stated cyclic 

nucleotides via phosphodiesterase, which contributes to inhibition of secretion and elevation of 

absorption (Geibel et al., 2006). Additionally, the activation of the CaSR stimulated by small-

molecule CaSR agonists was able to reverse cholera toxin- and STa endotoxin-induced fluid 

secretion, which provides a unique therapy for secretory diarrheas (Geibel et al., 2006).  
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2.3 Calcium-sensing receptor ligands binding and signaling pathways 

            Current studies reveal that the CaSR is activated by a variety of ligands, including 

polyvalent cations (such as Ca2+, Mg2+), L-AAs, and drugs like cinacalcet and NPS 2143 (Leach 

et al., 2013; Alfadda et al., 2014). In addition, it has been demonstrated that charged residues 

in the CaSR ECD play a pivotal role in the CaSR stimulation via electrostatic interactions. Thus, 

researchers have proposed that pH could be a potential regulator of the CaSR activation 

response by its polycationic agonists (Quinn et al., 2004). Besides, ionic strength is also capable 

of regulating the activity of the CaSR (Quinn et al., 1998). The activation of the CaSR by 

different types of ligands may stabilize the CaSR in unique activation states, contributing to 

different signaling pathways (Tennakoon et al., 2016). Additionally, an early study reported 

that a ligand could behave as an agonist for one cellular signal transduction, but it acts as a 

negative receptor modulator, partial ligand or even fails to alter another signaling (Thomsen et 

al., 2012). 

2.3.1 Calcium-sensing receptor activation 

            Even though extracellular Ca2+ is the principal orthostatic regulator of the CaSR, other 

compounds are thought to stimulate this receptor, too (Riccardi, 2002). The agonists of the CaSR 

could be categorized into two main types: agonists and antagonists. Agonists can also be divided 

into two types: Type I agonists, including direct agonists such as Ca2+, other divalent such as Mg2+, 

trivalent cations like La3+, spermine, aminoglycosides, antibiotics, some dietary peptides, and 

Type II agonists (positive allosteric modulators such as cinacalcet and aromatic L-AAs, which can 

only activate the CaSR with the presence of extracellular calcium). Researchers proposed that 

those CaSR agonists with higher positive charge density tend to have higher agonistic potency 

(Lee et al., 2007; Saidak et al., 2009). As for aromatic L-AAs, they can enhance the CaSR 
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sensitivity, thus left-shift the concentration-response curve of the CaSR activation induced by the 

extracellular Ca2+ (Conigrave et al., 2000). So far, no orthostatic antagonist of the CaSR has been 

found, whereas negative allosteric modulators of the CaSR include NPS 2143, ronacaleret, and 

calhex 231 (Yanamala and Klein-Seetharaman, 2010; Gannon et al., 2014). Plus, those negative 

allosteric modulators of the CaSR make the CaSR less sensitive to the extracellular calcium, 

ultimately contributing to a right-shift of the CaSR activation induced by the extracellular calcium 

(Conigrave et al., 2000).  

2.3.1.1. Cations 

            Divalent cations such as extracellular Ca2+ and Mg2+ belong to the Type I agonists of the 

CaSR, which could activate this receptor directly. Under normal situations, it has been 

demonstrated that both the extracellular Ca2+ and Mg2+ play negative regulation on the PTH 

secretion in a dose-dependent manner (Navarro et al., 1999). Besides, even though the CaSR 

activity in the presence of extracellular Mg2+ is usually like that of extracellular Ca2+, inconsistent 

features between these two endogenous divalent cations have also been observed. For instance, 

when patients with hypomagnesemia were subjected to a low level of extracellular Mg2+, 

researchers witnessed a paradoxical decrease in PTH secretion, which was opposite to those of 

PTH release in the presence of a low concentration of extracellular Ca2+ (Anast et al., 1972; 

Mennes et al., 1978; Duran et al., 1984).  

            Apart from Ca2+ and Mg2+, divalent and trivalent cations including Sr2+, Ba2+, La3+, and 

Gd3+ were also identified as agonists for the CaSR (Riccardi, 2002). Notably, when the chimeric 

receptor formed by both the mGluR ECD and the TMD as well as the ICD of the CaSR was 

subjected to Gd3+, it could be activated which did not occur with the presence of the extracellular 

Ca2+, implying that not all CaSR agonist cations bind to the same binding sites of the CaSR 
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(Hammerland et al., 1999). Moreover, the sensitivity of the CaSR to those cations might vary 

among different species as well as different types of cells within the body (Yamashita and 

Hagiwara, 1990; Garrett, 1995). 

2.3.1.2 L-Amino acids 

            Family C members of GPCRs such as glutamate and GABA receptors and the CaSR all 

have a VFT domain, which contains several amino acid binding sites, suggesting that all of these 

GPCRs could sense amino acids (Wellendorph and Brauner-Osborne, 2009; Hendy and Canaff, 

2016). In HEK-293 cells which shows stable expression of the CaSR, amino acids were first 

identified as allosteric agonists of the CaSR in the presence of extracellular Ca2+, and research 

found that the CaSR appears to show higher affinity for large L-AAs, specifically aromatic amino 

acids like L-Phe, and L-Trp (Conigrave et al., 2000). Besides, several aliphatic L-AAs, such as L-

leucine and poly-L-arginine also affect the CaSR activity (Brown, 1991; Busque et al., 2005). In 

general, researchers claim there is a link between the extracellular Ca2+ and L-AAs metabolism, 

given it has been known for years that L-AAs metabolism is involved in the modulation of urinary 

Ca2+ excretion and the production of PTH (Conigrave et al., 2002). Meanwhile, in the 

gastrointestinal tract, L-AAs were also found to participate in many physiological activities 

through the CaSR. For example, it has been demonstrated that L-AAs participate in the CaSR-

mediated control of gastric acid secretion in the stomach, and some studies also suggest that some 

aromatic L-AAs appear to mediate gastric luminal pH in the stomach (Conigrave et al., 2002; 

Saidak et al., 2009). It is worth noting that those physiological activities that have been shown by 

L-AAs were considered to be small effects, and thus researchers proposed that L-AAs might only 

participate in the fine-tuning of CaSR signaling (Saidak et al., 2009). 
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2.3.1.3 Synthetic allosteric modulators 

            Except for naturally occurring CaSR agonists such as aromatic L-AAs, some synthetic 

pharmacological agents have recently been identified as allosteric modulators for the CaSR, and 

they could be categorized as calcimimetics and calcilytics (Saidak et al., 2009; Alfadda et al., 

2014). These synthetic pharmacological compounds were designed to control the release of PTH 

secretion in patients with hyperparathyroidism. In addition, these ligands have been shown to share 

similar structural features with aromatic L-AAs, as they all have an aromatic ring and positively 

charged amine groups (Saidak et al., 2009). In general, as previously stated, the calcimimetics and 

calcilytics do not activate the CaSR in the absence of Ca2+ but instead alter the concentration-

response curves of the CaSR activation response stimulated by the extracellular calcium in a dose-

dependent manner (Armato et al., 2013). Plus, calcimimetics act as positive modulators or agonists 

for the CaSR, whereas calcilytics are considered to be CaSR antagonists that reduce the sensitivity 

of the CaSR to extracellular Ca2+ (Sood et al., 2000).  

            The first calcimimetics were discovered in 1997 and belong to the phenylalkylamine group, 

as researchers found NPS R-568 and NPS R-467 could elevate the level of intracellular level of 

Ca2+ and thus suppress the release of PTH secretion (Nemeth et al., 1998). Moreover, those small 

molecular drugs designed to target the CaSR have also been demonstrated to act as potent, 

stereoselective allosteric modulators for the CaSR (Nemeth et al., 1998). As for NPS 2143, it was 

the first calcilytic that could inhibit the CaSR activity in the presence of extracellular calcium 

(Nemeth et al., 2001). Since then, other calcilytics such as calhex 231 and compound 3 have also 

been identified as negative allosteric modulators for the CaSR (Brauner-Osborne et al., 2007). In 

terms of orthostatic ligands, their binding sites were in the ECD of the CaSR, which is different 

from allosteric modulators where the seven TMD domains were their binding sites (Miedlich et 
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al., 2004; Petrel et al., 2004). Except for modulating the sensitivity of the CaSR, allosteric 

modulators could also affect the expression level of this receptor. Several experiments have 

reported that the calcimimetic NPS R-568 could elevate the CaSR expression level, while the 

calcilytic NPS 2143 reduced the expression of this receptor (Huang and Breitwieser, 2007). Both 

calcimimetics and calcilytics are potential therapeutic drugs targeting diseases caused by CaSR 

dysfunction. Because they have specific targets, they have better performance than conventional 

CaSR ligands (Saidak et al., 2009).  

2.3.1.4 Polyamines and polypeptides 

            So far, several kinds of endogenous polyamines have been demonstrated to be modulators 

for CaSR activity, including spermine, spermidine, and putrescine (Quinn et al., 1997). Polyamines 

exist in various tissues within the body and have been identified as participating in various 

physiological activities, including cellular metabolism, growth, differentiation, and 

neurotransmission (Shin et al., 2005; Kurata et al., 2007). Studies have also suggested that 

extracellular polyamines play a pivotal role in the normal postnatal development, maintenance, 

and function of gastrointestinal epithelia through CaSR-mediated activity (Gama et al., 1997; 

Cheng et al., 2004). Interestingly, previous studies stated that the polyamines mediated CaSR 

response required the presence of extracellular calcium, but later research found that spermine 

could result in an intracellular calcium influx without the presence of extracellular calcium (Canaff 

et al., 2001; Cheng et al., 2004). These studies suggested that parts of polyamines act as orthostatic 

agonists, whereas others are allosteric modulators.  

            Regarding polypeptides, studies document that many γ-glutamyl peptides have been 

identified as CaSR agonists. Recent studies have identified 46 γ-glutamyl peptides as the CaSR 

agonists, including GSH (γ-Glu-Cys-Gly) and γ-Glu-Val-Gly, γ-Glu-Val, γ-Glu-Leu, and γ-Glu-
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Val-Lys (Ohsu et al., 2010). Early research documented that GSH could not activate the CaSR 

without the presence of the extracellular Ca2+ but enhanced the sensitivity of this receptor. 

Specifically, researchers found that the GSH-induced CaSR activity only occurred when this 

receptor was subjected to the 0.8 mM extracellular calcium, suggesting that those polypeptides 

might act as allosteric agonists for the CaSR (Wang et al., 2006). These polypeptides belong to 

kokumi taste substances which have been applied in food production as taste enhancers, which 

might explain the presence of the CaSR in mammalian taste cells (Ohsu et al., 2010).  

2.3.1.5 Aminoglycoside antibiotics 

            Similar to the polypeptides, aminoglycoside antibiotics were initially identified to mimic 

the roles of extracellular Ca2+ on parathyroid function (Brown et al., 1991), as aminoglycoside 

antibiotics, neomycin, gentamicin, and tobramycin are known to be agonists of the CaSR 

(McLarnon et al., 2002). These three aminoglycoside antibiotics produced a level-dependent 

elevation in intracellular calcium with EC50
 values of 43, 258, and 177 µM, respectively 

(McLarnon et al., 2002). In addition, data from the same study showed that the minimum 

concentration of kanamycin necessary for the CaSR activation should be above 1 mM (McLarnon 

et al., 2002). Additionally, the potency of the aminoglycoside antibiotics to the CaSR is different, 

implying that efficacies for aminoglycoside antibiotics correlate positively with the number of 

their attached amino groups (McLarnon et al., 2002). 

2.3.1.6 pH and ionic strength 

             Both the pH and ionic strength have been shown to regulate the activity of the CaSR, 

which could be explained by the fact that some CaSR modulators are cations with positive charges, 

and those cationic compounds could bind to the CaSR via electrostatic interactions (Quinn et al., 

2004; Doroszewicz et al., 2005). Both the increased and decreased pH were observed to affect the 
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CaSR sensitivity to the extracellular calcium. In general, the elevated pH above the physiological 

range (pH 7.0-7.8) could make the CaSR more sensitive to the extracellular Ca2+ and Mg2+, 

whereas a decreasing pH showed the opposite effect (Doroszewicz et al., 2005). However, 

researchers also proposed that when the pH dropped further to below 5.5, the sensitivity of this 

receptor did not decrease. Instead, they found that the sensitivity of this receptor to the extracellular 

calcium showed some recovery (Quinn et al., 2004; Saidak et al., 2009). Moreover, studies also 

reported that the pH mediated CaSR activity might be specific to the CaSR, as the other GPCR 

showed little change in activity with changes in pH (Saidak et al., 2009).  

            Apart from external pH alterations, ionic strength changes of the extracellular milieu have 

been shown to influence the sensitivity of the CaSR (Brown and MacLeod, 2001). Studies found 

that when the CaSR was subjected to increasing ionic strength, the sensitivity of this receptor to 

its positive modulators subsequently dropped (Quinn et al., 1998). For example, an early study 

reported that the addition of a higher concentration of extracellular sodium chloride could right 

shift the EC50 for the CaSR activity to its agonists such as extracellular Ca2+ and spermine, and 

effects of ionic strength on the potency of this receptor have been demonstrated to be higher than 

that of extracellular calcium ion (Quinn et al., 1998). Therefore, the CaSR was considered to be 

not only a pH sensor but also an ionic strength sensor (Quinn et al., 1998). 

2.3.2. Calcium-sensing receptor regulated intracellular signaling pathways 

            As described earlier, the CaSR belongs to the GPCR members, and it interacts with several 

types of heterotrimeric G-proteins, including Gα subunits as well as Gβγ subunits to regulate the 

activity of downstream signaling pathways (Conigrave and Ward, 2013). Specifically, activation 

of the CaSR is associated with the activation of heterotrimeric G proteins, which contributes to the 

dissociation of the G𝛼 subunit from the Gβγ subunits, initiating different downstream signaling 
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pathways (Thomsen et al., 2012). The G𝛼 subunit could be divided into several subfamilies 

including Gq/11, Gi/o, Gs, and G12/13. Once the ligand binds to GPCRs, it could activate Gq/11, 

and then elicit the activation of phospholipase Cβ (PLCβ), subsequently lead to the PLCβ cleavage 

be a phospholipid named diacylglycerol and inositol 1,4,5-triphosphate (IP3) (Sassmann et al., 

2010). This process eventually causes mobilization of intracellular Ca2+ and the phosphorylation 

of protein kinase C (PKC), subsequently causing the mitogen-activated protein kinase (MAPK) 

activation. Furthermore, when the CaSR is stimulated by the ligands, besides the activation of G 

proteins, β-arrestins could also negatively regulate the CaSR activation by regulating the 

phosphorylation and activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) 

(Rajagopal et al., 2010; Hales, 2011). Furthermore, the activation of the MAPK cascade caused by 

the activation of Gq/1 could also lead to phosphorylation and activation of ERK1/2 (Kifor et al., 

2001). Besides, the activation of the G12/13 family leads to the activation of the small G protein Ras 

homolog family member A (RhoA), and the CaSR has been proven to be involved in the activation 

of RhoA (Pi et al., 2002). Notably, the activation of Gs also occurs in some cell types (Hendy et 

al., 2009). In this context, the CaSR was shown to modulate different intracellular downstream 

signaling pathways, as outlined in Figure 2.4.  

            It is well-accepted among researchers that the CaSR is closely related to intestinal 

development. One study found that the CaSR activation might regulate the intestinal cell 

proliferation and differentiation through the MAPK signaling pathway, as the upregulation of 

activator protein 1 (AP-1) induced by the phosphorylation and activation of ERK1/2 could mediate 

cell proliferation and differentiation (Liu et al., 2018). However, there is limited information about 

downstream signaling pathways triggered by the CaSR activation that improve gut health (such as 

nutrient absorption and gut integrity). Therefore, elucidation of the signaling pathways by the 
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CaSR activation will provide new insights into underlying mechanisms of gut health maintained 

by the CaSR.  
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Figure 2.4 Generalized representations of calcium-sensing receptor (CaSR)-mediated signaling 

pathways. 
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2.3.2.1 Gq signaling pathway 

            When the CaSR was initially expressed in X. laevis oocytes, researchers found that the 

extracellular calcium-induced the CaSR activation could subsequently trigger the downstream 

intracellular PLC signaling pathway (Brown et al., 1993). According to experiments conducted in 

HEK293 cells-expressing the CaSR, as well as in bovine parathyroid cells, it was shown that the 

activation of this receptor could subsequently also activate two other phospholipases, 

phospholipase D (PLD) and phospholipase A2 (PLA2) (Kifor et al., 1997). Notably, some studies 

have suggested that the CaSR-mediated PLD activity might vary between different types of cell 

lines (Kifor et al., 1997; Huang et al., 2004). Research reported that the CaSR-mediated 

downregulation of the PKC in HEK293 cells contributed to a reduced PLD activity in the presence 

of extracellular Ca2+, whereas the opposite results were identified in the MDCK cells stably 

overexpressing the CaSR (Huang et al., 2004). Meanwhile, the activation of PLA2 stimulated by 

the CaSR activity was not fully regulated by the PKC activity (Handlogten et al., 2001). As 

described above, the CaSR mainly modulates PLA2 activity through elevating intracellular Ca2+ 

concentrations via Gq stimulation of the PLC pathway (Handlogten et al., 2001). This elevation of 

intracellular Ca2+ also had effects on calmodulin, which in turn resulted in the activation of 

calmodulin-dependent protein kinase. It has been demonstrated that these two proteins are needed 

for CaSR-regulated stimulation of PLA2 (Handlogten et al., 2001). Plus, the same researchers also 

found that CaSR-mediated activation of ERK could also affect the phosphorylation and activation 

of PLA2 (Handlogten et al., 2001). 

2.3.2.2 MAPK signaling pathway 

            MAPKs belong to protein Ser/Thr kinases, and have been identified in all eukaryotic cells, 

and they participate in the regulation of apoptosis, metabolism, motility, and gene expression and 
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differentiation (Widmann et al., 1999). The conventional MAPKs signaling pathways contain 

ERK1/2, c-Jun amino (N)-terminal kinases (JNK1/2/3), p38 isoforms (α, β, γ, and δ), and ERK5, 

while the activation of the CaSR has been confirmed to be involved in those MAPK signaling 

cascades mentioned above (Chen et al., 2001; Ogata et al., 2006). A few studies investigated the 

regulation of ERK1/2 activation by the CaSR in both bovine parathyroid and HEK-293 cells with 

the CaSR stable expression, and researchers found that the elevating extracellular Ca2+ and CaSR 

agonists elicited the level-dependent phosphorylation of ERK1/2, while this up-regulated 

phosphorylation of ERK1/2 could also be blunted by the related kinase inhibitors (McNeil et al., 

1998; Kifor et al., 2001). Moreover, another study confirmed that the activation of ERK by the 

CaSR could be inhibited with the transfection of dominant negative mutants of Ras, Raf, and MEK, 

suggesting that the CaSR mediated the activation of ERK via the CaSR-Src-Ras-Raf-MEK-ERK 

pathway (Hobson et al., 2000). Meanwhile, Kifor et al. (2001) found that the activation of ERK 

could also result from the CaSR-mediated PLC pathway leading, based on the PLC pathway 

inhibitors experiment. In addition, another study utilizing the CaSR-transfected HEK-293 cells 

shared similar results, as they demonstrated that functional CaSR is necessary and sufficient for 

the ERK activation elicited by the calcium (Hobson et al., 2003). In the same research, researchers 

also identified that phosphatidyl inositol 3 kinase (PI3K) was a key component of CaSR-mediated 

ERK activation, given that the CaSR-dependent ERK activation could be blocked by exposure to 

the PI3K inhibitors (Hobson et al., 2003).  

            As the crucial members of the MAPK family, JNKs regulate various types of abiotic and 

biotic stress insults, as well as some key physiological processes (Zeke et al., 2016). It has been 

demonstrated that the increasing level of extracellular calcium Ca2+ promoted the phosphorylation 

of ERK1/2 and JNK/SAPK in NIH/3T3 cells stably expressing either wild-type or mutant receptors 
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(Hoff et al., 1999). Similar to the studies employing the inhibitor experiment, this research also 

utilized the dominant negative kinase which is upstream of the JNK pathway to verify their results 

(Hoff et al., 1999). Moreover, these findings were confirmed in subsequent studies. For instance, 

according to the western blotting results with phosphor-specific antibodies and the inhibitor 

targeting the JNK pathway, an investigation showed that the CaSR activation could increase the 

cyclooxygenase-2 expression in rat fibroblasts via the JNK signaling pathway (Ogata et al., 2006).  

            Like other members of MAPKs mentioned above, the p38 MAPK group also serves as a 

signal transduction mediator that regulates a wide range of biological processes when subjected to 

extracellular stimuli (Zarubin and Han, 2005). The biological consequences of p38 activation 

include inflammation, apoptosis, cell differentiation, cardiomyocyte hypertrophy, as well as 

cardiomyocyte hypertrophy (Zarubin and Han, 2005). According to an early study which 

conducted the CaSR activation in H-500 rat Leydig cancer cells, evidence showed that high 

concentration of the extracellular calcium regulated PTH-related peptide secretion via the p38 

signaling, while inhibition of PI3K and p38 MAPK abolished the activation of PI3K and p38 

MAPK (Tfelt-Hansen et al., 2003). Plus, it has been revealed that the CaSR activation promotes 

apoptosis via the JNK/p38 MAPK signaling pathway in focal cerebral ischemia-reperfusion in 

mice (Zhen et al., 2016).  

2.3.2.3 Gi/o signaling pathway 

            Interestingly, before the CaSR was isolated and characterized in bovine parathyroid cells, 

researchers found that a high level of divalent cations such as Ca2+ and Mg2+ was able to lower the 

dopamine-stimulated cAMP content in cultured bovine parathyroid cells, whereas the pertussis 

toxin could completely block the inhibitory effects of Ca2+ and Mg2+ on cAMP content (Chen et 

al., 1989). Furthermore, in the cortical thick ascending limb of rats, it was observed that CaSR 
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activation elicited by the CaSR agonists could suppress the production of cAMP induced by 

antidiuretic hormone treatment (De Jesus Ferreira and Bailly, 1998). Other research during the 

same period confirmed the inhibitory effects of the CaSR on the cAMP level in the CaSR stable 

transfected HEK-293 cells by using formalin stimulation (Chang et al., 1998). In addition, it was 

also demonstrated that the γ-glutamyl peptides and L-AAs could inhibit the production of cAMP 

on HEK-293 cells that stably expressed the CaSR, implying that most of the time, the CaSR 

negatively regulates cAMP levels in normal cells (Broadhead et al., 2011). Of note, the CaSR 

activation does not always suppress the cAMP content, as some studies found that the CaSR 

couples to Gαs subunit to stimulate cAMP production in breast cancer cells (Kim and Wysolmerski, 

2016). Concretely, researchers found that the CaSR couples to Gαi and inhibits cAMP in normal 

mammary epithelial cells, but the CaSR couples to Gαs and stimulates cAMP production in breast 

cancer cells such as Comma-D cells (immortalized murine mammary cells) and MCF-7 human 

breast cancer cells (Mamillapalli et al., 2008; Kim and Wysolmerski, 2016). These experiments 

suggest that there are cell-specific differences in the CaSR’s role in cAMP production.  

2.3.2.4 Akt signaling pathway 

            As previously described, researchers confirmed PI3K as an upstream regulator in the ERK 

phosphorylation signaling pathway caused by the CaSR activation (Hobson et al., 2003). In the 

following year, another study found that CaSR-induced signaling pathways through the PI3K 

pathway could contribute to the phosphorylation and activation of the antiapoptotic protein kinase 

Akt (Dvorak et al., 2004). This study reported the phosphorylation of the antiapoptotic protein 

kinase 1 and 2, as well as Akt, when the fetal rat calvarial cells were treated with increasing levels 

of extracellular Ca2+ and Gd3+ (Dvorak et al., 2004). In addition, evidence indicated that the ERK 

and PI3K-Akt signaling was associated with cell proliferation and migration, and it was confirmed 
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that the CaSR participates in this procedure (Ward et al., 2005). Specifically, the activation of the 

CaSR led to the increase of intracellular Ca2+ via IP3-PLC signaling, and the increasing Ca2+ was 

confirmed to improve the cell proliferation via regulating ERK and PI3K-Akt signaling pathways 

(Lagos-Cabre et al., 2018). By using an inhibition experiment, researchers demonstrated that the 

phosphorylation of Akt regulated by the CaSR was via the PI3K signaling pathway, while they 

also observed Akt phosphorylation and activation when opossum kidney cells were exposed to 

both extracellular Ca2+ and antibiotics (Ward et al., 2005). Data obtained in a recent study mirrored 

these findings, as it revealed that the activation of CaSR induced by its agonist Gd3+ could promote 

the phosphorylation of ERK1/2, PI3K, and Akt, as well as the proliferation rate of the 

osteosarcoma cells MG-63 (Zhao et al., 2020). 

2.3.2.5 G12/13 signaling pathway 

            RhoA is a member of the Ras family, and studies have shown that ligands for GPCRs can 

also activate RhoA (Yu and Brown, 2015). Activation of RhoA occurs when receptors couple to 

G12/13 and Rho guanine nucleotide exchange factors (Palsuledesai et al., 2018). Rho proteins 

have been confirmed to participate in the regulation of multiple physiological activities, including 

exocytosis, cell proliferation, and hypertrophy (Yu and Brown, 2015). By utilizing Madin-Darby 

canine kidney cell lines with the CaSR stable transfection, an early study showed that treating cells 

with a C3 exoenzyme could block the PLD activity (Huang et al., 2004). PLD is a known G12/13 

target, thus the CaSR is believed to be able to activate the Rho proteins by targeting G12/13 (Huang 

et al., 2004). There is also evidence of the CaSR activation through Rho-dependent pathways, 

given that researchers reported the Rho is an integral part of the cellular signal transduction 

downstream of CaSR-regulated Gαq activation response (Pi et al., 2002). Specifically, some CaSR 

positive modulators such as Ca2+ and Mg2+, as well as the constitutively active Gα subunits and 
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the constitutively active RhoA, were shown to activate the serum response element (SRE) reporter 

in HEK-293 cells stably transfected with the CaSR and an SRE-luciferase reporter construct, 

which monitors the Rho-dependent transactivation (Pi et al., 2002). And the above CaSR-mediated 

activation of SREs could be abolished via the overexpression of the dominant negative Gαq (305–

359) minigene (Pi et al., 2002). Furthermore, the Rho family inhibitor C3 exoenzyme was found 

to block the CaSR and Gαq activation of SRE, while the C3 exoenzyme could not affect the mutant 

Rho, and CaSR-mediated SRE activity was partially restored (Pi et al., 2002). Further evidence 

demonstrated that the induction of Rho by the CaSR may also be associated with the regulation of 

Gαq, RhoGEF, and filamin (Pi et al., 2002). Another study also identified an abrogation of the 

CaSR activation induced by L-Phe with the treatment of Rho GTPases inhibitors toxin B as well 

as the C3 exoenzyme (Rey et al., 2005). As with the investigation conducted by Pi et al., this study 

also found a relationship between filamin and the activation of Rho by the CaSR (Rey et al., 2005).              

2.4 Summary 

            The gut is not only a crucial digestive organ but also a chemosensory system that regulates 

the physiological activities and metabolic responses in animals through different types of cell 

signalling. Meanwhile, as a well-conserved and ancient GPCR, the CaSR has been demonstrated 

to be widely distributed along the gastrointestinal tract and its accessory organs in mammals. 

Furthermore, emerging evidence suggests that when the CaSR interacts with its allosteric agonists, 

the conformational changes of the CaSR elicit distinct cellular transduction, ultimately 

contributing to a broad range of physiological activities in the gut. Accordingly, the CaSR is 

intimately associated with intestinal homeostasis via coordinating nutrient digestion and 

absorption, enhancing intestinal cell proliferation and differentiation, promoting gut barrier 

function, mediating gut peptide secretion and energy metabolism, as well as attenuating 
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inflammation and secretory diarrhea. Therefore, elucidation of the underlying mechanisms by 

which dietary CaSR ligands (like ions, L-AAs, oligopeptides and polypeptides) preserve gut 

barrier function and maintain gut health will allow for the development of practical nutritional 

strategies to maintain intestinal homeostasis. 



 42 

CHAPTER THREE: HYPOTHESES AND OBJECTIVES 
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HYPOTHESES AND OBJECTIVES 

3.1 Hypotheses 

The hypotheses tested in this thesis were shown as follows: 

The pCaSR is not only expressed in EECs but also in enterocytes in weaned piglets.  

Administering an effective amount of one or more pCaSR modulators can improve nutrient 

absorption and gut barrier function in weaned piglets. 

3.2 Objectives 

The overall objective of this thesis was to explore the molecular mechanisms of gut chemosensing 

through the pCaSR and the regulation of nutrient absorption and gut health in weaned piglets under 

normal physiological and challenging conditions.  

Specific objectives were to: 

Investigate the distribution and localization of the pCaSR in different tissues, especially along the 

longitudinal axis of the digestive tract in weaned piglets; 

Investigate the expression of the pCaSR in porcine enterocytes; 

Identify the potential ligands of the pCaSR and cell signaling pathways related to the pCaSR 

activation; and 

Elucidate the roles of identified pCaSR ligands on nutrient absorption and barrier functions. 
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CHAPTER FOUR: MANUSCRIPT Ⅰ 

Distribution and Localization of Porcine Calcium Sensing Receptor (pCaSR) in Different 

Tissues of Weaned Piglets1 
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4.1 Abstract 

Taste receptors including calcium sensing receptor (CaSR) are expressed in various animal tissues, 

and the CaSR plays important roles in nutrient sensing and the physiology, growth and 

development of animals. However, molecular distribution of porcine CaSR (pCaSR) in different 

tissues, especially along the longitudinal axis of the digestive tract in weaned piglets are still 

unknown. In the present study, we investigated the distribution and localization of the pCaSR in 

different tissues, including intestinal segments of weaned piglets. Six male pigs were anesthetized 

and euthanized. Different tissues including intestinal segments were collected. The pCaSR mRNA 

abundance, protein abundance and localization were measured by real-time PCR, Western blotting 

and immunohistochemistry, respectively. The mRNA and protein of the pCaSR were detected in 

the kidney, lung, liver, stomach, duodenum, jejunum, ileum and colon. The pCaSR mRNA was 

much higher (5 to 180 times) in the kidney when compared with other tissues (P < 0.05). The 

ileum had higher pCaSR mRNA and protein abundances than the stomach, duodenum, jejunum, 

and colon (P < 0.05). Immunohistochemical staining results indicated that the pCaSR protein was 

mostly located in the epithelia of the stomach, duodenum, jejunum, ileum, and colon. These results 

demonstrate that the pCaSR is widely expressed in different tissues including intestinal segments 

in weaned piglets and the ileum has a higher expression level of the pCaSR. Further research is 

needed to confirm the expression of the CaSR in the different types of epithelial cells isolated from 

weaned piglets and characterize the functions of the pCaSR, its potential ligands and cell signaling 

pathways related to the CaSR activation in enteroendocrine cells and potentially in enterocytes. 

Key words: calcium-sensor receptor (CaSR), gene expression, intestine, nutrient sensing, weaned 

piglets 
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4.2 Introduction 

The gut operates not only as an organ to digest and absorb nutrients, but it also acts as a 

chemosensory system mediating the orchestration of physiological and metabolic responses 

(Reimann et al., 2012; D. Burrin et al., 2013; Ipharraguerre, 2013; Kaji et al., 2013; Mace and 

Marshall, 2013; Yang et al., 2013). The gut chemosensing system is characterized by a network of 

G protein-coupled receptors (GPCR) that is associated with the regulation of nutrients absorption 

and gut function (Liu et al., 2013). Identification of specific GPCR in the gut and their ligands can 

provide novel targets not only for improving gut growth and development but also for the treatment 

of diabetes, acid reflux, mucosal injury, inflammatory bowel disease and obesity (Symonds et al., 

2015; Cheng, 2016; Owen et al., 2016).  

Antibiotics are widely used to maintain health and productivity within the animal 

production chain (Hassan et al., 2018). However, plentiful consumption of antibiotics in food 

animal production may lead to the spread of antibiotic resistant pathogens, posing a significant 

public health threat (Van Boeckel et al., 2015). Therefore, new technologies are needed, and 

modulating gut chemosensing has become an area of future interest to further develop novel 

therapeutic strategies against weaning-induced enteric dysfunction in pigs (Liu et al., 2013).  

As a part of gut chemosensing, taste receptors are GPCRs that play crucial roles in nutrient 

sensing in the intestine. Meanwhile, those receptors like sweet, umami and fatty acid receptors 

have been identified and characterized in the pig, as well as the kokumi receptor pCaSR (Tedo G 

et al., 2011; Mace and Marshall, 2013; Song et al., 2015) (Yang et al., 2015). The objective of this 

study was to investigate the distribution and localization of the pCaSR in different tissues, 

especially along the longitudinal axis of the digestive tract in weaned piglets. We hypothesized 
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that the pCaSR is widely expressed in different tissues including intestinal segments of weaned 

piglets 

4.3 Materials and methods 

4.3.1 Database information collection 

The sequences of pCaSR gene and protein investigated in this study were collected from 

GenBank (https://www.ncbi.nlm.nih.gov/gene/100520980), and then were analyzed by using 

Ensembl 

(http://uswest.ensembl.org/Sus_scrofa/Gene/Summary?g=ENSSSCG00000011878;r=13:138280

364-138364953 ), and the pCaSR Uni ProtKB/SWISS-Prot database information were obtained 

from (http://www.uniprot.org/uniprot/O62714). The exon/intron organization of the pCaSR gene 

was drawn by using Illustrator for Biological Sequences (Liu et al., 2015). Secondary structure 

model of the pCaSR was constructed by Protter (http://wlab.ethz.ch/protter/start/). The hydropathy 

plot analysis of the pCaSR protein was conducted by using ExPASy-Protscale 

(https://web.expasy.org/protscale/). The predicted three-dimensional structure model of the 

pCaSR amino acids sequences was built by Swiss-model 

(https://swissmodel.expasy.org/interactive). The homologies of the CaSR mRNA and amino acid 

sequences among pig and other five species including Homo sapiens, Mus musculus, Gallus gallus, 

Rattus norvegious and Copra hircus were analyzed by Clustal W from BioEdit version 7 program 

(http://www.mbio.ncsu.edu/bioedit/bioedit.html). The phylogenetic tree constructed by the 

maximum-likelihood model constructed with 1,000 bootstrap replicates using MEGA 6.0 software 

(Tamura et al., 2013).   

https://www.ncbi.nlm.nih.gov/gene/100520980
http://uswest.ensembl.org/Sus_scrofa/Gene/Summary?g=ENSSSCG00000011878;r=13:138280364-138364953
http://uswest.ensembl.org/Sus_scrofa/Gene/Summary?g=ENSSSCG00000011878;r=13:138280364-138364953
http://www.uniprot.org/uniprot/O62714
http://wlab.ethz.ch/protter/start/
https://web.expasy.org/protscale/
https://swissmodel.expasy.org/interactive
http://www.mbio.ncsu.edu/bioedit/bioedit.html
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4.3.2 Animals and sample collection 

Six male pigs ([Yorkshire-Landrace] × Duroc, weaned at 21 ± 2 d) at the age of 28 days 

were anesthetized by an intramuscular injection of ketamine: xylazine (20:2 mg/kg body weight) 

and euthanized by intravenous injection of sodium pentobarbital (50 mg/kg body weight) (Aluko 

et al., 2017). Different tissue samples including kidney, lung, liver, tongue, stomach, duodenum, 

jejunum, ileum and colon were collected. Each tube, which contained approximately 15 g of tissue, 

was tightly capped, and immediately frozen in liquid nitrogen (N2). The frozen samples were 

subsequently pulverized to be homogenous with a mortar and a pestle (Fisher Scientific, 

Burlington, USA) under liquid N2, and stored at -80°C until required for analysis (Yang et al., 

2016b). A 5 cm section of each tissue was fixed by immersion in 10 % neutral buffered formalin 

(Fisher Scientific) for histology and immunohistochemistry analyses (Yang et al., 2011). 

4.3.3 Total RNA isolation, cDNA synthesis, and real-time PCR analyses 

Total RNA was isolated from pulverized tissue samples using a RNAqueousTM Total RNA 

Isolation Kit (Invitrogen, Carlsbad, Canada) according to manufacturer’s instructions. The total 

RNA concentration was determined by measuring the absorbance at 260 nm using a NanoDropTM 

2000 spectrophotometer (Thermo Fisher Scientific, Ottawa, Canada) and RNA integrity was 

verified by visualization in an agarose gel. One microgram of total RNA was reverse transcribed 

into cDNA using an iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories Ltd., Mississauga, 

Canada) following the manufacturer’s instruction. Real-time PCR was performed using a 

Thermocycler (Bio-Rad Laboratories Ltd.) and SYBER Green Supermix (Bio-Rad Laboratories 

Ltd.). The specific primers of pCaSR were designed based on the published cDNA sequence in 

the Genbank. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) was used as an internal 

control to normalize the input amount of RNA. The forward (F) and reverse (R) primers for pCaSR 
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were: CaSR-F: (5’-GCCAAAGATCAGAACCTAG-3’) and CaSR-R: (5’- 

GCTGTTTATTTCCTCTATG-3’), and primers for GAPDH were GAPDH-F: (5’- 

GTGAACGGATTTGGCCGC-3’) and GAPDH-R (5’- AAGGGGTCATTGATGGCGAC-3’). 

The following protocol was used: 95 °C for 5 min followed by 40 cycles of 95 °C for 15 s and 

58 °C for 15 s and 72 C for 30 s. Melt curve analysis was conducted to confirm the specificity of 

each product, and the size of products were verified on 1% agarose gels in Tris acetate–EDTA 

buffer. The pCaSR PCR product was purified using a Thermo ScientificTM GeneJET Gel 

Extraction Kit (Thermo Fisher Scientific) according to the manufacturer’s instruction, and the 

identity of the pCaSR product was confirmed by sequencing at the Research Institute in Oncology 

and Hematology at the University of Manitoba. Data were analyzed using the 2-ΔΔCT method (Livak 

and Schmittgen, 2001) to analyze the relative gene expression level of the pCaSR. 

4.3.4 Western blotting analyses 

Total protein was extracted from the stomach, duodenum, jejunum, ileum, and colon using 

a total protein extraction kit according to the manufacturer’s instruction (Thermo Fisher Scientific). 

The quantitation of protein concentration was performed by employing a BCA protein assay kit 

(Thermo Scientific). Bovine serum albumin provided by the kit was used as standard reference to 

generate the standard curve. The protein levels of pCaSR and β-actin were determined by western 

blotting analyses (Yang et al., 2016a). In brief, proteins (25 μg) were separated by electrophoresis 

in an 8% SDS polyacrylamide gel. Proteins were transferred from the gel onto a nitrocellulose 

membrane followed by incubation with mouse anti-CaSR primary antibodies (ab19347, Abcam, 

Cambridge, MA, USA) that were diluted in 5% skimmed milk in TBST (1:1000) for 2 h at room 

temperature. Membranes were subsequently probed for 1 h at room temperature with an HRP-

conjugated anti-mouse IgG antibody (#7076, Cell Signaling, Danvers, MA, USA) that was diluted 
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in 5% non-fat milk in TBST (1:2000). Then the membranes were visualized using the Luminata 

Crescendo chemiluminescent HRP detection reagent (Millipore (Canada) Ltd., Etobicoke, ON, 

Canada). To ensure equal protein loading, the same membranes were reprobed with a rabbit anti-

β-actin monoclonal antibody (1:2000; #4967, Cell Signaling) and then incubated with an anti-

rabbit IgG antibody (#7074, Cell Signaling) for 1h at room temperature, and visualized using the 

Luminata Crescendo chemiluminescent HRP detection reagent (Millipore (Canada) Ltd.). 

Photographs of the film were scanned, and densitometry was quantified. Western blotting analyses 

were all performed in duplicate for each sample. 

4.3.5 Immunohistochemistry 

            Tissues were collected, fixed in 10% buffer saturated formaldehyde, and embedded in 

paraffin. Tissue sections (0.5 μm) were cut using a microtome (Leica, Richmond Hill, Canada), 

collected on Super Frost Plus slides (Thermo Fisher Scientific). Slides were placed in xylene 2 and 

gradient ethanol respectively for deparaffinization and rehydration. Slides were treated with a boil 

in 10 mM sodium citrate buffer (pH at 6.0) and remained at a sub-boiling temperature for 10 min 

using a microwave oven at pressure, then cooled on bench top for 30 min to unmask antigen. After 

being treated with 3% hydrogen peroxide plus 10% methanol for 10 min to block endogenous 

peroxidases, slides were incubated with the avidin solution and biotin solution (Avidin/Biotin 

Blocking system, Biolegend, San Diego, USA) according to the manufacturer’s instruction to 

block endogenous avidin/biotin. Following 60 min-procedure to block unspecific binding with 20% 

normal goat serum (Jackson ImmunoResearch Laboratories, West Grove, PA), slides were 

incubated with primary antibodies (ab19347, Abcam)  at a dilution of 1:50 at 4 ºC overnight and 

then being added a Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories) 

secondary antibody at a dilution of 1: 500 for 60 min at room temperature, and peroxidase-
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conjugated streptavidin (1:500, Jackson ImmunoResearch Laboratories) at room temperature for 

30 min. All slides were counterstained with hematoxylin (Mayer’s hematoxylin, Saint Louis, USA). 

For negative control, nonimmune mouse serum diluted to a protein concentration like that of the 

diluted mouse anti-CaSR antibody was substituted for the primary antibody. Slides were 

photographed using a Zeiss Axio Scope.A1 (Car-Zeiss Ltd, Toronto ON, Canada). 

4.3.6 Data analysis  

Data obtained from the real time RT-PCR and the Western blotting analyses were presented 

as means ± SEM and subjected to the analysis of variance using SAS (the SAS Institute, Cary, 

NC). Comparisons of the molecular endpoints among the different tissues were further conducted 

by using the Tukey’s multiple comparisons of the SAS. Statistical significance was considered at 

P < 0.05. The figures were made using the GraphPad Prism 7 (GraphPad Software, La Jolla, USA). 

4.4 Results 

4.4.1 Structure features of pCaSR gene and protein 

From the pCaSR gene information provided by the Ensembl genome database, it showed 

that pCaSR gene is located in the porcine chromosome 13q (138, 150, 871-138, 310, 872) and 

spans ~104 kb. Also, the T-cell antigen CD86 gene lies upstream and the family with sequence 

similarity 162 member A gene (FAM162A) downstream of the pCaSR gene. As shown in Figure 

4.1A, the pCaSR gene has seven exons and six introns. The full-length pCaSR coding mRNA 

consists of 3240 nucleotides, and the pCaSR protein coded by exon 2 to exon 7 is comprised of 

1079 amino acids. For the pCaSR, the 5’ UTR upstream of the ATG translation initiation codon is 

encoded by exon 2 and consisted of 228 nucleotides, and the exon 7 encodes 1508 nucleotides 

3’UTR downstream of the TAA translation stop codon. Also, the pCaSR also exists an alternative 

RNA transcript which has extra 30 bases. 
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According to the manual assertion inferred from sequence similarity to human CaSR 

protein (Figure 4.1B), it is suggested that the pCaSR also contains a 19 amino acid N-terminal 

signal peptide (1-19), a 593 amino acid extracellular domain (ECD) (20-612) comprising a 507 

amino acid Venus Flytrap (VFT) domain (22-528), seven transmembrane domains (TMDs) 

containing 250 amino acids (613-862) and a 217 amino acid intracellular domain (ICD) (863-

1079). In addition, the ECD is linked with the ICD by a 57 amino acid cysteine-rich (Cys) domain 

(542-598).  

From three-dimensional protein homology model of pCaSR ECD which was constructed 

based on the crystal structure of human CaSR using SWISS-MODEL (Figure 4.2A), it showed 

that the ECD is composed of a VFT domain formed by two lobes (lobe 1 and lobe 2) and a Cys 

domain. Meanwhile, according to the homology model of TMD of the pCaSR which was 

constructed based on the metabotropic glutamate receptor 1 using SWISS-MODEL (Figure 4.2B), 

it showed TMDs consist of seven -helices. 

 

 

 

 

 

 

 

 

 

 

https://www-sciencedirect-com.uml.idm.oclc.org/topics/biochemistry-genetics-and-molecular-biology/homology-modeling
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Figure 4.1 A schematic intron-exon and protein structure of the. Only lengths of exons (boxes) 

were drawn to the scale, but introns (lines connecting exons) were not. (A) The DNA of the pCaSR 

gene is consisted of seven exons and six introns. Blank bars (part of exon 2 and 7) represent exons 

which are not involved in mRNA translation and gray bars means mRNA coding regions 

containing part of exon 2, exon 3-6 and part of exon 7). ATG: start codon; TAA: termination codon. 

(B) the pCaSR protein contains 1079 amino acid residues. Open arrowhead: additional 10 amino 

acids which is associated with alternative splicing. SP: signal peptide; VFT: venus flytrap domain; 

Cys: cysteine rich domain; ECD: extracellular domain; TMD: transmembrane domain; ICD: 

intracellular domain. 
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Figure 4.2 Three-dimensional homology models of the pCaSR extracellular domain (ECD) (A) 

and of the 7 transmembrane domain (TM) module helices (B). The pCaSR ECD homology model 

and the helices of pCaSR 7 TM module were modeled on a human calcium sensing receptor 

template (Geng et al., 2016) and metabotropic glutamate receptor 1 (Wu et al., 2014) using the 

SWISS-MODEL, respectively. 
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            Furthermore, based on the manual assertion inferred from the combination of experimental 

and computational evidence of human CaSR (Geng et al., 2016; Zhang et al., 2016c), putative 

ligand-binding sites of the pCaSR were also shown in Figure 4.3A, containing nine calcium-

binding sites located within pCaSR ECD (position 81, 84, 87, 88, 100, 145, 231, 234, 557), as well 

as four aromatic amino acid binding sites (position 147,168,170 and 297). There are 11 heavily 

glycosylated and conserved N-linked glycosylation sites (Asn-Xaa-Ser/Thr) and 18 disulfide 

bonds within ECD, and five conservative protein kinase C phosphorylation sites are present within 

TMDs and ICD. Specifically, two protein kinase C phosphorylation sites were found in the first 

and third TMD loops within the carboxy-terminal domains. 

Figure 4.3B provides a schematic representation of pCaSR primary structural features, too. 

The hydropathy profile and general topology of the pCaSR resemble human CaSR and the other 

mammalian homologs. It showed that the pCaSR contains a large hydrophilic amino-terminal ECD, 

seven hydrophobic TMDs and a carboxy-terminal hydrophilic ICD. 
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Figure 4.3 Three- Schematic of the pCaSR secondary structure model and ligands binding sites 

and transmembrane domains (A) and hydropathy plot analysis of the 1079 amino acids in pCaSR 

protein using the scale Hphob. / Kyte & Doolittle (B). 
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4.4.2 CaSR mRNA and amino acid sequences alignment and phylogenetic analysis 

            The pCaSR mRNA sequence has 80.2-92.6% homology with the CaSR mRNA sequence 

of chicken, rat, mouse, human and goat, while the pCaSR amino acid sequence has 87.4% to 96.6% 

homology with the CaSR amino acid sequence of these species. The pCaSR amino acid sequence 

has 96.6% homology with the Campra hircus CaSR (KF006348). Compared with the amino acid 

sequences of human CaSR (U20759), a total of 58 residue variances were identified in the pCaSR, 

containing 57 amino acid variances and a proline insertion at position 953 within ICD. In particular, 

three amino acid variances appeared within the signal peptide (Y4→S, V9→I, H16→C) and TMD 

(N583→D, V740→A, Q857→V) respectively, and 17 variances were observed within ECD 

(D50→N, K52→E, L92→M, H254→Q, Q309→E, K335→Q, R340→S, PV369-370→TT, 

S380→G, D382→G, F384→I, I409→M, N471→S, C483→Y, V486→A, N583→D), while there 

were also 35 variances which were identified within ICD (K897→Q, Q932→K, QEQ941-

943→HVP, Q945→P, PLTL947-950→APST, 953→P, QRS955-957→PQL, N986→S, M988→T, 

Q996→K, SS1004-1005→NN, T1007→A, P1011→A, T1020→A, LD1024-1025→AE, 

F1036→S, QR1041-1042→HH, V1045→M, L1051→M, V1057→M, S1059→N, Q1061→R, 

VVN1076-1078→MLH). 

            As shown in Figure 4.4, the phylogenetic tree of the CaSR showed that these six CaSR 

protein sequences were clustered into two groups: avian and mammal. The pCaSR was located in 

vertebrates’ group, and brunches of pig and goat were clustered firstly, then clustered with human 

and rat, finally clustered with chicken. The evolutionary relationships revealed that the pCaSR is 

closer to the goat compared with the other four species. 
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Figure 4.4 A phylogenetic tree of the amino acid sequences of chicken, pig, rat, mouse, human 

and goat CaSR. The tree was constructed by the neighbor-joining method based on the Poisson 

correction model with 1000 bootstrap replicates using MEGA 6.0 software. The bar (0.01) 

indicates the genetic distance. GenBank accession numbers: Sus scrofa (GenBank ID: 

NM_001278748), Capra hircus (GenBank ID: KF006348), Homo sapiens (GenBank ID: U20759), 

Rattus norvegicus (GenBank ID: AAC52195), Mus musculus (GenBank ID: AAD28371), and 

Gallus gallus (GenBank ID: XP_416491.5). 
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4.4.3 Real-time PCR analyses of pCaSR mRNA abundance in different tissues 

            As shown in Figure 4.5, the pCaSR mRNA was detected in the different tissues including 

kidney, lung, liver, stomach, duodenum, jejunum, ileum, and colon in weaned piglets. The pCaSR 

mRNA expression level was much higher (5 to 180 times) in the kidney when compared with other 

tissues (P < 0.05). The ileum had higher (4 to 18 times) pCaSR mRNA abundance than the stomach, 

duodenum, jejunum, and colon (P < 0.05). However, there was no difference in the pCaSR mRNA 

abundance observed among the stomach, duodenum, and jejunum (P > 0.05). 
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Figure 4.5 Real-time PCR analyses of pCaSR mRNA abundances in the kidney, lung, liver, 

stomach, duodenum, jejunum, ileum, and colon in the weaned piglets. Results were normalized 

with GAPDH as a house keeping gene and presented as mean ± SEM (n = 6). Bars show different 

letters differ (P < 0.05). 
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4.4.4 Western blotting analyses of pCaSR protein abundance in different tissues 

            As shown in (Figure 4.6), western blotting analyses showed the presence of a 130-kDa 

pCaSR protein band in the tissue homogenates in the stomach, duodenum, jejunum, ileum, and 

colon in weaned piglets. The ileum had the highest level of the pCaSR protein when compared 

with the stomach, duodenum, jejunum, and colon (P < 0.05). There were no differences in pCaSR 

protein abundance among the stomach, duodenum, and jejunum (P > 0.05). The colon had the 

lowest level of the pCaSR protein although there were no differences observed among the stomach, 

duodenum, and colon (P > 0.05). 

4.4.5 Immunolocalization of the pCaSR protein in different tissues 

            To reveal pCaSR localization further visually in the stomach, duodenum, jejunum, ileum 

and colon in weaned piglets, immunohistochemical staining was performed. As shown in Figure 

4.7, pCaSR protein expression was observed along the gastrointestinal tract. The pCaSR staining 

was localized predominantly on the simple columnar epithelium of stomach while no pCaSR 

staining was observed in the smooth muscle layers. There was pCaSR immunostaining detected 

on the surface of epithelial cells in the duodenum, jejunum, ileum, and colon (Figure 4.7). The 

CaSR staining was not observed, when the primary antibody was excluded in the negative control 

staining (Figure 4.7).   
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Figure 4.6 Western blotting analyses of pCaSR protein abundances in the stomach, duodenum, 

jejunum, ileum, and colon in the weaned piglets. A: Representative bands of pCaSR (130 kDa) 

and β-actin (45 kDa). B: Densitometric analyses of western blotting bands. Data were normalized 

with -actin as the housekeeping protein and presented as mean ± SEM (n = 3). Bars show different 

letters differ (P < 0.05).  
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Figure 4.7 Haemotoxylin and Eosin (H&E) staining and immunohistochemical staining of pCaSR 

protein in the stomach, duodenum, jejunum, ileum, and colon in the weaned piglets. Positive 

staining for pCaSR was indicated by brown deposits. -pCaSR represented negative control which 

the primary antibody was omitted from the staining procedure. Scale bar for H&E staining 

represents 100 m, and for immunohistochemical staining is 50 m. 
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4.5 Discussion and conclusion 

Weaning pigs are often associated with diarrhea, abnormal gut development and impaired 

nutrient utilization (Liu et al., 2013). Newborn piglets receive most of their nutrients from sow’s 

milk that contains a high concentration of casein, spermine, spermidine and Ca2+ (Cheng et al., 

2006). These compounds allow for stimulation of the pCaSR to maintain gut homeostasis. 

However, upon weaning of nursing pigs (transition from milk to solid feed), the nutrient source 

for maintaining gut tissue growth will be the solid feed with less pCaSR agonists such as 

spermidine and Ca2+. Ca2+ is required for development and maintenance of stable tight junction 

between epithelial cells (Galli et al., 1976; Martinez-Palomo et al., 1980). Activation of the CaSR 

increased renal claudin-14 expression (Dimke et al., 2013), and improved tight junction proteins 

in the renal epithelial cell membrane (Jouret et al., 2013). Thus, it can be hypothesized that 

administering an effective amount of pCaSR modulators may improve nutrient absorption and gut 

barrier function in pigs, especially under challenging conditions. Although human CaSR has been 

intensively studied (Santos-Hernandez et al., 2018; Zhang and Mine, 2018), there is limited 

information about the pCaSR. The present study was to investigate some basic structural features 

of the pCaSR gene and protein and their homology with the CaSR of other species.   

Human CaSR gene spans ~103-kb (Yun et al., 2007) and the whole gene length of the 

pCaSR is also about 104 kb. Alignment results showed a high degree of sequence homology 

between the pCaSR and the CaSR of other mammalian species. This high existence of a 

homologous form of the pCaSR suggests that the receptor was developed in some phylogenetic 

ancestor common to all mammals. Meanwhile, like the CaSR of other species including birds and 

mammals (Diaz et al., 1997; Alfadda et al., 2014; Hendy and Canaff, 2016; Hu and Spiegel, 2007), 

the putative protein structure of the pCaSR shared similar protein structural features with them. 
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Hence, the pCaSR shares high resemblance with human CaSR regarding protein structure, which 

can be explained by the fact that pig physiology is similar to that of humans (Odle et al., 2014). 

And all these demonstrate that the molecular characterization of the pCaSR is highly similar to the 

other mammalian CaSR. 

Even though the mRNA and protein sequences of the pCaSR and human CaSR share some 

conservative regions, some variances were found within the signal peptide, ECD, TMDs and ICD 

of the pCaSR, compared with human CaSR. According to a previous study, the signal peptide is 

predicted to target the nascent polypeptide chain of the CaSR preprotein and transfer it into the 

endoplasmic reticulum, so a functional difference may occur between pCaSR signal peptide and 

the one for human (Pidasheva et al., 2005).  The ligands binding sites of the pCaSR, and the related 

activation may also be different from human CaSR because the majority of CaSR ligands binding 

sites are located in ECD (Brennan et al., 2013; Geng et al., 2016). Meanwhile, the early study 

showed that some key residues within TMD are vital for the ligands binding, and variances at some 

critical residues can reduce the effects of both NPS 2143 and NPS R-568 (Miedlich et al., 2004). 

Thus, this implies that when interacting with an antagonist or an agonist, the related effects may 

be different between human CaSR and the pCaSR. Moreover, the ICD contains interaction sites 

for transduction coupling to multiple signaling pathways (Zhang et al., 2016), so the intracellular 

signaling pathways triggered by the activation of the pCaSR could also vary from other species. 

The CaSR can be activated by Ca2+, amino acids, peptides and specific pharmacological agonists 

in humans (Chattopadhyay, 1998; Ohsu et al., 2010). However, there may be other potential CaSR 

ligands and differences in response to ligands between human CaSR and the pCaSR (Haid et al., 

2012). Therefore, it would be critical to characterize the functions of the pCaSR and its potential 

ligands, which might help to develop novel approaches to manipulate gut chemosensing though 



 66 

the pCaSR for improving absorption, barrier function and gut development during weaning or 

challenging conditions, reducing the dependence on the use of feed antibiotics in swine production.  

In the present study, the expression pattern of pCaSR mRNA in different tissues of weaned 

piglets is consistent with previous studies (Cheng et al., 1999; Riccardi and Brown, 2010; Ward et 

al., 2012; Tang et al., 2016). It was reported that the CaSR is widely distributed in tissues of the 

animal body and plays a crucial role in the animal’s physical activities (Cheng et al., 1999; Ward 

et al., 2012). The CaSR is not only highly expressed in the kidney, bone tissues, thyroid, 

parathyroid and stomach, but also in the pancreas, marrow, breasts, liver and vascular smooth 

muscle (Tang et al., 2016). Our results also demonstrated that the mRNA level of the pCaSR in 

the kidney is also the highest compared with other tissues and it is consistent with the high 

expression level of human CaSR in the kidney (Riccardi and Brown, 2010). These results suggest 

that the CaSR is highly involved in mineral ion homeostasis in the kidney.  

Western blotting analysis showed that the molecular weight of the pCaSR protein shares a 

similar size with the human CaSR (Bai et al., 1998; Desai et al., 2014). Moreover, our western 

blotting results also demonstrated that the pCaSR protein is widely expressed along the 

longitudinal axis of the digestive tract in weaned piglets. Considering the fact that the small 

intestine accounts for about 90% of overall calcium absorption (Wasserman, 2004; Breves, 2007), 

and the stomach or the large intestine can take up 10% of the total amount of absorbed calcium 

(Barger-Lux et al., 1989; Metzler-Zebeli et al., 2010; Gonzalez-Vega et al., 2014), this could 

explain the reason why a high expression level of the pCaSR was verified in pig gastrointestinal 

tract, especially in the small intestine. 

Higher pCaSR protein abundance was found in the ileum of weaned piglets, which is 

consistent with the pCaSR mRNA abundance observed in the ileum. One potential reason is that 



 67 

the absorption of ingested calcium mainly occurs in the ileum. For instance, in the pig, over 60% 

of calcium absorption occurs in the ileum, more than 20% in the jejunum, and less than 10% in the 

duodenum, respectively (Partridge, 1978). And in rats and dogs, the related values in the ileum, 

jejunum, and duodenum shared a similar pattern (Cramer, 1959; Ckam, 1965). Hence, the 

distribution pattern of the pCaSR in the pig gastrointestinal tract is consistent with the relative 

contribution of the different segments of the intestinal tract to overall calcium absorption. 

According to our immunohistochemistry results, it showed that positive staining in the apical 

membranes of both small intestine and colon, suggesting that pCaSR is mainly expressed in the 

apical membranes of pig villus cells. An early study mirrored this result given that it claimed that 

the CaSR appeared on the brush border of the intestine (Garg et al., 2013). However, it is difficult 

to determine which specific cells express the pCaSR by using immunohistochemical staining.  

The intestinal epithelium is lined with a single layer of epithelial cells including polarized 

absorptive enterocytes, goblet cells, enteroendocrine cells (EECs) and paneth cells, and absorptive 

enterocytes constitute the majority of the cells lining the villus (Cheng and Leblond, 1974; Liou et 

al., 2011; Okumura and Takeda, 2017; Hampson, 1986). The CaSR has been widely detected in a 

variety of intestinal cells like EECs, but not including absorptive enterocytes (Hira et al., 2008; 

Chattopadhyay, 1998; Ohsu et al., 2010). However, some taste receptors were found in both 

absorptive enterocytes and EECs (Mace et al., 2007). Moreover, nutrients are detected by both 

absorptive enterocytes and EECs (Shirazi-Beechey et al., 2011) and the CaSR has been found in 

enterocyte cell lines such as Caco-2 and HT-29 (Mine and Zhang, 2015a, b; Zhang et al., 2015). 

Thus, the pCaSR could be expressed in the porcine native enterocytes and commercial porcine 

enterocyte cell lines. Further research is needed to confirm the expression of the CaSR in the 

different types of epithelial cells isolated from weaned piglets. 
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BRIDGE TO CHAPTER FIVE 

            In Chapter four, the distribution and localization of the pCaSR in the porcine 

gastrointestinal tract were investigated, and positive immunostaining was observed on the 

epithelium of the intestine in weaned piglets, with the highest expression level of the pCaSR found 

in the ileum. It is well known that the intestinal epithelium consists of different types of cells, and 

the absorptive enterocyte is the predominant epithelial cell type. Even though the CaSR has been 

identified in EECs, the expression of the pCaSR in porcine enterocytes has not been reported so 

far. Therefore, in Chapter five, we determine the expression of the pCaSR in isolated ileal 

enterocytes and the enterocyte-line cell line IPEC-J2. 
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CHAPTER FIVE: MANUSCRIPT Ⅱ 

Calcium-Sensing Receptor is not Expressed in the Absorptive Enterocytes of Weaned 

Piglets2
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Published in the Journal of Animal Science.                                          



 70 

5.1 Abstract 

The calcium-sensing receptor (CaSR) is a kokumi receptor that plays an essential role in nutrient 

sensing and animal physiology, growth, and development. The pig CaSR (pCaSR) was identified 

and characterized in the intestine. However, further research is still needed to confirm the 

expression of the CaSR in the epithelial cells isolated from weaned piglets. In this study, primary 

enterocytes were isolated and characterized from the ileum of weaned piglets by the Weiser 

distended intestinal sac technique and fluorescence-activated cell sorting (FACS) based on 

sucrase-isomaltase as an enterocyte-specific marker. The expression of CaSR was investigated in 

both primary enterocytes and the intestinal porcine enterocyte cell line (IPEC-J2) by droplet digital 

PCR (ddPCR), immunofluorescence staining, and western blotting. Results demonstrated that 

porcine enterocytes could be obtained using FACS with the sucrase-isomaltase as the enterocyte-

specific marker and that the pCaSR is not expressed in both porcine ileal enterocytes and IPEC-J2 

cells, which specifically identified the expression of pCaSR in ileal enterocytes with sensitive and 

specific approaches. 

Key words: calcium-sensing receptor, enterocytes, enteroendocrine cells, IPEC-J2, weaned 

piglets 

 

5.2 Introduction 

            The calcium-sensing receptor (CaSR) is a kokumi receptor that plays important roles in 

nutrient sensing and in the physiology, growth, and development of animals. To further elucidate 

the molecular and physiological roles of pig CaSR (pCaSR) in intestinal nutrient sensing in pigs, 

it is crucial to investigate the molecular distribution and localization of the pCaSR in specific 

tissues such as the small intestine and cell types. In our previous study, the pCaSR was identified 
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and characterized in pigs, and its expression in several tissues such as the intestine was confirmed 

(Zhao et al., 2019). Specifically, within the intestine, the ileum has the highest expression level of 

the pCaSR (Zhao et al., 2019).  

            The intestinal epithelium is lined with a single layer of epithetical cells including polarized 

absorptive enterocytes, goblet cells, enteroendocrine cells (EECs), and Paneth cells (Umar, 2010). 

Enterocytes constitute the majority (90%) of the cells lining the villus, while EECs represent 1% 

of the cells (Bullen et al., 2006; Busslinger et al., 2021). The expression of taste receptors like the 

CaSR has been identified in the EECs (Ohsu et al., 2010). However, the taste receptor family (taste 

receptor type 1 member 1 (T1R1), T1R2, and T1R3) was also found in absorptive enterocytes 

except for EECs (Mace et al., 2007). Plus, the CaSR has been found in commercial enterocyte cell 

lines such as Caco-2 and HT-29 (Mine and Zhang, 2015b; Zhang et al., 2015b). As previously 

stated, absorptive enterocytes constitute most of the intestinal epithelial cells, and positive 

immunolocalization of the pCaSR was observed in the epithelium of the gastrointestinal tract, with 

the most abundant mRNA level in the ileum. Thus, we hypothesize that the pCaSR is expressed in 

both absorptive enterocytes and EECs in the intestine of pigs, as shown in Figure 5.1. In this study, 

primary enterocytes were isolated and characterized from the ileum of weaned piglets, and the 

expression of the CaSR was investigated in both primary enterocytes and the intestinal porcine 

enterocyte cell line (IPEC-J2). 
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Figure 5.1 Proposal model of nutrient sensing via the calcium-sensing receptor (CaSR) in 

enterocytes and enteroendocrine cells (EECs) (created with BioRender.com). AM, apical 

membrane; BLM, basolateral membrane; cAMP, cyclic adenosine monophosphate; CCK, 

cholecystokinin; GLP-1, glucagon-like peptide 1; GLP-2, glucagon-like peptide 2; PKA, protein 

kinase A; PKC, protein kinase C; PYY, peptide YY. 
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5.3 Materials and methods 

5.3.1 Cell culture 

The HEK 293 cells were obtained from Thermo Fisher Scientific (Thermo Fisher Scientific, 

Ottawa, Ontario, Canada), and IPEC-J2 (ACC 701, RRID: CVCL_2246) were obtained from the 

DSMZ-German Collection of Microorganisms. Caco-2 cells were purchased from the American 

Type Culture Collection (ATCC, Manassas, Virginia, USA). For the generation of HEK 293 cells 

that stably express exogenous pCaSR (HEK-293-pCaSR cell line), plasmid pcDNA5/FRT-pCaSR 

was mixed up with pOG44 at a 9:1 ratio in Opti-MEM then were mixed with Opti-MEM containing 

LipofectamineTM 20 Transfection Reagent (Invitrogen) to get co-transfection complexes. After that, 

the co-transfection complexes were transfected into HEK 293 cells according to manufacturer 

instructions. At 48h post-transfection, the complete medium was changed to a complete medium 

containing 200 ng/mL hygromycin B. HEK 293 cells, HEK-293-pCaSR cells, HEK 293 cells, 

IPEC-J2, and Caco-2 were all maintained in the 75 cm2 flask at 37 °C in a humidified atmosphere 

of 5% CO2 and 95% O2. HEK 293 cells were maintained in high glucose Dulbecco’s modified 

eagle medium (DMEM) (Invitrogen, Fisher Scientific, Ottawa, Ontario, Canada) supplemented 

with 10% fetal bovine serum (FBS) (Hyclone, Canadian origin; Fisher Scientific, Ottawa, Ontario, 

Canada), penicillin (100 IU/mL), streptomycin (100 μg/mL) (Invitrogen, Fisher Scientific), while 

IPEC-J2 and Caco-2 were cultured in DMEM/Ham’s F-12 (1:1) (Invitrogen, Fisher Scientific) 

with 10% FBS (Hyclone), penicillin (100 IU/mL), and streptomycin (100 μg/mL) (Invitrogen, 

Fisher Scientific). 

5.3.2 Animals and sample collection 

Fresh ileum samples from three piglets were obtained from a study at the University of 

Manitoba (Choi et al., 2020). The experimental and animal care protocols (F17-018, AC11280) 
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were reviewed and approved by the Animal Care Committee of the University of Manitoba, and 

piglets were cared for according to the Canadian Council on Animal Care guidelines (CCAC, 

2009). Weaned piglets (TN Tempo × TN70) with average body weight (BW ± SD) of 8.52 ± 0.11 

kg at the age of 28 d were obtained from the Glenlea Swine Research Unit at the University of 

Manitoba and housed in individual pens in a temperature-controlled room within the T.K. Cheung 

Centre for Animal Science Research at the University of Manitoba. All piglets were allowed free 

access to feed and water. At the end of the experiment (day 12), piglets were anesthetized by an 

intramuscular injection of ketamine: xylazine (20:2 mg·kg-1 BW) and euthanized with a captive 

bolt gun. After opening the abdomen, the porcine ileum was pulled out quickly, excised, and 

divided into a piece of a 50-cm segment. The segment was quickly flushed three times with 70 mL 

of ice-cold “Phosphate-buffered-Phenylmethylsulfonyl fluoride (PMSF)-Dithiothreitol (DTT) 

saline” solution (0.2 mM PMSF, 0.5 mM DTT, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

and 1.8 mM KH2PO4, pH 7.4) for further cell isolation. 

5.3.3 Porcine intestinal epithelial cells isolation 

The Weiser distended intestinal sac technique was adopted in this study with a slight 

alteration to isolate the upper epithelial cells from the pig small intestine (Fan et al., 2001). The 

rinsed ileal segments were subsequently filled with about 200 mL of the oxygenated “Pre-isolation 

buffer” (0.2 mM PMSF, 0.5 mM DTT, 27 mM sodium citrate, 85 mM NaCl, 2.7 mM KCl, 5.6 

mM Na2HPO4, and 8 mM KH2PO4; pH 7.4). The ends of the ileal segment were tied tightly and 

then placed in a 1L beaker containing the oxygenated “Phosphate-Buffered Saline” (PBS) (137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) for the incubation. The 

beaker was placed in a 37℃ incubator with a shaking water bath (50 cycles/min) for 30 min. After 

the incubation, the ileal segments were emptied and then filled with oxygenated “Cell isolation 
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buffer” (1.5 mM Ethylenediaminetetraacetic acid (EDTA), 0.5 mM DTT, 137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) (Oates et al., 1997) for the isolation of villus 

epithelial cells. The beaker containing the ileal segments was then put back to the same incubator 

and shook for 40 min. After that, the cell isolation buffer was collected and centrifuged at 400 × g 

for 2 min at 4℃ and the fat and mucosa were gently removed. 

5.3.4 Cell sorting of enterocytes by fluorescence-activated cell sorting (FACS) 

Isolated cells were resuspended with pre-cold DMEM, and cells were filtered by using a 

Sterile Nylon Net filter with 60 µm pore size (Millipore (Canada) Ltd., Etobicoke, Ontario, Ottawa, 

Canada). Subsequently, cells were washed once with pre-cold PBS and cells were centrifuged at 

800 × g for 3 min at 4℃. The cells pellets were then put into the PBS for cell counting. After being 

counted, the isolated cells were blocked in 5% goat serum (Jackson ImmunoResearch Laboratories, 

West Grove, Pennsylvania, USA) for 60 min at room temperature. After aspirating blocking 

solution, cells were incubated with an anti-sucrase-isomaltase antibody (sc-393424, Santa Cruz 

Biotechnology, Inc., Dallas, Texas, USA) at 1:100 dilution in PBS for 1 h at room temperature. 

The cross-reactivity of the anti-sucrase-isomaltase antibody was already validated in the porcine 

sample (Zhang et al., 2018b) and in the IPEC-J2 cell in our pilot experiment (unpublished). After 

that, cells were rinsed three times in 1× PBS for 5 min each, followed by the incubation of cells 

with the second antibody Alexa Fluor® 488 AffiniPure Goat Anti-Mouse IgG (H+L) (115-545-

166, Jackson ImmunoResearch Laboratories) diluted in PBS (1:500) for 30 min at room 

temperature in the dark. Cells were then rinsed three times with PBS for 5 min each, followed by 

the incubation with 4’6-diamidino-2-phenylindole (DAPI) (1:5000 diluted in PBS) (Thermo Fisher 

Scientific) for 5 min at room temperature. Cells were further rinsed three times in 1× PBS for 5 

min each, before resuspending cells into cell sorting buffer (1×PBS +1% FBS + 2 mM 
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Ethylenediaminetetraacetic acid (EDTA)). Cell sorting was then conducted by using a BD 

FACSCanto-II Digital Flow Cytometry Analyzer (BD Biosciences, San Jose, California, USA). 

After three times of cell sorting, isolated enterocytes were pooled together and stored in 100 µL 

lysis buffer provided by the RNA isolation kit (Invitrogen, Fisher Scientific) for further analysis. 

5.3.5 RNA extraction, cDNA synthesis and droplet digital PCR (ddPCR) 

            According to the manufacturer's instruction, RNA was isolated and purified by using RNA 

isolation kit RNAqueous Micro Total RNA Isolation Kit (Invitrogen). The concentration and 

OD260:OD280 ratio of extracted RNA samples were detected by employing a Nanodrop UV-Vis 

spectrophotometer 2000 (Thermo Scientific). All RNA samples were stored at -80C for the cDNA 

synthesis. About 500 ng RNA was used for the cDNA synthesis by using an iScript cDNA 

Synthesis Kit (Biorad, Mississauga, Ontario, Canada) based on the manufacturer's instructions. 

The forward (F) and reverse primers for pCaSR were: CaSR-F (5’- 

GCCAAAGATCAGAACCTAG-3’) and CaSR-R (5’-GCTGTTTATTTCCTCTATG-3’). The 

ddPCR was performed according to a previous study’s protocol (Choi et al., 2020). The data were 

analyzed by QuantaSoft (Biorad).  

5.3.6 Library preparation and mRNA sequencing  

            RNA sequencing was performed by GENEWIZ Global Headquarters & NJ Lab (South 

Plainfield, New Jersey, USA) using Illumina HiSeq (Illumina, Inc., San Diego, California, USA) 

mRNA library preparation, at 2 × 150 base-pair configuration (single index, per lane). Sequence 

reads were trimmed to remove possible adapter sequences and nucleotides with poor quality using 

Trimmomatic v.0.36 (Bolger et al., 2014). The trimmed reads were mapped to the Ensembl Sus 

scrofa 11.1 reference genome by using the STAR aligner v.2.5.2b (Dobin et al., 2013). Unique 
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gene hit counts were calculated by using featureCounts from the Subread package v.1.5.2 (Liao et 

al., 2013). Only unique reads that fell within exon regions were counted.  

5.3.7 Immunofluorescence staining and western blotting 

            The primary antibody against CaSR (ab137408) was used in immunofluorescence staining 

and western blotting. The immunogen sequence of this antibody and the sequence corresponding 

to the pCaSR have a very high similarity of 96%, implying the primary antibody against CaSR 

(ab137408) is predicted to be able to work with pCaSR. Moreover, the cross-reactivity of this 

antibody was also validated in our previous study. Four types of cells (HEK 293 cells, Caco-2, 

IPEC-J2 and isolated intestinal epithelial cells) were fixed with 4% paraformaldehyde. The fixed 

cells were blocked in 5% goat serum for 1 h at room temperature. Next, cells were stained with an 

anti-CaSR antibody (ab137408, Abcam, Cambridge, Massachusetts, USA) (1:200) overnight; 

washed three times in PBS; stained for 1 h with the Alexa Fluor 488 goat anti-rabbit antibody 

(A32731, 1:500, Thermal Scientific), and mounted with Vectashield Antifade mounting medium 

with DAPI (Vector Laboratories, Burlington, Ontario, Canada). Fluorescent images were recorded 

by the fluorescence microscope (Car-Zeiss Ltd., Toronto, Ontario, Canada). 

            For western blotting, HEK 293 cells, Caco-2, IPEC-J2 and isolated intestinal epithelial 

cells were washed with cold PBS and scraped in pre-cold 1× RIPA lysis buffer (Sigma-Aldrich) 

which contains 1× SIGMAFAST™ Protease Inhibitor Cocktail (Sigma-Aldrich). After being 

centrifuged at 12,000 × g for 15 min at 4 °C, supernatants were transferred into a fresh tube for the 

total protein concentration quantification. Total protein concentration was determined by utilizing 

Pierce BCA Protein Assay Kit (Thermo Scientific), and the standard curve was generated by using 

the bovine serum albumin (BSA) (fraction V). There were 70 μg proteins that were applied in the 

electrophoresis by using 4-15% Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-Rad), 
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followed by the transfer with a nitrocellulose membrane (Bio-Rad). The blocking was conducted 

by using 5% skimmed milk powder in tris-buffered saline with 0.1% Tween 20 (TBST), and the 

membrane was incubated with rabbit anti-CaSR primary antibody (ab137408, Abcam) that was 

diluted in 5% skimmed milk in TBST (1:2000) at 4 ºC overnight. The membrane was rinsed with 

TBST 3 times, and then the membrane was probed with secondary antibody horseradish 

peroxidase-conjugated goat anti-rabbit IgG (324300, 1:4000, Thermo Scientific) which was 

diluted in 5% skimmed milk in TBST at room temperature for 1 h. The membrane was visualized 

by using ClarityTM Western ECL Substrate (Bio-Rad), according to the manufacturer’s protocol. 

The chemiluminescent signal densities were analyzed utilizing the ChemiDoc MP imaging system 

(Bio-Rad). 

5.4 Results 

5.4.1 Isolation of enterocytes from the porcine ileum by FACS  

Porcine enterocytes were characterized and sorted by immunofluorescence labeling and 

flow cytometry to obtain enterocytes from mixed isolated intestinal epithelial cells. In general, the 

mechanical method for isolating intestinal epithelial cells yielded large numbers of mixed 

heterogeneous cells, and the viability of isolated cells was good. According to flow cytometric 

analysis results (Figure 5.2), porcine enterocytes with a high level of surface sucrase-isomaltase 

expression profile were distinguished by sequential gating of cells, single cells, single live cells, 

and single porcine enterocytes. For the isolated intestinal cell sample, 98.7% were identified as 

single cells, and 91.7% of single cells were gated as live cells. Among living cells, 94.9% of cells 

were negative for the enterocyte marker, while porcine enterocytes made up 3.3% of the live cells. 

About 320,000 porcine intestinal enterocytes were harvested by FACS, and they were pooled 

together into a tube for the downstream RNA extraction and purity. 
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Figure 5.2 Flow cytometry isolation of primary porcine enterocytes: Fluorescence-activated cell 

sorting images show the gating strategy for the isolation of porcine ileal enterocytes. Dots likely 

to represent singlets were selected based on size and granularity, while debris and dead cells were 

excluded using DAPI staining. As mentioned in materials and methods, Alexa fluor 488 dye 

conjugated to the primary antibody Sucrase-Isomaltase Antibody (A-12), which was used to mark 

porcine enterocytes; thus, Alexa fluor 488+ represents porcine enterocytes. 
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5.4.2 RNA isolation and purification from FACS sorted enterocytes 

The RNA yield for isolated porcine intestinal enterocytes was about 11 ng/µL before the 

gDNA elimination using the RNA-isolation kit, and this value increased to 22 ng/µL after the 

gDNA elimination (data not shown). Furthermore, the 260/280 ratio for isolated enterocytes RNA 

before the gDNA elimination was 2.1, but it became 1.98 after the gDNA elimination (Data not 

shown). 

5.4.3 Identification of pCaSR in both isolated porcine enterocytes and IPEC-J2 by droplet 

digital PCR (ddPCR) 

When conducting ddPCR, HEK 293 cells that did not express endogenous CaSR were used 

as the negative control, while HEK 293 cells that highly and stably express the exogenous pCaSR 

were employed as the positive control. In Figure 5.3, it is shown that there were no detectable 

copies of the pCaSR gene in both sorted enterocytes and IPEC-J2 at the different levels of cDNA 

tested, compared with the negative control group and positive control group. 
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Figure 5.3 A representative image (events from QuantaLife software) of calcium-sensing receptor 

(CaSR) expression detection in sorted enterocytes and IPEC-J2 by using droplet digital PCR: A01 

presents negative control with 50 ng cDNA input (HEK-293 cell which does not express 

endogenous CaSR was used to be negative control ); A02 represents isolated porcine intestinal 

enterocytes with 200 ng cDNA input; A03 represents isolated porcine intestinal enterocytes with 

100 ng cDNA input; A04 represents isolated porcine intestinal enterocytes with 50 ng cDNA input; 

A05 represents IPEC-J2 cells with 100 ng cDNA input; A06 represents IPEC-J2 cells with 50 ng 

cDNA input; A07 represents positive control (HEK-293 cell line which stably expresses the 

exogenous pCaSR) with 50 ng cDNA input. The channel amplitudes are plotted in Y-axis, and the 

number of droplets (events) are plotted in the X-axis. 
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5.4.4 Identification of pCaSR in both isolated porcine enterocytes and IPEC-J2 by RNA 

sequencing 

            Based on the RNA sequencing results shown in Figure 5.4, the enterocytes-specific 

markers sucrase-isomaltase and maltase-glucoamylase were highly expressed in isolated 

enterocytes with the transcripts read counts of 7162 and 677, respectively, while these values were 

27 and 696 in IPEC-J2 cells (Figure 5.4). As for the CaSR, its transcripts in both sorted enterocytes 

and IPEC-J2 were undetectable since the transcripts read counts were equal to zero.   
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Figure 5.4 Detection of the calcium-sensing receptor (CaSR) and enterocytes-specific markers in 

IPEC-J2 and isolated epithelial cells by using RNA sequencing. SI: sucrase-isomaltase; MAG: 

maltase-glucoamylase. 
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5.4.5 Identification of pCaSR in both isolated porcine enterocytes and IPEC-J2 by 

immunofluorescence staining and western blotting 

            The images in Figure 5.5A show intense fluorescence of the CaSR in the Caco-2, further 

supporting the expression of the CaSR in Caco-2. Unlike the positive control group (Caco-2), the 

negative control group (HEK 293 cells) did not show the positive staining of the CaSR, mirroring 

the fact that there is no endogenous expression of the CaSR in the HEK 293 cells. Furthermore, 

Figure 5.5A showed no intense positive staining of the CaSR in IPEC-J2, suggesting that the CaSR 

does not express in IPEC-J2 and porcine enterocytes.  

            The protein expression of CaSR in these four cell types was further investigated by Western 

blotting (Figure 5.5B), and the expected 280-kDa band representing the dimerized form of the 

CaSR in Caco-2 cells was confirmed. However, no bands were observed in either HEK 293 cells, 

IPEC-J2, or intestinal epithelial cells, indicating no CaSR protein expression detected in IPEC-J2 

and porcine enterocytes. 
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Figure 5.5 Detection of the calcium-sensing receptor (CaSR) in HEK-293, Caco-2, IPEC-J2, and 

isolated epithelial cells by using immunofluorescence staining and western blotting; (A) the CaSR 

was detected with primary antibody Anti-CaSR antibody and AlexaFluor®488-conjugated 

secondary antibodies; nuclei were stained with DAPI (blue). The right panel is the merged image 

of the left and middle panels. Scale bar is 20 µm; (B) protein lysates (70 μg) from HEK-293 cells 

(first lane), Caco-2 cells (second lane), IPEC-J2 (third lane) and isolated epithelial cells (fourth 

lane). 
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5.5 Discussion and conclusion 

            As the most abundant cell type in the gut, enterocytes play pivotal roles in digesting and 

absorbing nutrients like calcium and amino acids from the intestinal lumen into the body (Farre et 

al., 2020). Plus, research on the physiological control of nutrient digestion and absorption has 

shown that G protein-coupled receptors (GPCRs) are closely involved in the sensing of a range of 

nutrients and other food components in the gastrointestinal tract (Reimann et al., 2012). As a class 

C member of GPCRs, the CaSR also performs functions in nutrient sensing by activating different 

signaling pathways upon agonists stimulation (Liu et al., 2018b). Additionally, the calcium ion 

serves as the primary agonist for the CaSR, and L-amino acids such as L-tryptophan have been 

identified as one of the positive modulators of CaSR (Geng et al., 2016). Besides, previous research 

also found the crosstalk between the CaSR and dietary compounds such as vitamin D, since dietary 

vitamin D could upregulate the CaSR expression (Aggarwal et al., 2016). Our previous study found 

a high pCaSR mRNA abundance in the porcine ileum (Zhao et al., 2019), conforming the fact that 

the ileum is the main site of calcium absorption in pigs (Partridge, 1978). Although efforts have 

defined the CaSR expression in different tissues among various species, limited data are available 

on the CaSR expression in individual cell types (Feng et al., 2010). A previous study demonstrated 

that GPCRs are expressed in various types of cells with different expression profiles (Insel et al., 

2012). Thus, evaluating the average expression abundance in tissues might mask such 

heterogeneity (Insel et al., 2012). Moreover, research to unravel physiological activities in tissues 

need to be aided by data that identify the CaSR expression and features of individual cell types 

and what crosstalk happens among different cell types (Insel et al., 2012). 

            Approaches used to identify the GPCRs expression in the individual cell type include real-

time PCR, RNA sequencing, cDNA microarrays, immunohistochemistry, and 
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immunofluorescence staining, among others (Insel et al., 2015; Sriram et al., 2019). Among those 

various methods, investigations that define receptor expression based on RNA expression are 

considered “unbiased,” as those methods offer improved specificity compared with methods 

detecting protein expression levels (Insel et al., 2015). Although ddPCR is very sensitive and 

accurate, RNA sequencing was used to confirm the ddPCR results, because RNA sequencing could 

detect multiple types of genes (such as the expression levels of the CaSR and enterocyte-specific 

marker sucrase-isomaltase) in one sample simultaneously and also detect both known and novel 

transcripts of the pCaSR. Hence, the expression of the pCaSR in porcine ileal enterocytes, as well 

as IPEC-J2, has been verified through a combination of biological tools, which include FACS, 

ddPCR, and RNA sequencing used in this study. Notably, considering the higher expression level 

of the pCaSR in the ileum, we isolated enterocytes from the pig ileum and detected the expression 

of the pCaSR in ileal enterocytes. 

            Given those intestinal enterocytes are in the small and large intestine epithelium and 

represent more than 85% of the various epithelial cell types (Allaire et al., 2018), the upper 

epithelial cells in the ileum were isolated and collected in the current study. The porcine epithelial 

cell isolation method was modified from the protocol in early studies, which isolated intestinal 

epithelial cells along the crypt-villus axis (Oates et al., 1997; Yang et al., 2011). Based on the 

results of mixed isolated porcine intestinal epithelial cells, the portion of live cells was over 90%, 

suggesting that the viability of a mixed population of epithelial cells was high. This implies that 

the epithelial cell isolation method employed in the current study is comparable with other methods, 

reproducible, and shares similar cell viability results (Chougule et al., 2012). Moreover, the 

epithelial cell isolation method employed in the current study has other advantages that include 

the fact that it is easy to operate and time-efficient. Furthermore, it avoids the adverse effects of 
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the enzyme treatment method like enzymatic digestion times that are difficult to control (Chougule 

et al., 2012).  

Recent work has demonstrated that there are a set of brush border digestive enzymes 

embedded in the microvilli, and they control the final step in the digestion of dietary carbohydrates 

and proteins (Hooton et al., 2015). Those brush border digestive enzymes contain maltase-

glucoamylase, sucrase-isomaltase, lactase, peptidases, and lipases (Van Beers et al., 1995). Among 

those digestive enzymes, sucrase-isomaltase has been used to mark absorptive enterocytes in the 

porcine small intestine and colon (Gonzalez et al., 2013). Hence, sucrase-isomaltase was employed 

in the current study to isolate enterocytes from the porcine ileum. Based on the flow cytometric 

analysis results, the percentage of porcine enterocytes was 3.3% of the live cells, lower than the 

data obtained in the human intestinal enterocytes isolation study (about 10-25%) (Chougule et al., 

2012). The low isolation rate of enterocytes might be due to aborts (e.g., hardware aborts and 

software aborts) during the FACS (Chougule et al., 2012). Nevertheless, FACS is suitable for rare 

cell sorting (subpopulations of < 1%) when heterogeneous cell samples are being analyzed, 

reinforcing that FACS was appropriate for the small but detectable percentage of porcine live 

enterocytes obtained in this study.  

The differences in the percentage of live porcine enterocytes and the percentages of human 

enterocytes could be explained by several aspects. Firstly, the primary antibody targeting the 

sucrase-isomaltase might show different affinities. The current study used the same primary 

antibody as in the human study which also isolated intestinal enterocytes using the sucrase-

isomaltase as the enterocyte-sepcific marker (Chougule et al., 2012). However, the anti-sucrase-

isomaltase antibody used in the current was originally designed to detect sucrase-isomaltase of the 

mouse, rat, and human origin. As indicated by the manufacturer’s instruction, it could be that this 
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antibody was of limited use for detecting porcine sucrase-isomaltase marker. Currently, there is 

no porcine sucrase-isomaltase antibody. Once available, it is expected that the detection 

percentages of porcine live enterocytes would increase and be like the ones in human studies. 

Secondly, a higher criterion was used during the sorting to increase the purity of interested cells, 

which could lose many enterocytes and result in the low yield of isolated enterocytes. Lastly, to 

guarantee the cell viability of isolated enterocytes, the incubation time of the primary antibody was 

reduced from 2 h to 1 h at room temperature, which could also contribute to the low isolation rate 

of enterocytes. Nevertheless, the percentage of positive staining porcine enterocytes could still 

provide enough sorted enterocytes for CaSR gene quantification in the present study. Moreover, 

based on the RNA sequencing results, high expression levels of sucrase-isomaltase and maltase-

glucoamylase were observed in isolated enterocytes, further identifying and confirming those 

epithelial cells obtained from FACS were porcine enterocytes. Hence, our results showed that 

sucrase-isomaltase was able to work as a good porcine enterocyte marker to isolate enterocytes 

from the mixed epithelial cells. 

So far, the expression pattern of the CaSR in enterocytes has been rarely explored, and the 

results from these studies are equivocal and inconsistent. According to early studies, the CaSR was 

detected in human enterocytic cell lines such as Caco-2 and HT-29 and at the very base of the 

human colon crypt (Sheinin et al., 2000; Cheng et al., 2002; Liu et al., 2018a). Furthermore, a 

recent study also showed that the positive immunofluorescent staining of the CaSR was found on 

the basolateral side of the villous cells and submucosal neurovascular structures in mice (Xu et al., 

2020). Another study also documented the localization of the CaSR on the basolateral membrane 

of the basal aspects of the villus epithelial cells in the rat small and large intestine by using 

immunohistochemistry (Chattopadhyay et al., 1998). Meanwhile, recent research also found that 



 90 

no consistent CaSR positive staining was found in most intestinal epithelial cells, except for the 

EECs, indicating the expression of CaSR in EECs rather than enterocytes (Modvig et al., 2021). 

Based on our results, except for Caco-2 cells, neither isolated porcine intestinal enterocytes nor 

the enterocyte-like cell line IPEC-J2 showed detectable pCaSR. Hence, it is worth discussing what 

resulted in those contradictory reports on the expression of the CaSR in the enterocytes. 

Several potential reasons might explain the inconsistency between our study and those 

studies mentioned in the previous section. On the one hand, both Caco-2 and HT-29 belong to 

human colonic carcinoma cell lines, which are derived from patients with colon cancer, while both 

primary intestinal enterocytes and the enterocytic cell line IPEC-J2 were isolated from normal 

healthy piglets (Brosnahan and Brown, 2012). Furthermore, both Caco-2 and HT-29 are 

transformed-cell lines, but IPEC-J2 is non-transformed, which makes Caco-2 and HT-29 to show 

different characteristics from the typical intestinal enterocytes. Also, although when grown in 

culture, Caco-2 and HT-29 could differentiate into enterocytes, these enterocytes are of human 

colonic origin as opposed to IPEC-J2 and enterocytes isolated in our study that were of small 

intestine origin and therefore functional differences may be present between these two types of 

enterocytes. For example, receptors for peptide YY (PYY) or neuropeptide Y, which have been 

confirmed in normal intestinal epithelial cells, have no detectable expression level in HT-29 

(Kleiveland, 2015). Moreover, even though many digestive enzymes and transporters present in 

Caco-2 have also been identified in normal human intestinal epithelial cells, it has been reported 

that differences in gene expression patterns for transporters, nuclear receptors, and transcription 

factors exist between Caco-2 and normal human intestinal epithelial cells (Bourgine et al., 2012). 

Furthermore, the CaSR expression was also different in the normal colonic crypts than in the 

abnormal crypts, as a more substantial degree of CaSR staining was observed in normal colonic 
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epithelial cells (Chakrabarty et al., 2003). Like Caco-2, HT-29 in its differentiated phenotype 

cannot be compared with absorptive enterocytes because of various gene expression profile 

differences, such as hydrolases and ion transport properties (Hekmati et al., 1990). All these 

aspects might contribute to the different expression profiles of receptors such as the CaSR in the 

human colonic enterocyte-like cell lines and porcine ileal enterocytes. 

           It is also possible that the contradictory results may be due to the limitations of techniques 

adopted in different studies. Technically, primary intestinal enterocytes are particularly difficult to 

study because of the rapid onset of cell death after detachment from the intestine (Frisch and 

Screaton, 2001). In this context, when detecting the CaSR expression in the intestine, most 

researchers tend to conduct the detection work without isolating enterocytes from the intestine. 

That might exacerbate the biased results if antibody-based approaches with questionable 

specificity were employed. Specifically, one study identified the transcripts and protein of the 

CaSR in both apical and basolateral sides of epithelial cells isolated from rat colonic epithelium 

by using immunohistochemistry and immunofluorescence, and other studies confirmed the 

expression of the CaSR at the very base of the human colon crypt (Cheng et al., 2002; Chakrabarty 

et al., 2003). Positive immunofluorescent staining of the CaSR on the basolateral side of the villous 

cells combined with the high abundance of enterocytes in intestinal epithelial cells made some 

researchers suspect that the CaSR would be expressed in the basolateral side of the enterocytes 

(Cheng et al., 2002). Notably, those researchers’ speculation was based on data obtained by 

utilizing immunofluorescent staining without using a specific marker that could characterize the 

enterocytes. Intestinal epithelial cells consist of different types of cells, including Paneth cells, 

goblet cells as well as EECs (Iamartino et al., 2018). In fact, the mRNA of the CaSR was identified 

in the EECs such as gastrin-secreting G cells and the cholecystokinin-secreting K cells, as well as 



 92 

Paneth cells (Reimann et al., 2012). Therefore, the positive staining of the CaSR in the epithelium 

of the small intestine might be caused by the positive staining of the CaSR in these other cell types 

rather than intestinal enterocytes. Moreover, all those findings mentioned above were generated 

based on the antibody-based techniques without the relevant mRNA detection to verify their results 

further. For example, it has been reported the protein expression of the CaSR in IPEC-J2 cells by 

using the western blotting analysis (Liu et al., 2018b, Gao et al., 2021), without the confirmation 

of mRNA. Here, our current study addressed both issues (primary enterocytes isolation and 

“unbiased” detection methods) by employing FACS, ddPCR, and RNA sequencing. 

Furthermore, there is also other evidence that might support our findings in this present 

study. It is well documented that the CaSR contains three main domains: an extracellular domain, 

seven transmembrane domains, and one intracellular domain (Hendy and Canaff, 2016). Studies 

reported that the extracellular domain is the primary binding site for CaSR ligands, and CaSR 

ligands include extracellular calcium ions, free L-amino acids, spermine (Zhao et al., 2020). If the 

CaSR is located at the basolateral membrane of enterocytes in the small intestine, it only could 

sense its ligands that have been released in the basal membrane by intestinal epithelial cells and 

then induce the downstream signaling pathways. This speculation has been mentioned only by a 

few researchers based on the results obtained by Chattopadhyay et al. (1998) and studies conducted 

on oxyntopeptic cells (Caroppo et al., 2001; Gerbino and Colella, 2018). However, it is 

acknowledged that there is a lack of sufficient data to support this speculation (Wongdee et al., 

2019). Lastly, even though the amino acid sequences of the pCaSR share a high identity with 

human CaSR, there are variances between them, which might also make the expression pattern of 

the CaSR located in intestinal enterocytes different in humans and pigs (Zhao et al., 2019).               
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Considering that there was no detectable expression of the pCaSR in the ileal enterocytes 

in the current study, we speculated that the pCaSR might participate in regulating the absorption 

of calcium and other nutrients via paracrine regulation. Furthermore, the activation of the CaSR in 

EECs has been demonstrated to stimulate the release of gut hormones (such as CCK, GLP-1, and 

GLP-2), and those gut peptides can modulate tight junctions in the intestine (Burrin et al., 2000), 

which subsequently might affect the paracellular absorption of dietary calcium, as well as the 

transportation of other nutrients. Hence, the roles of identified pCaSR ligands on nutrient 

absorption and gut barrier function could be explored by using the EECs-enterocytes co-culture 

system to mimic paracrine functions in further studies. Additionally, as the expression of the 

pCaSR was only invested in the ileum in weaned piglets in the current study, previous research 

observed the segregated expression of receptors in the intestinal tract (Price et al., 2018). 

Specifically, the early study revealed that the expression of the Toll-like receptor varied 

remarkably in the intestine with distinct spatial and temporal patterns (Price et al., 2018). In this 

context, the expression pattern of the pCaSR in the absorptive enterocytes in other intestinal 

segments except for the ileum and those in other stages of swine production could be further 

explored in future studies. 

            In summary, porcine enterocytes could be obtained by using FACS with sucrase-isomaltase 

as an enterocyte marker. Furthermore, the pCaSR is not expressed in either isolated ileal 

enterocytes or IPEC-J2. Our study provides new insights, which lay a foundation for future work 

exploring the role of the pCaSR in regulating nutrient absorption in the small intestine. 

 

 

  



 94 

BRIDGE TO CHAPTER SIX 

            In Chapters four and five, we investigate the molecular distribution and localization 

patterns of the pCaSR in specific tissues and cell types, which provides a pivotal framework for 

understanding the role of pCaSR activation in the regulation of nutrient absorption. To characterize 

the roles of the pCaSR, its potential ligands, and the underlying mechanisms in the gut, in Chapter 

six we explore the potential ligands of the pCaSR and cellular signaling transductions relevant to 

pCaSR activation.  
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3Xiaoya, Qianru Hui, Huanhuan Dong, Paula Azevedo, Karmin O, Chengbo Yang 

 To be submitted to Journal of Animal Science and Biotechnology. 



 96 

6.1 Abstract 

Our previous study found that pig calcium-sensing receptors (pCaSR) are widely expressed in the 

intestine of weaned piglets. Further research is needed to characterize the roles of the pCaSR, its 

potential ligands, and related cell signaling pathways in enteroendocrine cells. In this study, a dual-

luciferase reporter assay was employed for ligand screening. Results showed that extracellular 

calcium could activate the pCaSR in a dose-dependent manner. The activation of pCaSR by 

extracellular calcium showed biased agonism through four mains signaling: extracellular signal-

regulated kinases 1 and 2 (ERK1/2) phosphorylation signaling, Gi/o signaling, Gq/11 signaling, 

and G12/13 signaling. Besides, both L-Tryptophan (L-Trp) and α-casein (90-95) could activate the 

pCaSR with the presence of extracellular calcium. The binding sites of α-casein (90-95) and L-

Trp are located within the extracellular domain of the pCaSR. This study provides theoretical 

guidance for the characterization of pCaSR’s role in intestinal nutrient sensing and the 

development of pCaSR modulators for improving gut health in pigs. 

Key words: calcium-sensing receptor, pig, luciferase reporter assay, L-Tryptophan, α-casein (90-

95) 

 

6.2 Introduction 

 As the class C member of G protein-coupled receptors (GPCRs), the calcium-sensing 

receptor (CaSR) has been identified in various tissues and organs (e.g., parathyroid gland, kidney, 

and gut) in the most vertebrate classes (Nemeth and Goodman, 2016). Our previous study also 

identified the expression of the CaSR in weaned piglets with diverse expression levels in different 

tissues (Zhao et al., 2019). Since the initial cloning of the CaSR in 1993, a wealth of information 

has accumulated about the structural and functional features of human and murine CaSR, and the 
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predictive molecular feature of pig CaSR (pCaSR) has been analyzed in our previous research, too 

(Leach et al., 2013; Zhao et al., 2019). The CaSR plays a key role in maintaining the systemic 

calcium homeostasis by modulating the parathyroid hormone secretion and urinary calcium 

excretion (Vahe et al., 2017). The principal agonist of the CaSR is extracellular calcium (Ca2+), 

which makes the CaSR perform essential functions in both physiology and pathophysiology, as 

Ca2+ is considered the most universal second messenger (Loretz, 2008). Besides Ca2+, the CaSR 

also senses nutrients (divalent ions, spermine, L-amino acids) in the gut and then triggers the 

downstream signaling pathway. This process transduces information to both enteroendocrine cells 

and the brain center, eventually affecting feed intake, nutrient digestion, and absorption in the 

intestine by regulating gut hormone secretion (Leach et al., 2013; Gannon et al., 2014; Zhao et al., 

2020). 

            For more than two decades, the mechanism of activation of the CaSR has been studied 

extensively (Maiellaro et al., 2020). Studies have demonstrated that the various agonists of the 

CaSR can stabilize unique conformations of the CaSR and then selectively trigger distinct 

downstream signaling pathways, which is known as “biased signaling” or “biased agonism”  

(Kenakin, 2011). Plus, agonists that partially activate the CaSR’s signaling pathway are described 

as “biased agonists” (Kenakin, 2011).   When bound to the agonist, the CaSR activates downstream 

signaling pathways through direct coupling to the subunits of G proteins (such as Gs, Gq/11, Gi/o, 

and G12/13) and subsequently contributes to the intracellular Ca2+ elevation, cAMP inhibition, 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation, and Ras homolog family 

member A (RhoA) activation (Gorvin, 2018). Hence, four CaSR-induced biased signaling 

pathways include Gq/11 signaling, Gi/o signaling, ERK1/2 phosphorylation signaling, and G12/13 

signaling (Maiellaro et al., 2020). Moreover, the activation of these four signaling pathways 
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eventually initiates gene transcription by various response elements (RE), including nuclear factor 

of activated T-cells response element (NFAT-RE), serum response element (SRE), and serum 

response factor response element (SRF-RE) (Zhang and Xie, 2012). In this context, the luciferase 

reporter assay has been developed to screen biased agonists and decipher GPCRs downstream 

signaling pathways. As a robust high-throughput ligands screening tool, the dual-luciferase assay 

system usually contains two reporters: one is the reporter that can respond to the GPCR signaling 

cascade of interest (such as the Firefly luciferase reporter vector), and the other one acts as the 

internal control to normalize the other reporter (such as the Renilla luciferase reporter vector) 

(Bruce A. Sherf, 1996). By analyzing reporter vectors with NFAT-RE, SRE-, and SRF-RE-build 

in upstream of the destabilized luciferase gene, one can monitor CaSR signaling events, that is, 

Ca2+ mobilization, ERK1/2 activity, and RhoA activation by using the dual-luciferase assay system 

(Figure 6.1) (Wouters et al., 2019).  
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Figure 6.1 Schematic diagram showing main CaSR activation triggered signaling pathways 

(created with BioRender.com). Upon stimulation, the Gi/o signaling pathway is associated with 

the inhibition of cAMP; ERK1/2 activation signaling is related to the βγ subunits related activation 

and the recruitment of β-arrestins; the Gq/11 signaling is related to the activation of phospholipase 

C (PLC), as well as production of inositol trisphosphate (IP3) and diacylglycerol (DAG), which in 

turn enhances intracellular calcium concentration; and the G12/13 signaling pathway represents the 

activation of small G protein RhoA GTPase. 
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            Piglets are most vulnerable to pathogens after weaning, and feed costs at that time are more 

expensive than those costs in other phases, so multiple dietary strategies are necessary to minimize 

weaning stress and improve growth performance (McLamb et al., 2013). The colostrum and milk 

components and end products of digestion such as Ca2+, spermine, and amino acids could activate 

CaSR and then modulate the gut chemosensing, subsequently affecting growth performance 

(Zhang et al., 2018b). As major proteins in sow milk, caseins are composed of α, β-, and κ-caseins, 

with α-casein as the predominant casein (Bourassa et al., 2013; Wusigale et al., 2020). Peptides 

from the enzymatic digestion of caseins are released and accompanied by a series of biological 

activities (Migliore-Samour and Jolles, 1988). As a popular α-casein derived bioactive peptide, α-

casein (90-95) has been demonstrated to play a positive role in gastrointestinal functions (increased 

appetite) and the modulation of stress (Tyagi et al., 2020). Based on our previous study, the pCaSR 

shares a high sequence identity with the human CaSR, implying the possible functional 

resemblance between the pCaSR and human CaSR (Zhao et al., 2019). Since L-amino acids and 

peptides have been confirmed as human CaSR agonists, L-Tryptophan (L-Trp) and α-casein (90-

95) might be potential agonists of the pCaSR and be involved in nutrient absorption via the pCaSR 

activation. 

            As the activation of CaSR can trigger biased signaling pathways, it has a functional 

diversity that can provide novel therapeutic targets for improving animal health. Therefore, there 

is a need for a better understanding of how individual ligands affect CaSR-mediated signaling in 

piglets, and how this information will in turn benefit the development of novel animal feed 

strategies targeting the pCaSR. The present study aims to verify whether L-Trp and α-casein 

hydrolysis product α-casein (90-95) can activate the pCaSR and trigger different downstream 
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signaling pathways. We have hypothesized that L-Trp and α-casein hydrolysis product α-casein 

(90-95) are biased modulators of pCaSR and could trigger four downstream signaling pathways. 

6.3 Materials and methods 

6.3.1 Materials for cell culture, transfection, and luciferase activity assay 

Flp-In™-293 Cell Line (Invitrogen, Fisher Scientific, Ottawa, Ontario, Canada), 

Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (Gibco, Fisher Scientific, Ottawa, 

Ontario, Canada), Opti-MEM™ I Reduced Serum Medium (Gibco), DMEM (high glucose, no 

glutamine, no calcium) (Gibco), fetal bovine serum (FBS) (Hyclone, Canadian origin; Fisher 

Scientific, Ottawa, Ontario, Canada), penicillin and streptomycin (P/S), hygromycin B, FastDigest 

BspTI, FastDigest XhoI, and Lipofectamine™ 2000 Transfection Reagent were purchased from 

Fisher Scientific. Zeocin™ Selection Reagent (Invitrogen), pcDNA™5/FRT Mammalian 

Expression Vector (Invitrogen), pOG44 Flp-Recombinase Expression Vector (Invitrogen), and 

pCaSR cDNA were synthesized from General Biosystems Co. Ltd (Chuzhou, Anhui, China). 

Luciferase reporter vectors: pGL4.30[luc2P/NFAT-RE/Hygro] Vector, 

pGL4.33[luc2P/SRE/Hygro] Vector, and [luc2P/SRF-RE/Hygro] Vector were obtained from 

Promega Corporation (Madison, Wisconsin, USA) and pRL-TK Renilla Luciferase Reporter 

Vector was a kind gift from Dr. Abdelilah Soussi Gounni’s lab at the University of Manitoba. The 

𝛼-casein (90-95), L-Trp, IBMX, and forskolin were all bought from Sigma-Aldrich (Oakville, 

Ontario, Canada), and the cyclic adenosine monophosphate-GI KIT was purchased from Cisbio 

(Bedford, Massachusetts, USA).  

6.3.2 Generation of pcDNA5/FRT-pCaSR and Flp-In-293 cells stably expressing pCaSR 

 The re-constructed plasmid named pcDNA5/FRT-pCaSR and control plasmid 

pcDNA5/FRT-CAT were prepared according to the manufacturer's protocol for the transfection 
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(Invitrogen). Flp-In™-293 cells were maintained in DMEM supplemented with 10% (v/v) FBS, 

zeocin (100 ng/mL), penicillin (100 IU/mL), and streptomycin (100 μg/mL) at 37°C in a 

humidified atmosphere of 5% CO2 and 95% O2. To generate the pCaSR stable expression cell line, 

Flp-In™-293 cells in a 6-well plate were cultured to approximately 70% confluency and then 

changed complete medium (DMEM + 10% FBS) to Opti-MEM before the transfection. Co-

transfection complexes A were prepared by mixing pcDNA5/FRT-pCaSR or pcDNA5/FRT-CAT 

and pOG44 with a 9:1 ratio in Opti-MEM and Lipofectamine™ 2000 Transfection Reagent was 

added to the Opti-MEM according to the manufacturer instructions (Invitrogen) to generate co-

transfection complexes B. Co-transfection complexes A and B were mixed and incubated at room 

temperature. After 15 min, the whole mixture was gently added to the cells. At 5 h post-transfection, 

the transfection was changed to a complete medium. Forty-eight hours later, the complete medium 

was replaced with a complete medium supplemented with 200 ng/mL hygromycin B to select the 

Flp-In-293-pCaSR cell line of stable transfection. In this study, the Flp-In-293-CAT cell line acted 

as the control cell line. The pCaSR stable expression by the two above cell lines was determined 

by real-time polymerase chain reaction (PCR) and western blotting. 

6.3.3 Detection of pCaSR expression by real-time PCR and western blotting 

Total RNA isolation was conducted by using Trizol® reagent (Invitrogen), followied by 

the measurement of RNA quantity and quality with a Nanodrop-2000 spectrophotometer (Thermo 

Scientific). The cDNA synthesis was performed using the iScriptTM cDNA Synthesis kit (Bio-Rad, 

Mississauga, Ontario, Canada). Finally, real-time PCR was performed using SYBR Green 

Supermix (Bio-Rad) on a CFX Connect real-time PCR detection system (Bio-Rad). All primers 

used for the real-time PCR and the thermal profile for the reaction referred to a previous study 

(Zhao et al., 2019). Data analysis used the 2-ΔΔCT method (Livak and Schmittgen, 2001) to quantify 
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the relative mRNA abundance of the pCaSR, and the housekeeping gene used in the current study 

was Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

For western blotting, cells were firstly washed with ice-cold PBS, and then cells were 

scaped and collected in the microfuge tube, which contains ice-cold RIPA lysis buffer (Sigma-

Aldrich) as well as protease inhibitor cocktail (Sigma-Aldrich). Secondly, the microfuge tube was 

centrifuged at 12, 000 g for 15 min at 4°C, then the supernatants were harvested for the total protein 

concentration assay. Total protein concentration was determined using Pierce BCA Protein Assay 

Kit (Thermo Scientific). In brief, 30 μg of the protein lysate was separated by electrophoresis in a 

4–15% precast polyacrylamide gel (Bio-Rad). A nitrocellulose membrane (Bio-Rad) was used for 

the transfer, and then it was blocked with 5% non-fat milk powder in tris-buffered saline with 0.1% 

Tween 20 (TBST), followed by the rabbit anti-CaSR primary antibody (ab137408, dilution ratio 

1:2000, Abcam, Cambridge, Massachusetts, USA) incubation at 4ºC overnight. Membranes were 

subsequently probed at room temperature for 1 h with a secondary antibody named horseradish 

peroxidase-conjugated goat anti-rabbit IgG (324300, 1:4000, Thermo Scientific) diluted in 5% 

skimmed milk in TBS. After that, the membrane was visualized by using ClarityTM Western ECL 

Substrate (Bio-Rad). The image was detected via a ChemiDoc MP imaging system (Bio-Rad).  

6.3.4 Dual-luciferase reporter assays 

            Flp-In-293-pCaSR cells or Flp-In-293-CAT cells were plated into 96-well plates and 

cultured until the cells reached 70% confluence. Transfection was conducted following the 

transfection protocol mentioned above (Firefly luciferase reporter vector: Renilla luciferase 

reporter vector = 9:1). After 48 h, the complete medium was aspirated and replaced with different 

concentrations of ligands (diluted in DMEM, high glucose, no glutamine, no calcium). As the 

negative control, Flp-In-293-CAT cells were also transfected with the same amounts of plasmids 
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and incubated with the same concentrations of ligands. After 6 h of ligands incubation, the 

Luciferase report assay was conducted using the Dual-Luciferase® Reporter Assay System 

according to the manufacturer protocol (Promega). The plate was read using Synergy H4 hybrid 

multi-mode microplate reader (BioTek, Winooski, Vermont, USA) (Reading parameters: 

chemiluminescence mode; auto gain, integration time: 1s, no delay). 

6.3.5 cAMP - Gi assay 

 For the cAMP assay, Flp-In-293-pCaSR cells or Flp-In-293-CAT cells were harvested and 

resuspended in DMEM (high glucose, no glutamine, no calcium supplemented with 0.5 mM IBMX 

and then added into a 384 well plate at a concentration of 2000 cells/well (Sigma-Aldrich). After 

that, 4 µL of ligand buffer (0.5 mM IBMX+ ligand + DMEM [high glucose, no glutamine, no 

calcium], pH 7.4) was mixed with 5 µL of cell suspension, followed by a 30 min induction at 37℃. 

1µL of 25 µM forskolin was added to each well, and cells were incubated at 37℃ for 30 min. After 

that, detection reagents were added to each well according to the manufacturer’s instructions. The 

fluorescence emission was detected using the plate reader mentioned above to evaluate the cAMP 

response. 

6.3.6 Molecular model of pCaSR binding to L-Tryptophan and α-casein (90-95) 

 Before molecular docking, alignment of the pCaSR was conducted by BLAST in 

https://swissmodel.expasy.org/, and a high amino acid identity (96%) was found between the 

pCaSR and human CaSR. Given that ligands binding pocket of human CaSR have been well 

explored in earlier studies and the pCaSR shared a high identity with human CaSR, the high-

resolution human CaSR crystal structure was retrieved from the RCSB Protein Data Bank (PDB 

ID: 5K5S) and used as the template (Geng et al., 2016). Molecular docking was carried out by 

using Discovery Studio Version 4.5 (Dassault Systèmes BIOVIA, San Diego, USA). For receptor 

https://swissmodel.expasy.org/
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preparation, pCaSR was then given a CHARMm forcefield after the elimination of all bound water 

and addition of the polar hydrogen, as well as energy optimization. After, the possible active sites 

of the receptor model were explored, followed by the identification of a possible binding pocket 

that was within 11Å centered on the active site. For the L-Trp and α-casein (90-95) preparation, 

the configuration was constructed using ChemBioDraw Ultra 12.0 (PerkinElmer, Inc., Waltham, 

Massachusetts, USA) and then was given the CHARMm forcefield, followed by the energy 

minimizatio to develop a reasonable starting pose. Those optimized conformations of L-Trp and 

α-casein (90-95) with the lowest energy were selected to analyze interactions and binding modes 

between L-Trp as well as α-casein (90-95) and the pCaSR using Discovery Studio Version 4.5 

(Dassault Systèmes BIOVIA). 

6.3.7 Data analysis 

 The statistical analyses were conducted using SAS (the SAS Institute, Cary, North Carolina, 

USA). Data points represent the means ± standard error of the mean (Castano et al.) of triplicate 

measurements. Comparisons were performed using one-way ANOVA, followed by Dunnett’s test 

where appropriate. A P-value less than 0.05 was considered statistically significant. Curve fitting 

was conducted with GraphPad Prism 8.12 (GraphPad Software, San Diego, USA). The half-

maximal effective concentration (EC50) and half-inhibitory concentration (IC50) curves in all 

assays were fitted by non-linear regression using the equation “log (Agonist) vs. response -- 

Variable slope”: 

Y= Bottom + 
Top-Bottom

1+ 10
(Log EC50 -X)Hillslope
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EC50 is the concentration of agonist that gives a response half-way between Top and Bottom. 

Hillslope describes the steepness of the family of curves. Top and Bottom are plateaus in the units 

of the Y axis. 

6.4 Results 

6.4.1 Identification of Flp-In-293 cells stably expressing the pCaSR 

 Prior to the activation test, both the mRNA and protein expression levels of the pCaSR in 

Flp-In-293-pCaSR cells were examined by employing real-time PCR and western blotting. Real-

time PCR analysis showed that a high mRNA expression level of the pCaSR in Flp-In-293-pCaSR 

cells was confirmed (data not shown). Figure 6.2 showed the expression of the pCaSR in Flp-In-

293-pCaSR cells and Flp-In-293-CAT cells. In addition, we found two bands with apparent 

molecular masses of 165 kDa (pCaSR mature glycosylated monomer), and 250 kDa (pCaSR dimer) 

in the protein preparations from Flp-In-293-pCaSR cells, while no pCaSR expression was found 

in the control group.  
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Figure 6.2 Identification of the pCaSR in Flp-In-293-CAT cells and Flp-In-293-pCaSR cells by 

western blotting. Two major bands are shown in Figure 6.2, including the upper band representing 

the dimeric form of the pCaSR (250 kDa) and the lower band showing mature glycosylated pCaSR 

monomer (165 kDa). 
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6.4.2 The pCaSR signaling pathway activation by extracellular calcium 

Our initial experiment evaluated the cell toxicity of transfected cells in response to different 

concentrations of CaCl2 (from 0.25 to 20 mM) by using the water-soluble tetrazolium salt-1 assay. 

Results showed a significant cell toxicity effect created by 20 mM CaCl2 (data not shown), so the 

maximum level of extracellular calcium was set up to 16 mM and values of the pCaSR were 

normalized against the maximal activation. In Figure 6.3, the fold changes of three luciferase 

reporter elements (NFAT, SRE, SRF-RE) are in response to the second messengers’ changes (Ca2+ 

mobilization, ERK1/2 phosphorylation, and RhoA activation) in the corresponding signaling 

pathways (Gq/11 signaling pathway, ERK1/2 activation signaling, and G12/13 signaling pathway), 

whereases the cAMP response changes shown in Figure 6.3D directly reflect the changes of Gi/o 

signaling pathway. 

Briefly, after the induction of transfected cells with CaCl2, results showed that EC50 = 4.27 

mM was found through the Gq/11 signaling pathway, EC50 = 2.85 mM through the ERK1/2 

activation signaling, EC50 = 2.26 mM through the G12/13 signaling pathway, and IC50 = 2.62 

through the Gi/o signaling. The ERK1/2 activation signaling, G12/13 signaling as well as Gi/o 

signaling, shared similar EC50 or IC50 values by the extracellular calcium stimulation, suggesting 

that the activation of the pCaSR leads to ERK1/2 phosphorylation and RhoA activation, as well as 

cAMP level changes with similar efficacies. In contrast, the EC50 value through the Gq/11 

signaling was more than two times higher than those of the other three signaling pathways tested, 

indicating that the pCaSR increases intracellular calcium concentration less efficiently through the 

Gq/11 signaling pathway.  
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Figure 6.3 Different concentrations of CaCl2 induced the pCaSR activation responses in Flp-In-

293-pCaSR cells. Flp-In-293-pCaSR cells were transiently transfected with various luciferase 

reporters as indicated: NFAT-RE-luc2P, SRE-luc2P, or SRF-RE-luc2P along with pRL-TK 

Renilla Luciferase Reporter Vector (ratio 9:1) for 36 hours, followed by the induction of different 

levels of CaCl2 (0.25 mM–16 mM). The fold of induction and % of control was determined as 

described in Materials and Methods.  
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6.4.3 Effect of L-Tryptophan on Ca2+-stimulated pCaSR response 

Before exploring the effect of L-Trp on Ca2+-stimulated pCaSR response, we tested the 

pCaSR activation in response to different levels of L-Trp without the presence of extracellular 

calcium. We confirmed that L-Trp couldn’t elicit the pCaSR activation in the absence of 

extracellular calcium, but the response induced by 2.5 mM extracellular Ca2+ could be promoted 

by 1mM L-Trp. Hence, 1 mM of L-Trp was utilized to explore the effect of L-Trp on Ca2+-

stimulated (0.25-16 mM) pCaSR response via different pCaSR-mediated signaling pathways. 

According to Figure 6.4A and Figure 6.4B, the presence of 1 mM L-Trp lowered the EC50 of 

extracellular Ca2+-induced pCaSR response in the Gq/11 signaling pathway by about 7%, while 

this effect on the ERK1/2 activation signaling by pCaSR was approximately 20.1%. Meanwhile, 

the application of 1 mM L-Trp decreased the IC50 of extracellular Ca2+ induced pCaSR response 

in the Gi/o signaling pathway by about 27.2% (Figure 6.4D). However, when the pCaSR was 

exposed to 1mM L-Trp from cells transfected in the SRF-RE reporter, the EC50 of pCaSR response 

was the same as the EC50 value obtained in the absence of L-Trp (Figure 6.4C). 
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Figure 6.4 Effect of 1 mM L-tryptophan (L-Trp) on the pCaSR activation responses in the 

presence of extracellular calcium in Flp-In-293-pCaSR cells. Flp-In-293-pCaSR cells were 

maintained in the same conditions as used in Figure 6.3, followed by the induction of different 

levels of L-Trp. The fold of induction was determined as described in Materials and Methods. 
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6.4.4 pCaSR signaling pathway in response to different concentrations of α-casein (90-95) 

            When Flp-In-293-pCaSR cells were directly exposed to various levels of α-casein (90-95), 

without the presence of extracellular calcium, there was no CaSR activation response observed via 

the four signaling pathways considered in this study (data not shown). Thus, the effect of different 

levels of α-casein (90-95) on pCaSR response was explored with the presence of extracellular 

calcium (2.5 mM). In addition, like L-Trp, whether α-casein (90-95) could alter the EC50 or IC50 

of extracellular Ca2+ induced CaSR response was investigated. Figure 6.5A revealed that α-casein 

(90-95) could activate the pCaSR in a concentration-dependent-manner in Gq/11 signaling when 

extracellular Ca2+ was present at 2.5 mM. In Figure 6.5B, it was shown that 5 µM α-casein (90-95) 

could slightly lower the EC50 of extracellular Ca2+ induced pCaSR activation, by about 5.5% in 

the Gq/11 signaling pathway, while 1 µM α-casein (90-95) failed to increase the sensitivity of the 

pCaSR activation response to extracellular calcium (data not shown). 

            Similarly, α-casein (90-95) also activated the pCaSR in a concentration-dependent manner 

in the ERK1/2 activation signaling pathway in the presence of 2.5 mM extracellular Ca2+ (Figure 

6.5C). The presence of 1µM α-casein (90-95) lowered the EC50 of extracellular Ca2+ by 19% in 

the ERK1/2 activation signaling pathway (Figure 6.5D). Data in Fig 6.5E demonstrated that 0.5 

µM α-casein (90-95) significantly increased the pCaSR activation response in G12/13 signaling 

when extracellular Ca2+ was present at 2.5 mM. As for the G12/13 signaling pathway, the EC50 of 

extracellular Ca2+ induced pCaSR activation was decreased from 2.26 mM to 1.9 mM (16%) 

(Figure 6.5F). Figure 6.5G shows that a low level of α-casein (90-95) could significantly reduce 

the pCaSR-induced cAMP production in the Gi/o signaling in the presence of 2.5 mM extracellular 

calcium (P < 0.05). Even though 1 µM α-casein (90-95) had no effect on the IC50 of extracellular 
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Ca2+-induced CaSR activation (data not shown), 5 µM α-casein (90-95) successfully lowered the 

IC50 of extracellular Ca2+-induced pCaSR activation, by 24.4% in the Gi/o signaling (Figure 6.5H). 
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Figure 6.5 Effect of α-casein (90-95) on the pCaSR activation responses in the presence of 

extracellular calcium in Flp-In-293-pCaSR cells. Flp-In-293-pCaSR cells were maintained in the 

same conditions as used in Figure 6.3, followed by the induction of α-casein (90-95) with the 

presence of CaCl2. The fold of induction was determined as described in Materials and Methods. 

Different letters represent a significant difference (P < 0.05). 
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6.4.5 Molecular model of L-Tryptophan and α-casein (90-95) bounding to the pCaSR  

            Given the high amino acid identity (96%) between the pCaSR and human CaSR, and the 

ligand-binding mode of human CaSR with its ligands has been reported already, the crystal 

structure of the human CaSR extracellular domain (ECD) was used as a template for the pCaSR. 

Based on this known template, as well as Molprobity analysis, the pCaSR crystal structure model 

was built (Figure 6.6A). Furthermore, the pCaSR model was evaluated via Ramachandran analysis, 

and it showed that this model worked well, given that most residues were restricted within the 

most favored regions which were enclosed by the blue curve (Figure 6.6B). When binds to the 

pCaSR, L-Trp changed its conformation to fit the active binding pocket of the pCaSR, making it 

easier for L-Trp to enter the active binding pocket of the pCaSR (Figure 6.7A). Once the ligand 

entered the active cavity pocket of the pCaSR ligands binding region (Figure 6.7B), there was an 

interaction between L-Trp and pCaSR residues in the active cavity (Figure 6.7C). Figure 6.7D 

showed that L-Trp binding sites in the pCaSR binding pocket were mainly within the Venus 

Flytrap (VFT) domain. Furthermore, the putative L-Trp-binding pocket contained nine polar or 

charged amino acid residues, TRP 70, SER 147, ALA168, SER 169, SER 170, ASP 190, GLU 

297, ALA 298, and ILE 416. Moreover, there were hydrogen bonds between backbone nitrogen 

and the VFT domain, which were formed by the carboxylic amino group of L-Trp through both 

oxygen atoms with pCaSR residues SER 147, ALA 168, and SER 170. Besides, there were Pi 

conjugated bonds formed between residues TRP70, ALA 298, and ILE 416 of the pCaSR and two 

benzene rings of L-Trp.  
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Figure 6.6 Homology modeling of the pCaSR. (A) The predicted pCaSR extracellular domain 

(ECD) crystal structure was constructed by using human CaSR ECD as the template; (B) 

Ramachandran plot of the homology-modeled structure of pCaSR ECD. Alignment of the pCaSR 

was conducted by BLAST. Human CaSR ECD was retrieved from the RCSB Protein Data Bank 

(PDB ID: 5K5S) and used as the template for the pCaSR. 
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Figure 6.7 Docking simulations of binding position and conformational changes between L-

tryptophan (L-Trp) and pCaSR by using Discovery Studio 4.5. (A) The conformation changes of 

L-Trp induced by the pCaSR; (B) The binding of L-Trp in the active sites of the pCaSR. The L-

Trp is shown in the stick model while the surface of the pCaSR is shown in green, grey, and purple; 

(C) The three- and two-dimensional analysis of the interactions of L-Trp in the active site of the 

pCaSR. 
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            As for α-casein (90-95), its predicted binding sites in the pCaSR were also located on the 

VFT domain (Figure 6.8). There was also van der Waals force between α-casein (90-95) and 

residues of the pCaSR such as VAL513, GLY487, PRO188, and ASP480. Specifically, it was 

revealed that two benzene rings in the α-casein (90-95) formed Pi conjugated bonds with residues 

HIS192, ASN189, and LEU242 on the pCaSR. Meanwhile, the proton hydrogen on the amino-

terminal C-N fragment of the α-casein (90-95) formed a relatively strong hydrogen bond 

interaction with pCaSR residues such as TYR514 and GLU191. Furthermore, the strong hydrogen 

bond interaction formed by the hydroxyl group on the benzene ring and the carbonyl group O in 

the α-casein (90-95) molecular chain with residues such as VAL486 and LYS225 was also found 

(Figure 6.8C).   
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Figure 6.8 The ligand-receptor interactions of α-casein (90-95) with the active sites of the pCaSR 

were generated by using Discovery Studio 4.5. (A) The predicted crystal structure model of the 

pCaSR with binding cavity based on human CaSR as a template; (B) Chemical structure of α-

casein (90-95); (C) Two-dimensional interaction diagram between α-casein (90-95) and the pCaSR. 

The legend inset represents the type of interaction between the α-casein (90-95) atoms and the 

amino acid residues of the pCaSR. 
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6.5 Discussion and conclusion 

 The CaSR is widely expressed in various tissues of animals, and it plays crucial roles in 

nutrient sensing and regulate the physiology, growth, and development of the animals by 

regulating different signaling pathways (Hendy and Canaff, 2016). And the CaSR activation 

induced by biased agonists is usually accompanied by biased downstream signaling and 

subsequently leads to various physiological activities, which offers the potential for developing 

novel GPCRs ligands with targeted effects. For example, studies showed that the CaSR modulates 

the secretion of the parathyroid hormone through ERK1/2 phosphorylation signaling and 

activating the Gq/11 signaling pathway might result in calcitonin secretion (Thomsen et al., 2012). 

It has been confirmed that the CaSR-mediated calcitonin secretion might contribute to 

hypocalcemia, which is the undesired side effect of CaSR-specific drugs such as cinacalcet 

(Thomsen et al., 2012). Hence, a compound that explicitly targets ERK1/2 signaling but does not 

trigger the Gq/11 signaling would be an ideal drug for patients with chronic kidney disease. 

Notably, these mechanisms were initially and mainly investigated in humans and mouses/rats, 

while similar mechanisms still need to be uncovered in pigs. Characterization of potential pCaSR 

biased agonists and biased signaling pathways will help us find novel compounds that specifically 

activate the pCaSR signaling with less activity on undesired signaling targeting adverse side effects, 

thereby contributing to pig production.  

            In this study, we generated a cell line that was stably expressing a high level of the pCaSR 

and conducted the ligand screening and the exploration of potential modulation mechanisms using 

the Luciferase reporter system, cAMP assay kit, and molecular docking. According to our results 

in the current study, extracellular calcium activated the pCaSR through all four signaling pathways 

with different efficacy, as the EC50 or IC50 values observed in the various signaling pathways are 
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distinct (Figure 6.3A to 6.3D). Also, note that the IC50 value shown by the cAMP assay was almost 

the same as this value for the SRF-RE-reporter assay, revealing that activation of the pCaSR 

contributes to inhibition of cAMP production and RhoA activation with similar efficacies. These 

results suggest that the activation of the pCaSR in the presence of different extracellular calcium 

levels also showed biased agonism. Specifically, for ERK1/2 phosphorylation signaling pathways, 

it was reported an EC50 of 2.85 mM, a value comparable to those reported in human CaSR 

(Thomsen et al., 2012), which also implies that the pCaSR can induce ERK1/2 phosphorylation 

similarly compared with human CaSR in the presence of extracellular calcium. However, for the 

Gq/11 signaling pathway, the pCaSR reached its maximal response at an extracellular calcium 

concentration of about 8.0 mM (EC50 = 4.27 mM), which was a bit higher than those reported in 

the human and rat CaSR studies (2 mM to 4 mM) (Conigrave et al., 2000; Jensen et al., 2000; 

Carrillo-Lopez et al., 2010). Besides, as for the ERK1/2 phosphorylation signaling pathway 

stimulated by extracellular calcium, this EC50 value (2.26 mM) is lower, compared with those 

values in human CaSR studies with a similar model (Zhang et al., 2018a). Similarly, the IC50 value 

of the Gi/o signaling pathway (2.62 mM) also is different from reported values on rat CaSR and 

human CaSR (1.63 mM and 3.11 mM, respectively) (Chougule et al., 2012; Gorvin et al., 2018). 

This suggests that when receptors were supplied with the same extracellular calcium levels, the 

pCaSR could activate second messengers in a different manner compared with human and rat 

CaSR. The functional difference between the pCaSR and human CaSR, as well as the rat CaSR, 

could be explained by the fact that several residue variances have been identified in the pCaSR 

compared with human and rat CaSR, and those residue variances were mainly located in the 

intracellular domain (ICD) (Zhao et al., 2019). The interaction sites within ICD are responsible for 
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the transduction coupling to multiple signaling pathways (Zhang et al., 2016c), which contributes 

to the different intracellular signaling pathways triggered by the activation of pCaSR.  

            As a functional amino acid, L-Trp has been shown to play a pivotal role in modulating host 

physiology and metabolism (Saraf et al., 2017). For example, besides its participation in protein 

synthesis, Trp is also metabolized to a wide range of biologically active compounds, allowing its 

multiple roles in regulating inflammation, immune response, as well as neurological functions 

(Yao et al., 2011; Cervenka et al., 2017). Plus, researchers also found that dietary Trp 

supplementation is able to promote the intestinal mucosal barrier function and change the intestinal 

microbial composition and diversity in weaned piglets, implying that L-Trp has the potential to 

modulate intestinal disorders in piglets (Liang et al., 2018). Similarly, as an enzymatic digestion 

product of α-casein in the gastrointestinal tract, α-casein (90-95) was found to play a positive role 

in the regulation of immune response as well as gut function (Gill et al., 2000). During the post-

antibiotic use era, the supplementation of bioactive amino acids and peptides like L-Trp and α-

casein (90-95) to animals are promising solutions that can be practiced for improving gut health 

for sustainable animal production. Besides, it has been well known that protein digestion products 

like L-amino acids, peptides are agonists of the CaSR, and dietary amino acids and peptide-based 

interventions have been shown to have therapeutic efficacy for the gut health via the activation of 

the CaSR (Zhang et al., 2015a; Zhang et al., 2016b). The CaSR agonists can be categorized into 

two types: Type I agonists refer to direct agonists such as Ca2+, other divalent and trivalent cations, 

spermine, aminoglycosides that can activate CaSR directly, and Type II agonists are positive 

allosteric modulators which can only activate CaSR with the presence of extracellular calcium 

(Zhao et al., 2020; Leach et al., 2020). Since our results showed that L-Trp could only activate the 

pCaSR in the presence of extracellular calcium (Figure 6.4), it is suggested that L-Trp belongs to 
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the type II agonists of the pCaSR, which also mirrored the previous study’s results (Geng et al., 

2016). Besides, our results also showed that in the presence of extracellular calcium, L-Trp is 

biased in terms of efficacy toward Gi/o signaling and ERK1/2 phosphorylation signaling in 

comparison with both Gq/11 signaling and G12/13 signaling, given that the efficacy of L-Trp’s 

effect on the sensitivity of the pCaSR to the extracellular calcium is similar for Gi/o signaling and 

ERK1/2 phosphorylation signaling (27.2% and 20%, respectively) but only 7% for Gq/11 

signaling as well as no effect for G12/13 signaling. Because the addition of L-Trp did not alter the 

EC50 of Ca2+-dependent receptor activation via the RhoA activation signaling pathway, we can 

conclude that 1mM L-Trp could not increase the sensitivity of the pCaSR via the G12/13 signaling 

pathway. Furthermore, from Figure 6.4, it is obvious that L-Trp could elevate the sensitivity of the 

pCaSR towards extracellular Ca2+ in the ERK1/2 activation signaling, Gq/11 signaling as well as 

Gi/o signaling, as it lowered the EC50 or IC50 of extracellular Ca2+. This result mirrored a similar 

study on human CaSR, where the authors reported L-Trp enhanced the sensitivity of human CaSR 

to extracellular calcium (Geng et al., 2016). Taken together, we found that, like human CaSR, the 

pCaSR also could selectively bind to L-Trp and trigger the biased signaling pathways. 

            As for α-casein (90-95), like L-Trp, given that it did not elicit any pCaSR activation 

response in the absence of extracellular calcium, it indicated α-casein (90-95) can’t activate the 

pCaSR independently, implying α-casein (90-95) act as a type II agonist of the pCaSR. Moreover, 

our results showed that 1µM α-casein (90-95) was not able to change the EC50 of extracellular Ca2+ 

in Gq/11 signaling and the IC50 of extracellular Ca2+ in Gi/o signaling, compared to the ERK1/2 

activation signaling and G12/13 signaling. Hence, we concluded that in the presence of extracellular 

calcium, the activation response elicited by α-casein (90-95) also showed a biased agonism. 

Furthermore, α-casein (90-95) showed efficacy bias signaling being more efficient in mediating 
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ERK1/2 activation signaling and G12/13 signaling than Gi/o signaling, and Gq/11 signaling. Plus, 

the efficacy of α-casein (90-95)’s effect on the sensitivity of the pCaSR to the extracellular calcium 

is similar for G12/13 signaling and ERK1/2 activation signaling, because the corresponding values 

are similar (16% and 19%, respectively). These results showed that α-casein (90-95) prefers to 

activate the ERK1/2 activation signaling for the pCaSR compared with other three signaling 

pathways. As the activation of ERK1/2 has been demonstrated to be involved in regulating the gut 

hormone secretion and intestinal inflammation (Gareth et al., 2019), this might explain why α-

casein (90-95) performed important functions in regulating both gut function and immune response 

in one in vitro study (Gill et al., 2000). In this context, α-casein (90-95) has the potential to be used 

as a feed additive in pig production to maintain the weaned piglet’s gut health and improve growth 

performance. 

            In the case of molecular docking results, it suggested that similar to human CaSR, predicted 

active sites of the pCaSR are located on the VFT domain which contains a range of binding sites 

for CaSR ligands such as Ca2+ and L-amino acids (Mun et al., 2004; Zhang et al., 2016a; Zhang et 

al., 2016b). According to visual inspection of the α-casein (90-95)-bound pocket, predicted active 

sites of the pCaSR were primarily formed by hydrophobic residues, as residues like PRO188, 

LEU242, TRP254, GLY487, VAL488, VAL513 belong to hydrophobic residues (Dong et al., 

2017). Based on similar studies, we could speculate that Pi conjugated bonds formed by benzene 

rings between the L-Trp or α-casein (90-95) and residues of the pCaSR were supposed to be 

responsible for fixing the binding position and stabilizing the binding of the ligand to the receptor. 

Meanwhile, the strong hydrogen bond interaction formed by the hydroxyl group on the benzene 

ring and the carbonyl group O in the L-Trp or α-casein (90-95) molecular chain with residues 

probably helps stabilize the binding of L-Trp or α-casein (90-95) to the pCaSR, and van der Waals 
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force between α-casein (90-95)  and residues of pCaSR may help to enhance α-casein (90-95) 

affinity for the pCaSR, compared with other ligands such as L-amino acids (Zhang et al., 2014; 

Dong et al., 2017). This speculation could be supported by our results that a lower level of α-casein 

(90-95) is enough to elevate the sensitivity of the pCaSR toward extracellular Ca2+, compared with 

L-Trp.  

            Based on the above results, it is shown that both L-Trp and α-casein (90-95) are biased 

agonists of the pCaSR and modulate the pCaSR by the biased agonism mechanism. Given that the 

activation of pCaSR induced by L-Trp and α-casein (90-95) contributes to the biased signaling, it 

raises the possibility that the downstream physiological activities such as the gut hormone profile 

might also be different. In vitro studies have shown a close and positive connection of gut 

hormones to pig production, including trophic effects, barrier function and so on (Liu et al., 2013). 

Hence, there appear to be practical prospects for improving the productivity and efficiency of the 

swine industry through the application of these theories stated in this section. The successful 

practical application of these theories in swine production requires a complete understanding of 

pCaSR activation response, since the CaSR is the strongest candidate for amino acids and peptides 

sensing in the intestine to regulate gut hormone secretion, compared with other GPCRs (Acar et 

al., 2020). Considering the pivotal role of the CaSR on gut function, the potential effects of L-Trp 

and α-casein (90-95) on gut hormone profile and the role of the CaSR in this mechanism could be 

explored by using an enteroendocrine cell model such as the STC-1 cell model. Furthermore, how 

the changes of gut hormone profile will affect pig growth performance could also be investigated 

via in vivo models. 

            In summary, our findings suggest that the dual-luciferase reporter assay system is well 

suited for pCaSR research and ligand screening. Like human CaSR, the activation of the pCaSR 
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stimulated by extracellular calcium also showed biased agonism through four main signaling 

pathways: ERK1/2 phosphorylation signaling, Gi/o signaling, Gq/11 signaling, and G12/13 

signaling. Meanwhile, both L-Trp and α-casein (90-95) are type II agonists for the pCaSR. We 

also characterized an L-Trp binding pocket formed by pCaSR residues TRP 70, SER 147, ALA168, 

SER 169, SER 170, ASP 190, GLU 297, ALA 298, and ILE 416, as well as an α-casein (90-95) 

binding pocket formed by pCaSR residues PRO188, ASN189, GLU191, HIS192, LYS225, 

LEU242, ASP480, VAL486, GLY487, VAL513, and TYR514. In addition, we also found that the 

binding sites of L-Trp and α-casein (90-95) are located within the extracellular domain of the 

pCaSR.  
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BRIDGE TO CHAPTER SEVEN 

            In Chapter five, we described our findings that the pCaSR is not expressed in the ileal 

absorptive enterocytes, implying that the activation of the pCaSR induced by pCaSR ligands might 

be involved in the regulation of nutrient absorption through paracrine regulation. In Chapter six, 

we explained the process of screening and identifying of the pCaSR ligands and signaling 

pathways related to the pCaSR activation. To investigate the roles of identified pCaSR ligands on 

nutrient absorption and gut barrier function, we generated an EECs-enterocytes co-culture system 

as outlined in Chapter seven to mimic the paracrine regulation of CaSR in the intestine. 
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CHAPTER SEVEN: MANUSCRIPT Ⅳ 

Effects of pCaSR Ligands on the Nutrient Absorption and Barrier Function in the 

Intestinal Epithelial Cells Co-Culture System Challenged with Peptidoglycan4 

 

  

 

4Xiaoya Zhao, Qianru Hui, Paula Azevedo, Karmin O, Chengbo Yang 

To be submitted to the Journal of Animal Science. 
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7.1 Abstract 

The intestinal epithelium is lined with a single layer of polarized cells and these intestinal epithelial 

cells absorb nutrients, respond to microorganisms, act as a barrier to the risks posed by the external 

environment, and help coordinate the immune response. Therefore, dietary regulation of gut 

hormone secretion via G-protein-coupled receptors (GPCRs), which partially modulate food 

intake and nutrient absorption, provides a promising application for animal nutrition. However, 

research in GPCRs in farm animal intestinal epithelium has yet to be reported. The objectives of 

the current study were to elucidate the roles of pig calcium-sensing receptor (pCaSR) ligands in 

gut hormone secretion and the effects of pCaSR ligands on inflammatory response, nutrient 

absorption and barrier function in the intestinal epithelial cells co-culture system challenged with 

peptidoglycan (PGN). By employing assays including ELISA, homogeneous time resolved 

fluorescence assay, real-time PCR, western blotting, and barrier integrity measurements, we found 

that the supplementation of pCaSR ligands (L-Tryptophan [L-Trp] or α-casein [90-95]) stimulated 

glucagon-like peptide 1 (GLP-1) secretion from the intestinal secretin tumor cell line (STC-1) 

model and downregulated the gene expression of pro-inflammatory cytokines such as IL-1β, IL-6, 

and IL-8. It also upregulated the expression level of various nutrient transporters and tight junction 

proteins in a co-cultural system challenged with the PGN. In conclusion, we demonstrated that the 

treatment of L-Trp and α-casein (90-95) could stimulate the GLP-1 release via CaSR activation in 

STC-1 cells. Plus, the pCaSR ligands-induced GLP-1 secretion was involved in multiple signaling 

pathways. In addition, L-Trp and α-casein (90-95) could mitigate the inflammatory response and 

enhance intestinal barrier function and nutrient absorption in a co-cultural system challenged with 

the PGN. 
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barrier function 

 

7.2 Introduction 

The gastrointestinal tract is the interface between the external and internal environment. It 

is not only a digestive organ but is also responsible for sensing changes in nutrients and protecting 

against pathogens and toxic substances (Roura et al., 2019). The intestinal epithelium is in line 

with several cell types such as enterocytes, enteroendocrine cells (EECs), Paneth cells, and goblet 

cells, which play essential roles in monitoring nutrient changes (Ali et al., 2020). Even though 

EECs comprise less than 1% of the total intestinal epithelial cell numbers, they form the largest 

endocrine system in the body (Gunawardene et al., 2011). Recent advances have highlighted that 

nutrients are sensed by G-protein-coupled receptors (GPCRs) and nutrient transporters located in 

the intestinal epithelial cells (Liu et al., 2016). These GPCRs, such as the calcium-sensing receptor 

(CaSR), could sense nutrients including peptides and amino acids in the gut, and then trigger 

various downstream signaling pathways, which transduces information to both EECs and the brain 

center, finally affecting the related physiological and metabolic activities such as feed intake, 

nutrient digestion, and absorption in the intestine (Worthington et al., 2018).  

GPCRs have been identified as chemosensors of L-amino acids such as L-glutamine and 

are able to regulate amino acids absorption by regulating the secretion of GLP-1 (Liu et al., 2013). 

When the CaSR is activated by various nutrients in the lumen such as L-amino acids (L-AAs), it 

could also regulate the secretion of intestinal hormones such as glucagon-like peptide 1 and 2 

(GLP-1/2), cholecystokinin (CCK) and peptide YY (PYY). It is well known that changes in gut 

hormone secretion play roles in animals’ appetite and feed intake, subsequently affecting growth 
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performance (Steinert et al., 2013). For example, the increasing release of gut hormones like CCK 

and GLP-1 inhibits eating and feed intake (Raun, 2007). Newly weaned pigs are usually stressed 

by nutritional, psychological, environmental, physiological, and social factors, which makes 

piglets suffer from diarrhea, and impaired growth performance (Moeser et al., 2017). For piglets 

during the first-week post-weaning, a higher feed intake means a better overall growing-finishing 

performance (Wensley et al., 2021). Hence, the target for the pig industry is to modulate the 

cellular signaling that results from the sensing of nutrients in the gastrointestinal tract and result in 

decreased feed intake (Liu et al., 2013). Meanwhile, early studies demonstrated that the release of 

gut peptides like GLP-2 could stimulate intestinal growth and nutrient absorption in premature 

total parenteral nutrition-fed pigs by inhibiting apoptosis and stimulating cell proliferation, which 

subsequently attenuates the detrimental effects of weaning for piglets (Burrin et al., 2000). Based 

on results of above studies, the effects of nutrient-induced gut hormones on the eating behavior of 

farm animals may be a promising target for optimizing animal growth, health, and productivity. 

Gut-derived cell lines such as STC-1 (a murine enteroendocrine cell line) are broadly 

utilized to examine hormonal responses to different types of nutrients, as the STC-1 cell line has 

been confirmed as an appropriate cell line for screening the effects of nutrients on the release of 

the satiety-related gut hormones (Grozinsky-Glasberg et al., 2012). Studies have shown that there 

are high sequence identities between mouse and pig GPCRs, as well as gut peptides (Zhao et al., 

2019; Drucker, 2007). Considering the unavailability of porcine commercial EECs and the 

difficulty of porcine native EECs isolation, the STC-1 cell line was used as an in vivo model to 

conduct CaSR functional analyses. Plus, to mimic the porcine intestinal epithelium, the enterocyte-

like cell line intestinal porcine epithelial cell line-J2 (IPEC-J2 cells) was co-cultured with STC-1 

cell to establish the IPEC-J2/STC-1 co-culture system (Angus et al., 2019). Furthermore, as a 
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crucial pro-inflammatory molecule, peptidoglycan (PGN) was utilized in the current study to 

mimic the common infection of bacterial pathogens in piglets, based on a recent study (Li et al., 

2021). We hypothesized that the CaSR activation-induced GLP-1 secretion was involved in 

multiple signaling pathways, and its downstream activity could attenuate the inflammation 

response and improve nutrient absorption and barrier function in the IPEC-J2/ STC-1 co-culture 

system challenged by the PGN. The objectives of the current study were to explore the roles of 

pCaSR ligands in gut hormone secretion and respective mechanisms of activation and signaling 

pathways involved and the effects of pCaSR ligands on inflammatory response, nutrient absorption, 

and barrier function.  

7.3 Materials and methods 

7.3.1 Materials 

            Dulbecco’s modified Eagle’s medium nutrient mix F12 (DMEM/F12), Dulbecco’s 

Modified Eagle Medium (DMEM) with high glucose, fetal bovine serum (FBS), 100 U/mL 

penicillin, and 100 U/mL streptomycins were from Invitrogen (Fisher Scientific, Ottawa, ON, 

Canada). PGN (InvivoGen, Ottawa, ON, Canada) was derived from Staphylococcus aureus. The 

α-casein (90-95), L-Trp, IBMX, forskolin were all bought from Sigma-Aldrich (Oakville, Ontario, 

Canada), and the cyclic adenosine monophosphate (cAMP)-GI KIT, IP one assay kit, and ERK1/2 

phosphorylation assay kit were purchased from Cisbio (Bedford, Massachusetts, USA). 

7.3.2 STC-1 cells culture and treatments 

            STC‐1 cells (CRL-3254, RRID: CVCL_J405) were grown in DMEM supplemented with 

10% fetal bovine serum, 100 IU/mL penicillin and 100 U/mL streptomycin in a humidified 5% 

CO2 atmosphere at 37°C. The culture medium was replaced every 48 hours. When reaching 70% 
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confluence, the STC-1 cell was sub-cultured in a 75 cm2 flask or split into 96, or 384 well plates 

(Corning Costar, New York City, New York, USA) respectively, for various assays.   

7.3.3 Co-culture system and experimental setup 

 A co-culture system consisting of IPEC-J2 cells and STC-1 cells was established in this 

study as described in the previous study, with a few modifications (Loss et al., 2020). Briefly, 

IPEC-J2 cells were grown on the top surface of the Transwell inserts (Corning Costar) for about 

10 days before STC-1 cells were seeded to the bottom surface. The IPEC-J2 cells were fed with 

their own complete cell culture (DMEM/F12 culture medium supplemented with 5% FBS and 100 

IU/mL penicillin and 100 U/mL streptomycin), while STC-1 cells were maintained with their own 

cell culture medium as mentioned above. After 48 h in co-culture, the systems were used for the 

PGN challenge experiments. Prior to the PGN challenge, IPEC-J2 and STC-1 cells’ complete cell 

culture media were replaced by serum- and antibiotic-free media. The STC-1 cells were then 

subjected to different concentrations of ligands (diluted in DMEM, high glucose, no glutamine, no 

calcium), followed by 2 h incubation at room temperature. Next, the IPEC-J2/ STC-1 co-culture 

system was challenged with 100 μg/mL PGN to the IPEC-J2 compartment for further experiments, 

and the PGN doses were referenced from a previous study (Li et al., 2021).  

7.3.4 GLP-1 secretion study 

            STC‐1 cells were grown in 96 well culture plates at a density of 1× 104 cells per well for 2 

days until they reached 70% confluence. 100 µL ligands incubation buffer (ligands + DMEM (high 

glucose, no glutamine, no calcium), pH 7.4) was added into each well and then the 96-well plate 

was placed at 37°C for 4 h. Supernatants of the wells were collected into 0.6 mL tubes and 

centrifuged at 800 g for 5 min at 4°C to remove the remaining cells, and then stored at −80°C. The 

GLP-1 secretion assay was conducted according to the manufacturer’s instruction by using the 
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GLP-1 EIA Kit (Sigma-Aldrich). At the end of the reaction process, the absorbance at 450 nm was 

determined via a Synergy H4 hybrid multi-mode microplate reader (BioTek, Winooski, Vermont, 

USA). 

7.3.5 cAMP - Gi assay 

            For the cAMP assay, STC-1 cells were detached, centrifuged, and resuspended in assay 

buffer (0.5 mM IBMX + DMEM [high glucose, no glutamine, no calcium], pH 7.4) at a 

concentration of 4000 cells/well, and then 5 µL of cell suspension was added into the 384 well 

plate (Sigma-Aldrich). Subsequently, 4 µL of ligand buffer (0.5 mM IBMX+ ligands + DMEM 

[high glucose, no glutamine, no calcium], pH 7.4) was added to each well and mixed well. After a 

30 min induction at 37℃, 1µL of 25 µM forskolin was added to each well and cells were incubated 

at 37℃ for 30 min. The cAMP concentration was determined using the cAMP-GI KIT purchased 

from Cisbio (Bedford, Massachusetts, USA). The fluorescence emission was confirmed using the 

microplate reader mentioned above (BioTek) at two wavelengths (665 nm and 620 nm) and the 

HTRF 665 nm/620 nm ratio was used to evaluate the cAMP response. 

7.3.6 Inositol monophosphate 1 (IP1) assay 

For the inositol monophosphate 1 (IP1) assay, STC-1 cells were resuspended in stimulation 

buffer (Cisbio), and then 7 µL of cell suspension was added into a 384 well plate at a concentration 

of 1 × 106 cells/well. After that, 7 µL of ligand buffer (2 × ligands stimulation buffer) was mixed 

with the cell suspension, followed by a 1 h induction at 37℃. Then, detection reagents were added 

to each well according to the manufacturer’s instructions. The fluorescence emission was detected 

using the microplate reader mentioned above (BioTek) to evaluate the IP1 response. 
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7.3.7 Extracellular signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation assay 

STC-1 cells were plated on the 96 well plate at a concentration of 1 × 104 cells/well and 

incubated overnight at 37°C in CO2 atmosphere. On the day of the assay, cells were washed with 

DPBS and stimulated with 50 μL of ligands buffer (2×) which was diluted in DMEM (high glucose, 

no glutamine, no calcium) for 15 mins at 37℃. Next, cell supernatant was carefully aspirated and 

then 50 μL of supplemented lysis buffer (1×) was added into every well, followed by a 1 h 

incubation at room temperature under shaking. The homogenization was conducted by pipetting 

up and down, and 16 µL of cell lysate was transferred from the 96-well plate to the 384 well plate. 

After that, the cell lysate was mixed with 4 μL of premixed antibody solutions (vol/vol) prepared 

in the detection buffer. After 4h incubation at room temperature, the plate was read using the 

microplate reader mentioned above (BioTek) to evaluate the extracellular signal-regulated kinases 

1 and 2 (ERK1/2) phosphorylation assay. 

7.3.8 Real-time PCR 

For the RNA isolation, Trizol® reagent (Invitrogen) was used based on the manufacturers’ 

instruction, and then the RNA was qualified via a Nanodrop-2000 spectrophotometer (Thermo 

Scientific). After conducting the cDNA synthesis with the iScriptTM cDNA Synthesis kit (Bio-Rad, 

Mississauga, Ontario, Canada), real-time PCR was performed, referring to our previous study 

(Zhao et al., 2021). All primers used for real-time PCR analysis and the thermal profile for all 

reactions followed the early study’s protocol (Zhao et al., 2021). The 2-ΔΔCT method was adopted 

for the data analysis (Livak and Schmittgen, 2001), and the relative fold change of target genes 

was calculated by using Cyclophilin A (CycA) as the reference gene.  
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7.3.9 Western blotting 

After the PGN challenge, the IPEC-J2 cells were lysed by pre-cold 1 × RIPA lysis buffer 

with SIGMAFAST™ Protease Inhibitor Cocktail (Sigma-Aldrich). Protein concentration 

measurement was conducted based on a previous study’s protocol (Zhao et al., 2021). Next, protein 

samples were prepared in 1 × Laemmli sample buffer containing 5% 2-mercaptoethanol, and then 

were denatured at 95°C for 5 min. Before running the gradient gel (Bio-Rad), 30 µg of protein was 

loaded into each well. And then proteins were transferred from the gel to the nitrocellulose 

membrane (Bio-Rad). For the blocking, the membrane was blocked with 5% skimmed milk in tris-

buffered saline with 0.1% Tween 20 (TBST). Primary antibodies to rabbit polyclonal anti-Zonula 

occludens-1 (ZO-1) (61-7300, 1:2000, Thermal Scientific), anti-Claudin (CLDN-3) (34-1700, 

1:1500, Thermal Scientific) and mouse monoclonal anti-β-actin (AC-15, 1:5000, Thermo 

Scientific) were diluted in 5% skimmed milk in TBST, and the primary antibody incubation was 

performed at 4°C, overnight. Membranes were then washed 5 times for 5 minutes with TBST and 

then incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (324300, 1:5000, 

Thermo Scientific) for ZO-1, and CLDN-3; anti-mouse IgG (65-6120, 1:1000, Thermo Scientific) 

for β-actin for 1 h at room temperature. Finally, the membranes were visualized by using ClarityTM 

Western ECL Substrate (Bio-Rad) based on the manufacturer’s instructions. The 

chemiluminescent signal was determined by a ChemiDoc MP imaging system (Bio-Rad), while 

the intensity of the protein bands was quantified using Image Lab 6.0 software (Bio-Rad). 

Additionally, β-actin served as the internal control to normalize protein determination, and 

quantitative protein expression levels were presented relative to the control. 
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7.3.10 Barrier integrity measurement 

For IPEC-J2 cells, the trans-epithelial electrical resistance (TEER) value was monitored 

daily using a Millicell Electrical Resistance System (ESR-2) (Millipore-Sigma). When the TEER 

value was stable, the PGN challenge was performed. The TEER values before and after the PGN 

challenge were recorded accordingly, and they were presented as a proportion of those before 

treatments. Plus, the paracellular permeability was detected using 4 kDa FITC dextran (Sigma-

Aldrich). Briefly, after the PGN challenge, 1 mg/mL of 4 kDa FITC-dextran was added on the 

apical side of the insets, followed by a 6 h incubation period. After the collection of medium from 

the basolateral side of the insets, the detection of fluorescent intensities was conducted using a 

microplate reader (BioTek). Finally, the excitation and emission wavelengths (excitation 485 nm, 

emission 528 nm) were recorded to calculate the permeability value. 

7.3.11 Data analysis 

All data were analyzed using SAS 9.4 (SAS Institute Inc., Gary, NC). One-way analysis of 

variance (ANOVA) and Tukey’s multiple comparisons were applied for significant differences 

between the means. Comparison of differences for all the endpoints with a level of P < 0.05 was 

considered significant. 

7.4 Results 

7.4.1 Effects of L-Trp and α-casein (90-95) on GLP-1 release in STC-1 cells 

 As shown in Figure 7.1A and 7.1B, it is shown that L-Trp and α-casein (90-95) stimulated 

GLP-1 release from the STC-1 cells in a dose-dependent manner (EC50 = 5.494 mM for the L-Trp-

induced GLP-1 release, EC50 = 1.914 µM for the α-casein [90-95] induced GLP-1 release). Figure 

7.1C and Figure 7.1D show that the inclusion of the CaSR antagonist NPS 2143 resulted in over 
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50% inhibition of L-Trp and α-casein (90-95)-induced GLP-1 release, compared with the control 

group (P < 0.05). 
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Figure 7.1 Effects of L-tryptophan (L-Trp) and α-casein (90-95) on the release of glucagon-like 

peptide-1 (GLP-1) from STC-1 cells. The STC-1 cells were treated with different concentrations 

of the L-Trp and α-casein (90-95). Samples from the supernatant were collected, and GLP-1 

secretion levels were determined using the GLP-1 assay Kit. The data were presented as mean ± 

SEM, SEM = Standard error of the mean, N = 3. Different letters (a, b) mean a significant 

difference (P < 0.05). 
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7.4.2 Effects of L-Trp and α-casein (90-95) on CaSR activation response in STC-1 cells 

 The role of the CaSR downstream signaling molecules, including the phosphorylated 

ERK1/2, cAMP, and IP1 in mediating GLP-1 secretion is shown in Figure 7.2. The exposure of 

STC-1 cells to 8 mM L-Trp potentiated the ERK1/2 phosphorylation level in the presence of 2.5 

mM extracellular calcium (P < 0.05). Under 2.5 mM extracellular calcium conditions, 12 mM L-

Trp significantly increased IP1 accumulation (Figure 7.2B), whereas 2 mM L-Trp could 

significantly alter the forskolin-induced cAMP level (P < 0.05) (Figure 7.2C). Similarly, 

stimulation with 16 µM α-casein (90-95) significantly elevated the ERK1/2 phosphorylation level 

in the presence of extracellular Ca2+, compared with that in the control group (P < 0.05) (Figure 

7.2D). In addition, compared to the control group, a significant difference was observed in IP1 

accumulation and intracellular cAMP levels upon treatment with 20 µM and 2 µM α-casein (90-

95) (P < 0.05), respectively (Figure 7.2E and 7.2F).  
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Figure 7.2 Effects of L-tryptophan (L-Trp) and α-casein (90-95) on the calcium-sensing receptor 

(CaSR) activation response in STC-1 cells. The STC-1 cells were diluted in a 384-well plate and 

then treated with different concentrations of the L-Trp and α-casein (90-95) with the presence of 

extracellular calcium, respectively. The forskolin-induced cyclic adenosine monophosphate 

(cAMP) production (A and D), inositol monophosphate 1 (IP1) accumulation (B and E), and 

phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) (C and F) were 

measured using commercial kits. The data were presented as mean ± SEM, SEM = Standard error 

of the mean, N = 3. “*” represents P < 0.05; “**” represents P < 0.01; “***” represents P < 0.001. 
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7.4.3 Effects of L-Trp and α-casein (90-95) on cytokines gene expression in a co-culture 

system challenged with PGN 

After 2 h of PGN incubation to IPEC-J2 cells, the mRNA expression of Interleukin (IL)-

1β, IL-6, IL-8, and Tumor necrosis factor α (TNF-α) was assessed to evaluate the effects L-Trp 

and α-casein (90-95) on the inflammatory response in the co-culture cells system (Figure 7.3 and 

Figure 7.4). As shown in Figure 7.3A, the mRNA expression of IL-1β in the PGN treatment was 

significantly higher compared with the other groups (P < 0.05), while there was no significant 

difference between the negative control group and the different levels of L-Trp treated groups, or 

between the negative control group and the L-Trp with NPS 2143 treatment. In comparison with 

the negative control group, the PGN incubation caused an upregulation of IL-6 and IL-8 (P < 0.05), 

whereas L-Trp with NPS 2143 treatment prevented the increase of mRNA levels of IL-6 and IL-8 

stimulated by PGN (P < 0.05) (Figure 7.3B and 7.3C). Meanwhile, compared to the negative 

control group, TNF-α mRNA expression in IPEC-J2 cells was not significantly affected by PGN 

treatment in L-Trp treatments without the antagonist NPS 2134, but the TNF-α abundance in the 

10 mM L-Trp treatment in the presence of NPS 2143 significantly enhanced the TNF-α mRNA 

expression (P < 0.05). 

As shown in Figure 7.4A to Figure 7.4D, exposure to PGN significantly upregulated the 

mRNA levels of IL-1β, IL-6, and IL-8 in IPEC-J2 cells, compared to the negative control group 

(P < 0.05).  The increased IL-6 expression induced by the PGN challenge was down regulated 

after treatment with NPS 2143 and or α-casein (90-95) (P < 0.05) (Figure 7.4B). The IL-1β 

expression levels in treatments stimulated with 2 µM or 10 µM of α-casein (90-95) were 

significantly downregulated when compared with the PGN treatment group (P < 0.05), and there 

was no significant difference between the negative control group and the two α-casein (90-95) 
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treated groups, as well as the 2 µM α-casein (90-95) group supplied with NPS 2143 (Figure 7.4A). 

Compared with the PGN challenge group, IL-8 gene expression strongly decreased after 

stimulation with 2 µM or 10 µM of α-casein (90-95) (P < 0.05), while NPS 2143 strongly 

upregulated the two levels of α-casein (90-95)-inhibited IL-8 secretion (P < 0.05) (Figure 7.4C). 

Figure 7.4D reveals that the PGN challenge and α-casein (90-95), as well as the addition of NPS 

2143 in the 10 µM α-casein (90-95)-treated group did not significantly change the expression of 

TNF-α mRNA in comparison with the negative control group, while there was a significant 

difference between the negative control group and the in 2 µM α-casein (90-95)-treated group 

supplied with NPS 2143 (P < 0.05) (Figure 4D). 
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Figure 7.3 Effect of L-tryptophan (L-Trp) on cytokines gene expression in a co-culture system 

challenged with PGN. Total RNA was isolated from cells with different treatments and the gene 

expression levels of IL-1β (A), IL-6 (B), IL-8 (C), and TNF-α (D) were detected by real-time PCR. 

Data were expressed as mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters 

(a, b) indicate statistically significant differences at P < 0.05. 
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Figure 7.4 Effect of α-casein (90-95) on cytokines gene expression in a co-culture system 

challenged with peptidoglycan (PGN). Total RNA was isolated from IPEC-J2 cells and the gene 

expression levels of IL-1β (A), IL-6 (B), IL-8 (C), and TNF-α (D) were detected by real-time PCR. 

Data were expressed as mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters 

(a, b) indicate statistically significant differences at P < 0.05. 
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7.4.4 Effects of L-Trp and α-casein (90-95) on nutrient transporters and mucin-2 gene 

expression in a co-culture system challenged with PGN 

 To gain insight into the potential role of L-Trp and α-casein (90-95) on nutrient transporters 

and mucin-2 gene expression, nutrient transporters such as alanine-serine-cysteine transporter 2 

(ASCT2), sodium-dependent neutral amino acid transporter (B0AT1), excitatory amino acid 

carrier 1 (EAAC1), peptide transporter 1 (PepT1), and sodium–glucose cotransporter type 1 

(SGLT1), as well as mucin-2 were selected for the analysis of the co-culture system response to 

the PGN stimulation. As shown in Figures 7.5 and Figure 7.6, gene expression levels of ASCT2 

and PepT1 in IPEC-J2 cells remained rather stable independently of the PGN challenge and with 

different treatments of L-Trp or α-casein (90-95) (Figure 7.5A, 7.5D, 7.6A, and 7.6D). Similarly, 

Figure 7.5B showed that there was no significant difference in B0AT1 mRNA expression level 

among different treatments (P > 0.05). As indicated in Figure 7.5C, EAAC1 mRNA abundance 

was significantly decreased in the PGN challenged group, compared with other treatments except 

for the 5 mM L-Trp treatment added with the NPS 2143 group (P < 0.05).  L-Trp treated groups 

with the exception of the 5 mM L-Trp treatment with NPS 2143 group did not significantly alter 

the EAAC1 gene expression compared with the negative control group. Compared with the 

negative treatment, the 5 mM and 10 mM L-Trp treated groups strongly increased the SGLT1 

mRNA abundance (P < 0.05), while the addition of NPS 2143 in the 10 mM L-Trp treated group 

abolished this effect (Figure 7.5E). Moreover, compared to the negative control group, mucin 2 

gene expression level was significantly higher only in the PGN challenged group (P < 0.05), and 

no significant difference was observed between the PGN challenge group and different treatments 

of L-Trp with or without the NPS 2143 addition in PGN-challenged IPEC-J2 cells (Figure 7.5F). 

In addition, the same effect on the mucin 2 gene expression level was also found in different 
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concentrations of α-casein (90-95)-treated IPEC-J2 cells which also were stimulated with PGN 

(Figure 7.6F). As shown in Figure 7.6B, the 2 µM α-casein (90-95)-treated group showed the 

highest gene expression level of B0AT1 compared with other treatments (P < 0.05), while no 

significant differences were observed among different treatments except for the 2 µM α-casein 

(90-95)-treated group. In Figures 7.6C and 7.6E show that incubation with the PGN and 10 µM α-

casein (90-95) resulted in the upregulation of EAAC1 and SGLT1 gene expression in comparison 

with the negative control group (P < 0.05), and there was no significant difference among the other 

treatments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 148 

Figure 7.5 Effect of L-tryptophan (L-Trp) on nutrient transporters and mucin-2 gene expression 

in a co-culture system challenged with peptidoglycan (PGN). Total RNA was isolated from cells 

after PGN treatment, and the mRNAs expression levels of alanine-serine-cysteine transporter 2 

(ASCT2) (A), sodium-dependent neutral amino acid transporter (B0AT1) (B), excitatory amino 

acid carrier 1 (EAAC1) (C), peptide transporter 1 (PepT1) (D), sodium–glucose cotransporter type 

1 (SGLT1) (E), and mucin-2 (F) were detected by real-time PCR. Data were expressed as mean ± 

SEM, SEM = Standard error of the mean, N = 4. Different letters (a, b, c) represent statistically 

significant differences (P < 0.05). 
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Figure 7.6 Effect of α-casein (90-95) on nutrient transporters and mucin-2 gene expression in a 

co-culture system challenged with peptidoglycan (PGN). Total RNA was isolated from cells after 

PGN treatment. The mRNAs expression levels of alanine-serine-cysteine transporter 2 (ASCT2) 

(A), sodium-dependent neutral amino acid transporter (B0AT1) (B), excitatory amino acid carrier 

1 (EAAC1) (C), peptide transporter 1 (PepT1) (D), sodium–glucose cotransporter type 1 (SGLT1) 

(E), and mucin-2 (F) were detected by real-time PCR. Data were expressed as mean ± SEM, 

SEM = Standard error of the mean, N = 4. Different letters (a, b, c) represent statistically significant 

differences (P < 0.05). 

 



 150 

7.4.5 Effects of L-Trp and α-casein (90-95) on tight junction protein gene expression in a co-

culture system challenged with PGN 

 The effects of L-Trp and α-casein (90-95) on tight junction proteins gene expression in a 

co-culture system challenged with PGN are shown in Figures 7.7 and 7.8. Both CLDN1 and ZO-

1 mRNA expression levels were significantly lower in the PGN-challenged group compared to the 

negative control group (P < 0.05), while there was no significant difference in CLDN1 and ZO-1 

mRNA expression between the negative control group and the L-Trp-supplemented groups. 

Meanwhile, compared with other treatments, the CLDN3 mRNA expression level was 

significantly lower in the PGN-challenged group (P < 0.05), and there was no significant 

difference of CLDN3 gene expression between the negative control group and the L-Trp-treated 

groups (Figure 7.7B). Moreover, occludin (OCLN) gene expression showed no significant 

difference among treatment groups (Figure 7.7C). Compared to the negative control group, a 

marked decrease was observed in the PGN challenged group, and in three of the α-casein (90-95) 

treated groups with or without NPS 2143 addition, except for the 2 µM α-casein (90-95) group (P

＜0.05, Figure 7.8A). As shown in Figure 7.8B, mRNA abundance of CLDN3 was significantly 

lower in the PGN-challenged group, and two levels of α-casein (90-95)-treated groups supplied 

with NPS 2143 compared with the control group (P < 0.05), whereas its expression was not 

significantly different between two α-casein (90-95)-treated groups (2 µM and 10 µM) and the 

negative control group. As with CLDN1 and CLDN3, the mRNA expressions of OCLN and ZO-

1 in the PGN-challenged group were markedly reduced in comparison with the negative control 

group (P < 0.05) (Figure 7.8C and 7.8D). In contrast, α-casein (90-95)-treated groups with or 

without NPS 2143 addition showed expression levels of OCLN and ZO-1 like those of the negative 

control group. Notably, OCLN mRNA expression level in the 10 µM α-casein (90-95)-treated 
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group was greater than in the PGN-challenged group (P < 0.05).  Two α-casein (90-95)-treated 

groups (2 µM and 10 µM) also elicited a higher CLDN3 mRNA expression level than that in the 

PGN-challenged group (P < 0.05) (Figures 7.8B and 7.8C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 152 

Figure 7.7 Effect of L-tryptophan (L-Trp) on tight junction proteins gene expression in a co-

culture system challenged with peptidoglycan (PGN). Total RNA was isolated from cells after 

different concentrations of PGN treatment, and the mRNA abundance of claudin 1 (CLDN1) (A), 

CLDN3 (B), occludin (OCLN) (C), and zonula occludens-1  

(ZO-1) (D) were detected by real-time PCR. Data were presented as mean ± SEM, SEM = Standard 

error of the mean, N = 4. Different letters (a, b) indicate statistically significant differences (P < 

0.05). 
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Figure 7.8 Effect of α-casein (90-95) on tight junction proteins gene expression in a co-culture 

system challenged with peptidoglycan (PGN). Total RNA was isolated from cells after different 

concentrations of PGN treatment, and the mRNA abundance of claudin 1 (CLDN1) (A), CLDN3 

(B), occludin (OCLN) (C), and zonula occludens-1 (ZO-1) (D) were detected by real-time PCR.  

Data were presented as mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters 

(a, b, c) indicate statistically significant differences (P < 0.05). 
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7.4.6 Effects of L-Trp and α-casein (90-95) on tight junction protein expression in a co-culture 

system challenged with PGN 

 As shown in Figures 7.9B and 7.10B, the protein abundances of ZO-1 and CLDN3 were 

significantly lower in the PGN-challenged group than those in the negative control group (P < 

0.05), whereas there were no significant differences observed in the protein expression levels of 

ZO-1 and CLDN3 between α-casein (90-95)-treated groups with or without the NPS 2143 addition 

and the negative control group. Furthermore, the protein abundance of ZO-1 in the different L-Trp 

treated groups with or without the NPS 2143 addition was also not significantly different compared 

with the negative control group. Different from the other L-Trp treatments groups, the treatment 

with the addition of 10 mM L-Trp and NPS 2143 in PGN-challenged IPEC-J2 cells significantly 

decreased the CLDN3 protein expression level compared with that in the negative control group 

(P < 0.05) (Figure 7.10B). 
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Figure 7.9 Effects of L-tryptophan (L-Trp) and α-casein (90-95) on tight junction proteins 

expression in a co-culture system challenged with peptidoglycan (PGN). The protein abundance 

of zonula occludens-1 (ZO-1) was measured by western blotting. Data were presented as mean ± 

SEM, SEM = Standard error of the mean, N = 3. Different letters (a, b) mean statistically significant 

differences at P < 0.05. 
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Figure 7.10 Effects of L-tryptophan (L-Trp) and α-casein (90-95) on tight junction proteins 

expression in a co-culture system challenged with peptidoglycan (PGN). The protein abundance 

of claudin 3 (CLDN3) was measured by western blotting. Data were presented as mean ± SEM, 

SEM = Standard error of the mean, N = 3. Different letters (a, b) mean statistically significant 

differences at P < 0.05. 
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7.4.7 Effects of L-Trp and α-casein (90-95) on tight junction proteins expression in co-culture 

system challenged with PGN 

            In Figure 7.11, effects of L-Trp and α-casein (90-95) on barrier function were identified by 

examining TEER and paracellular permeability of FD4 from the apical side to the basolateral side 

of IPEC-J2 cells. Compared with the negative control group, PGN treatment significantly reduced 

TEER values (P < 0.05) and increased paracellular permeability (P < 0.05) (Figure 7.11). 

Furthermore, PGN-induced effects on the TEER and paracellular permeability were reversed by 

treatment within the various L-Trp or α-casein (90-95) groups, except for the difference of TEER 

in the 10 µM α-casein (90-95)-treated group with the addition of NPS 2143 (P < 0.05) (Figure 

7.11C). 
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Figure 7.11 Effect of L-tryptophan (L-Trp) and α-casein (90-95) and peptidoglycan (PGN) 

treatment on in a co-culture system barrier integrity were determined by 

transepithelial/transendothelial electrical resistance (TEER) (A) and permeability (B). Values were 

mean ± SEM, SEM = Standard error of the mean, N = 4. Different letters (a, b) indicate a significant 

difference (P < 0.05). 
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7.5 Discussion and conclusion 

Even though a growing number of studies have indicated that the nutrient composition of 

a diet regulates nutrient absorption, utilization, as well as the secretion of gut hormones in the 

intestine, and the mechanisms for modulation of gut chemosensors such as the CaSR by nutrients 

and how these affect nutrient absorption and barrier function in the swine remains unclear (Lu et 

al., 2021). Elucidation of nutrient-induced gut chemosensing mechanisms will facilitate the 

development of novel nutritional intervention approaches to promote pig gut health and growth 

performance by improving nutrient absorption and gut barrier function.  

In the current study, we investigated the effects of pCaSR ligands on gut hormone secretion, 

nutrient absorption, and barrier function in the intestinal epithelial cells co-culture system (STC-

1/IPEC-J2) challenged with PGN. Through a combination of ELISA, homogeneous time resolved 

fluorescence assay, real-time PCR, western blotting, and barrier integrity measurement-based 

assays, we identified that the application of pCaSR ligands (L-Trp or α-casein [90-95]) induced 

gut peptide secretion from the STC-1 cell model and attenuated the inflammation response and 

improved nutrient absorption and barrier function in the co-cultured system challenged with the 

PGN.  

Early studies have established that nutrients such as L-phenylalanine (L-Phe) stimulated 

the release of GLP-1 and CCK via the activation of the CaSR from EECs, both in vivo and in vitro 

(Zhou and Pestka, 2015; Feng et al., 2019; Acar et al., 2020). In this study, the pCaSR ligands L-

Trp and α-casein (90-95) were added to the STC-1 cell model to explore how L-Trp and α-casein 

(90-95) modulate gut peptides release, along with providing an insight into the underlying 

mechanism in the STC-1 cell. Our results revealed that L-Trp and α-casein (90-95) could increase 

the GLP-1 secretion under the regulation of the CaSR in a concentration-dependent manner. This 
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was supported by the results that the L-Trp or α-casein (90-95)-induced GLP-1 secretion could be 

blunted by the addition of NPS 2143. Since NPS 2143 is an antagonist of the CaSR (Zhang et al., 

2020), our results suggest that the CaSR plays a pivotal role in L-Trp or α-casein (90-95)-

stimulated gut hormone secretion. This data is in line with one previous study, which demonstrated 

that the stimulation of L-AAs such as L-Phe induced the release of gut hormones such as CCK, 

and this effect could also be blocked by the CaSR inhibitor NPS 2143 (Wang et al., 2011).  

Recent studies have reported that the CaSR regulates gut hormone release, with an 

elevation of the intracellular calcium levels (Feng et al., 2019). However, whether the cAMP 

inhibition signaling and ERK1/2 phosphorylation signaling were involved in the L-Trp or α-casein 

(90-95)-induced gut hormone secretion remained unclear. Our results indicated that the activation 

of the CaSR induced by L-Trp or α-casein (90-95) in the STC-1 cell model involved three 

downstream signaling pathways: ERK1/2 phosphorylation, Gi/o signaling, and Gq/11 signaling. 

Moreover, our results also implied that the GPCRs (such as the CaSR) activation induced by L-

Trp, or α-casein (90-95) was involved in biased signaling, which is consistent with the study by 

Geng et al. (2016). Furthermore, activation of intestinal chemosensors via multiple biased 

signaling pathways underlies smarter GPCRs ligands’ efforts to harness the practical potential of 

the enteroendocrine system to develop a nutritional and pharmacological intervention in animal 

production (Mace and Marshall, 2013).  

GLP-1 is a glucoregulatory incretin hormone that is highly conserved across species and 

has been demonstrated to inhibit inflammatory response and improve mucosal integrity (Moon et 

al., 2012; Irwin, 2021). Moreover, in response to dietary nutrients, GLP-2 has been shown to co-

secrete with GLP-1 in equimolar quantities from ileal enteroendocrine L cells, and could decrease 

the permeability of the intestine, suppress bacterial translocation, and attenuate pro-inflammatory 
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cytokines (Burrin et al., 2001; Hein et al., 2013). As for pro-inflammatory cytokines, TNF-α, IL-

1β, IL-6, and IL-8 were popular inflammation markers that have been widely used in the study of 

the inflammatory model (Shahzad et al., 2010). Our results showed that the gene expression level 

of IL-1β, IL-6, and IL-8 in the PGN-challenged group was significantly higher in the different 

treatments of L-Trp or α-casein (90-95) with or without the addition of NPS 2143 compared with 

the negative control, suggesting that the inflammation was successfully generated by the PGN. 

This result was in line with results from a recent study that adopted the same inflammation model 

induced by PGN, which also recorded a significant increase in pro-inflammatory cytokines 

secretion in the PGN-challenged group (Li et al., 2021). Plus, given that the PGN-induced 

increases in pro-inflammatory cytokines like IL-8 were abolished by the treatments of L-Trp or α-

casein (90-95) except for the addition of NPS 2143 groups, it indicates that the L-Trp and α-casein 

(90-95) induced release of gut hormones such as GLP-1 and GLP-2 might contribute to the 

downregulation of inflammatory mediators. Furthermore, this potential mechanism might partially 

explain results from an early study in which piglets with the supplement of L-Trp showed rapid 

recovery under the challenge of dextran sodium sulfate (Kim et al., 2010). All these results 

demonstrated that the activation of the CaSR might participate in inhibiting the pro-inflammatory 

cytokines secretions, implying the potential therapeutic application of L-Trp and α-casein (90-95) 

in weaned piglets against inflammation and to prevent diarrhea. 

As an essential absorbing organ in the gastrointestinal tract, the small intestine plays a 

pivotal role in nutrient absorption and utilization, and nutrient transporters are mainly responsible 

for nutrient absorption (Omonijo et al., 2019). Plus, researchers believed that the mRNA 

expression levels of these nutrient transporters are closely related to the efficiency of nutrient 

absorption (Verrey et al., 2009). In this study, the real-time PCR results showed that the mRNA 
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levels of ASCT2 and PepT1 were not altered by the various treatments, which is consistent with 

results of a similar study (Li et al., 2021). As for transporters SGLT-1, EAAC1, and B0AT1, the 

current study demonstrated that the PGN treatment has detrimental effects on their gene expression, 

and L-Trp or α-casein (90-95) could reverse the PGN-induced adverse effects. Previous studies 

also documented that LPS-elicited inflammation could downregulate the expression of glucose, 

fatty acids, and L-amino acid transporters (Ling and Alcorn, 2010), suggesting that the pCaSR 

ligands L-Trp or α-casein (90-95) have the potential to attenuate the impaired nutrient absorption 

efficiency caused by bacterial pathogens infection in pig production. Furthermore, since the 

addition of NPS 2143 to L-Trp or α-casein (90-95)-treated groups abolished the pCaSR ligands’ 

positive effects on the mRNA abundance of nutrient transporters such as EAAC1 and B0AT1, it 

implies the CaSR activation has the potential to regulate intestinal nutrient absorption.  

The apical multi-protein junctional complexes like tight junctions are situated between 

epithelial cells in the intestine. These tight junctions together with the single columnar epithelium 

and intestinal mucosa form the major components of the epithelial barrier (Ashida et al., 2012). 

Tight junctions harbor multi-protein complexes interactions between different types of 

transmembrane proteins such as OCLN, and CLDN, as well as ZO-1 (Hammer et al., 2015). 

Breaching the gut barrier might expose the gut immune system to luminal microbes and 

environmental antigens, resulting in intestinal inflammation (Tang et al., 2016; Bhat et al., 2018; 

Pluske et al., 2018). Thus, it is essential to maintain intestinal barrier integrity to prevent endotoxin 

bacteria invasion and sustain gut homeostasis. Consistent with a previous study (Li et al., 2021) 

which reported the reduced expression of tight junction proteins in the PGN-challenged in vitro 

model, the current study found that the PGN administration resulted in a significant 

downregulation of ZO-1, CLDN1 and CLDN3 mRNA expression when compared with the control 
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treatment. Moreover, the supplementation of L-Trp and α-casein (90-95) abolished this detrimental 

result from the PGN stimulation since there were no significant differences between the negative 

control group and the L-Trp and α-casein (90-95) treated groups. Furthermore, the results obtained 

from the western blotting analysis further verified real-time PCR results, as tight junction protein 

expression patterns were consistent with the gene expression results.  

Besides the expression of tight junction proteins, gut integrity and tightness are also 

evaluated by determining the TEER value and permeability (Zhao et al., 2021). Based on both 

TEER and permeability results shown in the present study, we observed a significant decrease of 

the relative TEER value and an increase of leakage of FITC-dextran. Moreover, these effects were 

prevented in the L-Trp, and α-casein (90-95)-treated groups, which further verified the results of 

tight junction proteins expression levels. All these results indicate that L-Trp and α-casein (90-95) 

could potentially promote barrier functions in the IPEC-J2/STC-1 co-cultural system challenged 

with PGN. One potential reason why L-Trp and α-casein (90-95) can promote gut barrier function 

is their anti-inflammation property mentioned above since pro-inflammatory cytokines have been 

shown to compromise the intestinal barrier integrity (Wan et al., 2019). Researchers found 

cytokines could disturb the intestinal barrier integrity and then increase the tight junction 

permeability, whereas the increase of intestinal tight junction permeability could be reversed by 

suppressing pro-inflammatory cytokine secretion (Al-Sadi et al., 2009). Specifically, our study 

demonstrated that L-Trp and α-casein (90-95) could induce the secretion of GLP-1, and as in 

previous studies, these increased levels of gut hormones such as GLP-1 and GLP-2 correlated 

positively with the regulation of gut homeostasis through localized actions to inhibit inflammation 

and restore gut integrity (Moran et al., 2012).  
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Collectively, results in the present study indicated that the administration of pCaSR ligands 

in the intestinal epithelial cells has the potential to maintain gut homeostasis through stimulating 

gut peptides hormones secretion, downregulating pro-inflammatory cytokines, promoting 

nutrients transporters and tight junction proteins expression, as well as strengthening barrier 

function and gut integrity, which partially reveals the crosstalk between the EECs and enterocytes, 

as illustrated in Figure 7.12. Linking hormone secretion to nutrient absorption provides 

opportunities for developing new technologies to potentially improve pig production and health. 

Going forward, future studies should employ in vivo models such as pig trials that are still needed 

to verify the findings obtained in the current study.   

In conclusion, our study demonstrated that the application of the pCaSR ligands (L-Trp 

and α-casein [90-95]) to STC-1 cells could induce the secretion of gut hormones through the 

regulation of the CaSR. Plus, the GLP-1 secretion triggered by the CaSR activation was involved 

in multiple downstream signaling pathways. Moreover, the treatments of L-Trp and α-casein (90-

95) attenuated the inflammation response and improved the nutrient absorption and barrier 

function in a co-cultural system challenged with PGN. 
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Figure 7.12 Putative mechanistic cross talk between enteroendocrine cells and absorptive 

enterocytes during the peptidoglycan (PGN) challenge. 
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CHAPTER EIGHT: GENERAL DISCUSSION 

            Over the past few decades, studies demonstrated that the gut not only serves as an organ 

for digestion and absorption of nutrients, but also it is a chemosensory system that plays important 

roles in maintaining homeostasis in mammals (Miguel-Aliaga et al., 2018). The nutrient 

chemosensors (such as nutrient transporters and GPCRs) located within the gut participate in 

modulating nutrient absorption, gut barrier function and homeostasis (Mace and Marshall, 2013). 

As part of gut chemosensing, the CaSR has also been shown to play a crucial role in systemic 

calcium homeostasis and nutrient sensing in the intestine. In this context, modulating gut 

chemosensing has become an area of great interest for developing novel nutritional and therapeutic 

strategies in livestock production. As a cost-driven business, the swine industry tends to adopt 

technologies that could promote pig gut health and or productive performance (Liu et al., 2013). 

Thus, elucidating the mechanisms of gut chemosensing modulated by the pCaSR will benefit the 

practical application of gut chemosensing in pig production. In this project, to understand the 

mechanisms of gut chemosensing and the modulation of nutrient absorption and gut health in 

animals, we investigated the molecular distribution and localization of the pCaSR in the intestine, 

screened the pCaSR ligands and related cell signaling pathways, and explored the roles of 

identified pCaSR ligands in nutrient absorption and barrier function.  

In Chapter four, the structural features of the pCaSR gene and protein and their homology 

with the CaSR of other species were investigated through multiple analytical tools. Our results in 

Chapter four revealed that there is a high degree of sequence homology between the pCaSR and 

human CaSR. Besides, the putative protein structure of the pCaSR also shares a high resemblance 

with human CaSR and murine CaSR. Since sequence and structure homology might indicate 

similar functions, it is feasible to predict both the structural and functional features of the pCaSR 
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through data obtained from studies of human CaSR and other species (Stormo, 2009; Hendy and 

Canaff, 2016). In this context, the prediction and analysis of the pCaSR in Chapter four provide a 

solid theoretical foundation for the following chapters. For example, the molecular docking model 

for the pCaSR in Chapter six was generated based on the template of human CaSR. Moreover, 

when we prepared candidate ligands for screening, we referred to studies that screened ligands for 

human and murine CaSR, making our studies more economical and timesaving. In addition, 

considering the high sequencing similarity between the pCaSR and murine CaSR, we employed 

the murine enteroendocrine cell line STC-1 to mimic the gut chemosensing system in the pig 

gastrointestinal tract, which also makes up for the inconvenience of not having a suitable porcine 

enteroendocrine cell model. 

The reason for exploring the molecular distribution and localization of the pCaSR in the 

weaned piglets’ tissues, especially in the small intestine, was that the human CaSR has been 

identified as a nutrient sensor along the gastrointestinal tract and plays a pivotal role in food 

digestion, nutrient absorption, and energy metabolism (Tang et al., 2016). It is well established 

that if GPCRs are selectively positioned in specific tissues or cell types, the identification of 

GPCRs’ expression patterns in different tissues could not only unveil new insights regarding the 

physiological role of GPCRs in different tissues and various types of cells but also identify novel, 

potentially useful practical compounds targeting GPCRs’ activation (Mehra et al., 2003; Insel et 

al., 2012). Hence, elucidating the expression patterns of the pCaSR in the intestinal segments could 

reveal the significance of the pCaSR in nutrient sensing in the gastrointestinal tract. As shown in 

Chapter four, the pCaSR is widely expressed in the gastrointestinal tract in weaned piglets. Given 

that the main absorption site of dietary calcium has been reported in the porcine ileum (Partridge, 

1978a), and since our results also found the highest expression level of the pCaSR in the ileum, 
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this implies a potentially pivotal role of the pCaSR in the ileum. Specifically, we observed pCaSR 

immunostaining on the surface of epithelial cells in the duodenum, jejunum, ileum, and colon, 

since the intestinal epithelial cells consist mainly of absorptive enterocytes (over 85%) (Cheng and 

Leblond, 1974; Liou et al., 2011; Okumura and Takeda, 2017), and the pCaSR has not been 

identified in absorptive enterocytes yet. Hence, we suspected that the positive pCaSR staining on 

the surface of epithelial cells might be due to the expression of the pCaSR in absorptive enterocytes, 

and we tested this hypothesis in Chapter five. 

Although CaSR expression has been detected in different tissues among various species, 

limited data are available for CaSR expression in individual cell types (Feng et al., 2010). A 

previous study demonstrated that GPCRs are selectively expressed in various types of cells. Thus, 

evaluating the average expression abundance in the tissue might mask such heterogeneity (Insel et 

al., 2012). Moreover, research to unravel physiological activities in tissues needs to be aided by 

data that identify the CaSR expression and features of their cell types and what crosstalk happens 

among different cell types (Insel et al., 2012). Approaches to identify the GPCRs expression in the 

individual cell type include real-time PCR, RNA sequencing, cDNA microarrays, 

immunohistochemistry, immunofluorescence staining, and so on (Insel et al., 2015; Sriram et al., 

2019). Among those various methods, investigations that define receptor expression based on 

RNA expression are considered “unbiased,” as those methods offer improved specificity compared 

with methods detecting protein expression levels (Insel et al., 2015). Hence, the expression of the 

pCaSR in porcine ileal enterocytes, as well as IPEC-J2, has been verified through a combination 

of biological tools, which include FACS, ddPCR, RNA sequencing, and so on, as outlined in 

Chapter five. Notably, considering the higher expression level of the pCaSR in the ileum, we 

isolated enterocytes from the pig ileum and conducted the following detection work. 
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In Chapter five, we could not confirm mRNA expression of the pCaSR in either isolated 

ileal enterocytes or IPEC-J2 by ddPCR, RNA sequencing, or immunofluorescence staining; 

therefore, we conclude that the CaSR is not expressed in the absorptive enterocytes of weaned 

piglets. Interestingly, this result rejects our hypothesis that the porcine absorptive enterocytes 

express the pCaSR. Notably, our hypothesis is supported by several pieces of evidence: 1) our 

immunolocalization analysis in Chapter four showed the positive staining on the surface of 

epithelial cells (Zhao et al., 2019); 2) GPCRs ligands, such as amino acids and peptides, are sensed 

by both absorptive enterocytes and EECs and a variety of GPCRs have been identified on the 

surface of absorptive enterocytes and EECs (Zhou and Bohn, 2014); 3) early studies found the 

expression of the CaSR in commercial enterocyte-like cell lines such as Caco-2 and HT-29 (Kallay 

et al., 2000; MacLeod et al., 2007). There are several possible explanations for why our data do 

not confirm the expression of pCaSR RNA in porcine enterocytes: firstly, CaSR staining results 

observed in Chapter four might be false-positive results, as pre-treatment conditions (protease vs. 

antigen retrieval), tissue quenching, concentrations of primary and secondary antibody, as well as 

antibody incubation time during immunohistochemistry assay could all result in false-positive 

staining results (Nuovo, 2016). Previous studies identified the CaSR expression in enterocytes 

almost all via the immunolocalization analysis and did not specifically mark the enterocytes. The 

CaSR staining on the adjacent cell types might also affect the observation and conclusion of the 

immunolocalization analysis. This is also the reason why we isolated enterocytes first and then 

adopted several mRNA detection-based methods in Chapter five, given that approaches detecting 

transcripts expression were considered “the unbiased method” compared with those antibody-

binding methods as previously mentioned (Insel et al., 2015). Plus, the human cancer cell lines 

Caco-2 and HT-29 have been transformed during cell line generation and cultured for several 
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passages. Differences between species and between different cell types may also lead to various 

CaSR expression patterns. Based on our RNA sequencing results, sorted enterocytes are 

enterocytes as only enterocytes-specific markers gene expression were detected. And we believe 

the identification work of CaSR expression in enterocytes is solid and convincing since multiple 

detection methods point to the same result. 

Considering the molecular distribution, the localization patterns of the CaSR in different 

tissues and enterocytes have been investigated, we shifted our focus to the roles of the CaSR 

activation stimulated by diet-sourced ligands on gut nutrient sensing and gut homeostasis 

(Chapters six and seven). The cell line reliably expressing GPCRs is considered a high-throughput 

and robust tool to screen ligands (Schucht et al., 2011); thus, a cellular model (Flp-In-293-pCaSR 

cell line) for monitoring the activation of the pCaSR activation-initiated signaling pathways was 

established in Chapter six. Before conducting the ligand screening, molecular docking was 

introduced to select the promising candidate that potentially has a higher affinity to the pCaSR. 

After evaluating the predicted binding affinity score ranking, L-Trp and α-casein (90-95) were 

applied to the Flp-In-293-pCaSR ligand screening system. Additionally, calcium chloride was also 

tested in the ligand screening section to identify whether the pCaSR activation is involved in the 

biased agonism. Technically, the various ligands can stabilize unique conformations of the CaSR 

and then trigger their own downstream signaling pathways, contributing to a phenomenon named 

“biased agonism” (Thomsen et al., 2012). Investigation of the biased agonism for pCaSR agonists 

reveals pCaSR-targeted novel and “smarter” agonists that selectively activate specific downstream 

signaling pathways while minimizing detrimental side effects, which respond to the desired effect 

in the pig production. 
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Data observed in Chapter six showed that calcium chloride, L-Trp, and α-casein (90-95) 

are all biased agonists for the pCaSR, as they could trigger multiple signaling pathways with 

various EC50/IC50 values. Furthermore, results also revealed that calcium chloride is a type I 

agonist for the pCaSR because it can activate the pCaSR directly. In contrast, L-Trp, and α-casein 

(90-95) could only alter the activation of the pCaSR with the presence of extracellular calcium; 

thus, L-Trp and α-casein (90-95) are type II agonists for the pCaSR. Our observations are 

consistent with similar research on the human CaSR, which also found that the activation of human 

CaSR induced by calcium chloride and L-Trp could trigger biased downstream cellular 

transductions (Thomsen et al., 2012; Geng et al., 2016; Zhang et al., 2016c; Mun et al., 2019). Plus, 

molecular docking results revealed that like human CaSR, the binding sites of L-Trp, and α-casein 

(90-95) within the pCaSR are located mainly within the VFT domain of pCaSR ECD. These results 

echo our findings in Chapter four which show that gene and protein structures of the pCaSR ECD 

shared high similarity with the human CaSR, considering the majority of CaSR ligands binding 

sites are located in the ECD. Thus, pCaSR are believed to share the same or similar agonists with 

human CaSR. Additionally, structural computation analysis in Chapter four also found that some 

key residues within the ICD of the pCaSR were different from those sites in the ICD of human 

CaSR. Since the ICD contains interaction sites for transduction coupling to multiple signaling 

pathways, it could partially explain why the EC50/IC50 values of the calcium chloride and L-Trp 

induced pCaSR activation were different from data obtained from the human CaSR study. 

Meanwhile, molecular docking results in Chapter six showed that there were nine L-Trp binding 

sites located within the pCaSR ECD, while the interaction sites between α-casein (90-95) and the 

pCaSR ECD were sixteen. The pCaSR ligand screening effort indicated that a relatively low 

concentration of α-casein (90-95) is adequate to maximally activate the pCaSR compared with L-
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Trp, and the different amounts of binding sites might explain this difference. Furthermore, unlike 

α-casein (90-95), L-Trp failed to alter the EC50 of SRF-RE transduction pathways, which indicates 

that the L-Trp-induced biased signaling pathways were different. That might have been the result 

of the pCaSR conformational state changes that were divergent between L-Trp and α-casein (90-

95).  

            In Chapter five we confirmed that the pCaSR is not expressed in the absorptive enterocytes, 

and data observed in Chapter six showed that the activation of the pCaSR stimulated by agonists 

showed biased agonism through four main signaling pathways. This generated our interest in 

investigating the roles of the CaSR on gut chemosensing and intestinal health by using the in vitro 

cell model in Chapter seven. To investigate the activation of the CaSR in EECs, the pCaSR ligands 

identified in Chapter six (L-Trp and α-casein [90-95]) were subjected to the STC-1 cell model. 

Besides, GLP-1 was also detected in the same process of exploring whether α-casein (90-95) could 

stimulate the gut hormone secretion, as this knowledge has not been investigated in other studies. 

Based on our results, both L-Trp and α-casein (90-95) could induce gut hormone secretion via the 

activation of the CaSR. This result is identical to the previous study, which showed that the 

supplementation of L-AA to the STC-1 cell resulted in an increasing level of GLP-1 secretion 

(Pais et al., 2016). Similar to results in Chapter six, the activation of CaSR stimulated by L-Trp or 

α-casein (90-95) could also trigger biased multiple signaling pathways, which further confirms 

that the Flp-In-293-pCaSR cell line is an ideal tool for the pCaSR ligand screening.  

            It has been documented that biased signaling pathways correspond to alternative 

physiological activities (Gundry et al., 2017). Moreover, it is well documented that gut hormones 

could enhance nutrient digestion, absorption, and utilization, and decrease the risk of pathogen 

infection, ultimately contributing to a well gut state (Lund et al., 2011). Therefore, after 
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interpreting the basic mechanisms that govern biased signaling at the CaSR in Chapters six and 

seven, in Chapter seven we explored how identified biased pCaSR ligands (L-Trp or α-casein [90-

95]) might impact nutrient absorption and gut barrier function, which might benefit for the 

practical application of knowledge of pCaSR activation in pig production. As an epithelial cell line 

that was derived from neonatal piglet mid-jejunum, IPEC-J2 cells have been demonstrated to share 

similar characteristics with enterocytes, such as apical brush borders, tight junctions, and 

expression of several enterocyte-specific digestive enzymes as well as nutrient transporters 

(Brosnahan and Brown, 2012). However, IPEC-J2 cell monolayers do not exhibit the heterogeneity 

of the intestinal epithelium as there are no diverse cell types (Brosnahan and Brown, 2012). To 

address this, we co-cultured IPEC-J2 with the gut hormone-producing cell line STC-1 cell, thus 

mimicking both enterocytes and EECs. Furthermore, since young piglets experience biological 

stress during the weaning process (Campbell et al., 2013a), the PGN challenge was also introduced 

in this study to mimic the weaning stress. After applying L-Trp or α-casein (90-95) to the STC-

1/IPEC-J2 co-cultural system challenged with the PGN, we observed the suppressed immune 

response, upregulated nutrients transporter, tight junction protein expression, as well as the 

enhanced gut integrity. Our results demonstrated that the CaSR agonists L-Trp and α-casein (90-

95) had significant anti-inflammatory effects and the ability to protect the intestinal barrier 

functions. A future in vivo study is needed to further confirm our findings in this study. 
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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 pCaSR shares a high resemblance with the human CaSR regarding protein structure. 

2. The pCaSR is widely expressed in the gastrointestinal tract in weaned piglets, with a 

higher expression level in the ileum. 

3.  The porcine enterocytes could be obtained by using FACS with the sucrase-isomaltase 

as an enterocyte-specific marker. 

4. The pCaSR is not expressed in either isolated porcine ileal enterocytes or IPEC-J2. 

5. Like human CaSR, the activation of the pCaSR stimulated by extracellular calcium also 

showed biased agonism through four main signaling pathways. 

6. The α-casein (90-95) and L-Trp are both agonists for the pCaSR and the binding sites of 

these two ligands are located mainly within the VFT domain of the pCaSR. 

7. The exposure of L-Trp and α-casein (90-95) could stimulate the GLP-1 release via CaSR 

activation in STC-1 cells. 

8. The CaSR ligands-induced GLP-1 secretion was involved in multiple signaling 

pathways. 

9. The treatments of L-Trp and α-casein (90-95) attenuated the inflammation response and 

improved the nutrient absorption and barrier function in a co-cultural system challenged 

with PGN. 
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9.2 Future studies 

The current study reveals the notable potential of the CaSR as an important mediator in gut 

health. However, more efforts are needed before applying CaSR agonists to the swine industry. 

Areas of investigation for future research include: 

1) the potential crosstalk between the CaSR and other GPCRs’-mediated signaling 

pathways and related cellular activities; 

2) the roles of pCaSR ligands identified in the current research on nutrient absorption, 

intestinal inflammation, barrier functions, and growth performance using in vivo 

approaches. 
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