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ABSTRACT 
 
  
 

EXPRESSION OF PORCINE INTESTINAL NUTRIENT TRANSPORTERS 

ALONG CRYPT-VILLUS AXIS AND DURING 

POSTNATAL DEVELOPMENT 

 
 
 

Chengbo Yang Advisor: 

University of Guelph, 2011     Professor Ming Z. Fan 

 
This research was conducted to investigate the expression of porcine intestinal 

nutrient transporters along the neonatal crypt-villus axis and during the postnatal 

development.  First, we examined the transport kinetics of Na+-glucose co-tranporter 1 

(SGLT1) and Na+-dependent neutral amino acid (AA) transporter B0AT1 and then the 

protein and mRNA abundances of SGLT1, B0AT1 and Na+-dependent neutral AA 

exchanger ASCT2 along the jejunal crypt-villus axis in the neonatal pig and the potential 

mechanisms associated with their regulations.  Our results suggested that: 1) high levels of 

apical maximal SGLT1 and B0AT1 uptake activities were shown to exist along the entire 

jejunal crypt-villus axis in the neonatal pig; 2) there were no significant differences in the 

SGLT1, B0AT1 and ASCT2 protein abundances in spite of their different mRNA 

abundances among the crypt-villus axis, suggesting unique posttranscriptional regulatory 

mechanisms; and 3) global protein translational efficiency, as assessed by examining some 

of the key protein translational initiation and elongation factors, was higher in the crypt 

cells than in the upper villus cells, likely playing a regulatory role for maintaining apical 

nutrient transporter abundances in crypt cells of the neonate.  Second, we further examined 



 
 

the protein and mRNA abundances of jejunal neutral AA transporters B0AT1 and ASCT2 

and acidic AA transporter EAAC1 during the postnatal development in pigs at the ages of d 

1, 4, 6, 12, 20, 28 (1-wk post-weaning), and 70 (mature gut at grower phase), respectively.  

Our results showed that the jejunal apical B0AT1, ASCT2 and EAAC1 protein abundances 

were dramatically decreased during the postnatal development and were likely regulated at 

both the transcriptional and post-transcriptional levels.  These substantial decreases in the 

small intestinal apical Na+-dependent AA transporter abundances may contribute to 

increased intestinal microbial catabolism of AA, which may be partially responsible for the 

reduced whole body efficiency of nitrogen utilization during the postnatal growth in pigs.  

Collectively, our results suggest that apical nutrient transporters SGLT1, B0AT1 and 

ASCT2 are abundantly expressed along the entire jejunal crypt-villus axis in the neonatal 

pig, whereas abundances of jejunal apical AA transporters EAAC1, B0AT1 and ASCT2 

declined substantially during the postnatal growth in pigs. 

 



 
 

i 

ACKNOWLEDGEMENTS 

 

First and most of all, I would like to thank my supervisor Dr. Ming Z. Fan, for offering me 

the unique opportunity to conduct my research in his laboratory. I am indebted to his 

guidance throughout this journey, without which completion of this thesis would not have 

been possible. 

I am grateful to the members of my advisory committee, including Drs. Julang Li, 

Kendall Swanson, Joseph S. Lam, for their valuable help and advice. I would also like to 

thank the thesis defense committee members, including Drs. Randal K. Buddington, John 

P. Cant, and J. Andrew B. Robinson. 

I am also grateful to the administrative staff in the Department of Animal and Poultry 

Science, at the University of Guelph for their patience and kind help in administrative 

affairs. Wendy McGrattan, Rhonda Alger, and Susanne Jones deserve special mention. I 

must acknowledge my laboratory colleagues, including Lijuan Liu, Yingran Shen, Todd C. 

Rideout, Xiaojian Yang, Dale Lackeyram, Ntinya Johnson, Qi Wang, Mychal-Ann 

Hayhoe, and Tania Archbold, for their friendship, technical discussions, and valuable 

support during my graduate training. My gratitude also goes to Dr. Kelvin Lien at 

University of Alberta, for his help in amino acid analyses. Special thank goes to Dr. 

Yoshinori Mine in the Department of Food Science at the University for sharing his 

knowledge and discussions. 

The financial supports, as research grants awarded to Dr. Fan from the Natural 

Sciences and Engineering Research Council (NSERC) of Canada and the Ontario Ministry 

of Agriculture, Food and Rural Affairs (OMAFRA)-University of Guelph Reseach 



 
 

ii 

Partnership Program, are gratefully acknowledged.  I also gratefully acknowledge the 

University of Guelph Graduate Scholarship, Mary Edmunds Williams Scholarship, the 

Ontario Graduate Scholarship, and the Chinese Government Award for the Outstanding 

Oversea Graduate Students. 

Lastly, I wish to say “Xie Xie” to my parents for their loving support.  And of course, 

I give my deepest gratitude from the very bottom of my heart to my dear wife, Yujuan Wu, 

for her love, support and the sacrifices she has made for the family. I would never have 

been able to make an accomplishment without her.  I thank my daughter, Sarah and my 

son, Ethan, for their good cooperation (most of time) and spiritual support. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iii 

TABLE OF CONTENTS 
 

ABSTRACT 

ACKNOWLEDGEMENTS……………………………………………………………......i 

TABLE OF CONTENTS…………………………………………………………………iii 

LIST OF EQUATIONS…………………………………………………………………....x 

LIST OF TABLES………………………………………………………………………...xi 

LIST OF FIGURES……………………………………………………………………...xii 

LIST OF ABBREVIATIONS………………………………………………………….xviii 

LIST OF APPENDICES……………………………………………………………......xxii 

 

CHAPTER 1 

GENERAL INTRODUCTION AND LITERATURE REVIEW……………………….1 

1.1. GENERAL INTRODUCTION…………………………………………………………1 

1.1.1. Glucose  Homeostasis and Metabolism in Neonatal Pigs………………………4 

1.1.2. Efficiency of Whole Body Nitrogen Utilization and Protein Growth during  

the Postnatal Development in Pigs……………………………………………..6 

1.1.3. Changes in Muscle Protein Growth Rate and Amino Acid Catabolism  

during Postnatal Development in Pigs………………………………………....7 

1.1.4. Contribution of the Gut to Whole Body Nitrogen Efficiency and  

Protein Growth during Postnatal Development in Pigs……………..………....8 

1.1.5. Strategies to Improve Efficiency of Whole Body N Utilization and  

Protein Growth during Postnatal Development in Pigs………………….........18 

1.2. LITERATURE REVIEW……………………………………………………………..26 



 
 

iv 

1.2.1. Growth and Development of the Intestine……………………………………26 

1.2.1.1. Gut Mucosal Growth along the Crypt – Villus Axis………………..27 

1.2.1.2. Ontogeny of the Small Intestinal Mucosa…………………………...29 

1.2.2. Physiological Aspects of Carbohydrate Digestion and End  

Product Absorption…………………………………………………………..32 

1.2.2.1. SGLT1……………………………………………………………….33 

1.2.2.2. GLUT2………………………………………………………………34 

1.2.2.3. GLUT5………………………………………………………………35 

1.2.2.4. GLUT7………………………………………………………………35 

1.2.3. Metabolic Aspects of Intestinal Hexose Transporters………………………..36 

1.2.3.1. Sensor Roles of Hexose Transporters……………………………….37 

1.2.3.2. Expression of Small Intestinal Hexose Transporters along the 

Crypt – Villus Axis………………………………………………….39 

1.2.3.3. Expression of Intestinal Hexose Transporters during the Postnatal   

Development………………………………………………………..40 

1.2.4. Physiological Aspects of Protein Digestion and End Product Absorption…...42 

1.2.4.1. Digestive Pathways and Hydrolyses by Proteolytic Enzymes………43 

1.2.4.2. Intestinal Peptide Transporters……………………………………...45 

1.2.4.3. Intestinal Amino Acid Transporters…………………………………47 

1.2.5. Metabolic Aspects of Intestinal Amino Acid Transporters…………………..60 

1.2.5.1. Signaling Roles of Amino Acid Transporters……………………….61 

1.2.5.2. Expression of Small Intestinal Amino Acid Transporters 

along the Crypt – Villus Axis………………………………………..64 



 
 

v 

1.2.5.3. Expression of Intestinal Amino Acid Transporters during the 

Postnatal Development………………………………..…………….66 

1.3. RESEARCH HYPOTHESES AND OBJECTIVES…………………………………..69 

1.3.1. Rationales and Research Strategies…………………………………………..69 

1.3.2. Research Hypotheses…………………………………………………………72 

1.3.3. Research Objectives………………………………………………………….72 

 

CHAPTER 2 

APICAL NA+-D-GLUCOSE CO-TRANSPORTER 1 (SGLT1) ACTIVITY AND 

PROTEIN ABUNDANCE ARE EXPRESSED ALONG THE JEJUNAL CRYPT-

VILLUS AXIS IN THE NEONATAL PIG …………………………………………….89 

2.1. ABSTRACT………………………………………………………………………….89 

2.2. INTRODUCTION……………………………………………………………………90 

2.3. MATERIALS AND METHODS……………………………………………………..94 

2.3.1. Animals and Tissue Preparation……………………………………………...94 

2.3.2. Sequential Isolation of Epithelial Cells along the Gut Crypt-Villus Axis…....94 

2.3.3. Preparation of Apical Membrane Vesicles…………………………………...95 

2.3.4. Protein and Marker Enzyme Assays………………………………………….96 

2.3.5. In vitro Transport Measurements…………………………………………….96 

2.3.6. Western Blot Analyses of Target Protein Abundances……………………....98 

2.3.7. Immunohistochemical Localization of SGLT1 Protein along the  

Crypt-Villus Axis…………………………………………………………….100 

2.3.8. Primer Design, RNA Extraction and Real-time RT-PCR Analyses………...101 



 
 

vi 

2.3.9. Calculations, Transport Kinetics and Statistical Analyses………………….103 

2.4. RESULTS…………………………………………………………………………...104 

2.5. DISCUSSION……………………………………………………………………….109 

 

CHAPTER 3 

APICAL NA+-L-GLUTAMINE CO-TRANSPORT ACTIVITY AND B0 

TRANSPORTER PROTEIN ABUNDANCE ARE EXPRESSED ALONG THE 

JEJUNAL CRYPT-VILLUS AXIS IN THE NEONATAL PIG …………………….130 

3.1. ABSTRACT…………………………………………………………………………130 

3.2. INTRODUCTION…………………………………………………………………..131 

3.3. MATERIALS AND METHODS……………………………………………………136 

3.3.1. Materials…………………………………………………………………….136 

3.3.2. Animals and Tissue Preparation…………………………………………….136 

3.3.3. Sequential Isolation of Epithelial Cells along the Gut Crypt-Villus Axis…..137 

3.3.4. Preparation of Apical Membrane Vesicles …………………………………138 

3.3.5. Protein and Marker Enzyme Assays………………………………………...139 

3.3.6. In vitro Transport Measurements……………………………………………139 

3.3.7. RNA Extraction and Generation of Partial-length Porcine B0AT1 cDNA….141 

3.3.8. Design of Primers and Real-time RT-PCR Analyses……………………….142 

3.3.9. Western Blot Analyses of Target Protein Abundances..……………………143 

3.3.10. Calculations, Transport Kinetics and Statistical Analyses………………….144 

3.4. RESULTS…………………………………………………………………………...146 

3.5. DISCUSSION……………………………………………………………………….149 



 
 

vii 

CHAPTER 4 

EXPRESSION OF NA+-DEPENDENT NEUTRAL AMINO ACID EXCHANGER 

ASCT2 IN ASSOCIATION WITH mTOR SIGNALING COMPONENTS ALONG 

THE JEJUNAL CRYPT-VILLUS AXIS IN THE NEONATAL PIG……………….165 

4.1. ABSTRACT…………………………………………………………………………165 

4.2. INTRODUCTION…………………………………………………………………..166 

4.3. MATERIALS AND METHODS……………………………………………………170 

4.3.1. Materials…………………………………………………………………….170 

4.3.2. Animals and Tissue Preparation…………………………………………….170 

4.3.3. Sequential Isolation of Epithelial Cells along the Gut Crypt-Villus Axis…..171 

4.3.4. Preparation of Apical Membrane Vesicles………………………………….172 

4.3.5. RNA Extraction and Generation of Partial–length Porcine ASCT2 cDNA...172 

4.3.6. Design of Primers and Real-time RT-PCR Analyses……………………….173 

4.3.7. Western Blot Analyses of Target Protein Abundances…………..…………175 

4.3.8. Calculations and Statistical Analyses……………………………………….177 

4.4. RESULTS…………………………………………………………………………...178 

4.5. DISCUSSION……………………………………………………………………….179 

 

CHAPTER 5 

EXPRESSION OF PORCINE JEJUNAL NA+-DEPENDENT NEUTRAL AMINO 

ACID TRANSPORTER B0AT1 AND EXCHANGER ASCT2 DURING THE 

POSTNATAL DEVELOPMENT………………………………………………………189 

5.1. ABSTRACT………………………………………………………………………….189 



 
 

viii 

5.2. INTRODUCTION……………………………………………………………….…..190 

5.3. MATERIALS AND METHODS……………………………………………………192 

5.3.1.   Animal, Diets and Experimental Design……………………………………192 

5.3.2.   Tissue Collections and Processing………………………………………….193 

5.3.3.   Primer Design, RNA Extraction and Real-time RT-PCR Analyses………...194 

5.3.4.   Preparation of Jejunal Homogenate, Cytosolic Fractions 

and Apical Membrane……………………………………………………….195 

5.3.5.  Western Blot Analyses of Target Protein Abundances……………….……..196 

5.3.6.  Jejunal Free AA Analyses by High Performace-Liquid  

Chromatography (HPLC)……...……………………………………………198 

5.3.7.  Calculations and Statistical Analyses………………………………………..198 

5.4.  RESULTS…………………………………………………………………………...199 

5.5.  DISCUSSION……………………………………………………………………….201 

 

CHAPTER 6 

EXPRESSION OF PORCINE JEJUNAL EXCITATORY AMINO ACID CARRIER 

1 AND GLUTAMATE TRANSPORTER ASSOCIATED PROTEIN 3-18 DURING 

THE POSTNATAL DEVELOPMENT………..............................................................222 

6.1. ABSTRACT…………………………………………………………………………222 

6.2. INTRODUCTION…………………………………………………………………..223 

6.3. MATERIALS AND METHODS……………………………………………………226 

6.3.1. Animal, Diets and Experimental Design……………………………………226 

6.3.2. Tissue Collections and Processing…………………………………………..227 



 
 

ix 

6.3.3. Primer Design, RNA Extraction and Real-time RT-PCR Analyses………....227 

6.3.4. Preparation of Jejunal Homogenate, Cytosolic Fractions and Apical  

Membrane…………………………………………………………………...228 

6.3.5. Western Bblot Aanalyses of Ttarget Protein Abundances...………………....230 

6.3.6. Jejunal Free AA Analyses by High Performace-Liquid  

Chromatography (HPLC)……………………………………………………231 

6.3.7. Total Antioxidant Capacity, Total GSH and GSH/GSSG Assays…………...232 

6.3.8. Calculations and Statistical Analyses………………………………………..233 

6.4. RESULTS…………………………………………………………………………....234 

6.5. DISCUSSION………………………………………………………………………..237 

 

CHAPTER 7 

GENERAL DISCUSSION AND CONCLUSIONS…………………………………...258 

7.1. CHANGES OF NUTRIENT TRANSPORTER ACTIVITY AND PROTEIN  

ABUNDANCE ALONG THE JEJUNAL CRYPT-VILLUS AXIS IN THE  

NEONATE..…………………………………………………………………...........258 

7.2. POSTNATAL CHANGES OF AMINO ACID TRANSPORTER EXPRESSION IN  

THE PORCINE JEJUNUM ………...………………………………………………261 

7.3. GENERAL CONCLUSIONS……………………………………………………….265 

 

REFERENCES CITED…………………………………………………………………266 



 
 

x 

LIST OF EQUATIONS 

 

Equation                                                                                                                           Page 

2.1. ………………………………………………………………………………………..103 

2.2. ………………………………………………………………………………………..103 

3.1. ………………………………………………………………………………………..144 

3.2. ………………………………………………………………………………………..144 

3.3. ………………………………………………………………………………………..145 

4.1. ………………………………………………………………………………………..177 

6.1. ………………………………………………………………………………………..233 

 

 

 

 

 

 

 

 

 

 



 
 

xi 

LIST OF TABLES 

Table number                                                                                                                  Page 

1.1. Postnatal changes in the efficiency of whole body nitrogen utilization in pigs……74 

1.2. Molecular and biochemical properties of AA transporters in the mammalian 

intestinal epithelia……………..………………………………………………......75 

2.1. Kinetic parameter estimates of Na+-D-glucose co-transport into apical membrane 

vesicles prepared from the upper villus, the middle villus and crypt epithelial cells 

isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal 

pigs……………………………………………………………………………......117 

3.1. Kinetic parameter estimates of Na+-L-Gln co-transport into apical membrane 

vesicles prepared from the upper villus, the middle villus and the crypt epithelial 

cells isolated along the jejunal crypt-villus axis in the neonatal pigs…………….155 

5.1. Primers used in this study………………………………………………………...208 

5.2. Intestinal free AA concentrations (nmol/mg protein) in the proximal jejunum during 

the postnatal development between 1 and 70 d of ages in pigs…………………..209 

5.3. Intestinal free AA concentrations (µmol/g tissue) in the proximal jejunum during 

the postnatal development between 1 and 70 d of ages in pigs…………………..211 

6.1. Primers used in this study………………………………………………………...245 

6.2. Variability in expression of four house-keeping gene candidates in the proximal 

jejunum during the postnatal development in pigs……………………………….246 

6.3. Pearson correlations of the Ct values among the four house-keeping gene candidates 

in real-time RT-PCR in the proximal jejunum during the postnatal development in 

pigs……………………………………………………………………………….247 



 
 

xii 

LIST OF FIGURES 

 

Figure                                                                                                                               Page 

1.1. Major pathways of amino acid metabolism and utilization in muscles…………..79 

1.2. Summarized major pathways of amino acid metabolism and utilization in the 

gut………………………………………………………………………………...80 

1.3. Amino acid transporters involved in polyamines synthesis in animals…………..81 

1.4. Amino acid transporters involved in glutathione synthesis and recycling in 

animals……………………………………………………………………………83 

1.5. Schematic diagram of the entire pathway of carbohydrate digestion and end 

product assimilation by enterocytes ……………………………………………...87 

1.6. Schematic diagram of the entire pathway of protein digestion and end product 

assimilation by enterocytes ………………………………………………………88 

2.1. Initial rates of D-glucose uptake under a Na+ gradient into the apical membrane 

vesicles prepared from epithelial cells isolated along the jejunal crypt-villus axis in 

the liquid formula-fed neonatal pigs…………………………………………….118 

2.2. Kinetics of sodium-D-glucose co-transporter 1 (SGLT1) glucose uptake into the 

apical membrane vesicles prepared from (A) the upper villus, (B) the middle villus 

and (C) the crypt epithelial cells isolated along the jejunal crypt-villus axis in the 

neonatal pigs......………………………………………………………………...120 

2.3. Real-time RT-PCR analyses of SGLT1 mRNA abundances in the upper villus (U), 

the middle villus (M) and crypt (C) epithelial cells isolated along the jejunal crypt-

villus axis in the liquid formula-fed neonatal pigs………………………………122 



 
 

xiii 

2.4. Western blot analyses of SGLT1 protein abundances in the upper villus (U), the 

middle villus (M) and crypt (C) epithelial cells isolated along the jejunal crypt-

villus axis in the liquid formula-fed neonatal pigs………………………………123 

2.5. Immunohistochemical localization of SGLT1 along the jejunal crypt-villus axis in 

the liquid formula-fed neonatal pigs…………………………………………….124 

2.6. Western blot analyses of eukaryotic initiation factor 4E (eIF4E) protein 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial 

cells isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal 

pigs………………………………………………………………………………125 

2.7. Western blot analyses of eIF4E-binding protein 1 (eIF4E-BP1) γ-isomer 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial 

cells isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal 

pigs………………………………………………………………………………126 

2.8. Western blot analyses of total eukaryotic elongation factor 2 (eEF2) protein 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial 

cells isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal 

pigs………………………………………………………………………………127 

2.9. Western blot analyses of phosphorylated eEF2 (Phospho-eEF2) protein 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial 

cells isolated along the jejunal crypt-villus axis in the liquid-formula-fed neonatal 

pigs………………………………………………………………………………128 

2.10. Phospho-eEF2 protein abundance to total eEF2 protein abundance ratio in the 

upper villus (U), the middle villus (M) and crypt (C) epithelial cells isolated along 



 
 

xiv 

the jejunal crypt-villus axis in the liquid formula-fed neonatal pigs……………129 

3.1. Initial rates of L-[G-3H]Gln tracer transport via the Na+-dependent and Na+ 

independent system(s) into apical membrane vesicles prepared from the jejunal 

epithelial cells isolated along the crypt-villus axis in the neonatal pigs………...156 

3.2. Kinetics of Na+-L-Gln co-transport into apical membrane vesicles prepared from 

the upper villus, the middle villus, and the crypt epithelial cells isolated along the 

jejunal crypt-villus axis in the neonatal pigs………………………………..…..157 

3.3. Kinetics of Na+-L-Gln co-transport into the apical membrane vesicles prepared 

from (A) the upper villus, (B) the middle villus and (C) the crypt epithelial cells 

isolated along the jejunal crypt-villus axis in the neonatal pigs………………...158 

3.4. Partial cDNA sequence of the porcine B0AT1 transporter…………………..….160 

3.5. Real time RT-PCR analyses of system B0 Na+-neutral AA co-transporter B0AT1 

gene mRNA abundances in the upper villus (U), the middle villus (M) and the 

crypt (C) epithelial cells isolated along the jejunal crypt-villus axis in the neonatal 

pigs………………………………………………………………………………162 

3.6. Western blot analyses of system-B0 Na+-neutral AA co-transporter B0AT1 protein 

abundances in cell homogenate, soluble fraction and the apical membrane 

prepared from the upper villus (U), the middle villus (M), and the crypt (C) 

epithelial cells isolated along the jejunal crypt-villus axis in the neonatal 

pigs………………………………………………………………………………163 

3.7. Western blot analyses of angiotensin-converting enzyme 2 (ACE2) protein 

abundances in the apical membrane prepared from the upper villus (U), the middle 

villus (M), and the crypt (C) epithelial cells along the jejunal crypt-villus axis in 



 
 

xv 

the neonatal pigs……………………………………………………...…………164 

4.1. Partial cDNA sequence of the porcine ASCT2 transporter…………..…………183 

4.2. Real-time RT-PCR analyses of Na
+
-neutral AA exchanger ASCT2 mRNA 

abundances in the upper villus (U), the middle villus (M) and the crypt (C) 

epithelial cells isolated along the jejunal crypt-villus axis in the neonatal 

pigs………………………………………………………………………………185 

4.3. Western blot analyses of Na
+
-neutral AA exchanger ASCT2 protein abundances in 

cell homogenate, soluble fraction and apical membrane prepared from the upper 

villus (U), the middle villus (M), and the crypt (C) epithelial cells isolated along 

the jejunal crypt-villus axis in the neonatal pigs…………….…………………..186 

4.4. Western blot analyses of the phosphorylated mammalian target of rapamycin 

(mTOR) protein abundances in the upper villus (U), middle villus (M), and crypt 

(C) epithelial cells isolated the jejunal crypt-villus axis in the neonatal pigs…..187 

4.5. Western blot analyses of the phosphorylated p70 S6 kinase 1 (p-S6K1) protein 

abundances in the upper villus (U), middle villus (M), and crypt (C) epithelial cells 

isolated the jejunal crypt-villus axis in the neonatal pigs……………………….188 

5.1. Relative Na+-neutral AA transporter SLC6A19/B0 mRNA abundances in the 

proximal jejunum as measured by real-time RT-PCR during the postnatal 

development between 1 and 70 d of ages in pigs……………………………….214 

5.2. Relative Na+-neutral AA transporter ASCT2 mRNA abundances in the proximal 

jejunum as measured by real-time RT-PCR during the postnatal development 

between 1 and 70 d of ages in pigs……………………………………………...215 

5.3. Immunoblot analyses of B0AT1 protein abundances in the proximal jejunal 



 
 

xvi 

homogenate during the postnatal development between 1 and 70 d of ages in 

pigs………………………………………………………………………………216 

5.4. Immunoblot analyses of B0AT1 protein abundances in the proximal jejunal cytosol 

during the postnatal development between 1 and 70 d of ages in 

pigs………………………………………………………………………………217 

5.5. Immunoblot analyses of B0AT1 protein abundances in the proximal jejunal apical 

membrane during the postnatal development between 1 and 70 d of ages in 

pigs.......................................................................................................................218 

5.6. Immunoblot analyses of ASCT2 protein abundances in the proximal jejunal 

homogenate during the postnatal development between 1 and 70 d of ages in 

pigs.......................................................................................................................219 

5.7. Immunoblot analyses of ASCT2 protein abundances in the proximal jejunal 

cytosol during the postnatal development between 1 and 70 d of ages in 

pigs………………………………………………………………………………220 

5.8. Immunoblot analyses of ASCT2 protein abundances in the proximal jejunal apical 

membrane during the postnatal development between 1 and 70 d of ages in 

pigs........................................................................................................................221 

6.1. Relative excitatory AA carrier 1 (EAAC1) mRNA abundances in the proximal 

jejunum as measured by real-time RT-PCR during the postnatal development 

between 1 and 70 d of ages in pigs ……………………………………………..248 

6.2. Immunoblot analyses of excitatory AA carrier 1 (EAAC1) protein abundances in 

the proximal jejunal homogenate  during the postnatal development between 1 and 

70 d of ages in pigs……………………………………………...........................249 



 
 

xvii 

6.3. Immunoblot analyses of excitatory AA carrier 1 (EAAC1) protein abundances in 

the proximal jejunal cytosol during the postnatal development between 1 and 70 d 

of ages in pigs……………………………………………...................................250 

6.4. Immunoblot analyses of excitatory AA carrier 1 (EAAC1) protein abundances in 

the proximal jejunal apical membrane during the postnatal development between 1 

and 70 d of ages in pigs…………………………………………………………251 

6.5. Immunoblot analyses of glutamate transporter associated protein 3-18 (GTRAP 3-

18) protein abundances in the proximal jejunal homogenate during the postnatal 

development between 1 and 70 d of ages in pigs……………………………….252 

6.6. Immunoblot analyses of glutamate transporter associated protein 3-18 (GTRAP 3-

18) protein abundances in the proximal jejunal cytosol during the postnatal 

development between 1 and 70 dof ages in pigs………………………………...253 

6.7. Immunoblot analyses of glutamate transporter associated protein 3-18 (GTRAP 3-

18) protein abundances in the proximal jejunal apical membrane during the 

postnatal development between 1 and 70 d of ages in pigs……………………..254 

6.8. Intestinal free glutamate (Glu) and aspartate (Asp) concentrations in the proximal 

jejunum during the postnatal development between 1 and 70 d of ages in pigs...255 

6.9. Total GSH, GSSG, reduced GSH and reduced GSH/GSSG ratio in the proximal 

jejunum during the postnatal development between 1 and 70 d of ages in pigs...256 

6.10. Total antioxidant capacity (TAC) (mM●mg protein  -1) in the proximal jejunum 

during the postnatal development between 1 and 70 d of ages in 

pigs………………………………………………………………………………257 



 
 

xviii 

LIST OF ABBREVIATIONS 

 

AA Amino acids 

AAR Amino acid response 

ACE2 Angiotensin-converting enzyme 2 

AIB α-aminoisobutyric acid 

AM Apical membrane 

ASCT2 System ASC amino acid transporter 2 

ATP Adenoside tri-phosphate 

BCH 2-aminobiyclo(2,2,1)heptane-2-carboxylic acid 

BLM   Basolateral membrane 

BSA Bovine serum albumin 

BW Body weight 

CaSR Calcium sensing receptor  

cDNA Complementary DNA 

CP Crude protein 

CssC Cystine 

d Day 

DPM Disintegration per minute 

Dopa Ldihydroxyphenylalanine 

DTT Dithiothreitol 

EAAC1 Excitatory amino acid carrier 1 

eEF2 Eukaryotic elongation factor 2 



 
 

xix 

eIF4E Eukaryotic initiation factor 4E 

eIF4E-BP1 Eukaryotic initiation factor 4E-binding protein 1 

ER Endoplasmic reticulum 

EGF Epidermal growth factor 

ESTs Expressed sequence tags  

FSR Fractional protein synthesis rates 

GAPDH Glyceraldehydes-3-phosphate dehydrogenase  

GLUT2 Facilitated glucose transporter 2 

GLUT5 Facilitated glucose transporter 5 

GLUT7 Facilitated glucose transporter 7 

GTRAP3-18   Glutamate transporter associated protein 3-18 

GSSG Glutathione disulfide 

HPLC High performance-liquid chromatography 

HPRT1 Hypoxanthine phosphoribosyl-transferase 1 

HRP Horseradish peroxidase 

Ig Immunoglobulin 

IGF-Ι Insulin-like growth factor-I 

IL Interleukin 

Jmax Maximal transport rate 

Km Michaelis Menten constant 

mRNA Messenger RNA 

mTOR Mammalian target of rapamycin 

MW Molecular weight 



 
 

xx 

 MeAIB N-methylaminoisobutyric acid 

N Nitrogen  

NHE Na+/H+ exchanger 

NO Nitric oxide 

NSP Non-starch polysaccharide 

PAGE Polyacrylamide gel electrophoresis 

PBST Phosphate buffered saline with tween 20 

PCR Polymerase chain reaction 

PDGF Platelet-derived growth factor 

PEPT1 Peptide transporter 1 

PI3K Phosphoinositide 3-kinase 

PMSF Phenylmethylsulfonyl fluoride 

PVDF polyvinylidene difluoride 

ROS Reactive oxygen species 

RPLP0 Ribosomal phosphoprotein large P0 subunit  

RT-PCR Reverse transcript-polymerase chain reaction 

SCN- Thiocyanate 

SDS Sodium dodecyl sulfate 

S6K1 Ribosomal protein S6 kinase 1 

SGLT1 Na+-glucose co-transporter 1 

SLC Solute carrier family 

TAC Total antioxidant capacity 

TGF Transforming growth factor 



 
 

xxi 

TLCK  Na-p-tosyl-L-Lysine chloromethyl ketone 

TPN Total parenteral nutrition 

TSC Tuberous sclerosis complex 

xCT CssC/Glu exchanger 



 
 

xxii 

LIST OF APPENDICES 
 

 

Appendix                                                                                                                         Page 

 

1. Photograph of Western blot analysis of SGLT1 in the porcine intestinal tissue .........330 

2. Photograph of  Western blot analysis of B0AT1 in the porcine intestinal tissue …….331 

3. Photograph of Western blot analysis of ASCT2 in the porcine intestinal tissue……..332 

4. Photograph of Western blot analysis of EAAC1 in the porcine intestinal tissue…….333 

 



 
 

1 

CHAPTER 1 

 

GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

1.1.  GENERAL INTRODUCTION 

 

Human civilization development can be traced back to the domestication of farm animals 

(Diamond, 2002).  The animal industry plays pivotal roles in impacting societal evolution 

and the physical and mental health of humans.  Animal production is an essential and 

important part of the economy of Ontario, Canada, and the world.  The animal production 

industry faces many new challenges, while it must meet an increasing range of societal 

demands.  Substantial progress has been made during the past several decades for 

intensifying animal production systems for beef cattle, dairy, pigs and poultry, resulting in 

huge increases in the speed and capacity of production.  However, mass and energy 

conversion efficiency associated with the evolving intensive animal production systems has 

not been dramatically improved.  Therefore, intensive animal production systems are faced 

with low profit margins and are challenged with high manure matter outputs, and causing 

environmental concerns (Fan et al., 2008).  Futhermore, increasing consumption of animal 

production has been frequently linked to increases in the occurrence of chronic fatal disease 

in human, for instance, cancers, cardiovascular failures, and diabetics (Fan et al., 2008). 

Globally, there is a relatively high demand for pork as a source of meat in human 

diets when compared with other sources of animal food products such as poultry, fish and 

beef.  It has been reported that the total annual pork consumption accounts for more than 
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40% of the total world consumption of animal meat (Pond and Lei, 2001).  This has made 

swine production a capital intensive and low-profit margin industry.  For example, in the 

United States, pork production is responsible for over $66 billion in annual economic 

activities (Hollis and Curtis, 2001).  This high demand has resulted in significant advances 

in animal husbandry technologies and production practices for producers in order to 

maximize the production scale, which normally correlates to more total profit.  Currently, 

in Canada, the United States, and some developing countries, swine production is rapidly 

becoming more specialized, concentrated, industrialized, and large-scaled to meet the 

increased global demand for pork. This enhanced scale of production has caused a dramatic 

reduction of family farming-based rural economy (Hollis and Curtis, 2001).  Unfortunately, 

the current intensive swine production systems evolved during the past two to three 

decades also have an impact on environmental sustainability (Rideout et al., 2004, Fan et 

al., 2006).  Therefore, it is essential to develop a sustainable and profitable swine 

production system. 

Nitrogen (N), an essential element that is primarily contained in amino acids (AA), 

nucleosides, polyamines and in polymers such as proteins, DNA and RNA, is the most 

expensive nutrient element in swine rations and is also the most critical contributor to 

pollution from swine manure (Ferket et al., 2002).  Research on maximizing the efficiency 

of N utilization in pig nutrition has been a fascinating topic worldwide (Fan et al., 2006).  

First, biosynthesis and degradation of the major N containing polymeric compounds, 

including proteins, RNA and DNA, are highly ATP energy-demanding processes in the 

body, and the partial energy efficiency for crude protein (CP) deposition in animals is low 

(Fan et al., 2006).  Thus, strategies that can improve the efficiency of N utilization would 
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improve productivity and profit margins for the industry.  Second, developing sustainable 

animal production, while reducing pollution to the environment, becomes a major issue on 

the global scale (Mackie et al., 1998).  A major environmentally sustainable issue 

surrounding N-associated pollution is the emission of ammonia, greenhouse gases (CO2, 

CH4, and N2O) and volatile compounds with odor, and leaching of nitrate. All of them 

contribute to an array of issues such as acid rain, global warming or climate change, odor 

disturbance, and pollution of drinking water resources (Mackie et al., 1998; Rideout et al., 

2004; Fan et al., 2006).  Third, the pig has been increasingly used to explore some 

metabolic chronic diseases such as obesity, type-II diabetes (Spurlock and Gabler, 2008), 

hypercholesterolemia (Rideout et al., 2007), and chronic bowel diseases (Mackenzie et al., 

2003). This is because the pig has similar anatomy, metabolism, and body size to human, 

while it produces large litters allowing multiple treatments, and less ethical considerations 

(Miller and Ullrey, 1987; Wykes et al., 1996).  The poor efficiency of whole body N 

utilization is largely due to low protein synthetic rate in the largest body protein pool, 

skeletal muscle but high protein synthesis rate in the gastrointestinal tract and other visceral 

organs (Reeds et al., 1993; Fan et al., 2006; Davies et al., 2008; Fan et al., 2008).  For 

example, Bregendahl et al. (2004) reported that protein synthetic rate (%/day) was 10-12 in 

the skeletal muscle and 60-68 in the small intestine, respectively, in weanling piglets.  As 

the largest metabolic tissue, skeletal metabolic activities, including mitochondrial substrate 

oxidation and energy metabolism as well as protein synthesis and degradation, are closely 

linked to the pathogenesis of fatal chronic diseases such as cancer, obesity, type-II diabetes 

and atherosclerosis (Gates et al., 2007).  On the other hand, intestinal inflammation is 

occurred frequently in pigs especially during the weaning transition period. Infection in the 



 
 

4 

animals further deteriorates growth performance and profit (Fan et al., 2006).  As further 

discussed in Section 1.2.5, AA and their plasma membrane transporters are important for 

modulating cellular metabolism.  Therefore, understanding the expression of AA 

transporters during the postnatal growth will not only lead to improved swine nutrition and 

productivity, but also contribute to the management of human health and disease 

preventions and therapeutics. 

Dietary carbohydrates provide up to 50% of the energy needs for maintenance, 

growth, and production (Nafikov and Beitz, 2007). The primary sources of carbohydrates 

in postweaning pig diets are feeds rich in starch and in suckling piglets, it is lactose (Curtis 

et al., 1966). As the major end product of carbohydrate digestion in the pig, glucose is a 

primary energy source for certain animal organs and tissues including red blood cells, liver, 

and brain, and a precursor for lactose synthesis in the mammary gland.  Pigs obtain a 

significant amount of their needed glucose from their diets to meet their glucose needs and 

intestinal hexose transporters play very important roles in absorption of glucose from 

lumen into bood circulation (Cheeseman, 2002; Nafikov and Beitz, 2007). Consequently, 

understanding the expression of intestinal hexose transporters and the involvement of 

intestinal hexose transporters in the regulation of whole body glucose homeostasis under 

different conditions is important for the manipulation of the production and quality of 

agicultural foods and the development of cures for relevant chronic metabolic diseases in 

humans. 

 

1.1.1. Glucose Metabolism and Homeostasis in Neonatal Pigs 

Glucose metabolism and homeostasis in neonatal pigs is a complex process, which involves 
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several metabolic pathways and it plays very important roles in providing the brain and 

other vital organs and tissues with sufficient metabolic energy (Duee et al., 1996). 

Immediately after birth, the newborn pig has to withstand a 20-30 min period of starvation. 

During this time, piglets mobilize glucose storages from liver and muscle glycogen before 

receiving nutrients from colostrum and milk by effective suckling (Duee et al., 1996). 

However, liver and and muscle glycogen concentrations decrease dramtically and 

continuous transplacental supply of glucose is interrupted. Neonates can compensate 

glucose from the milk through intestinal hexose transporter and hepatic glucose production 

through increased gluconeogenesis to maintain a normal blood glucose concentration. 

Glucose supplied by milk accounts for 30% of glucose requirements of the newborn, thus 

hepatic gluconeogenesis provides almost 70% of glucose need in the fully termed newborn 

(Duee et al., 1996). This high glucose and lactose processing capacity, when coupled with 

hepatic glucose production through glycogenolysis and postnatal increases in 

gluconeogenesis capacity, is essential to maintain whole body glucose homeostasis in 

neonates (Hume et al., 2005).  Altered glucose metabolism and homeostasis in neonates 

causes severe diseases such as hypoglycaemia, hyperglycaemia, and obesity (Mitanchez, 

2007). Anatomical, physiological, and metabolic similarities to humans make the neonatal 

piglet a very attractive animal model to investigate nutrient metabolism and requirements 

for infants (Miller and Ullrey, 1987; Wykes et al., 1993). Consequently, using the neonatal 

pig as animal model to investigate the expression of intestinal hexose transporters and the 

involvement of intestinal hexose transporters in the regulation of glucose and metabolism 

homeostasis under different conditions will be exploited to develop more scientifically 

based practices for management of preterm and term human newborn infants. 
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1.1.2. Efficiency of Whole Body Nitrogen Utilization and Protein Growth during the 

Postnatal Development in Pigs 

 

Efficiency of whole body N utilization is high at about 89% during the suckling of 

colostrum in newborn piglets (Le dividich et al., 1994).  Efficiency of whole body N 

utilization is maintained at a relatively high level at about 83% during the rest of the 

suckling period (Fan et al., 2006).  As summarized in Table 1.1 by Fan et al. (2006), 

efficiency of whole body N utilization is sharply decreased to be at 60% during the 

weaning period and is maintained at very low levels (50-60%) during the entire growing 

and finishing phases.  Noticeably, this sharp decline in the efficiency of whole body 

nitrogen utilization from suckling growth to the weanling and post-weaning grower and 

finisher phases of growth is not due to changes in the digestive efficiency, as true N and 

AA digestibility values are not markedly different from neonatal piglets suckling milk 

(91%) to weanling (86%) and post-weaned pigs (91%) that are shifted to corn and soybean 

meal-based diets (Table 1.1).  The fecal endogenous N loss, as a percentage of total dietary 

N intake, increased from 2.5 during the suckling to 12% in the finishing phase (Table 1.1).  

Furthermore, the urinary N loss, due to AA catabolism, is the major factor of whole body N 

inefficiency and is increased from 9 in the suckling period to 41% in the finishing phase 

(Table 1.1).  Therefore, increases in AA catabolism and the gastrointestinal endogenous N 

loss are the two major factors responsible for the postnatal decline in whole body N 

efficiency in pigs. 
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1.1.3.  Changes in Muscle Protein Growth Rate and Amino Acid Catabolism during the 

Postnatal Development in Pigs 

 

Whole body protein growth is the net difference among protein synthesis, degradation and 

the gastrointestinal endogenous N loss (Fan et al., 2006; Fan et al., 2008).  Whole body 

protein growth rate is much higher at the birth and during the neonate suckling period than 

in any other stages of postnatal life in the pig (Davis et al., 1993; Reeds et al., 1993; Fan et 

al., 2006).  Skeletal muscle is the largest body protein pool (Reeds et al., 1993; Fan et al., 

2008), thus whole body protein growth rate is largely dependent on the rate of protein 

synthesis being higher than the rate of protein degradation in the muscle.  At the birth and 

during the early neonatal suckling period, the high rate of protein deposition is driven by 

the high fractional rate of protein synthesis in skeletal muscle and this rate decreases 

sharply with increasing age especially during the weaning transition (Davis et al., 1989; 

Reeds et al., 1993).  On the other hand, protein degradation rate is modestly elevated 

during early life and the changes with increasing age are relatively small (Davis et al., 

2008).  Therefore, considerably reduced muscle protein synthesis rate associated with pigs 

shifting from suckling milk to feeding primarily on solid vegetal diets during the post-

weaning growth is the major reason behind the low rate of whole body protein growth and 

poor efficiency of whole body N utilization. 

In parallel with a reduction in muscle protein synthesis and growth rate, catabolism of 

AA increases in the muscle and other tissues (Fuller et al., 1983).  Pathways involved in 

inter-organ AA metabolism have been well established.  As shown in Fig. 1.1, AA not used 

for the synthesis of N polymers such as protein, RNA and DNA will be subjected to 
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catabolism due to the fact that excessive concentrations of free AA are usually toxic 

(Harper et al., 1984).  Most AA can be transaminated in muscle with α-ketoacids entering 

the Krebs cycle for complete oxidation and the ammonia group being carried out of the 

tissue by neutral AA alanine (Ala) and glutamine (Gln) for urea synthesis in liver or 

utilization in other tissues or organs (Fig. 1.1). In most mammals, branched-chain α-

ketoacid dehydrogenase complex is expressed at very low levels in muscle, thus branched-

chain α-ketoacids derived from the branched-chain AA catabolism are transported out of 

muscle for their further metabolism in liver and other tissues and organs as illustrated in 

Fig 1.1 (Harper et al., 1984). Muscle protein synthesis rates are dependent upon the number 

of ribosomes, i.e., protein synthetic capacity, in the tissue and the efficiency with which the 

ribosomes translate mRNA into protein with amino acids as building blocks (Burrin et al., 

1995).  Postnatal declining in muscle protein syntheis rate is known to be regulated by 

hormonal factors such as insulin and AA such as leucine (Leu) (Davis et al., 2008; Yang et 

al., 2008).  While the biosynthetic pathway and methods for measuring fractional synthesis 

rates of proteins have been well established, rate-limiting steps and mechanisms of 

regulating efficiency and capacity of hypertrophic protein synthesis remained to be 

clarified in skeletal muscle in studies with pigs. 

 

1.1.4. Contribution of the Gut to Whole Body Nitrogen Efficiency during Postnatal the 

Development in Pigs 

 

The gut is the primary organ responsible for terminal digestion and absorption of dietary 

nutrients including protein and AA.  Until the pioneering work of Windmueller and co-
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workers on aspartate (Asp), glutamate (Glu) and Gln utilization in rat jejunum 

(Windmueller and Spaeth, 1975, 1976, 1980; Windmueller, 1982), it was assumed that all 

dietary AA absorbed by the small intestinal mucosa entered the portal circulation intact and 

became available to extra-intestinal tissues.  Further studies over the last two decades have 

demonstrated that the gut is also a metabolically-active organ and both enteral and arterial 

sources of AA are extensively utilized by the intestine for mucosal cellular catabolism and 

growth (Reeds et al., 1996; Wu et al. 1996; Burrin and Reeds 1997; Wu et al. 1998), 

microbial growth in the lumen (Torrallardona et al., 2003a,b), and the gastrointestinal 

metabolic endogenous losses as various nitrogenous compounds (Fuller and Reeds, 1998; 

Fan et al., 2006).  Thus, the major routes and destination of AA utilization in the intestine 

can be summarized, as illustrated in Fig. 1.2, including i) catabolism of AA in the gut 

mucosa for providing metabolic fuels, AA homeostasis control and/or for detoxification; ii) 

metabolism of AA as precursors for the biosyntheses of semi-essential and conditional 

essential AA, homocysteine, S-adenosylmethione, polyamines, and glutathione (GSH); iii) 

microbial biosynthesis of essential AA in the intestinal lumen for the production of 

microbial protein and contributing to host nutrition; and iv) utilization of AA as precursors 

for the biosyntheses of cellular macro-molecules DNA, RNA and protein. 

Nonessential AA, especially Asp, Glu and Gln are extensively metabolized for 

providing metabolic fuels.  This concept was established by the classical work of 

Windmueller and co-workers in the rat jejunum (Windmueller and Spaeth, 1975; 1976; 

1980) and in pigs (Rérat, 1981).  Subsequent isotopic in vivo studies with piglets further 

demonstrated a near to complete first-pass metabolism of Glu with a substantial fraction 

(30-50%) of the absorbed Glu being oxidized to CO2 (Reeds et al., 1996; 2000; Janeczko et 
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al., 2007).  Furthermore, a recent study has also suggested that a limited fraction of alpha-

ketoglutarate can by-pass the gut of piglets (Lambert et al., 2006).  The significant first-

pass catabolism of Glu in the gut has some major physiological implications.  First, 

complete catabolism of Glu carbon sketeon is efficient for providing cellular metabolic fuel 

ATP.  Second, Glu is an essential neural transmitter (Newsholme and Leech, 1991).  A 

recent study has suggested that Glu is a positive autocrine signal for glucagon release in the 

pancreatic alpha-cell (Cabrera et al., 2008).  Third, both Glu and its ketoacid alpha-

ketoglutarate are very acidic. 

A significant first-pass gut catabolism of Glu and alpha-ketoglutarate would 

contribute to the whole body homeostasis of glutamate and pH.  To date, most of the 

research on none-essential AA catabolism in vivo has been conducted with neonatal pigs, 

while little is known about the changes along the gut mucosal crypt-villus axis and during 

postnatal growth in the capacity and enzyme activities of the non-essential AA catabolism 

pathway steps as well as in vivo catabolism of these AA in the pig. 

In recent years, there has been growing recognition that catabolism dominates the 

first-pass intestinal utilization of dietary essential AA (Stoll et al., 1998; 1999).  The small 

intestinal mucosa catabolizes a significant fraction of arginine (Arg), lysine (Lys), 

phenylalanine (Phe), threonine (Thr) and branched-chain AA (e.g., Burrin and Reeds, 

1997; Bertolo et al., 1998; Stoll et al., 1998).  A significant first-pass splanchnic Leu 

catabolism was reported from in vivo tracer studies, and significant but variable branched-

chain aminotransferase activities and Leu oxidation were observed in vitro in the gut, liver, 

kidney, brain, heart and skeletal muscles in the postnatal developing pigs (Stoll et al., 1998; 

Elango et al., 2002; Elango et al., 2003).  However, a recent in vitro study suggested a 
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limited catabolism of alpha-ketoacids that originate from the branched-chain AA in the 

isolated intestinal epithelia of growing pigs (Chen et al., 2007).  Up to 40% of dietary 

methionine (Met) may be utilized in the gut with a significant level of catabolism 

(Shoveller et al., 2004, 2005; Riedijk et al., 2007).  In contrast, catabolism of Met, Phe and 

other essential AA other than the branched-chain AA in the gut epithelia in vitro was 

shown to be negligible in grower pigs (Chen et al., 2007).  Two possibilities exist for this 

case.  First, in vitro gut epithelial AA incubation studies may considerably underestimate in 

vivo essential AA catabolism in the gut of pigs.  Second, essential AA catabolism in the gut 

of pigs may undergo a considerable decline.  At present, the majority of the reported 

essential AA in vivo catabolism research has been conducted with neonatal pigs, and little 

is known about the postnatal changes in the capacity and enzyme activities of the essential 

AA catabolism pathway steps as well as their in vivo catabolism in the pig.  Thus, a 

significant fraction of essential AA is shown to be first-pass catabolized in the gut mucosa 

in neonatal pigs.  Future research should investigate postnatal changes in essential AA 

catabolism along the gut mucosal crypt-villus axis of pigs with both in vivo and/or in vitro 

approaches. 

The gut of prenatal pigs is sterile (Gaskins, 2001).  The pig gut experiences a 

considerable postnatal colonization of microflora, especially during the weaning transition 

and post-weaning growth, primarily by harboring a wide spectrum of microorganisms with 

anaerobic bacteria being the predominant species (Maxwell and Stewart, 1995; Gaskins, 

2001; Fan, 2003).  While the large intestine, including the cecum and the colon, is the main 

site of microbial colonization (Gaskins, 2001), the small intestine of monogastrics also 

harbors a significant population of microflora (Sonnenburg et al., 2005; Thymann et al., 
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2007; Ley et al., 2008).  Microbial catabolism of essential AA such as tryptophan (Trp) in 

the large intestine is well established (Jensen et al., 1995; Rideout et al., 2004).  Microbial 

catabolism of Trp in the small intestine was reported in early studies in humans, as 

reviewed by Yokoyama and Carlson (1979).  Microbial AA catabolism pathway genes 

have been reported in the human small bowel by metagenomic analysis (Gill et al., 2006).  

Anaerobic bacteria are known to exist in the small intestinal digesta and are attached to the 

gut mucosal mucus surface (Gaskins, 2001).  However, little information is avialble 

regarding the postnatal changes in the magnitude of microbial catabolism of AA in the 

small intestine and factors associated with these changes in the pig. 

Ammonia, as a major nitrogenous end product of AA catabolism in the gut, is 

effectively processed in three different ways without building up to a toxic level in the gut, 

as summarized in Fig. 1.2.  First, ammonia may be excreted directly into gut lumen across 

the small and the large intestinal apical membrane.  Excessive ammonia is also known to 

be transported into portal blood circulation by crossing the intestinal basolateral membrane 

(Fan, 2003).  Second, a significant amount of ammonia is converted into urea in the 

enterocyte of post-weaned pigs, but the urea synthetic activity is not measurable in 

newborn or suckling pigs (Wu, 1995; Davis and Wu, 1998).  Furthermore, the mechanism 

and transporter systems for transporting ammonia and urea across the enterocyte 

membranes remain to be characterised.  Third, intracellular ammonia is converted into the 

neutral AA Ala and Gln through transamination and the cytosolic glutamine synthetase as 

shown in Fig. 1.2 (Labow et al., 2001).  Under a normal physiological condition, the gut 

provides net Gln supply to other visceral organs and peripheral tissues (Newsholme and 

Leech, 1991; Souba, 1991).  Therefore, ammonia produced from AA catabolism in the gut 
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during the postnatal growth can be effectively processed by these three mechanisms in the 

pig. 

The small intestine plays an important role in biosynthesis of conditional essential 

and semi-essential AA.  Arg synthesis in the small intestine contributes significantly to the 

maintaining of whole body Arg homeostasis and protein retention in suckling pigs (Wu and 

Knabe, 1995).  Porcine milk contains a high level of Gln but a low level of Arg (Sarwar et 

al., 1998).  Intestinal mucosa plays an important role in conversion of Gln and Glu to the 

conditional essential AA Arg (Wu et al., 1994; Reeds et al., 2000).  The intestinal 

enterocytes in suckling piglets actively convert Glu to Arg, and the conversion rate declines 

with age during the suckling period (Wu and Knabe, 1995).  In post-weaned and grower 

pigs, Arg is synthesised primarily from citrulline in the kidney and the intestinal enterocyte 

is an important source of citrulline synthesized from Gln and Glu (Wu et al., 1994b; Reeds 

et al., 2000).  On the other hand, intestinal mucosa converts Gln and Glu to the conditional 

essential AA proline (Pro) (Wu et al., 1994a; Reeds et al., 2000).  Murphy et al. (1996) 

showed that only enteral but not arterial Glu was converted to proline in the piglet.  Wu et 

al. (1996) showed that arginine was also a precursor for the synthesis of Pro in developing 

pigs.  Essential AA Met can spare the semi-eseesntial AA cycteine (Cys) and a significant 

level of transsulfuration of Met into homocysteine and Cys occurs in the gut (Riedijk et al., 

2007; Burrin and Stoll, 2007).  Dietary or enteral rather than the arterial source of Met is 

effectively utilizaed for the transsulfuration in the gut (Shoveller et al., 2004, 2005).  The 

majority of the reported AA biosynthesis studies have been conducted with neonatal pigs, 

and little is known about the postnatal changes in the capacity and enzyme activities of 

these AA biosynthesis pathway steps along the crypt-villus axis in the pig.  Future research 
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should investigate postnatal changes in the AA biosynthetic activities along the gut 

mucosal crypt-villus axis of pigs with both in vivo and/or in vitro approaches. 

The polyamines, including putrescine, spermidine and spermine, are polycationic and 

well recognized celluar components in cell proliferation and differentiation for stabilizing 

intact cells, subcellular organelles, membranes, DNA and RNA (Rodwell, 2003; Wang, 

2007).  Dietary sources and luminal origins of polyamines originated from gut symbiotic 

microbial syntheses are beneficial to gut growth and functions (Noack et al., 1998; Löser et 

al., 1999; Wild et al., 2007).  De novo synthsis of polyamines is essential to gut mucosal 

growth and functions and the rate-limting step enzyme ornithine decarboxylase (ODC) 

activity of the polyamine synthesis is a recognized biomarker of gut mucosal proliferation 

(Burrin et al., 2000).  As shown in Fig. 1.3, Arg, Glu, Gln, Pro and ornithine are known to 

be the substrates for polyamine synthesis in the intestinal mucosa (Fan, 2003). 

Limited information is available regarding the postnatal changes in polyamine 

synthesis in the pig.  Weaning-enhanced polyamine synthesis in the gut epithelia is due to 

cortisol surge and is asociated with hyperplasia of the intestinal crypt in the weaning pig 

(Wu et al., 2000).  Postnatal expression of intestinal ODC expression in rodent was shown 

to be controlled at the post-transcriptional level and did not parallel with gut growth (Lin et 

al., 2002).  Thus, it is conceivable that utilization of AA for polyamine synthesis in the gut 

lumen and mucosa is essential to the maintaining of gut growth and function and a 

significant variable of the whole body N utilization especially under challagened 

conditions. 

GSH of luminal or mucosal origin is one of the several major non-immune defence 

mechanisms in defending the gastrointesitnal mucosa against oxidative stress (Fan, 2003).  
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Enteral sources of precursor AA Glu, Cys and Glycine (Gly) are preferentially utilized for 

biosynthesis and homeostasis of mucosal GSH (Jahoor et al., 1995; Reeds et al., 2000b).  

The effective conversion of Met and Gln into Cys and Glu in the gut and other organs also 

makes Met and Gln good alternative substrates for GSH biosynthesis (Humbert et al., 

2007; Courtnet-Martin et al., 2008; Wang et al., 2008).  Little information is available 

regarding the postnatal changes in the gut GSH biosynthesis rate.  It is conceivable that 

increased utilization of AA for the gut GSH biosynthesis would be essential in maintaining 

a normal redox status and gut health during the postnatal growth. 

GSH is synthesized from Glu, Cys, and Gly in animals and intracellular GSH levels 

are regulated by a series of mechanisms that include substrate availability and transport, 

rate of synthesis and degradation, GSH utilization, and GSH efflux to the extracellular 

compartment (Wu et al., 2004) (Fig. 1.4). Glutamate is transported into the cell for GSH 

synthesis mainly via EAAC1, which can be negatively modulated by glutamate transport 

associated protein 3-18 (GTRAP3-18) (Lin et al., 2001). Glycine transporter 1 (GLYT1) is 

believed to provide Gly for intracellular GSH synthesis (Christie et al., 2001). Due to very 

low intracellular Cys concentration, compared with relatively high intracellular 

concentrations of Glu, Gly, and GSH, intracellular Cys availability for GSH synthesis is 

believed to be the rate-limiting factor (McBean, 2002). There are two mechanisms that 

exist to provide cysteine for intracellular GSH synthesis. One is uptake of cystine (CssC), 

which can be transported by a sodium independent CssC/Glu exchanger (xCT) and then 

converted to Cys (Sido et al., 2008). The other involves direct uptake of CssC, which can 

be mediated by EAAC1 with comparable activity for Glu (Zerangue and Kavanaugh, 

1996). The linkage of Glu to Cys via the gamma carbon makes GSH refractory to standard 
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proteases and only an ectoenzyme, γ-glutamyltransferase is known to breakdown GSH 

(Maher et al., 2008). So GHS has to be degraded (Glu, Cys, and Gly) to re-enter the cell. 

This is critical, as Cys is often a limiting AA in de novo GSH biosynthesis. As noted above, 

these make GSH synthesis and recycling tightly regulated by related AA transporters 

(Himi, et al., 2003; Aoyama et al., 2006; Watabe et al., 2007 and 2008; Sido et al., 2008). 

EAAC1 not only provides Glu and Cys for intracellular GSH synthesis, but also provides 

driving force (Glu gradient) for CssC uptake via xCT (Aoyama et al., 2006). Recent 

research has showed that GTRAP3-18 negatively and dominantly regulates cellular GSH 

content via interaction with EAAC1 at the plasma membrane (Watabe et al., 2007 and 

2008). EAAC1 and xCT is becoming a novel target to enhancing cellular GSH levels 

(Maher et al., 2008). 

Biosynthesis of essential AA through microbial growth in the lumen of the small 

intestine has been recognized (Torrallardona et al., 2003a,b; Fuller and Reeds, 1998).  How 

dietary and luminal factors affect microbial synthesis of essential AA is not clear.  

Furthermore, postnatal changes in the relative contribution of microbial synthesis of 

essential AA to the host nutrition in the pig have not been established. 

The primary fate of AA is to serve as precursors for protein synthesis.  Fractional 

protein synthesis rates (FSR) is high in the gut and other viscera and declines rapidly in the 

case of muscles during the postnatal growth (Reeds et al., 1993; Fan et al., 2006).  For 

example, FSR were ranged from 60-100% in the small intestine, whereas these were in the 

range of 10-18% in the skeletal muscle in the early-weaned piglet measured by the flooding 

dose technique (Bregendahl et al., 2004; 2008).  Proteins synthesized in the gut are 

eventually lost into the lumen as the major source of the gastrointestinal endogenous 
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proteins including secretary proteins and slouging cells.  However, there is limited 

quantitative information regarding the postnatal changes in FSR of the gut and other 

viscera in the pig. 

While the salvage pathway is available for recycling of nucleosides in cellular RNA 

and DNA biosyntheses, a significant fraction of intestinal cellular RNA and DNA is 

synthesized by using nucleosides obtained from the de novo nucleoside synthesis pathway 

(Perez and Reeds, 1998; Neese et al., 2002; Fan et al., 2006).  Gln, Gly and Asp are the 

major AA utilized in the de novo nucleoside synthesis (Salway and Granner, 1999).  As 

summarized for newborn and formula-fed piglets in comparison with adult rodents, 

intestinal epithelial cell life span, an indicator of cellular DNA turnover rate, is relatively 

long in suckling and becomes shorter during the postnatal growth (Fan et al., 2006).  

However, there is a scarcity of information on the systemic investigation of postnatal 

changes in FSR of intestinal epithelial RNA and DNA in the pig and how these are further 

affected by dietary components. 

Intestinal biosynthetic activities, including the syntheses of symbiotic microbial AA 

and protein as well as semi-essential and conditional essential AA, GSH, polyamines, RNA 

and DNA in the mucosal cells, contribute to not only the whole body growth and functions 

but also the major gastrointestinal endogenous N loss.  As summarized in Table 1.1 for pigs 

switching from suckling to weaning and post-weaning growth on a corn-soybean meal 

based diet (Fan et al., 2006), the endogenous N loss increased by 4 fold from 2.5 in the 

suckling to 12.8% of the total dietary N intake in the finishing phase.  When dietary 

insoluble fiber, as measured by neutral-detergent fiber, was increased to a high level (17-

24%) such as provided by dietary inclusion of high levels of barley grains, the 
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gastrointestinal endogenous N loss could go up to 25-35% of the total dietary N intake in 

the grower and finisher pig due to the abrasiveness of the cell wall components (Fan et al., 

2002; Fan et al., 2006).  Therefore, intestinal biosyntheses of various nitrogenous 

compounds constitute the major gastrointestinal endogenous N loss and can further limit 

ingested dietary energy and AA availability to the peripheral tissue growth. 

As summarized in Table 1.1, for pigs switching from suckling to weaning and post-

weaning growth on a corn-soybean meal based diet, total metabolic urinary loss of N 

increased by 5 fold from 7 during the suckling to 41% of the total dietary N intake in the 

finishing phase (Fan et al., 2006).  The majority of total metabolic urinary N loss was 

resulted from AA catabolism.  As all of the efficiency of N utilization data were obtained 

from mass balance studies, one can not differentiate the net contribution of the urinary N 

loss resulted from the first-pass AA catabolism in the gut by mucosal cells and symbiotic 

microbes from the other viscera and peripheral tissues such as skeletal muscle. 

 

1.1.5.  Strategies to Improve Efficiency of Whole-body Nitrogen Utilization and Protein 

Growth during the Postnatal Development in Pigs 

 

There are three major approaches for improving efficiency of whole-body N utilization and 

protein growth in the pig, including management, nutritional and biotechnological 

strategies. 

A top management concern is health status and immune activation in the pig.  Poor 

health status, as results of undesirable sanitary conditions and the presence of pathogenic 

bacteria and/or viria, is usually associated with pro-inflammation and/or infections.  Poor 
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health status not only reduces performance of pigs for growth by reducing feed intake but 

also decreases skeletal muscle protein synthetic efficiency and increases the visceral 

protein synthesis via the pro-inflammatory cytokine signalling (Williams et al., 1997; 

Orellana et al., 2002; Fan et al., 2006).  Furthermore, myostatin, a member of the 

transforming growth factor (TGF)-beta family, is a key negative regulator of skeletal 

muscle hyperplasic and hypertrophic growth (Gonzalez-Cadavid and Bhasin, 2004).  It has 

been established that both bacterial and viral infections decreased protein deposition by 

increasing skeletal muscle pro-inflammatory cytokine and myostatin expressions in the pig 

(Escobar et al., 2004).  Thus, effective strategies that improve sanitary conditions and 

health status can help maintain a normal level of whole-body N utilization efficiency and 

muscle protein growth and/or productivity in the pig production. 

Inappropriate human and animal interactions during routine management and 

procedures can cause stress to pigs, resulting in concomitant cortisol surge (Hemsworth and 

Barnett, 2000; Bregendahl et al., 2008).  Cortisol surge is reported to decrease skeletal 

muscle protein synthesis by affecting related translational initiation factors (Liu et al., 

2004; Fan et al., 2006; Bregendahl et al., 2008).  Therefore, effective strategies that can 

improve animal welfare and reduce stress during routine herd management can also help 

maintain a normal level of whole-body N utilization efficiency and muscle protein growth 

in the pig production. 

Dietary and nutritional strategies can be effectively developed to improve efficiency 

of whole body N utilization in the pig.  Ferket et al. (2002) reviewed several basic 

nutritional strategies that have proven to be effective for minimizing manure N losses and 

improving the efficiency of whole body N utilization.  Indigestible fecal N loss is an 
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important component of the whole body N inefficiency and this component accounts for 

about 14% in weaning pigs and 9% in growing-finishing pigs fed corn and soybean meal-

based diets (Table 1.1).  For feed ingredients that contain anti-nutritive factors such as 

canola meal, rapeseed meal, cottonseed meal and sorghum, the indigestible fecal N loss 

may be higher than 30% of the total N intake (Fan et al., 1996).  Of all of the steps 

involved in the digestive utilization of N compounds in practical diets by pigs, the intrinsic 

endogenous enzymatic hydrolysis and the apical membrane nutrient transport steps are not 

likely to be the rate-limiting steps (Weiss et al., 1998; Fan et al., 2006).  Thus, exogenous 

enzyme supplementation and various techniques for processing the texture of dietary 

ingredients have proven to be effective for improving digestive utilization of dietary CP, 

and/or AA for pigs (Li et al., 1996; Lacki and Duvnjak, 1999).  Thus, continued efforts 

should be made to process the ingredient texture and supply genomic engineered novel 

exogenous enzyme additives for improving digestive utilization of low-quality feed 

ingredients. 

The fecal metabolic gastrointestinal endogenous N loss is a significant component of 

whole-body metabolic N excretion contributed by the high visceral protein synthetic 

activities.  The fecal endogenous N loss can be dramatically augmented by high dietary 

levels of insoluble fiber components being abrasiveness to gut mucosa, anti-nutritive 

factors and infections (Williams et al., 1997; Fan et al., 2006).  Several nutritional 

strategies have been developed to improve whole body performance by improving gut 

health and minimizing the fecal metabolic endogenous N excretion such as dietary 

supplementation of antibiotics (Cromwell, 2001), organic acids (Cherrington et al., 1991), 

immunoglobulins (Jiang et al., 2000), prebiotics (Tang et al., 2005; Li et al., 2006), 
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probiotics (Vanbelle et al., 1990), herbs (Kong et al., 2007) and bioactive peptides 

(Katayama et al., 2007).  Genomic engineering of potent microbial lignocellulases as novel 

dietary enzyme supplements will have the potential for reducing the abrasiveness of feed 

ingredients with high levels of cell wall components. 

The largest single N excretion in pigs is the urinary N excreted largely in the form of 

urea from in vivo AA catabolism (Table 1.1).  Typical swine diets, formulated using protein 

supplements such as fish meal, soybean meal, and canola meal, to meet the recommended 

levels of essential AA, contain 20 to 26% CP for weaning pigs, 16 to 18% CP for growing 

pigs, and 13 to 16% CP for finishing pigs (NRC, 1998).  These diets contain excessive 

amounts of AA other than the first-limited AA (e.g., lysine).  Because there are no storage 

mechanisms for AA supplied in excess of what are needed for protein synthesis, excessive 

AA are deaminated in the visceral organs and skeletal muscle and the amino acid-N is 

excreted as urea in the urine (Voet and Voet, 1995).  The classical studies by Windmueller 

and Spaeth (1975; 1976) and, more recently, the study by Stoll et al. (1998) have 

demonstrated an extensive first-pass catabolism of both essential and nonessential AA by 

the visceral organs, in turn, contributing to urinary urea.  Kerr and Easter (1995) calculated 

that for each percentage unit of decrease in the dietary CP content, the amount of N 

excreted could be reduced by 8% in pigs fed corn and soybean meal-based diets fortified 

with crystalline essential AA.  A considerable improvement in N efficiency and reduction 

in manure N excretion were also observed by Deng et al. (2007).  By calculations, lowing 

dietary CP for swine diets by 3 percentage units via using crystalline limiting essential AA 

on the basis of true ileal digestible AA supply according to an ideal protein concept can 

reduce the total manure N excretion for up to about 28% in swine. 
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Biotechnological approaches will offer the ultimate solutions for improving the 

whole body efficiency of N utilization, protein growth and solving the sustainability issues 

by altering metabolic pathways of the pig.  This can be achieved at different levels as 

reviewed in the following sections. 

The digestive efficiency of dietary N utilization can be further improved by 

biotechnologies through several ways.  The digestive efficiency of dietary N in 

nonruminants is very much limited by the presence of anti-nutritive factors such as non-

starch polysaccharides (NSP), phytate, tannins, antigenic proteins, trypsin and 

chymotrypsin inhibitors (Fan et al., 2006).  While the effects for some of these anti-

nutritive factors can be reduced or eliminated by the traditional mechanical and physical 

feed processing techniques such as extraction for the removal of tannins and appropriate 

heat treatment for the protease inhibitors and antigenic proteins, the expression of various 

exogenous enzymes may be essential for the hydrolysis of some of the NSP and phytate 

(e.g., Fan et al., 2006).  Enzyme engineering by expression of various exogenous enzymes 

in non-pathogenic E-coli and in Pichia pastoris using recombinant DNA is widely 

practiced to produce active enzyme supplements for nonruminants and these include 

phytase, xylanase, β-glucanase, galactanase and mannanase (Rodriguez et al., 2000; 

Cowieson et al., 2006).  For weaning pigs, both starch and protein digestive enzymes are 

expressed at low levels due to ontogenic programming (Fan et al., 2003).  Thus engineering 

these endogenous enzymes as exogenous enzyme supplements may be useful.  An 

alternative long-term biotechnology approach is to express these novel enzymes in the 

salivary glands and use salivary secretion as a delivery vehicle by developing transgenic 

pigs (Golovan et al., 2001; Yin et al., 2006; Yan et al., 2007). 
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A relatively low skeletal muscle protein synthetic activity in coupling with an active 

protein degradation rate is the major metabolic reason of a poor N and energy efficiency 

associated with the pig production (Fan et al., 2008).  Muscle metabolic modifiers such as 

porcine somatotropin, i.e., porcine growth hormone, and synthetic beta-adrenergic agonists 

such as ractopamine have been developed to modify pig growth metabolic pathways for 

improving production efficiency during the past three decades (Bergen and Merkel, 1991; 

Bell et al., 1998). 

Porcine somatotropin has now been approved for use in pig production in some 

countries.  Administration of exogenous recombinant porcine growth hormone (100 – 150 

µg/kg body weight.day) for 2-3 months to growing pigs has been shown to improve lean 

yield and efficiency of pig production (Etherton, 2004; Krick et al., 1993).  This 

improvement was partly due to reductions in adipose tissue deposition and increased feed 

intake (Wang et al., 1999; Etherton, 2004).  Furthermore, exogenous growth hormone 

increased the efficiency of CP and AA retention; however, this was associated with 

increased maintenance requirements for both CP and AA (Krick et al., 1993).  The positive 

effect of the administration of exogenous recombinant porcine growth hormone on lean 

yield and N efficiency was largely due to improved skeletal muscle protein synthesis rate 

up-regulated by somatotropic-insulin-IGF axis by affecting the protein synthetic pathway 

effectors (Wester et al., 1998; Lewis et al., 2000; Bush et al., 2003; Davis et al., 2004; 

Yang et al., 2008).  In addition, somatotropic administration selectively reduced 

enterohepatic urea synthesis pathway enzyme activities (Bush et al., 2002).  Reports on the 

effects of the administration of the exogenous growth hormone on muscle protein 

degradation were not consistent (Vann et al., 2000; Davis et al., 2004).  On the other hand, 



 
 

24 

the increased maintenance requirements for both CP and AA due to growth hormone 

administration, as reported by Krick et al. (1993), might have been due to an increased 

gastrointestinal endogenous N loss associated with enhanced visceral organ protein 

synthetic activities (Wester et al., 1998; Bush et al., 2003; Davis et al., 2004).  The 

hypertrophic effect of the exogenous growth hormone on the viscera was shown to be 

associated with an increased ribosome numbers and protein synthetic capacity in the liver 

(Bush et al., 2003).  Therefore, it can be expected that the implanting of exogenous growth 

hormone is an effective biotechnological strategy for improving N efficiency and the 

sustainability issues facing the pig industry.  Future studies should be conducted to 

examine quantitative effects of exogenous growth hormone on N efficiency and pollution 

issues in swine nutrition and production. 

The synthetic beta-adrenergic agonist ractopamine hydrochloride, i.e., commercial 

name Paylean, has been approved as an effective metabolic modifier in the late finishing-

phase pig feeding (20 ppm) for improving feed efficiency and lean yield in some countries.  

Paylean improves feed efficiency largely by reducing adipose deposition through 

decreasing lipogenesis and increasing lipolysis in the late finishing phase in the pig (Peterla 

and Scanes, 1990; Mills et al., 2003).  In addition, Paylean reduces fat deposition likely by 

increasing heat increment through regulating mitochondrial uncoupling proteins in both 

adipose and muscle tissues (Ramsay and Richards, 2007).  It has been well documented 

that Paylean improves lean deposition in the late finishing-phase pig feeding (Yen et al., 

1990; Bark et al., 1992).  More importantly, the Paylean-stimulated lean deposition is 

achieved by selectively enhancing skeletal muscle protein synthesis rate (Bergen et al., 

1989; Anderson et al., 1990; Helferich et al., 1990; Adeola et al., 1992; Depreux et al., 
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2002).  The study by Yen et al. (1990) showed reductions in fresh weights of some visceral 

organs, suggesting that the fecal endogenous nitorgen loss may be reduced in response to 

the Paylean feeding.  However, we are not aware of any published studies on how Paylean 

feeding affects visceral organ protein synthesis and the endogenous N loss in the pig.  Little 

information is available regarding the effect of the Paylean feeding on skeletal muscle 

protein degradation.  Studies by Bergen et al. (1989) estimated the fractional protein 

degradation rates being 3.4 and 4.9%/d, respectively, for the control and the 20-ppm 

Paylean-fed group by the indirect measurements, and variability associated with these 

estimates were not provided.  Giving the fact that Paylean feeding improves lean 

deposition, it is logical to believe that this would translate into improved whole body N 

efficiency.  Thus, future studies should be conducted to examine the effect of Paylean 

feeding on N efficiency in the late finishing pig. 

Animal biotechnologies such as down-regulation of the negative muscle growth 

regulators by transgenic approach demonstrated in laboratory animal species will 

potentially further improve lean deposition and the whole body N efficiency in the pig 

production.  It is known that myostatin is the key negative regulator of skeletal muscle 

growth (Gonzalez-Cadavid and Bhasin, 2004), down-regulation of this gene by transgenic 

techniques will enhance muscle growth.  Yang et al. (2001) in studies with mice has 

demonstrated that the over expression of myostatin pro domain through transgenesis can 

dramatically increase muscle mass.  Tuberous sclerosis complex (TSC), including TSC1 

and TSC2, tumor suppressor genes and their protein products are known to inhibit its 

downstream regulator, mammalian target of rapamycin (mTOR), a positive kinase and 

regulator of protein synthesis (Wan et al., 2006).  Transgenic mice expressing human TSC1 
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developed muscle atrophy (Wan et al., 2006).  Therefore, down-regulation of the TSC1 and 

TSC2 genes may be an alternative transgenic approach for improving muscle growth.  

Intracellular kinase S6K1, a key substrate for mTOR, is a key component of the signalling 

pathway for nutrition and insulin/IGF mediated cellular growth and mice with a depletion 

of this S6K1 gene has demonstrated suppressed muscle growth (Aguilar et al., 2007).  

Therefore, with increased understanding of molecular mechanisms in regulating muscle 

growth, effective transgenic approaches may be developed for enhancing muscle growth.  

Meanwhile, future studies need to be concomitantly conducted to examine if the transgenic 

animals with increased muscle mass also have improved N efficiency. 

While AA catabolism is a normal physiological process to safeguard needed 

functions, excessive catabolism of AA is ultimately responsible for N inefficiency.  Recent 

studies by Cleveland et al. (2007) in working with murine hepatic cell line have 

demonstrated that Lys catabolism through the saccharopine pathway can be effectively 

down-regulated by RNA interference, therefore reducing catabolic loss and Lys 

requirement in the cell.  This study suggests that bio-engineering of AA catabolic pathways 

may be an effective approach to improve N efficiency in pig production. 

 

1.2.  LITERATURE REVIEW 

 

1.2.1. Growth and Development of the Small Intestine 

 

The growth and ontogenetic development of the mammalian small intestine is a 

topologically and temporally highly organized process, which formats specialized intestinal 
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epithelia that fulfill various important physiological roles, including digestive and 

absorptive functions, maintenance of a physical barrier, certain endocrine and 

immunological roles, and secretion of water and electrolytes (Pachá, 2000).  The early 

ontogenetic development can be divided into five phases: 1) morphogenesis, 2) 

cytodifferentiation and fetal development including preparation of the epithelium for 

processing colostrum and milk, 3) birth and colostrum suckling period, i.e., the shift from 

an intra- to an extrauterine environment, 4) suckling period, and 5) weaning transition of 

the offspring from mother’s milk to a solid diet (Henning, 1981; Menard and Calvert, 1991; 

Pachá, 2000).  The first two phases occur during gestation and prepare the intestine for the 

postnatal life at which time the intestine assumes complete responsibility for nutritional 

intake and the other three phases belong to postnatal development for adaptation to 

nutritional resources.  In order to better understand the physiology of the small intestinal 

growth and development, the growth and development of the small intestine can be further 

divided into two aspects: 1) gut mucosa growth along the crypt-villus axis; and 2) ontogeny 

of the small intestinal mucosa. 

 

1.2.1.1. Gut Mucosa Growth along the Crypt – Villus Axis 

The gut is a multi-cell organ in different regions.  Gut wall is comprised of three major 

layers: serosa, smooth muscle, and mucosa including submucosa (Lackeram, 2004).  

Mucosa is the largest tissue component of the gut wall (Yen, 2001).  The crypt-villus axis 

represents the functional unit in the gut mucosa (van Dongen et al., 1976).  It can be 

defined by typical morphological and functional properties displayed by the mature villus 

cells bearing differentiated mature cells that differ from crypt cells (Cheng and Leblond, 
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1974; Beaulieu, 1994; Henning et al., 1994).  There are four major cell types in the gut 

mucosa including enterocytes, globlet cells, intraepithelial lymphocytes, and 

enteroendocrine cells (Traber et al., 1991).  Enterocytes are the absorptive cells constituting 

up to 90% of epithelial cells in the crypt and more than 95% of villus cells (Cheng and 

Leblond, 1974; Henning et al., 1994).  Thus, gut mucosal growth is mainly the proliferation 

and maturation of enterocytes (Traber et al., 1991; Henning et al., 1994; Fan et al., 2001).  

However, it should also be pointed out that the other gut mucosal cells also play important 

roles.  Goblet cells secret protective mucus, essential for protecting the gut epithelial 

integrity (Forstner, 1978).  The intraepithelial lymphocytes play a major role in modulating 

whole body metabolism through exporting lymphocytes and secreting cytokines (Benoi and 

Zawieja, 1994; Shanahan, 1997).  Enteroendcrine cells secret various growth factors and 

hormones, mediating local and systemic metabolism via autocrine, paracrine and endocrine 

mechanism (Xu and Zhang, 2003).  The villi are mainly lined by enterocytes, goblet and 

enteroendocrine cells, while the crypts contain stem cells, proliferative and undifferentiated 

enterocytes, and a subset of differentiated secretory cells, namely Paneth, goblet and 

enteroendocrine cells (Cheng and Leblond, 1974; van Dongen et al., 1976).  Organ and 

tissue cell growth has two aspects, i.e., an increase in cell number - hyperplasia and an 

increase in cell size - hypertrophy (Widdowson, 1980; Johnson and McCormack, 1994; 

Yang et al., 2008).  During gut growth, enterocytes arise from stem cells in the crypts, and 

then migrate from the bottom of crypts to the tip of the villi where they are later sloughed 

off into the intestinal lumen.  The life span of these cells depends mainly on species, 

intestinal region, and life stages of animals (Beaulieu, 1994).  During this migration, 

enterocytes undergo structural and functional maturation changes, such as elongation of 
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microvilli, enhanced enzymatic activities, increased absorptive capacities (Smith, 1988).  

The compartmentalization of distinct cell populations according to their functional state is 

well documented, which can be characterized by Ca2+-chelating based procedures (Traber 

et al., 1991; Fan et al., 2001) and using laser capture microdissection techniques (Simone 

et al., 1998; Curran et al., 2000) and exemplified by the analysis of the localization of 

various cellular markers along the crypt-villus axis (Traber et al., 1991; Fan et al., 2001).  

It is noteworthy that in all animal species studied, the crypt-villus junction represents a 

physical and functional boundary from which enterocytes express their different functional 

characteristics (Traber et al., 1991; Beaulieu, 1994; Fan et al., 2001).  Thus, the central 

contents of studying the small intestinal mucosal growth are the enterocyte proliferation, 

differentiation and functional expression along the crypt-villus axis. 

 

1.2.1.2. Ontogeny of the Small Intestinal Mucosa 

The small intestine consists of duodenum, jejunum, and ileum.  In newborn and suckling 

piglets, the small intestine is about 2 to 6 m in length.  In fully developed pigs, the small 

intestine is 16 to 21 m long, of which 4 to 5% is duodenum, 88-91% is jejunum, and 4 to 

5% is ileum (Fan, 2003).  There are four distinct phases that are very critical for the 

ontogeny of the small intestinal mucosa, namely gestation, particularly late gestation, 

around birth and colotrum suckling, suckling period and weaning transition, because 

animals experience dramatic changes, numerous challenges and severe physiological stress 

during these phases. 

During late gestation, the morphogenesis and cytodifferentiation prepare the 

intestinal epithelium for digestion and absorption of colostrum and milk components 
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(Pachá, 2000).  In pigs, during the last 3-4 weeks of gestation, the increase in weight of the 

small intestine relative to body weight (g kg-1 body weight) increased 70-80% (Sangild et 

al., 2002).  Thus, the dramatic growth and development during the late gestation prepare 

the new born gut for the new environment. 

After birth and colostrum suckling, the immediate increase in the gut is extremely 

rapid, which results in an intestine that has a 50% higher relative weight at 24 h than at 

birth (Sangild et al., 2002).  Similar results have been reported that the growth and 

morphological changes of the small intestine of piglets occurs during the first 3 d after birth 

(Xu et al., 1992).  It was reported that the small intestine in piglets increased up to 70% in 

total tissue weight, 115% in mucosal tissue weight, 24% in length, 15% in diameter, 24% 

in crypt depth and 33% in villus height (Xu et al., 1992).  Xu et al. (1992) also 

demonstrated that the cellular population in the small intestinal mucosa, as indicated by 

DNA content, increased progressively with age, with a 120% increase during the first 3 d.  

These results were supported by later studies (Zhang et al., 1997; Buddington et al., 2000).  

The increase in cell population is primarily due to the stimulation of the crypt cell 

proliferation, and to a lesser extent, of enterocyte maturation by suckling (Zhang et al., 

1997).  The rapid intestinal growth, morphological maturation, and formation of enterocyte 

ultrastructure during the first few days after birth are largely attributed to the dramatic shift 

from parenteral to enteral nutrition and the changes from systemic to local luminal stimuli 

or luminal factors around birth (Burrin et al., 1994). 

During weaning transition, piglets under commercial conditions are subjected to 

nutritional, environmental and psychological stresses.  Associated with this, the region of 

the small intestine in weaned pigs undergoes a marked change in structure and functions.  
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The most obvious changes in the structure of the small intestine following weaning are a 

reduction in villus height and an increase in crypt depth (Pluske et al., 1997; Fan, 2003).  

Following weaning at 21 days after birth, villus height was reduced to 75% of the pre-

weaning value at 1 day after weaning (940–694 μm), and then continued to decline to 

approximately 50% of the pre-weaning value at 5 days after weaning (Hampson, 1986).  

Villus height reduction is suspected to be the result of an increased rate of villus cell 

sloughing loss, which subsequently leads to an increased crypt cell proliferation and 

increased crypt depth (Pluske et al., 1997; Fan, 2003).  Crypt depth increased with age after 

weaning, which has also been observed in several other studies (Kelly et al., 1991; van 

Beers-Schreurs et al., 1998).  In contrast with unweaned piglets, a gradual increase in crypt 

depth occurred with age, while villus height did not change (Hampson, 1986).  Associated 

with the reduction in villus height and the increase in crypt depth, the morphology of the 

villi also changes from long finger-like projections before weaning to leaf- or tongue-like 

structures after weaning (Cera et al., 1988).  The structural changes in the small intestine 

vary along the intestinal tract and are affected by the age of weaning.  The changes in the 

pig weaned at 14 d of age are more conspicuous than those weaned at 21 d of age, and the 

reduction of villus height is more prominent in the proximal region, while the increase in 

crypt depth is more prominent in the distal region of the intestine (Pluske et al., 1997).  It is 

well documented that increased crypt depth is an indicator of increased cell proliferation in 

the crypts, which is confirmed by a good correlation between the crypt depth and the 

mitotic counts, and decreased villus height is associated with cell loss (Hedemann et al., 

2003).  The presence of food in the small intestine is necessary for structural and functional 

maintenance of the intestinal mucosa, and food deprivation, i.e., postweaning anorexia, 
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results in villus atrophy and a decrease in crypt cell proliferation rate (Pluske, 2000).  The 

postweaning growth check or decline is most likely connected to the villus atrophy with the 

loss of mature upper villus enterocytes and their replacement with immature crypt 

enterocytes (Hampson and Kidder, 1986; Pluske, 2000; Fan, 2003).  Thus, modulation of 

intestinal growth and function will likely improve growth and whole body efficiency of N 

utilization in the pig. 

 

1.2.2.  Physiological Aspects of Carbohydrate Digestion and End Product Absorption 

 

Carbohydrate digestion and end product absorption in the gastrointestinal tract is 

fundamental for energy supply in humans and animals.  Dietary carbohydrates can be 

divided into the unavailable and available fractions (Wright et al., 1994).  Unavailable 

carbohydrates are not digested and absorpted as glucose in the small intestine, such as 

fiber, indigestible oligosaccharides, and nonabsorbable monosaccharides.  The primary 

available carbohydrates in the diets of human and animals are starch, lactose, and sucrose. 

These polysaccharides and dissaccharides must be digested into readily absorbable 

monosaccharides (glucose, fructose, and galactose) before being absorbed. The process of 

carbohydrate digestion and end product absorption are accomplished through the action of 

specific digestive enzymes and hexose transporters (Goodman, 2010).  Starches can be 

hydrolyzed by both salivary amylases in the mouth and pancreatic α-amylase in the small 

intestine. But the salivary amylases are much less effective than the pancreatic α-amylases 

(Goodman, 2010).  The primary end products of α-amylase hydrolysis are maltose, 

maltotriose, and a limited amount of glucose. These intermediate products of α-amylase 



 
 

33 

digestion are hydrolyzed into their constituent monosaccharides by disaccharidases 

expressed on the apical membrane of small intestinal enterocytes (Goodman, 2010). 

Lactose and sucrose can be repectively digested by apical membrane lactase and sucrase 

into galactose and glucose, and glucose and fructose. Intestinal hexose absorption is 

proposed to occur via both paracellular and transcellular routes as shown in Fig. 1.5.  The 

transcellular route is believed to be the major pathway under normal physiological 

conditions (Cheeseman, 2002).  In the small intestine, glucose and galactose are transported 

across the apical membrane of enterocytes via a Na+-dependent glucose transporter 1 

(SGLT1) (Wright et al., 1994).  A recently indentified Na+-independent facilitated glucose 

transporter 7 (GLUT7) may also transport glucose and galactose across the apical 

membrane of enterocytes (Cheesman, 2008). Fructose is transported across the apical 

membrane through a Na+-independent facilitated glucose transporter 5 (GLUT5) (Thorens 

and Mueckler, 2009). The intracellular hexoses are transported across the basolateral 

membrane via a Na+- independent facilitated glucose transporter 2 (GLUT2) into systemic 

system (Cheesman, 1993).  Futhermore, the high-capacity and low-affinity GLUT2 has 

been shown to play an important role for apical hexose transport under high substrate 

concentrations in rodents (Kellett et al., 2000).  However, the role of GLUT2  the apical 

uptake of glucose under a normal physiological condition needs to be clarified in pigs. 

 

1.2.2.1. SGLT1 

SGLT1, a Na+-dependent glucose transporter, belongs to solute carrier family 5, member 1 

(SLC5A1). It has been cloned and characterized in several mammalian species including 

pigs (Wright et al., 1994; Zhao et al., 2005; Takamoto et al., 2005). SGLT1 recognizes 
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glucose and galactose as substrates with a high affinity (0.78-7.10 mM) and is mainly 

expressed in the apical membrane of small intestine in pigs (Puchal and Buddington, 1992).  

In kinetic studies,  phloridzin, a glycoside of the flavonoid-like polyphenol phloretin, and 

α-methyl-D-glucoside have been believed to be a specific inhibitor  and substrate to 

SGLT1, respectively (Wright, 1993). The size of the mature SGLT1 protein was reported 

to be approximately 75 kDa in the weanling pig (Moran et al., 2010) and in adult animals 

of other species (Hediger et al., 1991; Hirayama et al., 1992). More recent studies suggest 

that the putative SGLT1 protein structure contains 14 transmembrane domains, one N-

linked glycosylation site, and a number of potential protein kinase A (PKA) and protein 

kinase C (PKC) phosphorylation sites (Wright and Turk, 2004), which was confirmed by a 

following study indicating that protein kinase C mediated intracellular signaling pathways 

are involved in the regulation of SGLT1 activity by two complementary opposite 

mechanisms of action (Castaneda-Sceppa et al., 2010).  SGLT1 is believed to be the major 

route for the absorption of dietary glucose across the luminal membrane of pig enterocytes 

(Moran et al., 2010). 

 

1.2.2.2. GLUT2 

GLUT2, a facilitated glucose transporter, belongs to solute carrer family 2, member 2 

(SLC1A2) and has been cloned and characterized in several mammalian species including 

pigs (Fukumoto et al., 1988; Thorens et al., 1988; Cottrell et al., 2006; Zuo et al., 2010). 

The amino acid sequence of porcine GLUT2 is 87% and 79.4% identical to human and 

mouse GLUT2, respectively (Zou et al., 2010).  GLUT2 has a very low affinity (Km ~17 

mM) and high capacity for all three hexoses including glucose and is predominantly 
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expressed in the basolateral membrane of enterocytes (Cheeseman, 2008).  However, 

recently evidence has accumulated to show that GLUT2 may also reach the apical 

membrane in the presence of high luminal hexose concentration to increase hexose 

absorption (Kellett et al., 2008).  So GLUT2 may mediate both uptake and efflux of 

glucose, galactose, and fructose in enterocytes. 

 

1.2.2.3. GLUT5 

GLUT5, a facilitated glucose transporter, belongs to solute carrier family 2, member 5 

(SLC2A5) and has been cloned and characterized in several mammalian species (Thorens, 

1993). GLUT5 exclusively transports fructose with a Km of 6 mM and has a very limited 

capacity for glucose (Thorens, 1993). The principal site of GLUT5 expression is the apical 

membrane of small intestinal epithelial cells, where it provides a primary route for 

absorption of dietary fructose (Thorens and Mueckler, 2009).  GLUT5 has not been cloned 

and characterized in pigs. However, a recent study indicated that GLUT5 mRNA is 

expressed in the pig small intestine (Aschenbach et al., 2009). 

 

1.2.2.4. GLUT7 

GLUT7, a facilitated glucose transporter, belongs to solute carrier family 2, member 7 

(SLC2A7) and has been recently characterized to recognize D-glucose as a substrate with a 

high affinity (Km < 0.500 mM) but with very low activity in the Xenopus oocyte expression 

system (Cheeseman, 2008).  GLUT7 shares a high degree of sequence similarity (53%) to 

GLUT5 and the principal site of GLUT7 expression is the apical membrane of the small 

intestinal epithelial cells (Li et al., 2004).  GLUT7 has not been cloned and characterized in 
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pigs.  However, a recent study indicated that GLUT7 mRNA is expressed in the pig small 

intestine (Aschenbach et al., 2009).  As the most recently characterized GLUT protein, the 

physiological importance of GLUT7 in the apical glucose uptake is unclear and needs to be 

further investigated. 

 

1.2.3. Metabolic Aspects of Intestinal Hexose Transporter 

 

Absorption of carbohydrate digestive end product from the intestinal lumen is critical for 

maintaining glucose and energy supplies in animals. As the major end product in 

carbohydrate digestion, glucose is not a major metabolic fuel for gut enterocytes and other 

portal-drained visceral organs (Fleming et al., 1997; Stoll et al., 1999).  Glucose 

metabolism has received considerable attention in the research community due to the fact 

that impaired glucose metabolism is related to metabolic syndromes such as type-II 

diabetes and cardiovascular disease. Dietary glucose is transported from the intestinal 

lumen into absorptive enterocytes by apical membrane SGLT1 and GLUT, and then 

effluxed into systemic circulation by basolateral membrane GLUT2.  Intestinal glucose 

transporters are the gateway to glucose metabolism in the gut mucosa and body.  Levels of 

gut mucosal glucose transporter expression, including on the apical and the basolateral 

membrane domains, would ultimately affect the levels of glucose reaching blood 

circulation and glucose availability to other visceral organs and peripheral tissues such as 

the skeletal muscle.  Thus, regulation of these transporter proteins is critical for the 

provision of glucose to the body, avoidance of intestinal malabsorption being essential for 

maintenance of glucose homeostasis. Better understanding of the molecular mechanism in 
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regulating intestinal glucose transporter expression will facilitate the development of 

rational strategies to enhance the capacity of the instestine to absorp dietary sugars and 

assist a more scientifically based novel dietary or pharmacological approaches to treat 

diseases related to glucose metabolism. 

 

1.2.3.1. Sensor Roles of Hexose Transporters 

It is well established that as glucose becomes available after digestion in the small intestine, 

the transport of glucose across both the apical and the basolateral membrane is increased 

(Wood and Trayhurn, 2003).  However, this intrigues the questions of how the enterocyte 

knows to increase glucose transport capacity and what are the molecular mechanisms 

behind this regulatory event.  Recent research has shown that glucose transporters not only 

play very important roles on glucose absorption, but also have unusual roles in glucose 

sensing (Leturque et al., 2009; Stolarczyk et al., 2010).  In their review, Leturque et al. 

propose that GLUT2 is a glucose receptor that mediates diverse cellular functions 

(Leturque et al., 2009).  A recent study suggests that the sugar transporter receptor 

(transceptor) GLUT2 is a sugar transporter sustaining energy production in the cell, but it 

can also function as a receptor for sensing extracellular glucose concentration to control 

food intake (Stolarczyk et al., 2010).  These results suggest that apical GLUT2 may 

constitute a poteintial therapeutic target for novel dietary or pharmacological approaches to 

treat eating disorders and associated metabolic diseases. 

As primary glucose transporter, SGLT1 activity is regulated by protein kinase C and 

mTOR mediated intracellular signaling pathways (Castaneda-Sceppa et al., 2010; 

Castaneda-Sceppa and Castaneda, 2010).  Moreover, SGLT1 expression is also regulated 
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by the TIR2+TIR3 taste receptor on the luminal membrane of gut cells via an α-gustducin 

signaling process (Margolskee et al., 2007; Sclafani, 2007).  Glucose transpot by SGLT1 

activates L-type calcium channel (Cav1.3.) and then links dietrary Ca2+ to terminal web 

myosin II RLC20 phosphorylation, cytoskeletal rearrangement and apical GLUT2 insertion 

at a high glucose concentration (Mace et al., 2007). These results suggest that SGLT1 is not 

just a transporter but also a glucose sensor involved in intracellular signaling and in control 

of apical GLUT2 insertion. 

SGLT3, a protein related to SLGT1, has been cloned and characterized and does not 

show significant glucose transport in the intestine and muscle (Díez-Sampedro et al., 2003; 

Aljure and Díez-Sampedro, 2010). SGLT3 has several features including low glucose 

transport affinity, expressed around Neuromuscular junction, its poteintial phosphorylation 

sites (Freeman et al., 2006), and interaction with GLP-1 (Gribble et al., 2003). These 

features suggest SGLT3 may be served as a glucose sensor. A recently characterized 

facilitated glucose transporter GLUT7 with a very low capacity for glucose and fructose 

transport does also raise the possibility that GLUT7 may serve as a glucose sensor. 

However, this speculation needs to be elucidated in further studies.  

Although it is acceptable that intestinal glucose transporters may serve as not only 

glucose transporters but also glucose sensors in cells, the signaling pathways for these 

events still need to be defined in more details, which may provide novel therapeutic targets 

for regulating the intestinal capacity to absorb sugars with implications for the prevention 

and/or treatment of malabsorption syndromes and diet-related metabolic disorders such as 

type-II diabetes and obesity in human. 
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1.2.3.2. Expression of Small Intestinal Hexose Transporters along the Cyrpt-Villus Axis 

Comparatively speaking, we know little about the expression of the intestinal glucose 

transporter genes during cell migration along the crypt-villus axis in neonates.  GLUT2 is 

expressed only in enterocytes present on the tip and the side of the villi but not on the base 

of the villi or in the crypts in the adult rat (Thorens et al., 1990).  There is no information 

about small intestinal GLUT7 expression along the cypt-villus axis. Current understanding 

of SGLT1 expression during enterocyte proliferation and differentiation along the crypt-

villus axis is largely established with adult animals.  Tracer and phlorizin binding kinetics 

demonstrated that SGLT1 was initially synthesized in crypt cells and migrated up the villus 

with much higher activity in the villus cells in adult rodents (Freeman et al., 1987) and 

rabbits (Meddings et al., 1990).  Immunohistochemical staining studies showed that 

SGLT1 protein was restricted to the apical membrane of villus cells and was absent or 

negligible on the apical membrane in crypt cells in adult rats (Takata et al., 1992; Balen et 

al., 2008) and rabbits (Hwang et al., 1991) and in weanling pigs (Moran et al., 2010).  

While the Weiser cell isolation based research for studying intestinal gene expression along 

the crypt-villus axis has been effectively carried out in more recent years (Fan et al., 2004; 

Mariadason et al., 2005), in situ hybridization has been primarily used for examining 

SGLT1 expression along the crypt-villus axis in adult animals in the past in showing that 

SGLT1 mRNA abundance was undetectable or very low in the crypt but high in villus cells 

(Hwang et al., 1991; Smith et al., 1992).  On the other hand, plasticity of patterns of 

SGLT1 expression along the crypt-villus axis, as affected by diets and physiological 

condition, is also evident from previous studies (Burant et al., 1994; Dudeja et al., 1990; 

Ferraris and diamond, 1992; Moran et al., 2010).  Thus, transcription of SGLT1 gene and 
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expression of SGLT1 protein and activity on the apical membrane are enterocyte 

differentiation dependent along the crypt-villus axis in adult animals.  However, there is a 

scarcity of reports on intestinal SGLT1 expression along the crypt-villus axis in neonates.  

Puchal and Buddington (Puchal and Buddington, 1992) proposed that neonatal pigs might 

possess high mucosal apical Na+-glucose co-transport activity by expressing the sugar 

transporter along the entire crypt-villus axis.  This speculation was based on a much earlier 

autoradiographic analysis of intestinal Na+-alanine uptake in the neonate (Smith, 1981).  In 

neonatal pigs, gut mucosa possesses both fetal and adult types of enterocytes (Smith and 

Peacock, 1980).  Thus, expression of intestinal SGLT1 in neonatal pigs is likely to be 

regulated through unique mechanisms.  Understanding the pattern of SGLT1 expression 

along the crypt-villus axis and mechanisms associated with its regulation would reveal how 

the neonatal gut is programmed to possess high mucosal apical SGLT1 activity.  

 

1.2.3.3. Expression of Intestinal Hexose Transporters during Postnatal Development 

Expression of intestinal glucose transporters is regulated by a variety of factors, including 

their own substrate, food deprivation or feed restriction, disease, diurnal cycle, local or 

systemic hormone leves, and developmental stages (Ferraris and Diamond, 1989; Pan et al., 

2004; Douard and Ferraris, 2008; Moran et al., 2010). Expression of intestinal glucose 

transporters during postnatal development has been widely investigated at functional 

(Buddington and Diamond et al., 1990; Puchal and Duddington, 1992; Toloza and 

Diamond, 1992, Moreno et al., 1993; Buddington et al., 2000; Khan et al., 2000), and 

mRNA and protein (Freeman et al., 1993; Shirzai-Beechey et al., 1981; Xiao et al., 2005; 

Gilbert et al., 2007) levels in several animal species.  
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Kinetics studies have been shown that transport rates of glucose and galactose are 

typically highest directly after birth, and then decreases gradually afterwards in pigs 

(Puchal and Duddington, 1992), chicken (Moreno et al., 1996), mink (Buddington et al., 

2000), and rat (Khan et al., 2000). Transport rate of fructose is generally modest right after 

birth, and drops gradually in rats and rabbits (Buddington and Diamond et al., 1990; Toloza 

and Diamond, 1992). However, after weanling, fructose transport in the small intestine of 

rats increases dramatically by three to six-fold (Castello et al., 1995; Shu et al., 1997). 

Transport rate of fructose per milligram intestine was the highest at birth and dramatically 

declined after the onset of suckling in the pig (Puchal and Buddington, 1992). Thus, large 

species differences are evident in the postnatal development changes of intestinal sugar 

transporter activity patterns. 

With the cloning and characterization of the molecular identities of intestinal glucose 

transporters, the mRNA and protein expression of intestinal glucose transporters during 

postnatal development have been widely investigated in several animal species.  In lambs, 

mRNA expression of the SGLT1 increased to the highest levels within the first 2 weeks 

after birth and then declined to low constant levels that were maintained over 2-3 years 

(Shirzai-Beechey et al., 1981; Freeman et al., 1991). The level of rat SGLT1 mRNA did 

not change significantly through life and GLUT2 mRNA levels were low in the new born 

rat, but increased gradually to reach the adult level on d 25 after birth (Miyamoto et al., 

1992). In piglets,  GLUT2 protein was present at birth and then rapidly increased in the 

proximal part of the small intestine (Cherbuy et al., 1997). GLUT5 is normally expressed at 

low baseline levels through the suckling and weanling but increases dramtically after 

weanling in rats (Douard and Ferraris, 2008). A recent study showed that SGLT1, GLUT2, 
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and GLUT5 mRNA abuandances were linearly increased with age in the small instestine of 

chicken (Gilbert et al., 2007). Previous work showed that the density of mouse intestinal 

Na+-glucose cotransporter declined with age in the small instestine, which accounted for 

the age related decline in glucose transport rate per milligram small intestine (Ferraris et 

al., 1993). Although there was not a difference in SGLT1 mRNA abundance between two 

ages in chicken, the SGLT1 protein was increased with age (Barfull et al., 2002). In pigs, 

the abundance of SGLT1 mRNA increased with age but the abundance of SGLT1 protein 

declined with age in the small intestine (Xiao, 2005).  These changes in glucose transport 

activities are typically paralleled by similar changes in the density of apical membrane 

SGLT1 protein abundances but not in SGLT mRNA abundances (Xiao, 2005).  However, 

as the last cloned SLC gene family of facilitated glucose transporter, there is no 

information about intestinal GLUT7 expression during postnatal development. In summary, 

the SGLT1 protein and transporter activity is high at birth and declines with age, whereas 

GLUT5 abundance and fructose transport activity remain very low till late suckling and are 

rapidly increased after weanling. The postnatal decline in the small intestinal Na+-glucose 

transport rate is due to a reduction in the density of SGLT1 protrein likely regulated at the 

posttranscriptional level. 

 

1.2.4. Physiological Aspects of Protein Digestion and End Product Absorption 

In animals and humans, dietary and endogenous proteins are primarily digested through the 

host animal digestive enzymes before the hydrolytic end products are absorbed as short 

peptides and precusor AA for metabolism, protein synthesis, and the synthesis of other 

functional compounds. 
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1.2.4.1. Digestive Pathways and Hydrolyses by Proteolytic Enzymes 

The entire pathway of protein digestion and end product assimilation by enterocytes has 

been well established and reviewed in detail previously (Alpers, 1994; Fan, 2003; Krehbiel 

and Matthews, 2003).  The entire process of protein assimilation is further illustrated in Fig. 

1.5. Both dietary and the endogenous proteins can be hydrolyzed to oligopeptides by 

gastric proteases, including pepsin and chymosin that are maximal in their activities at pH 

optima of 2 and 3.5 (Kidder and Manners, 1978; Sjaastad et al., 2003).  Hydrochloric acid 

is secreted by the gastric parietal cells, which is required to initiate the conversion of 

zymogen or proenzyme into activated pepsin and chymosin, and also to maintain their 

activity (Cranwell, 1995; Sjaastad et al., 2003). 

Dietary and the endogenous proteins, and oligopeptides entered or secreted into the 

small intestinal lumen are further hydrolyzed by exocrine pancreatic proteolytic enzymes 

(trypsin and chymotrypsin) secreted by acinar cells (Alper, 1994; Fan, 2003; Krehbiel and 

Matthews, 2003).  In the small intestinal mucosa, the enterocytes are responsible for 

terminal nutrient digestion and absorption.  Oligopeptides are further hydrolyzed into free 

AA and di- or tri-peptides by the enterocyte apical membrane bound oligopeptidases such 

as aminopeptidase N (Fan et al., 2002; Fan, 2003). 

Biological membranes, such as mammalian cell membranes, are lipid bilayers and are 

usually impermeable to hydrophilic molecules, because an average radius of 4 Å is often 

cited for cell membrane pores and the size of pore radius is usually smaller than the 

majority of nutrient solutes (Isenman et al., 1995).  Therefore, cell membranes are studded 

with protein nature of transporters as aqueous channels or pores through which polar or 

hydrophilic molecules in small sizes can pass.  Free AA are absorbed across the enterocyte 
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apical membrane through several Na+-dependent and Na+-independent AA transporter 

systems (Mailiard et al., 1995; Krehbiel and Matthews, 2003). 

Di- and tri-peptides are transported across the apical membrane via the H+-dependent 

peptide transporter system (PepT1) (Leilach and Ganapathy, 1996) and further hydrolyzed 

to free AA by enterocytic intracellular peptidases (Alper, 1994; Fan, 2003; Krehbiel and 

Matthews, 2003).  Furthermore, a fraction of absorbed short peptides is then transported 

intact across the intracellular cytoplasm and across the basolateral membrane by H+-

independent activities. However, molecular identity of this putative basolateral peptide 

transporter is not defined yet.  It is believed that the majority of the absorbed short peptides 

are hydrolyzed by intracellular peptidases (Fan, 2003; Krehbiel and Matthews, 2003). 

Amino acids absorbed into enterocytes can be locally utilized by the cell or further 

transported across the basolateral membrane of the cell via a different set of Na+-dependent 

and Na+-independent AA transporter systems (Hopfer, 1987; Krehbiel and Matthews, 

2003).  A small amount of AA can be absorbed directly through the non–saturable 

paracellular route via tight junctions between two adjacent epithelial cells (Fan et al., 

2006). 

The intestinal apical extracellular–intracellular Na+ and H+ gradients that drive Na+-

dependent AA transporter and PepT1 activity are re-established by the combined functions 

of apical Na+/H+ exchanger (NHE) and the basolateral Na+/K+-ATPase, which re-

establishes the extracellular- intracellular Na+ gradient diminished by both NHE and Na+-

coupled free AA transport (Krehbiel and Matthews, 2003).  Free AA absorbed into the 

interstitial fluid in the basolateral space will be quickly sucked into blood capillary vessels 

driving by substrate concentration gradients and merged into the portal vein and the 
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systemic circulation (Ganapathy et al., 1994).  Intact protein such as immunoglobulins and 

antibodies may be also absorbed through the paracellular pathyway via tight junctions 

(Gardner, 1994; Fan, 2003).  This intact protein absorption route is relatively minor but 

very important for neonat animals, because the process provides a novel mechanism of 

acquiring passive immunity and a complementary way of efficiently assimilating milk 

proteins for intestinal and peripheral tissue growth and protein deposition (Gardner, 1994; 

Fan, 2003). 

 

1.2.4.2. Intestinal Peptide Transporters 

Uptake of AA in short peptide–bound form is a biological phenomenon found throughout 

nature and a significant fraction of dietary amino N is absorbed as intact oligopetides rather 

than free AA (Ganapathy et al., 1994).  Two peptide transporters, identified as PepT1 and 

PepT2 corresponding to SLC15A1 and SLC15A2, have been cloned and functionally 

characterized in several mammalian species in the past decade (Krehbiel and Matthews, 

2003).  PepT1 and PepT2 are distinct in their tissue distributions, substrate kinetics, and 

possible functions in different tissues (Daniel and Kottra, 2004).  PepT1, predominantly 

expressed in the apical membrane of intestinal epithelial cells, has been shown to have 

nutritional importance and potential clinical and pharmaceutical applications (Chen et al., 

2002; Daniel, 2004; Aito-Inoue et al., 2007).  PepT2, which is found in the kidney, the 

brain, and several other peripheral tissues, is believed to have unique functions in various 

tissues with important pharmaceutical impplications as a transporter for delivery of certain 

drugs (Rubio-Aliaga et al., 2000).  One of the unique features of peptide transporters is 

their dependence on a H+ gradient as the driving force instead of a Na+ gradient (Fei et al, 
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1994; Rubio-Aliaga et al., 2000; Daniel, 2004).  PepT1 is a H+-dependent transmembrane 

protein capable of transporting a broad array of neutral, acidic and basic di-and tri-peptides 

as well as peptidomimetics (Daniel, 2004).  The PepT1 cDNA from a variety of species has 

been cloned and characterized in cell lines and/or Xenopus oocytes, and the expression of 

PepT1 mRNA is predominantly detected in the small intestine, or omasal and ruminal 

epithelium of sheep, and dairy cows, and less expressed in the liver and kidney of some 

species including pigs (Fei et al., 1994; Liang et al., 1995; Saito et al., 1995; Fei et al., 

2000a; Pan et al., 2001; Chen et al., 2002; Klang et al., 2005).  However, chicken PepT1 

mRNA is significantly smaller than mammalian PepT1 mRNA (1.9 kb versus about 3 kb) 

(Chen et al., 1999).  In pigs, two transcripts of approximately 2.9 and 3.5 kb were detected 

throughout the entire small intestine were presumed to be the result of alternative 

polyadenylation (Klang et al., 2005).  Analysis of pig PepT1 protein sequence predicts that 

it is composed of 708 AA residues and has 13 putative transmembrane domains with the 

large hydrophilic loop located between transmembrane domains 10 and 11, and the amino 

terminus extracellular and the carboxy terminus intracellular (Klang et al., 2005).  The 

PepT1 protein has a number of potential N-glycosylation and protein kinase recognition 

sites, which suggests that the transporter may be regulated by reversible phosphorylation to 

alter its intracellular trafficking and apical membrane transport activity (Brandsch et al., 

1994).  The functional characterization of PepT1 by transiently transfecting Chinese 

hamster ovary cells demonstrated that, like all other PepT1 clones, pig PepT1 can transport 

a wide range of di- and tri-peptides but not tetrapeptides in a substrate saturable manner 

with an optimal pH of 6.0 to 6.5. PepT1 peptide transport activity is driven by an inwardly 

directed H+
 gradient and is independent of Na+

 and K+
 (Klang et al., 2005). 
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1.2.4.3. Intestinal Amino Acid Transporters 

The 20 proteinogenic AA and their derivatives are a heterogenous group of compounds that 

differ in polarity, net charge, and molecular mass.  They not only serve as building blocks 

for protein synthesis, as carriers for N and carbon units in interorgan metabolism and as 

energy substrates, but also act as precursors for biologically active compounds such as 

neurotransmitters, polyamines, and GSH (Wu, 1998).  Intestinal AA transporters are 

responsible for absorption of AA across intestinal epithelial cells from the lumen into portal 

blood circulation and play major roles in whole body N metabolism during both absorptive 

and post-absorptive states (Christensen, 1990). 

Several intestinal AA transport systems with different substrate specificity, driving 

force, affinity and localization for transporting various AA have been identified likely due 

to different physicochemical characteristics of various AA under physiological conditions 

(Malandro and Kilberg, 1996).  Most AA transport systems have letter designations based 

on their preferred types of AA substrates such as anionic, cationic and neutral and the 

presence or absence of the requirement for sodium ion activation and co-transporting, i.e., 

Na+-dependent, Na+-independent and/or exchanger (Christensen, 1985; 1990).  However, 

an AA transporter can show overlap in substrate specificity with a given AA being 

transported by several transport systems.  Knowledge of the intestinal AA transporters has 

been accumulated quickly in the last decade, and new AA transporters are still being 

identified and characterized.  The nomenclature system is somewhat confusing because 

different research groups give different names to the same transport system by using 

different levels of research tools.  A new genomic and molecular nomenclature system for 

the human solute carrier (SLC) family system has been widely adopted (Verrey et al., 
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2004; Seow et al., 2004).  To facilitate an understanding of how various AA transporter 

systems function to support absorption of AA across the intestinal epithelium, the classical 

physiological and biochemical nomenclatures along with genomic and molecular 

nomenclatures are summarized in parallel with their known biological functions in Table 

1.2. 

 

Anionic AA Transporters 

System X-
AG (SLC1A).  System X-

AG is defined as a Na+-dependent high affinity 

transport system that is capable of concentrative L-Glu, and L- and D-Asp transport and is 

present in the apical membranes of several polarized cell types, including intestinal and 

renal absorptive cells, pancreatic and placental epithelia, and hepatocytes (Ganapathy et al., 

1994; Matthews et al., 1998a).  To date, the molecular identities of 5 excitatory AA 

transporters (EAAT), EAAT1 (GluT, GLAST), EAAT2 (GLT-1), EAAT3 (EAAC1), 

EAAT4 and EAAT5, capable of system X−
AG activity have been identified in brain and 

various non-brain tissues (Kanai and Hediger 1992; Fan et al., 2004).  Among them, 

excitatory AA carrier 1 (EAAC1) (SLC1A3) and GLT-1 (SLC1A2) proteins have been 

identified throughout the intestinal epithelium of mammalian species (Howell et al., 2001; 

2003; Fan et al., 2004).  In the small intestine of neonatal piglets, glutamate tracer uptake 

data revealed that system X-
AG was the major pathway responsible for transporting luminal 

L-Glu across the apical membrane of enterocytes (Fan et al., 2004).  It was further shown 

that EAAC1 was the predominant isoform of system X-
AG and the primary Na+-dependent 

Glu transporter expressed in these epithelial cells (Fan et al., 2004). 

System X-
C.  System X-

C is defined as a Na+-independent anionic AA transport 
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system highly specific for CssC and Glu that is an AA exchanger, and the anionic form of 

CssC is transported in exchange for Glu and is present in the basoletaral membrane of 

various tissues including brain and intestine (Bannai, 1986; Verrey et al., 2004).  The 

exchange is obligatory with a molar ratio of 1:1 and mediates the influx of CssC to the 

efflux of Glu for the synthesis of GSH in cells (Fig. 1.4).  X-
C is also a heterodimer, 

consisting of 4F2hc as the heavy chain and xCT (X-
C transporter, SLC7A11) as the light 

chain (Sato et al., 1999).  4F2hc is not unique to system X-
C because this protein is also a 

component of several other AA transporter systems such as L, y+L, and b0,+, whereas Xct is 

unique to to system X-
C.  The transport activity is thought to be mediated by xCT.  xCT has 

been characterized at the molecular and functional levels in humans and mice (Sato et al., 

1999; 2002).  However, xCT has not been characterized at the molecular and functional 

levels in the pig. 

 

Cationic AA Transporters 

System y+.  System y+ is defined as a Na+-independent transporter for the cationic 

AA such as Arg, Lys, ornithine and histidine (His), when positively charged under 

physiological conditions.  Four homologous genes defining the family y+ system (CAT-1, -

2, -3, and 4) have been identified and all of them contain 14 putative transmembrane 

segments and are glycosylated (Verrey et al., 2004).  Among them, CAT-1 (SLC7A1) is 

believed to transport cationic AA in the apical membrane and basolateral membrane of the 

intestine (Wang et al., 1991; Kim et al., 1991).  CAT-1 is expressed almost ubiquitously 

with the exception of adult liver but its expression level varies considerably in different 

tissues and cell types (Mann et al., 2003).  Porcine CAT-1 was cloned and characterized 
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from pulmonary artery endothelial cells recently (Cui et al., 2005).  The porcine SLC7A1 

gene encodes 629 deduced AA residues showing a higher degree of sequence similarity to  

the human counterpart (91.1%) than to the rat (87.3%) and mouse (87.6%) counterparts.  

AA uptake studies in Xenopus oocytes injected with complementary RNA encoding this 

protein demonstrated transport properties consistent with the system y+ (Cui et al., 2005). 

 

Neutral AA Transporters 

System A.  System A is defined as a transport system with Na+ dependence, 

preference for short-chain neutral AA such as Ala, Ser, Pro, and Gln as substrates, pH 

sensitivity, and trans-inhibition (Sugawara et al., 2000).  It was named system A because of 

its preference for Ala as a substrate (Christensen, 1985).  Subsequently it became known 

that this transport system is expressed ubiquitously in mammalian tissues.  Bulky 

hydrophobic AA, e.g. Leu, and Trp, anionic AA, i.e., Glu and Asp, and cationic AA, i.e., 

Arg and Lys, are excluded by the system.  Another important feature of system A is its 

regulatory properties (Shotwell et al., 1983; Kilberg et al., 1986).  The AA transport system 

A is particularly known for its adaptive and hormonal regulation, and therefore the 

successful cloning of the protein responsible for this transport activity represents a 

significant step toward understanding the function and expression of this transporter under 

various physiological and pathological states.  System A consists of at least three subtypes, 

designated as, AA transporter ATA1, ATA2, and ATA3 (Nakanishi et al., 2001).  This 

protein designated ATA2 (SLC38A2) for AA transporter A2 was cloned from rat skeletal 

muscle (Sugawara et al., 2000).  Rat ATA2 consists of 504 AA and bears a significant 

homology to GlnT/ATA1 and system N (SN1) (Sugawara et al., 2000).  ATA2-specific 
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mRNA is ubiquitously expressed in rat tissues including brain, thymus, lung, heart, skeletal 

muscle, stomach, small intestine, liver, kidney, spleen, testis, and skin.  In all the examined 

tissues, two different transcripts of the ATA2 gene were detected with sizes of 4.7 and 2.5 

kb respectively (Sugawara et al., 2000).  The larger transcript was more predominant than 

the smaller transcript for the ATA2 gene.  

System ASC.  System ASC is a ubiquitous system which mediates Na+-dependent 

transport of small neutral AA.  System ASC has a high affinity for Ala, Ser, Thr, and Cys 

(Kanai and Hediger, 2004).  So far, two isoforms designated as ASCT1 (SLC1A4) and 

ASCT2 (SLC1A5), which possess 57% identity and exhibit distinct substrate selectivity, 

have been isolated and functionally characterized (Shafqat et al., 1993; Avissar et al., 

2001).  In addition to sharing the common substrates of ASC transporters, ASCT2 also 

accepts Gln and asparagine (Asn) with a high affinity, and Met, Leu and Gly with a low 

affinity, whereas ASCT1 does not accept these substrates (Kanai and Hediger, 2004).  

Furthermore, ASCT2 transports Glu with a low affinity, and the Glu transport activity is 

enhanced at low pH, which suggests ASCT2 exhibits common properties in substrate 

recognition with acidic Glu transporters (Utsunomiya et al., 1996).  Both ASCT1 and 

ASCT2 mediate Na+-dependent obligatory exchange of neutral AA and are insensitive to 

K+ (Kanai and Hediger, 2004).  Recent studies indicated that ASCT2 is identical to ATB0 

in the apical membrane of the rabbit small intestine and the tissue and intracellular 

distribution of ASCT2/ATB0 parallels that of system B0 activity (Avissar et al., 2001), 

whereas B0 is a Na+-dependent, broad-spectrum neutral AA transport system, and the major 

apical membrane Gln transporter (Fan et al., 1998).  Furthermore, changes in 

ASCT2/ATB0 mRNA and protein paralleled changes in the transport activity of system B0 
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(Avissar et al., 2004).  These data indicate that ASCT2/ATB0 might be responsible for an 

overlapping system B0 activity.  However, the ASCT2/ATB0 is an obligatory AA 

antiporter and therefore can not mediate net absorption of AA, which is not identical to that 

of the classical system B0 (Bröer et al., 2006).  Until recently, a transporter matching the 

properties of the classical system B0 was identified, and was named B0AT1(SLC6A19) 

accordingly (Kleta et al., 2004; Böhmer et al., 2005).  So ASCT2/ATB0 is not a real 

system B0 transporter but is a Na+-dependent neutral AA exchanger. 

System B0.  System B0 is defined as a Na+-dependent, chloride-independent transport 

system responsible for uptake of the major neutral AA across the apical membrane into 

enterocytes and kidney proximal tubular cells.  It was originally called the neutral brush 

border (NBB) system because of its occurrence in the brush border membrane of the small 

intestine (Stevens et al., 1982; 1984) and later renamed system B0 because of its similar 

substrate specificity to system B0,+ (Doyle and McGivan, 1992).  The major difference 

between these two systems is that system B0 only mediates neutral AA transport, whereas 

system B0,+ mediates cationic AA transport as well (Fuchs and Bode, 2005).  

ASCT2/ATB0 was previously believed to be responsible for system B0 activity until the 

actual system B0 transporter was finally isolated from human and mouse kidney and was 

designated as mouse B0AT1 (Seow, et al., 2004; Böhmer et al., 2005).  B0AT1 belongs to 

the SLC6 (Na+- and Cl−-dependent) neurotransmitter transporter family (Chen et al., 2004).  

Later in 2004, human B0AT1 was simultaneously isolated by two different research groups 

and was shown to be responsible for the Hartnup disorder characterized by impaired 

transport of neutral AA across epithelial cells in renal proximal tubules and intestinal 

mucosa (Kleta et al., 2004; Seow et al., 2004).  Results from electrophysiological 
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characterization of the B0AT1 indicated that the transporter mediates Na+–AA co-transport 

with a stoichiometry of 1:1.  A 1:1 cotransport stoichiometry and substrates were 

transported with Km values ranging from approximately 1 to 10 mM (Böhmer et al., 2005).  

The preferred substrates of the B0AT1 are large aliphatic AA such as Leu (Km = 1.1 mM), 

valine (Val), isoleucine (Ile) and Met, aromatic AA such as Phe (Km = 4.7 mM), large 

hydrophilic AA such as Gln (Km = 3.2 mM) and small neutral AA such as Ala (Km = 4.1 

mM), and Gly (Km = 11.7 mM). 

System asc.  System asc is defined as a transport system with Na+-independent, high-

affinity transport features for mediating entry of small neutral AA such as L-Ala, L-Ser, L-

Cys, Gly, L-Thr, and 2-aminoisobutyric acid with transport activity not inhibited by the 

system A analog N-methylaminoisobutyric acid (MeAIB) (Vadgama and Christensen, 

1985a; Fukasawa et al., 2000).  Recent molecular strategies have successfully helped the 

isolation of a cDNA from mouse and human brain encoding asc-type AA transporter (Asc-

1) (Fukasawa et al., 2000; Nakauchi et al., 2000), which is also a member of the family of 

AA transporters associated with type II membrane glycoproteins (LAT family) 

(Chairoungdua et al., 1999) and is structurally related, in particular, to LAT2, a system L 

transporter.  Functional expression of these Asc-1 transporters required 4F2hc that was not 

dependent on Na+ or Cl-.  Asc-1 in association with 4F2hc is expressed in the basolateral 

membrane of the small intestinal epithelial cells and exhibits the functional properties that 

seem to be consistent with those of a transporter of the system asc (Fukasawa et al., 2000). 

System L.  System L is responsible for the Na+-independent transport of large 

branched and aromatic neutral AA (Rajan et al., 2000).  Recently, the AA transport system 

L has been characterized at the molecular level (Kanai et al., 1998; Mastroberardino et al., 
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1998; Rajan et al., 2000).  It consists of two subunits. One of which is the heavy chain of 

the cell surface antigen 4F2hc also called CD98 and the other is LAT1 (SLC7A5) or LAT2 

(SLC7A8) (Rajan et al., 2000).  Northern blot analysis has shown that LAT1 transcripts are 

not expressed in the small intestine.  The 4F2hc/LAT2 complex is expressed primarily in 

the basolateral membrane of the small intestine and kidney (Rossier et al. 1999), where it 

serves as a low affinity exchanger to equilibrate the relative concentration of neutral AA 

across the membrane with broad substrate specificity.  The 4F2hc/LAT2 complex mediated 

the transport of several neutral AA, including Gln, Ser, Ala, Thr, Leu, Ile, Phe, and Trp but 

excluding anionic and cationic AA (Rajan et al., 2000).  The 4F2hc/LAT2-associated 

transport process has a broad specificity towards neutral AA with Km values in the range of 

100–1000 μM, does not interact with D-AA to any significant extent, and is stimulated by 

acidic pH (Rajan et al., 2000).  The 4F2hC protein is the type II membrane glycoprotein, 

which is believed to be necessary for the translocation of the complex into plasma 

membrane such as basolateral membrane as shown by the same research group.  However, 

LAT2 has not been identified and characterized at the molecular and functional levels in 

the pig. 

System N.  System N is an AA transporter that mediates Na+-dependent transport of 

neutral AA, in particular, Gln, Asn, and His (Kilberg et al., 1980).  Both system N and 

system A belong to the SLC38 gene family (Mackenzie and Erickson, 2004).  However, 

system A can be easily differentiated from system N on the basis of functional 

characteristics and tissue expression pattern (Christensen et al., 1985).  System N 

recognizes N-alkylated neutral AA as substrates, whereas system N does not.  Furthermore, 

system A is expressed ubiquitously in mammalian tissues in contrast to the relatively 
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limited tissue distribution of system N.  Another special feature of system A is its 

regulation by hormones and growth factors (Shotwell et al., 1983).  System A has two 

subtypes, i.e., SN1 (SLC38A3) and SN2 (SLC38A5) (Mackenzie and Erickson, 2004).  

The SN1 gene is expressed in astrocytes in the brain and retina, liver, kidney and adipose 

but not expressed in the small intestine (Fei et al., 2000b).  The SN2 gene expression is 

detected in multiple brain regions, colon, the small intestine, and spleen.  However, the 

SN2 gene has four distinct transcripts with differential tissue expression.  The SN2 protein 

is located in either the apical membrane or the basolateral membrane in the small intestine 

(Nakanishi et al., 2001), but the capacity and relative contribution of SN2 in AA absorption 

in the small intestine are not very clear so far. 

System IMINO.  The classically described system IMINO mediates the Na+-

dependent transport of imino acids such as Pro and hydroxyproline in a variety of intact 

tissues and membrane vesicle preparations, including intestine and kidney (Takanaga et al., 

2005).  The IMINO system has been characterized in some detail in membrane vesicles 

from rabbit jejunum (Stevens and Wright, 1987; Munck and Munck, 1994).  These studies 

indicate that IMINO system is a Na+- and Cl−-dependent apical AA transporter with a 

stoichiometry of proline:2Na+:Cl-.  The Km of Pro is influenced by the extracellular Na+ 

concentration.  Hence Na+ ions are thought to bind to the transporter before the substrate 

does.  At physiological Na+ concentrations, the Km for Pro is about 0.13 mM.  Pro is the 

only proteinogenic AA accepted by the IMINO system.  Additional substrates are L-

pipecolate, hydroxyproline, proline methyl ester, betaine and MeAIB.  The transporter is 

moderately stereospecific for L-Pro (Stevens and Wright, 1985).  The molecular identity of 

the IMINO system has been recently identified in rats and mice (Kowalczuk et al., 2005; 
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Takanaga et al., 2005).  The functional characteristics and tissue distribution of the sodium 

imino acid transporter 1 (SIT1) being a product of the SLC6A20 gene exhibit properties of 

the classical system IMINO.  Rat SIT1 mRNA was expressed in epithelial cells of 

duodenum, jejunum, ileum, stomach, cecum, colon, and kidney proximal tubule S 3 

segments. SIT1 mRNA was also expressed in the choroid plexus, microglia, and meninges 

of the brain and in the ovary (Takanaga et al., 2005). 

System PAT.  System PAT is defined as a H+-coupled, pH gradient-dependent, Na+-

independent, rheogenic AA transporter, which is functional at the apical membrane of the 

mammalian intestinal epithelial cell and the kidney proximal tubule (Thwaites and 

Anderson, 2007a).  The related cDNA has recently been isolated from the rats, mice, 

humans and rabbits (Thwaites and Anderson, 2007b).  The cloned transporters are known 

as PAT1 (SLC36A1) and PAT2 (SLC36A2).  The PAT1 mRNA is expressed in all regions 

of the small intestine and PAT1 protein is immunolocalized to the brush border membrane 

of the human and rat small intestine, and to the human intestinal Caco-2 cell (Chen et al., 

2003; Anderson et al., 2004).  PAT1 has a broad range of substrate specificity, transporting 

both D- and L-imino AA, ß- and γ-AA, and a large number of neuromodulatory and 

antibacterial agents (Thwaites and Anderson, 2007b).  PAT1 was originally proposed to be 

a candidate gene for the system IMINO, but some physiological characteristics such as 

substrate driving force, substrate scope, and tissue distribution did not match previous 

reports of the system IMINO (Chen et al., 2003; Takanaga et al., 2005).  PAT2 (SLC36A2) 

is also a H+-coupled AA transporter but has a distinct substrate specificity and tissue 

distribution from PAT1 and is not expressed in the small intestine (Boll et al., 2002). 

System T.  System T was originally characterized in human erythrocytes, which 
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transports aromatic AA such as Trp, Tyr, and Phe in a Na+ and Cl-- independent manner 

(Rosenberg et al., 1980; Vadgama and Christensen, 1985b).  It was once believed that 

system T is a variant of system L that shows Na+-independent transport of neutral AA 

including aromatic AA.  However, system T is distinct in that it accepts N-methyl AA, 

whereas system L does not (Van Winkle et al., 1988).  The transporter for system T has 

been isolated and characterized recently (Kim et al., 2001).  The T-type AA transporter 1 

(TAT1), a product of the SLC16A10 gene, exhibited Na+ and Cl -independent and low-

affinity transport of aromatic AA such as Trp, Tys, and Phe (Km values at ~5 mM), 

consistent with the properties of THE classical AA transport system T (Kim et al., 2001).  

The TAT1 exhibited sequence similarity (~30% identity at the AA level) to H+-

monocarboxylate transporters, however, TAT1 was not coupled with H+ for transport and it 

mediated an electroneutral facilitated diffusion (Kim et al., 2001).  TAT1 mRNA was 

strongly expressed in intestine, placenta, kidney, muscle and liver as well as various other 

tissues (Ramadan et al., 2006).  In rat and mouse small intestine, TAT1 immunoreactivity 

was detected in the basolateral membrane of the epithelial cells, suggesting that TAT1 is a 

epithelial basolateral transporter and it can function as a net efflux pathway for aromatic 

AA exiting the epithelial cell (Kim et al., 2001; Ramadan et al., 2006). 

System GLY.  Glycine transporter 1 (GLYT1) is considered to be the major transport 

system for glycine uptake, which is a Na+- and Cl--dependent tranporter and found on both 

the apical and the basolateral membranes, although its expression in the basolateral 

membrane is much greater than in the apical membrane (Christie et al., 2001).  Basolateral 

Gly uptake into Caco-2 cells is 4-fold greater than the apical uptake with an apparent 

Michaelis constant of 40-80 µM, while protein kinase C activation of the system GLY 
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reduced maximum velocity for GLYT1-mediated Gly uptake without an effect on the 

Michaelis constant of the transporter (Christie et al., 2001).  These results suggest that 

GLYT1 can not only transport Gly into the gut epithelial cell from the gut luminal side but 

also extract Gly from the arterial source.  Consistent with these functional data, expression 

of GLYT1 mRNA and protein was detected along the entire crypt-villus axis in the human 

intestine and in Caco-2 cells (Christie et al., 2001). 

 

Cationic and neutral AA Transporters 

System B0,+.  System B0+ is defined by Na+-dependent transport of both neutral and 

cationic AA (Van Winke et al., 1985).  The molecular basis for this transport system was 

first identified with human ATB0,+ (SLC16A14), which was found to transport both neutral 

and cationic AA, with the highest affinity for hydrophobic AA and the lowest affinity for 

Pro (Sloan and Mager, 1999).  The characterisitics of the system B0+ AA transport was Na+ 

and Cl--dependent and was attenuated in the presence of 2-aminobicyclo-[2.2.1]-heptane-2-

carboxylic acid, a system B0,+ inhibitor.  These characteristics are consistent with system 

B0,+ AA transport.  In terms of both cationic and neutral AA transport, system B0,+ activity 

has long been identified with the apical membrane of intestinal epithelia (Nakanishi et al., 

2001).  However, the limited mRNA tissue distribution profiles for ATB0,+ that encodes a 

protein capable of B0,+ activity shows no expression by the duodenum or jejunum and only 

weak expression by the distal ileum.  In contrast, cecal and colonic expression of ATB0,+ is 

high.  Therefore, it remains to be determined if ATB0,+ contributes significantly to the 

small intestinal absorption of AA, or if another ATB0,+ isoform, as yet unidentified, is 

responsible for the system B0,+ activity (Krehbiel and Matthews, 2003).  However, system 
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B0,+ activity is not present in the pig small intestine based on a previous study (Munck et 

al., 2000). 

System y+L.  System y+L is described as a transport system for transporting both 

cationic and neutral AA.  The transport of basic AA by this system was shown to be Na+-

independent, whereas that of neutral AA, although not completely, was dependent on Na+ 

(Deves et al., 1992).  This AA transporter consists of a light chain (y+LAT1/SLC7A7 or 

y+LAT2/SLC7A6) and a heavy chain (4F2hc) through a disulfide linkage, belonging to a 

heterodimeric AA transporter (Verrey et al., 2004).  Both y+LAT1 and y+LAT2 are 

functional at the basolateral membrane of the small intestine and kidney and they mediate, 

as a heterodimer with 4F2hc, obligatory AA exchange for neutral and cationic AA with a 

stoichiometry of 1:1. 

System b0,+.  System b0,+ is described as a Na+-independent transport system for 

transporting cationic and neutral AA into cells in exchange for intracellular neutral AA.  

This AA transporter consists of a light chain (b0,+AT/SLC7A9) and a heavy chain (rBAT) 

through a disulfide linkage, belonging to a heterodimeric AA transporter (Verrey et al., 

2004).  The light chain b0,+AT is catalytic subunit and the heavy chain rBAT is required for 

trafficking AA to the cell membrane (Bauch and Verrey, 2002).  The b0,+AT/rBAT protein 

complex has been shown to be targeted in the brush border of the proximal tubule and the 

small intestine (Verrey et al., 2004).  This complex induces Na+-independent, high-affinity 

transport of L-CssC and cationic AA, and is a lower affinity transporter for neutral AA, by 

an obligatory exchange mechanism (Busch et al., 1994; Chillaron et al., 1996).  Under 

physiological conditions, as illustrated in Fig. 1.5, luminal L-CssC and the cationic AA are 

taken up preferentially because of their high apparent extracellular affinity, the intracellular 
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reduction of CssC to Cys and the membrane potential for cationic substrates, whereas the 

neutral AA are transported outwards because of their intracellular accumulation via an, as 

yet unidentified, apical, B0-type Na+-cotransporter (Chillaron et al., 1996; Verrey et al., 

2004).  Interestingly, 4F2-lc6 also encodes a protein capable of b0,+ activity, but which 

associates with 4F2-hc, not rBAT (Rajan et al., 1999).  As with b0,+AT, however, 4F2-lc6 

transports CssC and neutral and cationic AA in a Na+-independent manner. 

 

1.2.5. Metabolic Aspects of Intestinal Amino Acid transporters 

 

The small intestine is the primary organ in which the assimilation of dietary AA occurs.  

The intestinal absorption of dietary AA is a complex and well-integrated process, and a 

wide range of apical membrane and basolateral membrane AA transporters expressed in the 

epithelial cell play an essential role in this process.  AA transporters are the gateway to AA 

metabolism in the gut mucosa (Brosnan, 2003).  Levels of gut mucosal AA transporter 

expression on the apical and the basolateral membranes would ultimately affect the levels 

of AA reaching blood circulation and AA availability to other visceral organs and 

peripheral tissues such as the skeletal muscle.  While there is still a discrepancy regarding 

the sources of AA in signaling the mTOR pathway, cytoplasma membrane AA transporters 

are recently viewed to be cellular surface transceptors, i.e., transporter-receptor, for sensing 

the stimuli exerted by extracellular AA via the mTOR signaling pathway (Fuchs et al., 

2005; 2007; Yang et al., 2008).  To better understand the mechanisms and nutritional 

factors associated with the postnatal decreases in whole–body efficiency of N utilization in 

pigs, it is necessary to investigate the expression of a variety of AA transporters in the 
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porcine small intestine during the postnatal development.  

 

1.2.5.1.  Signaling Roles of Amino Acid Transporters 

Recent research has shown that AA transporters not only play very important roles in AA 

absorption, but also have other ermering roles in cell signaling (Hyde et al., 2003).  

Availability of AA can regulate cellular functions and growth by modulating gene 

expression and signal transduction pathways such as the mTOR-signalling pathway (Erbay 

et al., 2005; Kilberg et al., 2005; Yang et al., 2008).  Deficiency in any essential AA can  

initiate this AA response (AAR) pathway, which leads to increased translation of a “master 

regulator” - activating transcription factor 4, and ultimately regulating many steps along the 

pathway of DNA to RNA to protein, including chromatin remodeling, RNA splicing, 

nuclear RNA export, mRNA stabilization, and translational control (Kilberg et al., 2005).  

Thus, AA are not only nutrients and substrates, but also are important signaling molecules 

in modulating cellular metabolism and growth. 

On the other hand, while availability of AA in signalling gene expression, cellular 

metabolism and growth has been increasingly well documented, how mammalian cells 

sense stimuli by AA is still not clear.  Two original studies supported opposite conceptual 

conclusions.  The research by Bohe et al. (2003) showed that the extracellular source of 

AA is the stimuli of cellular signaling, whereas the work by Beugnet et al. (2003) 

suggested the inracellular source of AA plays a signaling role.  Thus, both extracellular and 

intracellular sources of AA have been shown to be effective in signaling cells (Yang et al., 

2008).  There are growing research interests in understanding the contribution of 

cytoplasma membrane AA transporters to AA signaling in cells.  First, AA transporters are 
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essential to facilitate AA transport across the bilayer membranes.  So regulated transport of 

AA across plasma membrane via AA transporters represents a means by which the cellular 

response to AA such as intracellular AA concentrations could be controlled (Hyde et al., 

2003).  Second, more evidence has demonstrated that cytoplasma membrane AA 

transporters are cellular surface transceptors for sensing AA levels, directly as initiation of 

nutrient signalling (Fuchs et al., 2005; 2007).  The molecular identity of L-AA mainly for 

sensing the aromatic AA has been established to be an extracellular calcium sensing 

receptor (CaSR) (Conigrave and Brown, 2006).  However, the CaSR-AA sensors are 

involved in the regulation of transport of calcium and a number of other ions with no 

apparent roles in mTOR signaling.  Thus, cytoplasma AA transporters may be served as the 

putative cellular surface transceptors for sensing stimuli by AA. 

Several studies support the notion of cytoplasma AA transporters being cellular 

surface transceptors or sensors.  The expression of sodium-dependent neutral AA 

transporter 2 (SNAT2), encoded by the gene SLC38A2, is increased following AA 

deprivation (Hyde et al., 2007), wherease system X−
AG (EAAC1) activity is increased by 

AA deprivation in the kidney cell line NBL-1 (McGivan and Nicholson, 1999).  Previous 

work has indicated that the SNAT2 gene has an AA response element and its gene 

expression is up-regulated at the transcriptional level in response to AA deprivation (Palii 

et al., 2003).  Likewise, a microarray study linked mTOR signaling to AA transporter 

expression, as rapamycin selectively inhibited system ASC AA transporter-2 (ASCT2), 

system L AA transporter-1 (LAT1), and 4F2 heavy chain (4F2hc) expression (Peng et al., 

2002).  Silencing of the ASCT2 gene inhibited mTORC1 signaling to the translational 

machinery followed by an mTORC2-initiated survival response, establishing a link 
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between AA transporter expression and mTOR function (Fuchs et al., 2007).  Initiation of 

AA signalling may also be mediated through interactions between AA transporters and 

their associated proteins.  For example, the glutamate-transporter-associated protein 3-18 

(GTRAP3-18) negatively and dominantly regulates EAAC1 activity at the plasma 

membrane (Lin et al., 2001).  The biosynthesis of a signalling mediator or second 

messenger that is regulated by intracellular AA concentrations is intrinsically linked to AA 

transporter activity as well as to intracellular AA metabolism.  GSH is believed to be a 

mediator of the apoptotic cell signaling pathway (Filomeni et al., 2002).  Recent research 

has showed that GTRAP3-18 negatively and dominantly regulates cellular GSH content via 

interaction with EAAC1 at the plasma membrane (Watabe et al., 2007; 2008).  EAAC1 and 

xCT have become novel targets to enhance cellular GSH levels (Maher et al., 2008).  Nitric 

oxide (NO) is a second messenger with multitudinous roles, conceivably including 

nutrient-induced signalling (Garthwaite and Boulton, 1995).  NO is formed from the 

conditionally essential AA Arg and CAT1 has been shown involving the regulation of NO 

production and believed to be a key determinant of NO synthesis and signalling (Zharikov 

et al., 2001).  As noted above, various direct and indirect signalling roles of AA have been 

increasingly well documented with the cloning and characterization of AA transporter 

genes.  Further investigation is still needed to fully clarify the signaling roles of AA 

transporters in modulating cellular metabolism and growth in mammalian species 

especially during their postnatal development and under challenged conditions such as 

bowel inflammation. 
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1.2.5.2. Expression of Small Intestinal Amino Acid Transporters along the Crypt–Villus 

Axis 

Comparatively speaking, we know little about the expression of the intestinal epithelial AA 

transporter genes during cell migration along the crypt-villus axis in the neonates.  Several 

previous studies have investigated the expression of AA transporters during the enterocyte 

proliferation and differentiation using different techniques (King et al., 1981; Cheeseman, 

1986; Pan et al., 1995; Mordrelle et al., 1998; Fan et al., 2004; Anderle et al., 2005). 

Early studies conducted with quantitative autoradiographic techniques suggested that 

the expression of various AA transport systems as well as peptide uptake was limited to the 

upper third of the villi (King et al., 1981; Cheeseman, 1986).  Results of those studies 

contradict recent observations obtained with proliferating and differentiating Caco-2 cells 

(Pan et al., 1995; Mordrelle et al., 1998), which showed that the uptake of dipolar-neutral 

and cationic AA was higher in proliferating cells than in highly differentiated cells (Pan et 

al., 1995; Mordrelle et al., 1998).  Research conducted with sequentially isolated primary 

porcine enterocytes along the crypt-villus axis in the neonate has indicated that the apical 

membrane maximal L-Glu transport activity via the X−
AG system was high in proliferating 

and differentiating mid-villus epithelial cells and low in differentiated upper villus cells 

even with the increased expression of EAAC1 mRNA and protein (Fan et al., 2004).  

However, in another study, abundances of EAAC1 mRNA and protein were decreased 

during epithelial cell differentiation in vivo in pigs (Rome et al., 2002).  The discordances 

among these studies may have been due to the following reasons: i) cell differentiation in 

cell line models such as Caco-2 cells may have a limited representation of intestinal 

epithelial proliferation and differentiation in vivo; ii) Caco-2 cells are of human colorectal 
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carcinogenic cell origin and may exhibit certain differences from enterocytes of in vivo 

conditions; iii) It is believed that in the neonatal intestine, AA transport occurs along the 

whole crypt-villus axis, whereas in the adult intestine the absorption of nutrients is shifted 

to be within the upper part of villi (Pácha, 2000); and iv) Expression of different AA 

transporters is likely specific to the intestinal region along the longitudinal axis.  The last 

point has been confirmed by a recent study using laser dissection microscopy combined 

with microarray to examine the expression profiles of nutrient transporters, including AA 

transporters along the crypt-villus axis, which has revealed a comprehensive analysis of 

regional variations in AA transporter gene expression using whole gut tissue (Anderle et al., 

2005).  Their results have shown different patterns of expression for different AA transport 

systems along the intestinal crypt-villus axis (Anderle et al., 2005).  Moreover, several 

previous studies have also indicated that under a steady state, abundance of a AA 

transporter protein or its substrate uptake rate did not change in parallel with the abundance 

of AA transporter mRNA (Plakidou-Dymock and McGivan, 1993; Howell et al., 2001; Fan 

et al., 2004).  For example, changes in acidic AA uptake rate did not parallel with EAAC1 

mRNA level in AA-deprived renal NBL-1 cells (Plakidou-Dymock and McGivan, 1993).  

The ileal abundance of EAAC1 protein was not paralleled with mRNA levels in growing 

animals (Howell et al., 2001).  Changes in the maximal uptake activity, abundance of 

EAAC1 protein and EAAC1 mRNA level did not follow a consistent pattern in 

proliferating and differentiating porcine neonatal small intestinal epithelia (Fan et al., 

2004).  They further indicated that the Vmax of L-Glu transport activity across the apical 

membrane into enterocytes was high in proliferating crypt and differentiating midvillus 

epithelial cells but low in the differentiated upper villus cells.  The glutamate transport 
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EAAC1 affinity was significantly lower in the crypt (higher Km value) and middle villus 

than in the upper villus cells (Fan et al., 2004).  Thus, expression of AA transporter genes 

may be regulated at the transcriptional, translational and post-translational levels as along 

the intestinal crypt-villus axis in the neonate. 

On the other hand, the expression patterns of most other intestinal AA transporters 

such as B0AT1 and ASCT2 along the crypt–villus axis are not clear yet, especially in 

neonates.  Thus, future studies should be conducted to examine the expression of intestinal 

AA transporters along the crypt–villus axis.  These research efforts will help us understand 

the roles of dietary AA availability and AA transporter genes in regulating intestinal and 

whole body growth and development and develop effective strategies for improving whole 

body N efficiency in pig production as well as for improving animal and human health 

management. 

 

1.2.5.3.  Expression of Intestinal Amino Acid Transporters during Postnatal Development 

Based upon the earlier extensive review of AA as essential substrates and signaling 

molecules, excessive first-pass AA catabolism and utilization in the gut would contribute to 

the poor efficiency of whole body N utilization and a reduced AA availability to circulation 

levels in the blood and other organs tissues during postnatal development.  For example, it 

has been shown that gut growth status and dietary protein level affect first-pass Leu 

utilization or metabolism by the gut and other viscera, thus the availability of Leu for the 

peripheral tissues (Van der Schoor et al., 2001; Elango et al., 2002).  Inevitable catabolic 

oxidation of Leu in the gut mucosa of pigs has been reported (Elango et al., 2003; Chen et 

al., 2006a).  It has become clearer that dramatic reductions in skeletal and skin protein 
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synthetic rates are largely responsible for this rapid decline in whole body N efficiency 

associated with postnatal growth (Davis and Reeds, 1998; Yang and Fan, 2006a,b; Yang et 

al., 2006).  In addition to postnatal changes in tissue sensitivity to stimuli and levels of 

several hormones and growth factors, a postnatal reduction in the blood circulating level of 

Leu may be implicated in these decreases.  Interestingly, plasma Leu level decreased from 

early suckling to weanling and growing-finishing phases in pigs (Cai et al., 1995; Flynn et 

al., 2000).  This postnatal reduction in plasma Leu concentrations was due to an increased 

catabolism of Leu as observed by Fuller et al. (1983).  Elango et al. (2003) reported 

postnatal increases in gut catabolism of Leu in the pig.  There are significant correlations 

between fractional protein synthesis rates in skeletal muscle and skin and plasma Leu 

concentrations in postnatal developing pigs (Yang et al., 2006a,b).  Thus, increased gut 

catabolism of Leu is likely responsible for the postnatal reduction in the plasma level of 

Leu and protein synthetic activities of skeletal muscle and skin in the developing pig. 

As a gateway or door keeper, the consequences of postnatal development of the 

intestinal AA transporters are now recognized (Pácha, 2000).  The total intestinal AA 

transport capacity increases with age due to the increase of intestinal tissue mass, but the 

transport rate decreases for most AA studied in relation to per unit of intestinal tissue 

weight (Buddington et al., 1990; 1992; Toloza and Diamond, 1992).  It has been shown 

that AA is much more effectively absorbed from the intestine in a short peptide form in the 

newborne than in the adults (Himukai et al., 1980; Guandalini and Rubino, 1982).  The rate 

of AA absorption in pigs was the highest at birth, and decreased by an average of 30% 

during the first 24 h of colostrum suckling (Buddington et al., 2001).  The reason for this 

developmental decrease in AA uptake rate expressed in relation to per unit of tissue weight 
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or surface area is not fully understood.  In principle, there are three possible mechanisms 

responsible for the developmental decrease in the nutrient transport rate: i) reductions in the 

density of AA transporters; ii) replacement of one isoform by another, and iii) changes in 

turnover rate of AA transporters (Pácha, 2000).  However, little is known about the 

regulatory aspects of expression of intestinal AA transporters during the entire postnatal 

growth and development. 

The expression of intestinal AA transporters varies among species and transporters.  

The expression of rat NBAT and EAAC1 was determined along the small intestine during d 

4 to 50 and the regionalization of the NBAT and EAAC1 transporters in the small intestine 

was changed from birth to adulthood (Rome et al., 2002).  The level of NBAT mRNA 

showed an oral to an aboral gradient with a higher expression level in the proximal than in 

the median small intestine on d 4 and 10.  No variation in the level of NBAT mRNA was 

observed from d 4 to 50 (Rome et al., 2002).  In comparison, EAAC1 mRNA exhibited an 

inverse gradient with higher expression in the distal small intestine compared with the 

proximal small intestine on d 10 and with the median on d 12 and 30, while the level of 

EAAC1 mRNA increased from d 4 to 21 along the entire small intestine (Rome et al., 

2002).  The mRNA abundances of 10 AA transporters, including rBAT, b(0,+), AT, 

ATB(0,+), CAT1, CAT2, LAT1, y(+)LAT1, y(+)LAT2, B0AT1, and EAAT3, have been 

investigated in the small intestine of broilers (Gilbert et al., 2007).  Quantities of EAAT3 

and B0AT1mRNA increased linearly, whereas CAT1, CAT2, y(+)LAT1, and LAT1 mRNA 

decreased linearly with age.  Abundance of y(+)LAT2 mRNA changed cubically with 

peaks of expression at d of hatch and d 7 (Gilbert et al., 2007).  van Winkle and Campione 

(1996) described a high level of CAT1 mRNA observed in rat fetal intestine and the 
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expression level decreased upon birth, and then returned to a high level during adulthood.  

The apical Na+-dependent AA transport activity occurs in the neonatal colon during the 

first few postnatal d and is rapidly disappeared later (Henin and Smith, 1976; Sepulveda 

and Smith, 1979).  The physiological significance of this phenomenon remains a matter of 

speculation, however, the transport capacity of the colon to absorb AA can compensate for 

the temporary low capacity of the small intestine to absorb AA (Pácha, 2000) and for 

maintaining colonic growth and function.  However, the expression patterns of most 

intestinal AA transporters such as B0AT1 and ASCT2 during the postnatal development in 

pigs are still not clear at genetic and functional levels.  Thus, research is needed to examine 

the expression of intestinal AA transporters during the postnatal development in pigs, 

which will enhance our understanding of the contribution of intestinal AA transport 

expression to whole body AA absorption, metabolism and homeostasis. 

 

1.3. RESEARCH RATIONALE, HYPOTHESES AND OBJECTIVES 

 

1.3.1. Rationale and Research Strategies 

As summarized in Table 1.2, many AA transporters have already been characterized and 

cloned in some closely related mammalian species such as humans, rodents and rabbits 

(Malandro and Kilberg, 1996).  At the functional level, the use of pigs is a widely 

recognized animal model for studying human nutrition and gastrointestinal physiology (Fan 

et al., 1998; Rideout et al., 2007).  Furthermore, ample intestinal epithelial cells can be 

easily obtained through their isolation along the crypt-villus axis in combination with 

apical membrane vesicle preparation for the measurements of in vitro glucose and AA 
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transport activity kinetics with tracer glucose and AA (Fan et al., 2004). 

At the genomic level, only few porcine AA transporter and glucose transporter genes 

have been cloned and characterized, including CAT1 (Cui et al., 2005), y+LAT1 (Kanai et 

al. 2000), b0,+AT1(Bauch and Verrey, 2002), SGLT1, and GLUT2.  There are still many 

other porcine AA transporter genes to be cloned and characterized.  While the porcine 

genome sequencing project has not been completed at this time, nearly 140,000 porcine 

expressed sequence tags (ESTs) have been deposited into the 

TIGR/DDBJ/EMBL/GenBank database since the end of July 2003 (Uenishi et al., 2004).  

ESTs technique is an effective approach to study functional expression of genes in various 

cells and tissues (Chen et al., 2006b).  Furthermore, most of the mammalian genes are 

highly conserved, therefore the genomic information available from other mamlian species 

it would facilate the design of primers specific to gut porcine AA transporter genes to 

examine their expression using a more quantitative technique such as real time RT-PCR 

analysis. Commercially available polyclonal antibodies against glucose and AA 

transporters may be readily used for testing their specific interactions with porcine gut 

target protein through western blotting, immune-precipitation and immunohistochemistry 

for studying target transporter protein expression patterns in the pig.  This approach has 

been successfully used in stuy of on the high affinity Glu transporter EAAC1 (Fan et al., 

2004).  Our interested porcine gut AA transporter genes in this thesis study include EAAC1, 

B0AT1 and ASCT2.  Porcine partial EAAC1 sequence (356bp) has showed 90% homology 

with the human EAAC1 sequence (Fan et al., 2004).  Comparisons of the siginifcant 

fragments of the porcine ESTs in the Genbank have shown 80-86% homology with the 

human B0AT1 and ASCT2 genes, thus it will be feasible to develop workable primers, 
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confirm their genomic originality by RT-PCR analyses and ultimately use them for 

measurement of relative abundances of the targeted AA transporter gene expression in 

relation to a housekeeping gene.  Furthermore, anti-EAAC1 antibody (Sc-7761, Santa Cruz 

Biotechnology, Inc), rabbit anti-mouse B0AT1 antibody (Kindly provided by F. Verrey’s 

lab at Zurich, Swizerland) (Romeo et al., 2006) and goat anti-rabbit ATB0 antibody 

(Avissar et al., 2001) have been tested in our laboratory conditions and showed their cross-

reactivity with porcine gut tissues. 

My research interests are to understand the regulation of gut glucose transporter and 

AA transporter gene expression at the transcriptional, translational or posttranslational 

levels.  If the expression of the targeted nutrient transporter genes were forward to occur 

primarily at the transcriptional level, then my future focus of this topic research will be to 

sequence and clone the interested porcine nutrient transporter genes, their promoters and 

other regulatory regions in the porcine genome for understanding their mechanisms of 

transcriptional regulations.  On the other hand, if the expression of the targeted glucose 

transporter and AA transporter genes correlates with their corresponding uptake activities 

or other functions occurs primarily at the post-transcriptional level from this thesis studies, 

then future focus of this topic research will likely emphasize on understanding the 

regulation of transporter protein synthesis, degradation, their post-translation modifications 

and/or intracellular trafficking.  Therefore, the major goals of this thesis research are to 

investigate the expression patterns of glucose transporter and AA transporter genes SGLT1, 

B0AT1, ASCT2, and EAAC1 in the small intestine along the crypt-villus axis and during 

the postnatal development in the pig.  
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1.3.2. Research Hypotheses 

 

This thesis research activity would be based on the following hypotheses: 

 

i) High neonatal gut mucosal SGLT1 activity is achieved by abundantly expressing 

SGLT1 along the entire jejunal crypt-villus axis via unique control mechanisms; 

ii) High neonatal gut mucosal AA transporting activities are due to abundantly expressing 

B0AT1 and ASCT2 along the entire jejunal crypt-villus axis via unique control 

mechanisms; 

iii) Postnatal decreases in AA transport activities are due to changes in jejunal B0AT1, 

ASCT2, and EAAC1 gene expression and are regulated via different mechanisms; 

iv) Postnatal decreases in jejunal apical B0AT1, ASCT2, and EAAC1 protein levels would 

reduce absorption of free AA by host animals and lead to an increased microbial 

catabolism of AA in the gut lumen, contributing to reduced efficiency of whole body N 

utilization during postnatal growth in the pig. 

 

1.3.4. Research Objectives 

 

Based on the above hypotheses, this thesis research has focused on the following 

objectives: 

 

i) To examine the transport activities of SGLT1 and B0AT1 and their  regulatory 

mechanisms along the jejunal crypt-villus axis in neonatal pigs; 
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ii) To examine the expression patterns of the ASCT2 protein and mRNA along the jejunal 

crypt-villus axis in neonatal pigs; 

iii) To examine the expression patterns of the AA transporters, i.e., B0AT1, ASCT2, and 

EAAC1, in the jejunum during postnatal development in the pig. 
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Table 1.1. Postnatal changes in the efficiency of whole body N utilization in pigs (Fan et 

al., 2006) 

Item Growth stages of pigs 

 Suckling Weanling Growing Finishing 

Dietary N levels (g/kg of DMI of diet) 48.0 42.0 32.0 22.0 

Dietary N levels (% of diet) 4.8 4.2 3.2 2.1 

The endogenous N loss (g/kg of DMI of 

diet) 
1.2 1.7 2.6 2.6 

The relative endogenous N loss (% of 

dietary N) 
2.5 4.1 8.1 11.8 

Average true AA or N digestibility (% 

of dietary levels) 
91.3 85.8 90.9 90.9 

Relative fecal loss of dietary N (% of 

dietary N) 
8.7 14.2 9.1 9.1 

Relative urinary loss of N (% of dietary 

N) 
8.8 38.9 27.9 40.9 

Total metabolic losses of N (% of 

dietary N) 
11.3 43.0 36.0 52.7 

Apparent efficiency of N retention (% of 

dietary N) 
80.0 57.2 57.9 39.6 

True efficiency of N retention (% of 

dietary N) 
82.5 61.3 66.0 51.4 
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Table 1.2. Molecular and biochemical properties of AA transporters in the mammalian intestinal epithelia (Bröer  et al., 2008) 

Transporter 
system 

Specific  
transporter 

HUGO 
name 

Localization  Tissue 
distribution  

Substrate 
specificity  

Co-substrate 
coupling 
 

Km, µM Identified in 
Porcine  

Source 

Substrates transported: Anionic AA  

X-
AG EAAT2 (GLT-

1) 

SLC1A2 AM intestine, 

kidney, liver,  

L-Glu, and L- 

and D-Asp 

Na+
in, K+ out  Protein 

level 

Fan et 

al.(2004) 

Howell et 

al.(2001) 

EAAT3 

(EAAC1) 

SLC1A3 AM intestine, 

kidney, liver,  

L-Glu, and L- 

and D-Asp 

Na+
in, K+ out ~200 AY195622 

 
Fan et al. 

(2004) 

Howell et 

al.(2001) 

X-
C xCT (4F2-lc4) SLC7A11 BLM macrophages, 

liver, kidney, 
brain, retinal 
pigment cells, 
small 
intestine 

CssC, L-Glu, 

and L-Asp 

CssC/Glu 

exchanger 

40–92 No Bassi et 

al. (2001) 

Substrates transported: Cationic AA 

y+ CAT1(ecoR) SLC7A1 AM, BLM intestine, and 

various tissues 

Lys, Arg; Orn 

His (when 

charged) 

none 70–250 NM_00101
2613 
 

Cui et al. 

(2005) 

Wang et 

al. (1991) 

Substrates transported: Neutral AA 

A ATA2 SLC38A2 BLM intestine, and MeAIB, Ala, Na+ in >200 No Sugawara 
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various tissues Gly, Ser, Pro, 

Met, His, 

Asn, Gln 

et 

al.(2000) 

ASC ASCT2 SLC1A5 AM intestine, and 

various tissues 

L-AA: Ala, 
Gln, Ser, Cys, 
Thr, Trp, Gln, 
Asn, Leu; 
Met, Val, Ile, 
Phe; Trp, Gly 
D-AA: 
Ser, Thr, Cys 

Exchanger 

Na+ in 

 

 

9–464 DQ231578   

B0 B0AT1 SLC6A19 AM intestine, 

kideny, and 

various tissues 

Most neutral 

AA 

Na+ in  DQ231579   

asc Asc-1 SLC7A10 BLM brain, lung, 
placenta, small 
intestine, 
kidney 
 

L-AA:  
Ala, Gly, Ser, 
Thr, Cys; 
Val, Met, Ile, 
Leu, His 
D-AA: 
Ala, Ser, Ala, 
Cys, Asn, 
Leu,Ile, Val, 
His; Gln, Met, 
Phe 

Exchanger 

 

 No Fukasawa 

et 

al.,(2000) 

L LAT2 SLC7A8 BLM kidney, 
placenta, ovary, 
small 
intestine, brain, 
liver, 
spleen, prostate, 
testis, 

Phe; Leu; 

Ala; Gln, His 

Exchanger 

 

30–300 No Rossier et 

al.(1999) 
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skeletal muscle, 
heart, lung 
 

N SN2 SLC38A5 AM or 

BLM 

brain regions, 

colon, small 

intestine, and 

spleen 

His; Asn, Ser, 

Gln; Ala, Gly 

Na+ in 150–

1,600 

No Nakanishi 

et 

al.(2001) 

IMINO SIT SLC6A20 AM intestine and 

kidney 

Proline Na+ in   No  

PAT PAT1 SLC36A1 AM intestine and 

kidney 

Proline H+ in  No  

T TAT1 SLC16A10 BLM small intestine, 

and various 

tissues 

L-AA: Tyr, 
Trp, Phe, L-
Dopa, 
3–0-methyl-
Dopa 
D-AA: 
Trp, Phe 

None  No Kim et 

al.,(2001) 

Substrates transported: Cationic and Neutral AA 

B0,+ ATB0,+ SLC16A14 AM intestine, and 

various tissues 

Ile, Leu, Trp, 
Met, Val,  
Ser; His, Tyr, 
Ala, Lys, 
Arg, Cys, 
Gly; Asn, 
Thr, 
Gln; Pro 

2Na+ 
in, 2Cl− 
in 

 No Sloan and 

Mager, 

(1999) 

y+L y+LAT1 SLC7A7 BLM kidney, small 
intestine, 
leukocytes, 

Leu; Arg, 

Lys, Gln, His 

Exchanger  

Na+ in 

 NM_00111

0421 

Kanai et 

al.(2000) 
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lung, 
erythrocytes, 
placenta 
 

 y+LAT2 SLC7A6 BLM brain (glia, 
neurons), small 
intestine, testis, 
parotis, 
heart, kidney, 
lung, liver 
 

Arg, Leu Exchanger 

Na+ in 

 No Verrey et 

al. (2004) 

b0,+ b0,+AT (BAT1) SLC7A9 AM kidney, small 

intestine, brain 

Arg, Leu, 

Lys, Phe, Tyr; 

CssC, Ile, 

Val, Trp, His, 

Ala; Met, 

Gln, Asn, Thr, 

Cys, Ser 

Cationic and 

Neutral AA 

exchanger 

 NM_00111
0171  

Bauch and 

Verrey, 

(2002); 

Chairoung

dua et 

al.,(1999) 

4F2-1c6 SLC7A9 AM small intestine 
 

Leu, Trp, Phe, 
Met, Ala, Ser, 
Cys, Thr, Gln, 
Asn;  
Gly, CssC, 

BCH 

Cationic and 

Neutral AA 

exchanger 

 No Rajan et 

al.(1999) 
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Fig. 1.1.  Major pathways of AA metabolism and utilization in muscles (adapted from 

Newsholme and Leech, 1991). 
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Fig. 1.2.  Summarized major pathways of AA metabolism and utilization in the gut. 
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Fig 1.3. Amino acid transporters involved in polyamine synthesis in animals (Adapted 

from Wu et al., 2005). Abbreviations: EAAC1, excitatory AA carrier 1, a high-affinity 

glutamate transporter (Fan et al., 2004); GTRAP3-18, glutamate transporter associated 

protein 3-18, a endogenous inhibitory regulator of EAAC1 (Lin et al., 2001); B0AT1, 

system B0 transporter, Na+-dependent, chloride-independent transport system that 

responsible for the transport of major portion of the luminal neutral AA into enterocytes 
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and kidney proximal tubular cells (Böhmer et al., 2005); SIT1, system IMINO transporter 

1, Na+-dependent transport of imino acids such as proline and hydroproline in variety of 

intact tissue and membrane vesicle preparations, including intestine and kidney (Takanaga 

et al., 2005); PAT1, System PAT transporter 1, a H+-coupled AA transporter, which is 

expressed at the brush-border membrane of the mammalian intestinal epithelial cell and the 

kidney proximal tubule (Thwaites and Anderson, 2007a); CAT1, Cationic AA transporter 

1, a Na+-independent transporter of the cationic AAs such as argine, lysine, ornithine and 

histidine (Verrey et al., 2004); ORNT, ornithine/citrulline transporter in mitochondrial 

(Camacho et al., 1999); AGC, aspartate/glutamate carrier in mitochondrial (Palmieri et al., 

2001); DCAM, Decarboxylated 5 - adenosylmethionine; MAT, Methylthioadenosine; 

DAX, diamine exporter; ?, indicating putative transporters. 
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Fig. 1.4. Amino acid transporters involved in glutathione synthesis and recycling in 

animals. Schematic illustration of essential roles of the apical membrane-associated 
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excitatory AA carrier 1 (EAAC1) in relationships to other membrane AA, ion transporters 

or exchangers and intracellular biochemical steps in providing intracellular L-glutamate, L-

cysteine and glycine for maintaining intestinal epithelial homeostasis and de novo 

biosynthesis of glutathione.  Perpendicular bar indicates inhibition.  A) Potential sources of 

intracellular L-glutamate: i) uptake of luminal glutamate via system-X-
AG transporter 

EAAC1 (Fan et al., 2004) and system-B0 Na+-neutral AA co-transporter B0AT1 (Maenz 

and Patience, 1992); ii) uptake of luminal short peptides-containing glutamate via H+-

peptide co-transporter Pept-1 (Merlin et al., 2001);  iii) de novo glutamate synthesis from 

precursor neutral AA L-glutamine and L-proline (Newsholme and Leech, 1991) of luminal 

origins via B0AT1 (Bröer et al., 2004), system-ASCT2 Na+-dependent neutral AA 

exchanger ATB0 (Kanai and Hediger, 2004), system-B0+ Na+- and Cl--dependent neutral 

and cationic AA exchanger ATB0+ (Sloan and Mager, 1999), system-A Na+-dependent 

neutral AA co-transporter SNAT2 (ATA2) and system-N Na+-dependent neutral AA co-

transporter SNAT5 (Mackenzie and Erickson, 2004), system-IMINO Na+- and Cl--

dependent transporter SIT1 (XT3s1) (Takanaga et al., 2005) and H+-AA co-transporter 

PAT1 for proline (Anderson et al., 2004) as well as system-b0+ Na+-independent 

heterodimeric AA transporter b0+AT-rBAT for cationic AA L-arginine and L-histidine and 

neutral AA glutamine and proline (Rajan et al., 1999); the precursor neutral AA glutamine 

and proline from the arterial source via the basolateral system-A Na+-dependent neutral AA 

co-transporter SNAT2 (ATA2) and system-N Na+-dependent neutral AA co-transporter 

SNAT5 as well as system-L Na+-independent heterodimeric neutral AA exchangers LAT1-

4F2hc and LAT2-4F2hc and system-y+L Na+-dependent heterodimeric neutral and cationic 

AA exchangers y+LAT1-4F2hc and y+LAT2-4F2hc (Verrey et al., 2004); the precursor 
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cationic AA arginine and histidine from the arterial source via the basolateral Na+-

independent system-y+ cationic AA transporter CAT1 (Aulak et al., 1996) and system-y+L 

Na+-dependent heterodimeric neutral and cationic AA exchangers y+LAT1-4F2hc and 

y+LAT2-4F2hc; and iv) L-glutamate and its precursor AA for de novo synthesis of 

glutamate potentially supplied from intracellular proteolysis.  B) Potential sources of 

intracellular L-cysteine: i) direct transport of L-cysteine from luminal source via EAAC1 

(Zerangue and Kavanaugh, 1996), Asc1-4F2hc (Verrey et al., 2004), B0AT1, ATB0, 

ATB0+, SNAT2 (ATA2), SNAT5 and arterial source via SNAT2 (ATA2), SNAT5, LAT1-

4F2hc, LAT2-4F2hc, y+LAT1-4F2hc, and y+LAT2-4F2hc; ii) L-cysteine supplied as the 

essential precursor dipeptide cystine from the luminal source via b0+AT-rBAT and arterial 

source via xCT-4F2hc (Sato et al., 1999); iii) L-cysteine supplied from transmethylation 

and transsulfuration of methionine (Burrin and Stoll, 2007) originated from luminal source 

via B0AT1, ATB0, ATB0+, SNAT2 (ATA2), SNAT5 and arterial source via SNAT2 

(ATA2), SNAT5, Asc1-4F2hc, LAT1-4F2hc, LAT2-4F2hc, y+LAT1-4F2hc and y+LAT2-

4F2hc; and iv) L-cysteine and its precursor L-methionine for de novo synthesis of cysteine 

supplied from intracellular proteolysis.  C) Potential sources of intracellular glycine: i) 

direct transport of glycine from both luminal and arterial sources via Na+- and Cl--

dependent co-transporter GLYT1 (Christie et al., 2001); ii) direct transport of glycine from 

luminal source via B0AT1, ATB0, ATB0+, SNAT2 (ATA2), SNAT5 and arterial source via 

SNAT2 (ATA2), SNAT5, Asc1-4F2hc, LAT1-4F2hc, LAT2-4F2hc, y+LAT1-4F2hc and 

y+LAT2-4F2hc; and iii) glycine supplied from intracellular proteolysis.  D)  Major driving 

forces for the uptake of glutamate, cysteine and glycine include transmembrane potential as 

well as Na+, K+, H+ and Cl- gradients and these are primarily maintained by the apical 
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sodium/proton exchanger (NHE) (Orlowski and Grinstein, 2004), sodium-potassium-

chloride co-transporter (Na+-K+-2Cl-) on both apical and basolateral membranes (Matthews 

et al., 1998b) and Na+-K+-ATPase on the basolateral membrane (Bibert et al., 2009).  E) 

Putative glutathione transporters on both apical and basolateral membranes with its 

molecular identity yet to be characterized. 
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Fig. 1.5. Schematic diagram of the entire pathway of carbohydrate digestion and end 

product assimilation by enterocytes (Adapted from Cheeseman, 2008 and Goodman, 2010). 

SGLT1, Na+-dependent glucose transporter 1; and GLUT, Facilitated glucose transporter. 
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Fig 1.6.  Schematic diagram of the entire pathway of protein digestion and end product assimilation by enterocytes (Adapted from 

Fan, 2003; Krehbiel and Matthews, 2003). AA0, neutral amino acids; AA+, cationic amino acids; and AA-, acidic amino acids. 
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CHAPTER 2 

 

APICAL NA+-D-GLUCOSE CO-TRANSPORTER 1 (SGLT1) ACTIVITY AND 

PROTEIN ABUNDANCE ARE EXPRESSED ALONG THE JEJUNAL CRYPT-

VILLUS AXIS IN THE NEONATAL PIG1 

 

2.1. ABSTRACT 

 

Gut apical Na+-glucose co-transporter 1 (SGLT1) activity is high at the birth and during 

suckling, thus contributing substantially to neonatal glucose homeostasis.  We hypothesize 

that neonates possess high SGLT1 maximal activity by expressing apical SGLT1 protein 

along the intestinal crypt-villus axis via unique control mechanisms.  Kinetics of SGLT1 

activity in apical membrane vesicles, prepared from epithelial cells sequentially isolated 

along the jejunal crypt-villus axis from neonatal piglets by using the distended intestinal 

sac method, were measured.  High levels of maximal SGLT1 uptake activity were shown to 

exist along the jejunal crypt-villus axis in the piglets.  Real time RT-PCR analyses showed 

that SGLT1 mRNA abundance was lower (P < 0.05) by 30-35% in crypt cells than in villus 

cells.  There were no significant differences in SGLT1 protein abundances on the jejunal 

apical membrane among upper villus, middle villus and crypt cells consistent with the 

1This chapter has been accepted for publication: Yang C, Albin DM, Wang Z, Stoll B, Lackeyram D, 
Swanson KC, Yin Y, Tappenden KA, Mine Y, Yada RY, Burrin DG, Fan MZ. Apical Na+-D-glucose co-
transporter 1 (SGLT1) activity and protein abundance are expressed along the jejunal crypt-villus axis in the 
neonatal pig. Am J Physiol Gastrointest Liver Physiol 300: G60-G70, 2011. 
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immunohistochemical staining pattern.  Higher abundances (P < 0.05) of total eukaryotic 

initiation factor 4E (eIF4E) protein and eIF4E-binding protein 1 γ-isoform in contrast to a 

lower (P < 0.05) abundance of phosphorylated (Pi) eukaryotic elongation factor 2 (eEF2) 

protein and the eEF2-Pi to total eEF2 abundance ratio suggest higher global protein 

translational efficiency in the crypt cells than in the upper villus cells.  In conclusion, 

neonates have high intestinal apical SGLT1 uptake activity by abundantly expressing 

SGLT1 protein in the epithelia and on the apical membrane along the entire crypt-villus 

axis in association with enhanced protein translational control mechanisms in the crypt 

cells. 

 

KEY WORDS:  intestinal glucose absorption; enterocyte proliferation and differentiation; 

gene expression; eukaryotic protein translational initiation and elongation factors 

 

2.2. INTRODUCTION 

 

Gut mucosal apical Na+-glucose co-transporter (SGLT1) and lactase activities are 

programmed to be high at the birth and during neonatal suckling (Puchal and Buddington, 

1992; Vega et al., 1992; Zhang et al., 1997).  This high glucose and lactose processing 

capacity, in coupling with hepatic glucose production through glycogenolysis and by 

postnatal increases in gluconeogenesis capacity, is essential to maintain whole body 

glucose homeostasis in neonates (Hume et al., 2005).  However, biological mechanisms of 

possessing high apical SGLT1 uptake activity by neonates are not clear. 
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Intestinal glucose absorption is proposed to occur via both paracellular and 

transcellular routes.  The transcellular route is viewed to be the major pathway under 

normal physiological conditions (Cheeseman, 2002).  Being a secondary active hexose 

transporter, SGLT1 is known to play an important role in gut apical glucose uptake (Wright 

et al., 1994).  The high-capacity and low-affinity facilitated glucose transporter 2 (GLUT2) 

is originally known as the sole hexose transporter on the basolateral membrane 

(Cheeseman, 1993).  GLUT2 has been shown to play an important role for apical hexose 

transport under high substrate concentrations in rats (Kellett and Helliwell, 2000).  

However, lack of contribution of GLUT2 to apical absorption of hexose was reported in 

mice (Barone et al., 2009; Moran et al., 2010).  Expression of GLUT2 on the apical 

membrane does not extend to humans (Moran et al., 2010).  More recently, GLUT2 has 

been shown not to exist and function on the small intestinal apical membrane in the pig 

(Moran et al., 2010).  On the other hand, while the newly identified high-affinity facilitated 

glucose transporter 7 (GLUT7) is shown to recognize D-glucose as a substrate in the 

Xenopus oocyte expression system, the physiological role of GLUT7 in the apical glucose 

uptake remains to be defined (Cheeseman, 2008).  The small intestinal mucosa is 

compartmentalized into villi bearing differentiated mature epithelial cells that arise from 

multipotent stem cells and undergo proliferation and differentiation, as they migrate from 

the crypt compartment (Cheng and Leblond, 1974).  Enterocytes constitute up to 90% of 

epithelial cells in the crypt and more than 95% of villus cells (Cheng and Leblond, 1974).  

Thus, investigations designed for understanding biology of gut mucosal apical glucose 

transport via SGLT1 have focused on the expression of SGLT1 during enterocyte 

proliferation and differentiation. 
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Research regarding the regulation of SGLT1 expression has been primarily 

conducted by using cell lines and in animals.  Expression of SGLT1 is regulated at the 

levels of transcription (Korn et al., 2001), mRNA stability (Loflin and Lever, 2001), post-

translational intracellular trafficking (Delézay et al., 1995; Veyhl et al., 2006) and activity 

(Vayro and Silverman, 1999).  However, little is known about the role of protein 

translational control in SGLT1 expression during enterocyte proliferation and maturation.  

Furthermore, current understanding of the SGLT1 expression during enterocyte 

proliferation and differentiation along the crypt-villus axis is largely established with adult 

animals.  Tracer and phlorizin binding kinetics demonstrated that SGLT1 was initially 

synthesized in crypt cells and migrated up the villus with much higher activity in the villus 

cells in adult rodents (Freeman et al., 1987) and rabbits (Meddings et al., 1990).  

Immunohistochemical staining studies showed that SGLT1 protein was restricted to the 

apical membrane of villus cells and was absent or negligible on the apical membrane in 

crypt cells in adult rats (Takata et al., 1992; Balen et al., 2008) and rabbits (Hwang et al., 

1991) and in weanling pigs (Moran et al., 2010).  While the Weiser cell isolation based 

research for studying intestinal gene expression along the crypt-villus axis has been 

effectively carried out in more recent years (Fan et al., 2004; Mariadason et al., 2005), in 

situ hybridization has been primarily used for examining SGLT1 expression along the 

crypt-villus axis in adult animals in the past in showing that SGLT1 mRNA abundance was 

undetectable or very low in the crypt but high in villus cells (Hwang et al., 1991; Smith et 

al., 2008).  On the other hand, plasticity of patterns of SGLT1 expression along the crypt-

villus axis, as affected by diets and physiological condition, is also evident from previous 

studies (Dudeja et al., 1990; Ferraris and Diamond, 1992; Burant et al., 1994; Moran et al., 
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2010).  Thus, transcription of SGLT1 gene and expression of SGLT1 protein and activity 

on the apical membrane are enterocyte differentiation dependent along the crypt-villus axis 

in adult animals.  However, there is a scarcity of reports on intestinal SGLT1 expression 

along the crypt-villus axis in neonates.  Puchal and Buddington (1992) proposed that 

neonatal pigs might possess high mucosal apical Na+-glucose co-transport activity by 

expressing the sugar transporter along the entire crypt-villus axis.  This speculation was 

based on a much earlier autoradiographic analysis of intestinal Na+-alanine uptake in the 

neonate (Smith, 1981).  In neonatal pigs, gut mucosa possesses both fetal and adult types of 

enterocytes (Smith and Peacock, 1980).  Thus, expression of intestinal SGLT1 in neonatal 

pigs is likely to be regulated through unique mechanisms.  Understanding the pattern of 

SGLT1 expression along the crypt-villus axis and mechanisms associated with its 

regulation would reveal how the neonatal gut is programmed to possess high mucosal 

apical SGLT1 activity. 

Therefore, the objectives of this study were to firstly test the hypothesis that the 

neonatal gut mucosal SGLT1 was expressed abundantly along the entire jejunal crypt-villus 

axis, thereby leading to high SGLT1 protein density and activity per villus unit or per unit 

of mucosa; and secondly to investigate how the pattern of jejunal SGLT1 expression was 

maintained in the neonate.  To understand the dissociation between apical SGLT1 activity-

protein abundance and SGLT1 mRNA abundance in the epithelia along the jejunal crypt-

villus axis, changes in abundances of some of the key eukaryotic protein translational 

pathway initiation and elongation factors, including eukaryotic initiation factor 4E (eIF4E) 

protein, eIF4E-binding protein 1 (eIF4E-BP1) isoforms and eukaryotic elongation factor 2 

(eEF2), were also measured in the neonatal pigs. 



94 
 

2.3. MATERIALS AND METHODS 

 

2.3.1. Animals and Tissue Preparation 

The experimental protocol was approved by the institutional Animal Care and Use 

Committees.  A total of 36 suckling piglets, taken from different sows at the age of 7 d, 

were individually housed in metabolic cages equipped with feeders in an environmentally 

controlled room with the inside cage local temperature maintained at approximately 28°C.  

The piglets were fed three times daily a liquid commercial formula containing (%) 52.7 

lactose, 25 protein, 10 fat and 12.3 for other supplements including minerals, vitamins and 

antibiotics (Litter Life, Merricks Inc., Middleton, WI) (Fan et al., 2001a).  At the age of 16 

d, the piglets were euthanized and jejunal segments were collected for isolation of 

epithelial cells and immunohistochemical analyses. 

 

2.3.2. Sequential Isolation of Epithelial Cells along the Gut Crypt-Villus Axis 

The Weiser distended intestinal sac technique for sequentially isolating small intestinal 

epithelial cells along the crypt-villus axis from the piglets was used in this study (Fan et al., 

2001a).  The divided intestinal segments were immediately used in pre-incubation to 

remove mucus by following our previous procedures (Fan et al., 2001a).  After the pre-

incubation, the intestinal segments were filled with an isolation buffer (1.5 mM Na2EDTA, 

0.2 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol (DTT) and 2 mM L-

glutamine at pH 7.4, oxygenated with the O2/CO2 mixture and warmed at 37°C) for 

sequential isolation of 12 epithelial cell fractions (F1 through F12) from the villus tip to the 

crypt bottom by following our previous procedures (Fan et al., 2001a).  Isolated cell 



95 
 

fractions were also pooled between the proximal and the distal jejunal segments for each 

piglet (Fan et al., 2004).  Each collected cell fraction was washed twice with 150 ml of an 

oxygenated cell suspension buffer (155 mM KCl at pH 7.4) and the cells were retained 

through centrifugation at 400 x g for 4 min at 4°C (Fan et al., 2004).  The washed cells 

were sampled for measuring cell viability by using Trypan blue exclusion and the rest of 

the cells were immediately frozen at -80°C for further preparation of apical membrane 

vesicles to be used in glucose transport measurements. 

For Western blot analyses of target proteins, including SGLT1 protein and other 

protein synthetic pathway initiation and elongation factors, and real time RT-PCR analysis 

of SGLT1 mRNA abundance in epithelial cells along the crypt-villus axis in the neonatal 

pig intestine, three major epithelial cell fractions, consisting of the upper villus (F1-F4), the 

middle villus (F5-F8) and the crypt (F9-F12) epithelial cells, were sequentially isolated 

through three consecutive incubations of the isolated small intestinal segments for 40, 50, 

and 60 min, respectively, after the initial pre-incubation from six additional piglets using 

the distended intestinal sac technique described above.  Isolated epithelial cell fractions 

from each piglet were washed, retained by the same procedures, and immediately frozen in 

liquid N.  The frozen cells were further pulverized under liquid N using a mortar and pestle 

and stored at -80oC for further analyses. 

 

2.3.3. Preparation of Apical Membrane Vesicles 

Apical membrane vesicles were prepared by Mg2+-precipitation and differential 

centrifugation according to our previously established procedures (Fan et al., 2004).  The 

crude apical membrane pellets were then suspended in a suitable amount of a membrane 
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suspension buffer (150 mM KSCN, 180 mM D-mannitol at pH 7.4) and centrifuged at 

39,000 x g for 30 min to generate the final apical membrane vesicle pellets.  The final 

pellets were re-suspended with a 25-gauge needle in a suitable volume of the same 

membrane suspension buffer.  The final membrane vesicle suspension was assayed for 

protein content and diluted with the same buffer to contain 4 mg protein•ml-1 for 

subsequent transport measurements.  Several aliquots of the final membrane vesicle 

suspension were taken for the assays of marker enzyme activities. 

 

2.3.4. Protein and Marker Enzyme Assays 

Protein content was determined by using a commercial kit (Bio-Rad Laboratories, Inc., 

Hercules, CA) with bovine serum albumin (BSA) (fraction V) as a standard.  All the 

following enzyme assays were carried out under the conditions when enzyme reactions 

were linear with time.  Aminopeptidase N activity was assayed according to the procedure 

of Marouxs et al. (1973) with further adaptations by Fan et al. (2004).  The K+-stimulated 

P-nitrophenyl phosphatase activity was measured according to Murer et al. (1976) with 

revisions Fan et al. (2004).  The succinate dehydrogenase activity was measured according 

to King (1967) and Fan et al. (2004).  The D-glucose-6-phosphatase activity was measured 

according to Hübscher and West (1965) and Fan et al. (2004).  The acid phosphatase 

activity was measured according to Hübscher and West (1965) and Fan et al. (2004). 

 

2.3.5. In Vitro Transport Measurements 

 In vitro D-glucose transport experiments were carried out with tracer D-[6-3H]Glucose 

(specific activity: 0.96-1.22 TBq•mmol-1, Amersham Corporation, Arlington Heights, IL) 



97 
 

by the rapid filtration procedure (Fan et al., 2004).  This was conducted on the same d as 

the apical membrane vesicle preparation.  Uptake buffers are described in details in the 

legends to Fig. 2.1 and Fig. 2.2.  A total of 11 gradient levels of D-glucose below 1 mM 

were used with 8 levels of glucose between 2.3-92 mM in the uptake media, as shown in 

Fig. 2.2.  In order to correct for the D-glucose simple diffusion under a Na+-gradient 

condition for the experimental results reported in Fig. 2.1, a batch of apical membrane 

vesicle suspension was mixed with HgCl2 stock solution at the dosage of 0.40 µmol 

HgCl2•mg-1 protein.  Our previous studies have shown that HgCl2 at the dosage of 0.165 

µmol•mg-1 protein could completely block carrier-mediated nutrient transport (Fan et al., 

2001a).  D-Glucose simple diffusion was then measured with the HgCl2-treated vesicles 

with the buffer (2.4 µM D-[6-3H]glucose, 180 mM D-mannitol, 150 mM NaSCN and 10 

mM Trizma•HCl at pH 7.4). 

After the protein assay, the final apical membrane vesicle suspension was then 

equilibrated for an additional 30 min on ice before transport measurements.  Based on our 

preliminary measurements, 6-s incubations were used to measure the initial tracer D-[6-

3H]glucose transport rate at 2 µM.  After 20-s of equilibrating the prepared membrane 

vesicle suspension to room temperature (24°C), uptake incubation of 10 µl of apical 

membrane vesicle suspension with 50 µl of uptake buffer was initiated by a foot switch-

activated vibromixer (Fan et al., 2001a).  The process was terminated by the addition of 

1.125 ml of ice-cold wash solution (180 mM D-mannitol, 150 mM NaSCN, 10 mM 

Trizma•HCl, 0.1 mM HgCl2 at pH 7.4).  Timing was performed with an electronic GraLab 

model 545 timer/intervalometer (Fan et al., 2001a).  To eliminate contributing effects from 

differences in membrane potential among the cell fractions, a membrane-permeable anion, 
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SCN-, was included in the membrane suspension buffer and also in glucose uptake buffers 

to clamp membrane potential (Fan et al., 2001a).  To minimize non-specific binding to the 

filter membrane by D-[6-3H]glucose, 0.25-µm cellulose acetate filters were pre-soaked with 

20 mM D-glucose buffer at pH 7.4 and mounted in a Manifold filtration unit that was 

connected to a vacuum source (Fan et al., 2001a).  Composition of uptake buffers is 

described in detail in legends to the figures. 

 

2.3.6. Western Blotting Analyses of Target Protein Abundances 

SGLT1 protein abundance was determined in the three epithelial cell fractions of both their 

cellular homogenate and apical membrane using procedures described by Kles and 

Tappenden (2002).  Briefly, a linear range, from 0 to 15 µg protein, was established before 

samples were analyzed, and 3 µg protein was loaded into each well.  Samples were boiled 

for 4 min to denature the proteins and the proteins were separated using 12.5% SDS-

PAGE.  Proteins were then transferred to polyvinylidenedifluoride (PVDF) membranes 

(Bio-Rad) using a semidry transfer apparatus (Bio-Rad).  Western blotting for SGLT1 was 

performed using a polyclonal rabbit anti-human SGLT1 (1:5,000 dilution in 1% BSA and 

PBST; Chemicon, Temecula, CA), and a secondary antibody (Bio-Rad), conjugated with 

horseradish peroxidase (HRP) and diluted to 1:10,000 in 1% BSA and phosphate Buffered 

Saline with Tween 20 (PBST).  Membranes were developed using the Opti-4CN kit (Bio-

Rad).  As shown in Appedix 1, a single band of SGLT at about 75 kDa was detected in the 

porcine small intestine.  Photographs of the membranes were taken using the Kodak Image 

Station 440, and densitometry was performed with Kodak 1D Network software (Eastman 

Kodak Company, New Haven, CT). 



99 
 

Total eukaryotic initiation factor 4E (eIF4E) protein, eIF4E-binding protein 1(eIF4E-

BP1), total eukaryotic elongation factor 2 (eEF2) protein and phosphorylated (Thr56) eEF2 

protein abundances were determined by Western blotting as previously reported (Kimball 

et al., 2000).  Specifically, 0.5 g of frozen cell fractions were homogenized in 1 ml of a 

lysis buffer (20 mM Tris-HCl, 2 mM EGTA, 0.2 mM Na2EDTA, 50 mM NaF, 50 mM β-

glycerophosphate, 1 mM bezamidine, 1 mM DTT, 0.5 mM Na3VO4, 0.1 mM PMSF, and 

10 µg/mL each of aprotinin, leupeptin, pepstatin A at pH 7.4) on ice for 2 min.  Then, the 

sample was incubated on ice for 30 min with gentle inversion of the tube every 5 min and 

then centrifuged at 12,000 x g for 20 min at 4ºC.  The resulting supernatants were sampled 

for the analyses of their protein concentration prior to Western blotting of the target 

proteins. 

A suitable amount of the previously prepared supernatants were diluted with Milli-Q 

H2O and boiled in 2X SDS loading buffer (250 mM Tris-HCL, 500 mM β-

mercaptoethanol, 2% SDS, 0.1% phenol blue, 10% glycerol at pH 6.8) for 5 min.  Aliquots 

(20 to 100 µg protein) were subjected to 10% SDS-PAGE and transferred to PVDF 

membrane (Millipore, Billerica, MA) via semi-dry transfer apparatus (Bio-Rad).  The 

PVDF membranes were blocked at room temperature for 1 h with 6% non-fat dry milk 

powder dissolved in 1X TBS (25 mM Tris-HCl, 0.15 M NaCl at pH 7.4) and then 

incubated at 4°C with a primary antibody overnight.  A primary mouse anti-human eIF4E 

(25 kDa) monoclonal antibody (1:1,000 dilution in 6% skim milk powder, Sc-9976, Santa 

Cruz Biotechnology Inc, Santa Cruz, CA) was used for detection of  porcine eIF4E.  A 

primary rabbit anti-human eIF4E-BP1 (20 kDa) polyclonal antibody (1:1,000 dilution in 

6% skim milk powder, A300-501A, Bethyl Laboratories, Inc, Montgomery, TX) was used 
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for detection of porcine eIF4E-BP1.  A primary rabbit anti-human eEF2 (100 kDa) 

polyclonal antibody (1:1,000 dilution in 6% skim milk powder, Sc-25634, Santa Cruz 

Biotechnology) was used for detection of total porcine eEF2.  A primary phosphor-eEF2 

(Thr56) polyclonal antibody (1:1,000 dilution in 6% skim milk powder, Cell Signaling 

Technology, Inc, Danvers, MA) was used for detection of phosphorylated porcine eEF2.  A 

mouse anti-chicken β-actin monoclonal antibody (1:10,000 dilution, Cedarlane 

Laboratories, Burlington, NC) was used for detection of procine β-actin. Following the 

overnight incubation, membranes were washed (8 × 5 min) in 1X TBS with 0.1% Tween-

20 and incubated at room temperature for 1 h with a secondary antibody.  A secondary 

donkey anti-rabbit HRP-conjugated IgG (1:10,000 dilution in 6% skim milk powder, 

Promega Corporation, Madison, WI) was used for eIF4E-BP1, total eEF2, and phosphor-

eEF2.  A secondary donkey anti-mouse HRP-conjugated IgG (1:10,000 dilution in 6% 

skim milk powder, Promega) was used for eIF4E and β-actin.  Blots were visualized using 

the enhanced chemiluminescence detection system (Sigma-Aldrich, St. Louis, MO).  

Photographs of the film were scanned and densitometry was performed with Scion Imaging 

software (Scion Corporation, Frederick, MD). β-actin was used to normalize the abundance 

of the target proteins. Western blot analyses were all performed in duplicate for each 

sample. 

 

2.3.7. Immunohistochemical Localization of SGLT1 Protein along the Crypt-Villus Axis 

Formalin-fixed and paraffin-embedded sections of both the proximal and the distal jejunal 

segments were subjected to automated immunohistochemistry procedures for SGLT1 

protein using a Dako autostainer (Dako, Carpinteria, CA).  Processed 4-µm sections were 



101 
 

mounted on charged slides, deparaffinized and rehydrated, and treated with 3% hydrogen 

peroxide for 10 min to quench endogenous tissue peroxidases.  Heat-induced antigen 

retrieval was accomplished using Tris-EDTA buffer, pH at 9 (Target Retrieval Solution, 

Dako) and a pressure cooker (Decloaking Chamber, BioCare Medical, Concord, CA).  

Following 10 min-incubation with universal blocker (Dako), duplicate tissue sections were 

incubated with anti-SGLT1 rabbit polyclonal antibody (Chemicon, Temecula, CA) at a 

dilution of 1:600 for 30 min at room temperature.  Peroxidase-labelled goat anti-

mouse/anti-rabbit polymer detection system was used (UltraVision ONE, Lab Vision, 

Corp., Fremont, CA) with Nova Red (Vector Laboratories, Burlingame, CA) as 

chromogen.  Tissues were counterstained with Harris Hematoxylin (Fisher Scientific, 

Pittsburgh, PA).  For negative control sections, nonimmune rabbit serum diluted to a 

protein concentration similar to that of the diluted SGLT1 antibody was substituted for the 

primary antibody.  Slide sections were photographed at x 10 magnification with an 

Olympus BX41 microscope and Olympus Q Color 5 digital camera (Olympus, Melville, 

NY) using Q Capture Pro software (QImaging, Surrey, BC, Canada). 

 

2.3.8. Primer Design, RNA Extraction and Real Time RT-PCR Analysis 

 Primers for SGLT1 and β-actin were designed with Primer 3 

(http://frodo.wi.mit.edu/primer3/primer3_code.html) based on a porcine sequence to 

produce an amplification product that spanned at least two exons.  The SGLT1 and β-actin 

PCR primers used were 5‘-GGCTGGACGAAGTATGGTGT-3’ (forward) and 5’-

ACAACCACCCAAATCAGAGC-3’ (reverse), and 5’-GGATGCAGAAGGAGATCACG-

3’ and 5’-ATCTGCTGGAAGGTGGACAG-3’ respectively.  The expected size of the 

http://frodo.wi.mit.edu/primer�
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SGLT1 RT-PCR product was 153 bp (corresponding to bp 9 to 161 of porcine SGLT 1 

sequence, GenBank accession no. M34044).  The expected size of the β-actin RT-PCR 

product was 130 bp (corresponding to bp 569 to 698 of the previously reported porcine β-

actin sequence, GenBank accession no. U07786). 

Total RNA was isolated from 100 mg of each of the three major epithelial cell 

fractions using TRIZOL (Invitrogen, Carlsbad, CA) and treated with DNase I (Invitrogen) 

according to the manufacturer's instructions.  The RNA quality was checked by 1% agarose 

gel electrophoresis, stained with 10 μg ml-1 ethidium bromide.  The RNA had an 

OD260:OD280 ratio of 1.8-2.0.  Real-time PCR was performed using one-step SYBR Green 

RT-PCR Mix (Qiagen Inc., Valencia, CA), containing MgCl2, dNTP, reverse transcriptase 

and Hotstar Taq polymerase.  Equal amount of DNase I treated – RNA (100 ng) from all 

samples was added to a total volume of 25 µl containing 12.5 µl SYBR Green mix, 0.25 µl 

RT mix and 1 µM each of forward and reverse primers.  We used the following protocol: 

(i) reverse transcription program (30 min at 50 °C); (ii) denaturation program (15 min at 

95°C); (iii) amplification and quantification program, repeated 45 cycles (15 s at 95°C, 15 s 

at 54°C, 15 s at 72°C); and (iv) melting curve program (60-99°C with a heating rate of 0.1 

°C s-1 and fluorescence measurement).  We used β-actin as the internal control to normalize 

the amount of starting RNA used for RT-PCR for all samples.  Amplification and melt 

curve analysis was performed in Smart Cycler (Cepheid, Sunnyvale, CA).  Melt curve 

analysis was conducted to confirm the specificity of each product, and the size of products 

was verified on ethidium bromide-stained 2% agarose gels in Tris acetate–Na2EDTA 

buffer.  The identity of each product was confirmed by dideoxy-mediated chain termination 

sequencing at the University of Guleph Molecular Supercenter. 
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2.3.9. Calculations, Transport Kinetics and Statistical Analyses 

The initial rates of the tracer glucose uptake under a Na+-gradient condition were calculated 

according to our previously established procedure (Fan et al., 2001a).  Kinetic parameter 

estimates, including glucose transporter affinity, the maximal transport activity and 

apparent diffusion rate, were determined according to a previously established model (Fan 

et al., 2001a) as expressed in Eq (2.1). 

diffusiontracercoldmtracer JSSKSJJ +++∗= )/()( max                                                            (2.1) 

In the Eq (1), J is initial rate of the tracer glucose uptake into membrane vesicles (pmol•mg-

1 protein•s-1); Jmax is the maximal rate of glucose transport into membrane vesicles to be 

estimated (pmol•mg-1 protein•s-1); Stracer is extravesicular concentrations of the 

radioactively labeled tracer D-[6-3H]glucose concentration (2 µM); Km is SGLT1 affinity to 

be estimated (mM); and Scold is extravesicular concentrations of unlabeled D-glucose (mM); 

Jdiffusion is D-glucose apparent diffusion rate in the membrane vesicles (pmol•mg-1 protein•s-

1).  All kinetic parameter estimates of the SGLT1 activities and patterns of the initial 

glucose uptake activities were analyzed by using the Fig.P curve fitting program (Fig.P, 

1993, Biosoft, Cambridge, UK). 

The relative SGLT1 mRNA abundance ratio (R) in the upper villus, the middle villus 

and the crypt epithelial cell fractions was calculated by using the value obtained for the 

crypt cell fraction as the control according to the Delta and Delta method (Livak and 

Schmittgen, 2001)  according to Eq (2.2): 

)(2 controlsampleCtR −∆∆−=                                                                                                         (2.2) 

where R is the relative expression ratio value of the target gene.  

controlsample actinofCtSGLTofCtactinofCtSGLTofCtcontrolsampleCt )1()1()( ββ −−−=−∆∆− .  Ct value is 
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the cycle number at which both target and housekeeping genes are amplified beyond the 

threshold of 30 fluorescence units.  Real-time PCR efficiencies were acquired by 

amplification of dilution series of RNA according to the formula 10 (-1/slope) and were 

consistent between SGLT1 and β-actin.  Negative controls were performed in which water 

was substituted for RNA. 

Data for the epithelial cell fractions obtained from Western blotting analyses and real 

time RT-PCR analyses were subjected to the analysis of variance using SAS (the SAS 

Institute, Cary, NC).  Comparison of the kinetic parameter estimates was conducted using 

the pooled two-tailed Student's t-test (Byrkit, 1987).  Comparisons of the molecular 

endpoints among the epithelial cell fractions were conducted by using the Tukey’s multiple 

comparisons of SAS.  Comparison of all the endpoint differences with a level of P < 0.05 

was considered significant. 

 

2.4. RESULTS 

 

The liquid formula-fed neonatal piglets at the age of 16 d at the end of this study had a 

mean ± SE (n = 30) of body weight 4.7 ± 0.1 kg, small intestinal fresh weight of 209.0 ± 

8.0 g, and small intestinal length of 7.23 ± 1.54 m.  Freshly isolated and retained small 

intestinal epithelial cells had a cell viability of 90-95% by trypan blue exclusion prior to 

being frozen in liquid N for storage. 

The apical membrane marker, aminopeptidase N specific activity, was enriched 

between 6 and 12 fold in the prepared apical membrane fraction compared with their cell 

homogenate samples.  Furthermore, the enterocyte basolateral membrane marker, K+-
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stimulated phosphatase specific activity, was enriched less than one fold in the apical 

membrane vesicles compared with their corresponding cell homogenate, suggesting little 

contamination of the apical membrane vesicle preparation with the enterocyte basolateral 

membrane.  Other intracellular membrane markers, including the mitochondrial membrane 

marker succinate dehydrogenase, the endoplasmic reticulum marker D-glucose-6-

phosphatase, and the lysosomal membrane marker acid phosphatase specific activities, 

were below twofold in the prepared apical membrane vesicle fraction compared with their 

corresponding cell homogenate samples, indicating little contamination of the apical 

membrane vesicle preparations with these intracellular membrane fractions. 

Initial rates of D-glucose transport across the apical membrane, under a Na+ gradient, 

exhibited a quadratic pattern of progressive increases (P < 0.05) from the tip of the villus 

cells (F1) to the bottom crypt epithelial cells (F12) at the tracer D-[6-3H]glucose 

concentration of 2.0 µM (Fig. 2.1).  Glucose concentration of 2.0 µM used in this transport 

experiment was far below a concentration needed for reaching glucose transport saturation 

kinetics.  Thus, the pattern of initial rates of D-glucose transport activity presented in Fig. 

2.1 would not necessarily reflect changes in abundances of the apical membrane-bound 

SGLT1 in the isolated gut epithelial cells. 

We used a well-defined kinetic model to obtain glucose uptake kinetic parameter 

estimates in this study.  This kinetic model and associated measurements allowed 

simultaneous determination of the component of apparent diffusive component.  This 

kinetic model uses initial tracer D-[6-3H]glucose transport rate as an independent variable, 

concentrations of unlabeled D-glucose as a dependent variable and the tracer D-[6-

3H]glucose concentration (2 µM) as an input parameter.  Thus, unlike a conventional 
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relationship between initial nutrient uptake rates and substrate concentrations, kinetic 

curves associated with this model, as described in Eq (1), visually resembles competitive 

inhibition kinetics, namely, the inhibition of tracer D-[6-3H]glucose uptake by unlabeled D-

glucose (Fig. 2.2).  However, we were unable to partition high-affinity D-glucose transport 

kinetics for representing the GLUT7 uptake component by using the initial rates measured 

with the first 10-12 sets of uptake media of glucose concentrations corresponding to the 

reported GLUT7 Km value range.  Furthermore, we could not demonstrate a saturable D-

glucose uptake component for representing typical low-affinity GLUT2 kinetics with D-

glucose concentration in the uptake media for up to about 92 mM as shown in Fig. 2.2.  In 

fact, kinetics of the measured D-glucose uptake activity under the Na+-gradient conditions 

in the apical membrane vesicles prepared from the upper, the middle and the crypt 

epithelial cells were best fitted by a single transporter system (Fig. 2.2).  Thus, kinetics of 

the partitioned D-glucose uptake activity were primarily mediated via SGLT1 and were 

determined with the apical membrane vesicles prepared from the upper villus (F1 through 

F4), the middle villus (F5 through F8) and the crypt (F9 through F12) epithelial cells under 

the condition that the membrane potential in the apical membrane vesicles was clamped 

with SCN-.  Kinetics of SGLT1-mediated D-glucose uptake activity were determined with 

the apical membrane vesicles prepared from the upper villus (Fig. 2.2A), the middle villus 

(Fig. 2.2B) and the crypt (Fig. 2.2C) epithelial cells. 

Kinetic parameter estimates of SGLT1 uptake activity analyzed with the tracer 

inhibition kinetic model, including Jmax, Km, and Jdiffusion, are summarized and compared in 

Table 2.1.  There were differences (P < 0.05) in Jmax between the three epithelial cell 

fractions.  Jmax was highest in the middle villus, intermediate in the crypt, and lowest in the 
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upper epithelial cells.  There were also differences (P < 0.05) in Km between the three 

epithelial cell fractions.  Km was highest in the middle villus, intermediate in the crypt, and 

lowest in the upper villus epithelial cells.  On the other hand, the partitioned apparent D-

glucose diffusion Jdiffusion would represent simple diffusion due to the leaky nature of the 

membrane vesicles under the in vitro culture condition.  There were differences (P < 0.05) 

in Jdiffusion between the upper and the crypt epithelial cells; however, no significant 

difference was observed in Jdiffusion between the upper and the middle villus epithelial cells 

as well as between the middle villus and crypt epithelial cells. 

To determine whether the changing pattern of SGLT1 mRNA abundances paralleled 

those of the SGLT1 Jmax data described in the above section and SGLT1 protein abundance 

data in the epithelial cells in the next section, relative abundances of SGLT1 mRNA were 

analyzed by real-time RT-PCR using β-actin as a housekeeping gene.  The Ct values for the 

amplification of β-actin cDNA were similar and were not significantly different among the 

three major epithelial cells (data not shown).  There were no significant differences in the 

SGLT1 mRNA abundance between the upper villus and the middle villus epithelial cells.  

However, SGLT1 mRNA abundance was increased (P < 0.05) by 35 and 30% in the upper 

villus and the middle villus epithelial cells, respectively, when compared with the crypt 

epithelial cells (Fig. 2.3). 

Western blot analyses showed the presence of a 73-kDa SGLT1 protein band in total 

cell homogenate and the apical membrane preparations from the isolated upper villus, the 

middle villus and the crypt epithelial cells (Fig. 2.4).  There were no significant differences 

in SGLT1 protein abundances in both the total cell homogenate and the apical membrane 

preparation among the upper villus, the middle villus and the crypt epithelial cells (Fig. 
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2.4).  Thus, there is a discrepancy in the pattern of change for SGLT1 mRNA and SGLT1 

protein abundances, suggesting that SGLT1 protein abundance in the crypt epithelial cells 

was additionally maintained by posttranscriptional mechanisms likely through protein 

translational control mechanisms. 

To further visually reveal SGLT1 localization in the epithelial cells  along the entire 

jejunal crypt-villus in the neonatal pigs, immunohistochemical staining was performed.  As 

was shown in Fig. 2.5, SGLT1 protein expression was specific to the apical membrane of 

enterocytes along the entire crypt-villus axis in both the proximal (Fig. 2.5A) and the distal 

(Fig. 2.5B) jejunum.  The SGLT1 staining was not observed, when the primary antibody 

was excluded in the negative control staining (Fig. 2.5).  Furthermore, the upper villus 

region of the distal jejunal epithelia was highly vacuolated (Fig. 2.5B). 

eIF4E, eIF4E-BP1 and eEF2 are some of the well recognized cellular protein 

translational initiation and elongation factors.  The abundances of eIF4E, eIF4E-BP1 and 

eEF2 were measured by immunoblot analyses.  When expressed relatively to β-actin, total 

eIF4E abundance was lower by 31% (P < 0.05) in the upper villus epithelial cell in 

comparison with the crypt cells.  However, no significant differences in eIF4E abundances 

were observed between the middle villus and the crypt epithelial cells (Fig. 2.6).  eIF4E-

BP1 was also clearly resolved into α-, β- and γ-isoforms in all three major epithelial cells 

(Fig. 2.7).  It was apparent that a very small proportion of eIF4E-BP1 was in the α-isoform, 

while the majority of the eIF4E-BP1 protein was in the γ-isoform and/or β-isoform (Fig. 

2.7).  Furthermore, the eIF4E-BP1 γ-isoform abundance was lower by 40% (P < 0.05) in 

the upper villus compared with the crypt epithelial cells.  However, no significant 

difference in eIF4E-BP1 γ-isoform abundance was observed between the middle villus and 
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the crypt epithelial cells (Fig. 2.7).  On the other hand, there were no significant differences 

in abundances of the total eEF2 protein between the upper villus, the middle villus and the 

crypt epithelial cells (Fig. 2.8).  Abundance of phosphorylated-eEF2 protein (Thr56) and 

the ratio of the phosphorylated-eEF2 protein to total eEF2 abundances were lower by 37% 

and 1.1 fold (P < 0.05), respectively, in the crypt epithelial cells compared with the upper 

villus epithelial cells (Fig. 2.9 and Fig. 2.10).  However, no significant differences in 

abundances of phosphorylated-eEF2 protein (Thr56) and the ratio of the phosphorylated-

eEF2 protein to total eEF2 abundances were observed between the upper villus and the 

middle villus epithelial cells (Fig. 2.9 and Fig. 2.10). 

 

2.5. DISCUSSION 

 

Our major objective of this study was to understand the biological mechanisms of 

possessing high apical SGLT1 activity by neonates through examining the expression of 

SGLT1 uptake activity kinetics by epithelia along the small intestinal crypt-villus axis in 

the neonatal piglets.  Results from this study suggested that apical SGLT1 activity in terms 

of Jmax was highly expressed in the epithelial cells along the entire jejunal crypt-villus axis, 

leading to high apical SGLT1 maximal uptake activity per villus unit or per unit of mucosa 

in the neonatal piglets.  There is a scarcity of literature reports regarding the expression of 

apical SGLT1 activity along the crypt-villus axis in neonates.  These observations in the 

neonatal pigs from this study were in contrast to the findings previously reported in 

weanling pigs and other species of adult animals and in cell line studies in showing that 

enterocytic expression of apical SGLT1 activity was cell differentiation dependent, being 
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high in mature and differentiated villus epithelia but very low or absent in proliferative 

crypt cells (Freeman et al., 1987; Meddings et al., 1990; Delézay et al., 1995).  Therefore, 

these results suggest that expression of apical SGLT1 maximal uptake activity in the 

epithelia occurs along the entire small intestinal crypt-villus axis and is uniquely regulated 

in neonates. 

The apical SGLT1 affinity estimates (Km, 2.02-3.70 mM) determined in the epithelia 

along the crypt-villus axis in the neonatal pigs from this study are within the range of the 

Km values (0.78-7.10 mM) reported in postnatal developmental pigs (Puchal and 

Buddington, 1992).  Although GLUT7 has been characterized to recognize D-glucose as a 

substrate with a high affinity (Km < 0.500 mM) in the Xenopus oocyte expression system 

(Cheeseman, 2008), the physiological importance of GLUT7 in the apical glucose uptake is 

unclear.  Our tracer D-glucose uptake kinetic analyses measured with isolated jejunal apical 

membrane vesicles did not reveal a putative GLUT7-like high-affinity D-glucose uptake 

kinetic component.  This suggests that the GLUT7 does not likely contribute to the 

absorption of luminal glucose in the pig.  In addition, our kinetic analyses of tracer D-

glucose uptake in jejunal apical membrane vesicles did not reveal a putative GLUT2-like 

low-affinity D-glucose uptake kinetic component with Km at about 56 mM, which was 

reported in rats (Kellett and Helliwell, 2000).  This suggests that the GLUT2 is unlikely to 

play a role for the absorption of luminal glucose in the pig.  This observation is consistent 

with a recent study in weanling pigs in concluding that GLUT2 protein is not expressed on 

the apical membrane in the pig (Moran et al., 2010) in contrast to the earlier studies in rats 

(Kimball et al., 2000).  Thus, SGLT1 is the major apical hexose transporter responsible for 

the intestinal absorption of luminal glucose in the neonatal pig. 
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The dissociation between SGLT1 Jmax values and SGLT1 mRNA abundances along 

the crypt-villus axis particularly in the crypt cells from this study suggested that the apical 

SGLT1 Jmax in the crypt epithelial cell was not limited by the SGLT1 mRNA abundance in 

the neonatal pigs.  Whereas a significant difference in SGLT1 mRNA abundance between 

the villus and the crypt epithelial cells was observed, SGLT1 mRNA was significantly 

expressed in the crypt cells in the neonatal pigs shown from this study.  Results in the 

neonatal pigs from this study are not consistent with the pattern of SGLT1 gene expression 

previously reported in adult animals in showing that transcriptional expression of SGLT1 

gene was enterocyte differentiation dependent and SGLT1 mRNA abundance was 

undetectable or very low in the crypt cells (Hwang et al., 1991; Smith et al., 1992; Lee et 

al., 1994).  On the other hand, our data of dissociation between SGLT1 Jmax and mRNA 

abundance in the crypt cells from this study are in line with previous studies conducted 

with adult animals and in the HT-29-D4 cell line in showing that apical SGLT1 activity 

was regulated, at least in part, at the post-transcriptional level (Lescale-Matys et al., 1993; 

Delézay et al., 1995).  Thus, our results indicate that a significant level of SGLT1 mRNA 

was transcribed in the crypt epithelial cells, partially contributing to the high levels of the 

apical SGLT1 protein abundance and its maximal D-glucose uptake activity in the crypt 

cells in the neonatal pigs. 

Western blot analysis showed that SGLT1 protein evenly distributed in the epithelial 

cell homogenate and on the isolated apical membrane along the entire jejunal crypt-villus 

axis in the neonatal pigs from this study.  Our immunohistochemical staining of SGLT1 

further supported the observation of SGLT1 specific expression on the apical membrane 

along the entire crypt-villus axis in both the proximal and the distal jejunum in the liquid 
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formula-fed neonatal pig.  The existence of highly vacuolated upper villus epithelia in the 

distal jejunum, as shown in Fig. 2.5B, was consistent with much earlier study in showing 

that suckling neonatal gut possessed vacuolated fetal enterocytes till 19 d of age (Smith and 

Peacock, 1980).  Furthermore, the consistent expression patterns between the high apical 

SGLT1 maximal D-glucose uptake activity and the apical SGLT1 protein abundances 

observed from this study suggest that the expression of the apical SGLT1 protein is not 

enterocyte differentiation dependent and occurs along the entire crypt-villus axis in these 

neonatal pigs.  Reciprocally, literature reports suggest that expression of the apical SGLT1 

protein abundance is enterocyte differentiation dependent, being high in villus cells and 

very low or negligible in crypt cells in weanling pigs (Moran et al., 2010) and adult animals 

(Hwang et al., 1991; Takata et al., 1992; Balen et al., 2008).  Therefore, expression of 

SGLT1 on the apical membrane occurs along the entire jejunal crypt-villus axis in the 

neonatal pig. 

Western blot analysis identified the porcine immune-reactive SGLT1 protein band at 

about 73 kDa.  This is consistent with a similar size of the mature SGLT1 protein at 75 kDa 

reported in the weanling pig (Moran et al., 2010) and in adult animals of other species 

(Hediger et al., 1992; Hirayama and Wright, 1992).  Furthermore, observations from 

previous SGLT1 biosynthetic studies (Hediger et al., 1992; Hirayama and Wright, 1992) 

are in line with in situ phlorizin binding kinetic studies in adult mice in showing that 

biosynthesis of pre-mature SGLT1 isoform was conceived and induced primarily in the 

crypt enterocytes (Ferraris and Diamond, 1992).  Based on the reported porcine SGLT1 

coding cDNA sequence (Genbank accession no. NM_001164021), the theoretical porcine 

SGLT1 protein was calculated to be at about 73 kDa, consistent with our Western analysis 
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(Fig. 2.4).  Our Western analyses suggested that SGLT1 protein expressed in the neonatal 

porcine gut mucosa was not likely glycosylated at a significant level.  The lack of 

differences in the SGLT1 abundances in the cell homogenates and the apical membrane 

preparations among the three epithelial cell fractions from this study would suggest that 

intracellular trafficking did not seem to play a role in regulation of the apical SGLT1 

expression in the neonates.  In contrast, intracellular trafficking was shown to play a major 

role in expressing apical SGLT1 in studies with cell lines (Delézay et al., 1995; Vayro and 

Silverman, 1999).  In theory, the relative SGLT1 abundances in the cell homogenates and 

the apical membrane preparations in the neonatal pigs from this study, as analyzed by 

Western blotting, are largely the net balance between the biosynthesis of SGLT1 and 

SGLT1 degradation.  Considering that the level of the intracellular SGLT1 degradation 

might be very low, changes in SGLT1 abundances in the cell homogenates and the apical 

membrane preparations isolated along the crypt-villus axis likely reflected changes in de 

novo synthesis of SGLT1 protein, which needs to be further explored in future in vivo 

SGLT1 labeling and biosynthesis studies in neonates. 

An intriguing question is how the apical SGLT1 protein abundance was maintained 

despite significantly low abundance of SGLT1 mRNA observed in the crypt cells in the 

neonatal piglets from this study.  Under this context, it has been well documented that 

translational control is an important strategy and the most determinant by which eukaryotic 

cells regulate gene expression and control target gene protein levels (Snenberg and 

Hinnerbush, 2009; Van Der Kelen et al., 2009).  The eukaryotic protein synthetic pathway 

components, including initiation, elongation and termination, have been well established 

with rate-limiting steps and their regulatory mechanisms being continuously elucidated 
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(Sonenberg and Hinnerbush, 2009; Van Der Kelen et al., 2009).  Several initiation and 

elongation factors have been shown to play essential roles in eukaryotic protein 

translational control, including eIF4E, eIF4E-BP1 and eEF2.  eIF4E is a major target for 

the control of cap-dependent translational initiation and plays very important roles in the 

regulation of protein synthesis by involving the formation of eIF4F complex (Gingras et al., 

1999; Sonenberg, 2008).  The availability of eIF4E for initiating protein synthesis is further 

regulated by the eIF4E-BP1, which, in its hyperphosphorylated state, reduces its binding to 

eIF4E and releases more eIF4E for the formation of eIF4F complex for enhanced engaging 

to mRNA and protein translation (Wullschleger et al., 2006; Yang et al., 2008).  The 

polypeptide elongation process occurs after protein translation initiation and is mediated by 

eEF2 that couples to GTP hydrolysis (Proud, 2004; Yang et al., 2008).  The 

phosphorylation of eEF2 at Thr56, catalyzed by eEF2 kinase, inactivates eEF2, and 

therefore, substantially inhibits protein synthesis (Ryazanov et al., 1988).  So far, very little 

has been reported regarding the contribution of protein translational control mechanisms to 

the expression of SGLT1 during enterocyte proliferation and differentiation.  While in vivo 

SGLT1 protein synthesis and total cellular protein synthetic efficiency were not measured 

in this study, changes in abundances and/or phosphorylation of these important protein 

translational initiation and elongation factors, including eIF4E, eIF4E-BP1 and eEF2, were 

examined in the epithelial cells isolated along the crypt-villus axis in the neonatal pigs from 

this study.  It is noteworthy that eIF4E-BP1 immune-reactive bands were clearly resolved 

into α-, β- and γ-isoform in all the three major epithelial cell fractions in this study, 

consistent with previous studies on the eIF4E-BP1 protein in porcine muscle (Kimball et 

al., 2000).  Earlier studies showed that when eIF4E-BP1 was resolved by SDS-PAGE, it 
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was separated into three isoforms with the fastest migration band characterized to be α-

isoform being the least phosphorylated isoform and the slowest migration band designated 

to be γ-isform being the most highly phosphorylated isoform (Pause et al., 1994).  

Significantly higher abundances of eIF4E and eIF4E-BP1 γ-isoform in combination with a 

lower phosphorylated eEF2 abundance and phosphorylated eEF2 to total eEF2 abundance 

ratio observed in the crypt cells compared with the upper villus cells in this study would 

suggest that global protein translational efficiency was higher in crypt cells than in the 

upper villus cells in the neonates.  This observation is in general agreement with a 

proteomic study by Chang et al. (Chang et al., 2008) who showed that intestinal 

transcription and translation related proteins were predominantly expressed in crypts in 

mice.  Accordingly, microarray studies revealed that genes with a role in protein 

translation, folding and ribosome biogenesis were significantly up-regulated in crypt cells 

from mouse and human intestines (Gassler et al., 2006).  On the other hand, the expression 

of eIF4E, eIF4E-BP1 and eEF2 and/or their phosphorylation along with other translational 

initiation and elongation factors are known to be modulated through mammalian target of 

rapamycin signaling pathway by a wide range of extracellular stimuli such as nutrient 

availability, intracellular energy status, hormonal factors and physiological status 

(Wullschleger et al., 2006; Yang et al., 2008).  Of these influencing factors, it will be 

important to understand how availability of luminal nutrients specifically regulates the 

biosynthesis of SGLT1 protein in the epithelial cells along the crypt-villus axis in neonates 

in future research.  Therefore, our results showed that global cellular protein translation 

efficiency was higher in crypt cells than in the upper villus cells and this may be involved 

in maintaining high SGLT1 protein abundances in the crypt cells and on the apical 
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membrane of the cells in the neonates. 

In conclusion, SGLT1 protein was abundantly expressed in the epithelia and on the 

apical membrane of these cells along the entire jejunal crypt-villus axis, thereby leading to 

high levels of apical SGLT1 maximal uptake activity per villus unit and in per unit of gut 

mucosa in the neonates.  Despite relatively low SGLT1 mRNA abundance, higher cellular 

global protein translational efficiency, as supported by comparative examination of eIF4E, 

eIF4E-BP1 and eEF2E abundances, may be contributing to maintaining the abundant 

expression of the SGLT1 protein and its activity in the crypt cells of the neonatal piglets. 
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Table 2.1.  Kinetic parameter estimates of Na+-D-glucose co-transport into apical 

membrane vesicles prepared from the upper villus, the middle villus and crypt epithelial 

cells isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal pig 

 

 Kinetic parameters 

Cell types Jmax Km Jdiffusion 

Upper villus epithelial cells 390.0 ± 96.2a 2.02 ± 0.52a 0.092 ± 0.010a 

Middle villus epithelial cells 590.0 ± 167.7b 3.70 ± 1.06b 0.094 ± 0.011ab 

Crypt epithelial cells 492.4 ± 87.3c 2.76 ± 0.50c 0.098 ± 0.007b 

 

Jmax: maximal transport rate (pmol•mg-1 protein•s-1). Km: SGLT1 affinity (mM). 

Jdiffusion: apparent transmembrane diffusion rate of D-glucose (pmol•mg-1 protein•s-1).  

Parameter estimates were derived with P < 0.05 (parameter estimates ± SE, n = 57).  

a,b,cMeans in the same column with different superscript letters differ (P < 0.05). 
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Fig. 2.1.  Initial rates of D-glucose uptake under a Na+ gradient into the apical membrane 

vesicles prepared from epithelial cells isolated along the jejunal crypt-villus axis in the 

liquid formula-fed neonatal pigs. Apical membrane vesicles were pre-loaded with a buffer 

containing 180 mM D-mannitol, 150 mM KSCN, 10 mM Trizma•HCl at pH 7.4.  Uptake 

buffer contained 2.4 µM D-[6-3H]glucose, 180 mM D-mannitol, 150 mM NaSCN and 10 

mM Trizma•HCl at pH 7.4.  The uptake media (60 µl), resulting from mixing 50 µl uptake 

buffer with 10 µl apical membrane vesicles, contained 2.0 µM D-[6-3H]glucose, 180 mM 

D-mannitol, 125 mM NaSCN, 25 mM KSCN and 10 mM Trizma•HCl.  Each point 

represents the mean and standard error (n = 3) of measurements from three uptake 

experiments (duplicate observations in each experiment) using three separate batches of 

apical membrane vesicle suspension prepared from 12 epithelial cell fractions (F1 through 

F12).  Each batch of epithelial cell fractions was collected and pooled from the proximal 
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and the distal jejunal segments of two piglets, thus a total of six piglets were used in these 

uptake experiments.  J, rate of D-[6-3H]glucose tracer uptake into apical membrane 

vesicles. 
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Fig. 2.2.  Kinetics of sodium-D-glucose co-transporter 1 (SGLT1) glucose uptake into the 

apical membrane vesicles prepared from (A) the upper villus, (B) the middle villus and (C) 
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the crypt epithelial cells isolated along the jejunal crypt-villus axis in the neonatal pig.  

Initial rates of the D-[6-3H]glucose tracer uptake as a function of extravesicular 

concentrations of non-labeled D-glucose as shown.  Apical membrane vesicles were pre-

loaded with a buffer containing 180 mM D-mannitol, 150 mM KSCN, 10 mM Trizma•HCl 

at pH 7.4.  A total of 19 uptake buffers contained 2.4 µM D-[6-3H]glucose, 150 mM 

NaSCN and 10 mM Trizma•HCl at pH 7.4, and differed in the concentrations of D-glucose 

(0-110 mM) and D-mannitol (180-70 mM).  The uptake media (60 µl), resulting from 

mixing 50 µl uptake buffer and 10 µl apical membrane vesicles, contained 2.0 µM D-[6-

3H]glucose, 125 mM NaSCN, 25 mM KSCN, 0-92 mM D-glucose, 180-88 mM D-mannitol 

and 10 mM Trizma•HCl.  Each point represents the mean and standard error (n = 3) of 

measurements from three uptake experiments (duplicate observations in each experiment) 

using three separate batches of apical membrane vesicle suspension prepared from three 

epithelial cell fractions (the upper villus cell, F1 – F4; the middle villus cell, F5 – F8; and 

the crypt cell, F9-F12).  Each batch of epithelial cell fractions was collected and pooled 

from the proximal and the distal segments of two piglets, thus a total of 18 piglets were 

used in these experiments.  Jmax, maximal rate of D-glucose uptake into the apical 

membrane vesicles; Km, the SGLT1 affinity; Jdiffusion, apparent transmembrane diffusion rate 

of D-glucose into the apical membrane vesicles; J, rate of D-[6-3H]glucose tracer uptake 

into apical membrane vesicles; and Scold, extracellular concentration of unlabelled D-

glucose. 
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Fig. 2.3.  Real-time RT-PCR analysis of SGLT1 mRNA abundances in the upper villus 

(U), the middle villus (M) and crypt (C) epithelial cells isolated along the jejunal crypt-

villus axis in the liquid formula-fed neonatal pigs. Results were normalized using β-actin 

expression as a house-keeping control gene in each real time RT-PCR.  Data were 

expressed in being relative to the crypt cell value (value = 1) and were presented as means 

± SE (n = 6) in arbitrary units.  Bars sharing a different superscript letter differ (P < 0.05). 
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Fig. 2.4.  Western blot analysis of SGLT1 protein abundances in the upper villus (U), the 

middle villus (M) and crypt (C) epithelial cells isolated along the jejunal crypt-villus axis in 

the liquid formula-fed neonatal pigs. Data were in arbitrary units and were presented as 

means ± SE (n = 6). 
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Fig. 2.5.  Immunohistochemical localization of SGLT1 along the jejunal crypt-villus axis in 

the liquid formula-fed neonatal pigs.  Expression of SGLT1 (brown) was observed on the 

apical membrane along the entire crypt-villus axis in both the proximal (A) and the distal 

(B) jejunal regions (left).  The staining was not observed when the primary antibody was 

excluded (right).  All images were shown at × 10 magnification. 
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Fig. 2.6.  Western blot analysis of eukaryotic initiation factor 4E (eIF4E) protein 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial cells 

isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal pigs. Data 

were normalized with β-actin as the housekeeping control gene protein in arbitrary units 

and were presented as means ± SE (n = 6).  Bars sharing a different superscript letter differ 

(P < 0.05). 
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Fig. 2.7.  Western blot analysis of eIF4E-binding protein 1 (eIF4E-BP1) γ-isomer 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial cells 

isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal pigs.  Data 

were normalized with β-actin as the housekeeping protein in arbitrary units and were 

presented as means ± SE (n = 6).  Bars sharing a different superscript letter differ (P < 

0.05). 



127 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8.  Western blot analysis of total eukaryotic elongation factor 2 (eEF2) protein 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial cells 

isolated along the jejunal crypt-villus axis in the liquid formula-fed neonatal pigs.  Data 

were normalized with β-actin as the housekeeping protein in arbitrary units and were 

presented as means ± SE (n = 6). 
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Fig. 2.9.  Western blot analysis of phosphorylated eEF2 (Phospho-eEF2) protein 

abundances in the upper villus (U), the middle villus (M) and crypt (C) epithelial cells 

isolated along the jejunal crypt-villus axis in the liquid-formula-fed neonatal pigs.  Data 

were normalized with β-actin as the housekeeping protein in arbitrary units and were 

presented as means ± SE (n = 6).  Bars sharing a different superscript letter differ (P < 

0.05). 

 

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

U M CPh
os

ph
o 

- e
EF

2 
pr

ot
ei

n 
re

la
tiv

e 
to

 β
-

ac
tin

 p
ro

te
in

, a
rb

itr
ar

y 
un

it

a

ab

b

P
ho

sp
ho

-e
E

F2
 p

ro
te

in
   

   
   

   
   

   
ab

un
da

nc
e

0.0

0.4

0.8

1.2

1.6

2.0



129 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.10.  Phospho-eEF2 protein abundance to total eEF2 protein abundance ratio in the 

upper villus (U), the middle villus (M) and crypt (C) epithelial cells isolated along the 

jejunal crypt-villus axis in the liquid formula-fed neonatal pigs.  Data were presented as the 

means ± SE (n = 6).  Bars share a different superscript letter differ (P < 0.05). 
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CHAPTER 3 

 

APICAL NA+-L-GLUTAMINE CO-TRANSPORT ACTIVITY AND B0 

TRANSPORTER PROTEIN ABUNDANCE ARE EXPRESSED ALONG 

THE JEJUNAL CRYPT-VILLUS AXIS IN THE NEONATAL PIG 

 

3.1. ABSTRACT 

 

Gut apical amino acid (AA) transport activity is high at birth and during suckling, thus 

being essential to maintain luminal nutrient-dependent mucosal growth through providing 

AA as essential metabolic substrates and nutrient stimuli for cellular growth.  Since 

system-B0 Na+-neutral AA co-transporter B0AT1 (SLC6A19) plays a dominant role for 

apical uptake of large neutral AA such as L-Gln, we hypothesize that high apical Na+-Gln 

co-transport activity and SLC6A19 gene are expressed along the entire small intestinal 

crypt-villus axis via unique control mechanisms.  Kinetics of Na+-Gln co-transport activity 

in apical membrane vesicles, prepared from epithelial cells sequentially isolated along the 

jejunal crypt-villus axis from neonatal pigs, were measured with membrane potential 

clamped by thiocyanate. Apical maximal Na+-Gln co-transport activity was much higher (P 

< 0.05) in upper villus cells than in middle villus (by 29%) and crypt (by 30%) cells, 

whereas Na+-Gln co-transport affinity was lower (P < 0.05) in the upper villus cells than in 

the middle villus and the crypt cells. Thus, high levels of maximal Na+-Gln uptake activity 

were expressed along the entire jejunal crypt-villus axis. Real time RT-PCR analyses 

showed that SLC6A19 mRNA abundance was lower (P < 0.05) in the crypt cells (by 40-



131 
 

47%) than in the villus cells.   There were no significant differences in B0AT1 protein 

abundances in the cell homogenate and on the apical membrane among the upper villus, the 

middle villus and the crypt cells.  In conclusion, neonates have high intestinal apical Na+-

neutral AA uptake activity by abundantly expressing Na+-neutral AA co-transporter gene 

SLC6A19 and its protein B0AT1 in the epithelia and on the apical membrane along the 

entire crypt-villus axis. 

 

KEY WORDS:  apical L-glutamine uptake; system B0 Na+-neutral amino acid co-

transporter B0AT1; intestinal crypt-villus axis; gut mucosal growth; neonates 

 

3.2. INTRODUCTION 

 

Gut apical Na+-dependent neutral amino acid (AA) transport activity is high at birth and 

during neonatal suckling (Al-Mahroos et al., 1990; Buddington and Diamond, 1990; 

Toloza and Diamond, 1992; Buddington et al., 2001) with two physiological implications.  

First, this supports high neonatal skeletal muscle protein synthesis and whole body growth 

rate (Reeds et al., 2000) with a high efficiency of whole body N utilization at both the 

digestive and post-digestive levels (Fan et al., 2006).  Second, this is essential to maintain a 

rapid postnatal growth of the small intestine immediately after birth and during suckling 

(Puchal and Buddington, 1992; Toloza and Diamond, 1992; Xu et al., 1992), which is 

mediated via enteral nutrient-dependent mechanisms (Burrin et al., 1995; Burrin et al., 

2000; Tappenden, 2006).  It is conceivable that this high apical Na+-dependent neutral AA 

transport activity supplies neutral AA as essential metabolic substrates (Windmueller and 
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Spaeth, 1980; Burrin and Reeds, 1997; Wu, 1998; Stoll et al., 2000) and nutrient stimuli for 

gut mucosal growth through the mammalian target of rapamycin (mTOR) signaling 

pathway (Yang et al., 2008; Goberdhan et al., 2009; Nicklin et al., 2009).  Gut mucosal 

growth is, in essence, enterocyte proliferation in the crypt and maturational differentiation 

along the crypt-villus axis (Smith, 1985; Johnson and McCormack, 1994; Fan et al., 

2001b).  Thus, one of the key linkages to the knowledge gap of understanding the 

contributions of AA transporters to gut and whole body growth and AA metabolism is to 

understand how the expression of the apical Na+-dependent AA transporters is regulated 

along the small intestinal crypt-villus axis in neonates. 

Neutral AA represent the largest group of AA present in diets and body.  Transport of 

AA across the enterocyte apical membrane is the initial step of AA metabolism in the gut 

mucosa.  Uptake of luminal neutral AA across the enterocyte apical membrane occurs via 

Na+-independent and Na+-dependent mechanisms (Bode, 2001; Bröer, 2008). The Na+-

independent neutral AA uptake across the enterocyte apical membrane is proposed to occur 

via the L system (Al-Mahroos et al., 1990; Mailliard et al., 1995; Fan et al., 1998) with 

molecular identity being further characterized.  There is an overlap of several identified 

Na+-AA co-transport systems that have different substrate specificity to different neutral 

AA, potentially contributing to the uptake of neutral AA across the apical membrane.  This 

overlap is believed to provide a backup capacity for intestinal absorption of AA (Bröer, 

2008). The system-B0+ Na+-dependent AA transporter ATB0+ transports both cationic and 

neutral AA across the apical membrane (Sloan and Mager, 1999).  However, Munck et al. 

(1995) have shown that the B0+ system is not present in the pig intestine.  The system-

ASCT2 Na+-dependent AA transporter (SLC1A5) ATB0 is an obligatory neutral AA 
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exchanger (Kekuda et al., 1997; Bröer et al., 2000; Avissar et al., 2001).  The system-N 

Na+-dependent transporter (SLC38A5, SN2 or SNAT5) is known to transport a wide 

spectrum of neutral AA including Gln (Talukder et al., 2008b). Furthermore, as an 

antiporter, SN2 is primarily expressed on the apical membrane in crypt cells and needs an 

inward-out proton gradient, i.e., a low intracellular pH (Mackenzie and Erickson, 2004), 

thus likely playing a major role under acidosis (Talukder et al., 2008b).  The system-

IMINO Na+-dependent AA transporter (SLC6A20 - SITI or XT3S1) is specific to transport 

Pro and its derivative compounds and has very little uptake specificity to large neutral AA 

such as Gln (Kowalczuk et al., 2005; Takanaga et al., 2005).  The Na+-glycine co-

transporter 1 (GLYT1, SLC6A9) has very low uptake specificity toward large neutral AA 

such as Gln (Christie et al., 2001).  The system-B0 Na+-dependent neutral AA transporter 

(B0AT1, SLC6A19) is shown to have preferred uptake specificity to large aliphatic neutral 

AA such as Met, Leu, Ile, Val (Maenz and Patience, 1992; Bröer et al., 2004) and has a 

wide spectrum of specificity to other large neutral AA, including Gln, Asn, Phe, Cys, Thr, 

Trp, Pro and Tyr, and smaller neutral AA such as Ala, Gly and Ser (Maenz and Patience, 

1992).  Mutation in the SLC6A19 gene causes Hartnup disorder in humans (Bröer et al., 

2004; Kleta et al., 2004), further supporting the notion that B0AT1 is predominant in the 

apical uptake of intestinal luminal neutral AA. 

The system-B0 Na+-neutral AA co-transporter B0AT1 gene SLC6A19 was initially 

identified, cloned and characterized in humans and mice (Bröer et al., 2004; Kleta et al., 

2004; Seow et al., 2004; Böhmer et al., 2005) and then in rabbits (Talukder et al., 2008a).  

Research regarding Na+-dependent neutral AA transport activity and the SLC6A19 gene 

expression during enterocyte proliferation and differentiation has been primarily conducted 
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in cell lines and in adult animals.  Much earlier studies conducted with quantitative 

autoradiographic technique suggested that expression of the apical Na+-dependent neutral 

AA transport activity was limited to the upper villus epithelial cells in adult animals (King 

et al., 1981; Cheeseman, 1986).  By using the same technique, it was also shown with Ala 

that the apical Na+-dependent neutral AA transport activity occurred along the entire small 

intestinal crypt-villus axis in newborn piglets (Smith, 1981) in comparison with the limited 

expression to the upper villus in 15-21 d unweaned suckling piglets (Smith, 1984) and in 

adult rabbits (Smith, 1981).  This classic study by Smith (1981) has led to the speculation 

that neonatal animals possess high mucosal apical AA transport activity by expressing Na+-

dependent AA transport activity in both fetal and adult types of enterocytes along the entire 

intestinal crypt-villus axis (Buddington and Diamond, 1989).  It is apparent that the 

autoradiographic technique did not allow measurements of the maximal AA uptake rate 

and the determined apical Na+-dependent Ala transport activity was not system-B0 specific 

in the Smith (1981) study.  On the other hand, results obtained with cell lines are 

conflicting.  Studies with the rat crypt-like cell line IEC-17 suggested that system-B0 

specific AA uptake activity was absent in crypt cells (Mordrelle et al., 1996), whereas 

studies with Caco-2 cells showed Na+-dependent neutral AA transport activity was high in 

less differentiated cells but was low in much more differentiated cells (Pan and Stevens, 

1995; Costa et al., 2000).  More recent studies have shown that expression of B0AT1 is 

enterocyte-specific and is not found in other types of intestinal epithelial cells (Bröer et al., 

2004).  Furthermore, it has been shown that transcription of the B0AT1 gene and the 

abundance of the apical B0AT1 protein are enterocyte differentiation dependent, being high 

in mature upper enterocytes and absent or very low in crypt enterocytes in adult mice and 
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rabbits (Bröer et al., 2004; Romeo et al., 2006; Takukder et al., 2008). To date, little is 

known about expression of Na+-dependent neutral AA transport activity and the SLC6A19 

gene along the small intestinal crypt-villus axis in neonates. 

Under this context, Gln, being the most abundant free AA in the blood, is the primary 

metabolic fuel and is essential for promoting and maintaining intestinal epithelial health 

(Larson et al., 2007).  Sufficient studies have demonstrated that Gln promotes and 

maintains intestinal epithelial health through several mechanisms such as regulating acid-

base homeostasis (Krebs, 1980), activating intestinal epithelial cell proliferation via the 

mitogen-activated protein kinase signaling cascade and activator protein 1 gene 

transcription (Rhoads et al., 1997), stabilizing gut epithelial tight junctions (Li and Neu, 

2009), inhibiting apoptosis in intestinal cells via activation of extracellular signal-related 

kinase signaling pathway (Larson et al., 2007), inducing autophagy in intestinal epithelial 

cells via the mTOR pathway (Sakiyama et al., 2009) and showing anti-inflammatory 

effects (Chen et al., 2008).  Therefore, the objectives of this study were to firstly test the 

hypothesis that gut mucosal apical Na+-Gln co-transport activity and B0AT1 protein were 

abundantly expressed along the entire small intestinal crypt-villus axis, thereby leading to 

high Na+-Gln co-transport activity and B0AT1 protein density per villus unit or per unit of 

mucosa essential to maintain enteral nutrient-dependent gut mucosal growth in neonates.  

Secondly, we wished to understand the pattern of SLC6A19 gene expression and its 

possible regulatory mechanisms along the small intestinal crypt-villus axis in neonates. 
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3.3. MATERIALS AND METHODS 

 

3.3.1. Materials  

L-[G-3H]Gln (specific activity: 1.55-1.74 TBq/mmol) was obtained from Amersham 

Corporation (Arlington Heights, IL).  Ecolume scintillant was from ICN Pharmaceuticals 

(Costa Mesa, CA). Bio-Rad dye reagent was from BIO-RAD Laboratories (Hercules, CA). 

Bovine serum albumin (fraction V), L-Gln, D-mannitol, Trizma.HCl, Hepes, aprotinin, 

phenylmethylsulfonyl fluoride (PMSF), Na-p-tosyl-L-Lysine chloromethyl ketone 

(TLCK.HCl), ouabain, Na2ATP, p-nitrophenyl phosphate, dithiothreitol (DTT), aprotinin, 

leupetin, pepstatin A, N-tosyl-L-phenylalanine chloromethyl-ketone, and N- -p-tosyl-L-

lysine ketone and other chemicals and reagents, unless specified, were purchased from 

Sigma-Aldrich Chemical Co (St. Louis, MO). 

 

3.3.2. Animals and Tissue Preparation 

A total of 36 suckling piglets, taken from different sows at the age of 7 d, were individually 

housed in metabolic cages equipped with feeders in an environmentally-controlled room 

maintained at about 28°C.  The piglets were fed three times daily a liquid commercial 

formula containing (%)52.7 lactose, 25 protein, 10 fat and 12.3 for other supplements 

including minerals, vitamins and antibiotics (Litter Life, Merricks Inc., Middleton, WI) 

(Fan et al., 2001a).  At the ages of 14-16 d, the piglets were euthanized for isolation and 

collection of jejunal epithelial cells.  The experimental protocol was approved by the 

institutional Animal Care and Use Committees. 
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Piglets were anesthetized by inhalation of 5% isofluorane (Aerrane, Anaquest, WI) 

via a facial mask.  The abdomen was immediately opened and a 480-cm jejunal segment, 

starting at 30 cm posterior to the pyloric sphincter and ending at 60 cm anterior to the ileo-

cecal ligament of Treitz, was dissected and immediately flushed twice with 60 ml of ice-

cold phosphate-buffered saline (0.2 mM PMSF and 0.5 mM DTT at pH 7.4) (Fan et al., 

2001b).  The isolated intestinal segment was divided according to our previously published 

protocol for cell isolation (Fan et al., 2001b).  The piglets were sacrificed with an overdose 

(50 mg•kg-1 body weight) of sodium pentobarbital (Sigma-Aldrich). 

 

3.3.3. Sequential Isolation of Epithelial Cells along the Crypt-Villus Axis 

We have adopted the Weiser distended intestinal sac technique for sequentially isolating 

jejunal epithelial cells along the crypt-villus axis from the piglets in this study (Fan et al., 

2001b).  The divided intestinal segments were quickly filled with a pre-incubation buffer 

(27 mM sodium citrate, 0.2 mM PMSF and 0.5 mM DTT at pH 7.4) that was oxygenated 

with O2/CO2 mixture (19:1, vol/vol) and pre-warmed in a water bath at 37°C (Fan et al., 

2001b).  After the pre-incubation, the intestinal segments were filled with an isolation 

buffer (1.5 mM Na2EDTA, 0.2 mM PMSF, 0.5 mM DTT and 2.0 mM D-glucose) that was 

oxygenated with the O2/CO2 mixture and pre-warmed at 37°C for sequential isolation of 12 

epithelial cell fractions (F1 through F12) from the tip villus to the bottom crypt.  Epithelial 

cell fractions F1to F4, F5-F8 and F9-F12 were defined to be the upper villus cells, the 

middle villus cells and the crypt cells, repectively (Fan et al., 2001b).  Each epithelial cell 

fraction was washed twice with 150 ml of oxygenated cell suspension buffer (155 mM KCl 

at pH 7.4) and the cells were retained through centrifugation at 400 × g for 4 min at 4°C.  
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The washed cells were immediately frozen at -80°C for further preparation of apical 

membrane vesicles to be used in measurements of Gln transport in vitro.  Isolated epithelial 

cell fractions were also pooled between the proximal and the distal jejunal segments within 

each piglet (Fan et al., 2001b). 

For Western blot analyses of the target protein, including B0AT1 protein and real 

time RT-PCR analysis of B0AT1 mRNA abundance along the crypt-villus axis in the 

neonatal pig jejunum, three major epithelial cell fractions, consisting of the upper villus 

(F1-F4), the middle villus (F5-F8) and the crypt (F9-F12) epithelial cells, were sequentially 

isolated through three consecutive incubations of the isolated intestinal segments for 40, 

50, and 60 min, respectively, after the initial pre-incubation from 6 additional piglets using 

the distended intestinal sac technique described above.  Isolated epithelial cell fractions 

from each piglet were washed, retained by the same procedures, and immediately frozen in 

liquid N.  The frozen cells were further pulverized to be homogenous under liquid N by a 

mortar and pestle based procedure (Lackeyram et al., 2010).  Homogenized samples were 

stored at -80oC for further analyses. 

 

3.3.4. Preparation of Apical Membrane Vesicles 

Apical membrane vesicles were prepared by Mg2+-precipitation and differential 

centrifugation according to our previously established procedures (Fan et al., 2004).  The 

crude apical membrane pellets were then suspended in a suitable amount of a membrane 

suspension buffer (150 mM KSCN, 180 mM D-mannitol at pH 7.4) and centrifuged at 

39,000 × g for 30 min to generate the final apical membrane vesicle pellets.  The final 

pellets were re-suspended with a 25-gauge needle in a suitable volume of the same 
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membrane suspension buffer.  The final membrane vesicle suspension was assayed for 

protein content and diluted with the same buffer to contain about 4 mg protein•ml-1 for 

subsequent measurements of Gln transport in vitro (Fan et al., 2004).  Several aliquots of 

the final membrane vesicle suspension were taken for the assays of marker enzyme 

activities. 

 

3.3.5. Protein and Marker Enzyme Assays 

Protein content was determined by using a commercial kit (Bio-Rad) with bovine serum 

albumin (BSA) (fraction V) as a standard.  All the following enzyme assays were carried 

out under the conditions that enzyme reactions were linear with time.  Aminopeptidase N 

activity was assayed according to the procedure of Maroux et al. (1973) with further 

adaptations by Fan et al. (2004).  Enzyme activities for the marker enzymes, including K+-

stimulated P-nitrophenyl phosphatase, succinate dehydrogenase, D-glucose-6-phosphatase, 

and acid phosphatase were measured according to previously reported procedures (Fan et 

al., 2004). 

 

3.3.6. In Vitro Transport Measurements 

In vitro Gln transport experiments were carried out with the rapid filtration procedure (Fan 

et al., 2004).  This was conducted in the same day of the apical membrane vesicle 

preparation.  After protein assay, the final apical membrane vesicle suspension was then 

equilibrated for additional 30 min on ice before transport measurements.  Membrane 

vesicles were pre-loaded with a buffer containing 180 mM mannitol, 150 mM KSCN, 10 

mM Trizma•HCl at pH 7.0.  We chose to use Gln as a representative large neutral AA for 
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probing Na+-neutral AA co-transport activity in the prepared apical membrane vesicles.  It 

is known that there is an overlap of several identified Na+-AA co-transport systems that 

could potentially contribute to the uptake of Gln across the apical membrane.  Omission of 

an outward-in Cl- gradient and an inward-out H+ or a neutral AA gradient would effectively 

exclude the potential overlapping contributions to L-Gln uptake by the AA transporters or 

exchangers of B0+, ASCT2/ATB0, SITI and GLYT1 and minimize L-Gln uptake by SN2.  

Thus, B0AT1-specific Na+-Gln co-transport into the apical membrane vesicles in this study 

was measured by using the uptake buffer containing 2 µM L-[G-3H]Gln, 180 mM D-

mannitol, 125 mM NaSCN, 25 mM KSCN, 0-90 mM L-Gln and 10 mM Trizma•HCl at pH 

7.0 in conjunction with the aforementioned vesicle pre-loading buffer.  Membrane-

permeable anion, thiocyanate (SCN-), in the form of NaSCN or KSCN, was included in the 

vesicle pre-loading buffer and the uptake buffers to clamp membrane potential (Gunther et 

al., 1984). 

The uptake buffer for measuring Gln transport via Na+-independent system(s) for 

results reported in Fig. 3.1 contained 2 µM L-[G-3H]Gln, 180 mM D-mannitol, 150 mM 

KSCN and 10 mM Trizma•HCl at pH 7.0.  In order to correct for the Gln simple diffusion 

under the Na+-independent condition for the experimental results reported in Fig. 3.1, a 

batch of apical membrane vesicle suspension was mixed with a HgCl2 stock solution at the 

dosage of 0.40 µmol HgCl2•mg-1 protein.  Our previous studies have shown that HgCl2 at 

the dosage of 0.165 µmol•mg-1 protein can completely block carrier-mediated AA 

transport (Fan et al., 2001a).  Gln simple diffusion was then measured with the HgCl2-

treated vesicles in the Na+-free buffer (2 µM L-[G-3H]Gln, 14.4 mM D-mannitol, 150 mM 

KSCN, 10 mM Trizma.HCl at pH 7.0). 
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Incubations were conducted by mixing 10 µL of apical membrane vesicle suspension 

with respective uptake buffers after 20-s warming up at the room temperature (24°C) (Fan 

et al., 2004).  The incubations were terminated by the addition of 1.125 mL of ice-cold 

wash solution (14.4 mM D-mannitol, 150 mM NaCl, 10 mM Trizma.HCl, 0.1 mM HgCl2 at 

pH 7.0) and 1 mL of the uptake mixture was then rapidly pipetted onto 0.45-µm cellulose 

acetate filters (pre-soaked with 20 mM L-Gln at pH 7.0) mounted in a Manifold filtration 

unit that was connected to a vacuum source (Fan et al., 2004). 

 

3.3.7. RNA Extraction and Generation of Partial–length Porcine B0AT1 cDNA 

Total RNA was isolated from 100 mg of the pulverized epithelial cell fractions using 

TRIZOL reagent (Invitrogen, Carlsbad, CA) and treated with DNase I (Invitrogen) 

according to the manufacturer's instructions.  The RNA quality was checked by 1% agarose 

gel electrophoresis with bands stained with 10 μg per ml of ethidium bromide.  The RNA 

had an OD260:OD280 ratio between 1.8 and 2.0.  Synthesis of the first strand cDNA was 

performed with a total of 1 µg RNA, random and oligo(dT)20 primers, and Superscript II 

reverse transcriptase (Invitrogen) according to the manufacturer's instructions. 

Primers to recognize the partial-length porcine sequence were designed with Primer 3 

(http://frodo.wi.mit.edu/primer3/primer3_code.html) based on the conserved region of the 

human B0AT1 sequence.  The PCR primers used for the amplification of the partial cDNA 

sequence of B0AT1 were 5’-CTACAACTCTGTGCACAACA-3’ (forward) and 5’- 

CGCCCTCCATGTTCCCAAAC-3’(reverse). The expected size of the B0AT1 RT-PCR 

product was 443 bp (corresponding to bp 873-1315 of the human B0AT1 sequence, 

GenBank accession no. AY591756). PCR conditions were as follows: 95°C denature 2 

http://frodo.wi.mit.edu/primer3/primer3_code.html�
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min, 40 cycles at 95°C for 30 s, 54°C for 30 s, and 72°C for 30 s, and a final extension of 

72oC for 10 min.  Each of 50-μl PCR reaction contained 38.1 μl 0.1% diethylpyrocarbonate 

(DEPC)–treated water, 1 μl each of the forward and reverse primers (10 μM), 5 μl of 

10×PCR Buffer; 1 μl of dNTP mix (10 mM), 0.4 μl of TaqDNA polymase (5 U μl-1), 1.5 μl 

of MgCl2 (50 mM), and 2 μl cDNA.  All PCR products were electrophoresed on a 2% 

agarose gel in Tris-borate-Na2EDTA buffer and visualized by staining with 10 μg•ml-1 

ethidium bromide.  To confirm the identify of each PCR product, PCR products were 

purified and sequenced by dideoxy-mediated chain termination sequencing at the 

University of Guleph Molecular Supercenter.  The nucleotide sequence of the partial 

porcine B0AT1 reported is now resided in the GenBank/EMBL data bank (accession no. 

DQ231579).  Multiple sequence alignments and comparisons with other GenBank entries 

were performed using CLUSTAL W software (http://genome.cs.mtu.edu/map.html). 

 

3.3.8. Design of Primers and Real-time RT-PCR Analyses 

Primers for B0AT1 and β-actin were designed with Primer 3 

(http://frodo.wi.mit.edu/primer3/primer3_code.html) based on their respective porcine 

sequences to produce an amplification product.  The B0AT1 and β-actin PCR primers used 

were 5’- CCGTTGATAAGCGTCAGGAT -3’ (forward) and 5’- 

CACAACAACTGCGAGAAGGA-3’(reverse), and 5’-GGATGCAGAAGGAGATCACG-

3’ and 5’-ATCTGCTGGAAGGTGGACAG-3’, respectively.  The expected size of the 

B0AT1 RT-PCR product was 154 bp (corresponding to bp 14 to 168 of the porcine partial 

B0AT1 sequence obtained by us, GenBank accession no. DQ231579).  The expected size of 

the β-actin RT-PCR product was 130 bp (corresponding to bp 569 to 698 of the previously 

http://genome.cs.mtu.edu/map.html�
http://frodo.wi.mit.edu/primer�
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reported porcine β-actin sequence, GenBank accession no. U07786).  Real-time RT-PCR 

was performed in a Smart Cycler (Cepheid, Sunnyvale, CA) using one-step SYBR Green 

RT-PCR Mix (Qiagen Inc., Valencia, CA) according to the kit’s instructions. 

 

3.3.9. Western Blot Analyses of Target Protein Abundances 

For Western blot analyses of B0AT1 and angiotensin converting enzyme 2 (ACE2), protein 

extracts from whole cell homogenates, apical membrane and soluble fraction of the upper 

villus, the middle villus and the crypt cells were boiled in 2X SDS loading buffer (250 mM 

Tris-HCL, 500 mM β-mercaptoethanol, 2% SDS, 0.1% phenol blue, 10% glycerol at pH 

6.8) for 5 min.  Same amounts of sample aliquots (10 µg protein) were subjected to 10% 

SDS-PAGE and were transferred to polyvinylidene difluoride membranes (Millipore, 

Billerica, MA).  The membranes were blocked at room temperature for 1 h with 6% non-fat 

dry milk powder dissolved in 1X TBS (25 mM tris-HCl, 0.15 M NaCl at pH 7.4) and then 

incubated at 4°C with a rabbit anti-mouse B0AT1 polyclonal antibody (kindly provided by 

Professor F. Verrey at the University of Zürich, Zürich, Switzerland) (Romeo et al., 2006) 

or goat anti-human ACE2 polyclonal antibody (Sc-17719; Santa Cruz Biotechnology, Inc.). 

Following the overnight incubation, membranes were washed (6 × 10 min) in TBS with 

0.1% Tween-20 and incubated at room temperature for 1 h with a secondary anti-rabbit 

horseradish peroxidase (HRP)-conjugated IgG (Promega Corporation, Madison, WI) or a 

secondary anti-mouse HRP-conjugated IgG (Promega).  Blots were visualized using the 

enhanced chemiluminescence detection system (Sigma-Aldrich).  Photographs of the film 

were scanned and densitometry was performed with the Scion Imaging software (Scion 

Corporation, Frederick, MD). As shown in Appedices 2 and 3, a single band for both 
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B0AT1 and ASCT2 was detected in the porcine small intestine.  Western blot analyses were 

all performed in duplicate for each sample. 

 

3.3.10. Calculations, Transport Kinetics and Statistical Analyses 

Initial rates of L-Gln uptake under various experimental conditions were calculated as: 

)/(]/))[(( TWRSRBRFJ I ××−=                                                                                 [3.1] 

where J is initial rate of L-Gln uptake into apical membrane vesicles (pmol•mg protein-1•s-

1), RF is radioactivity in disintegration per minute (DPM) in filters (DPM per filter), RB is 

radioactivity for non-specific binding to filters or apical membrane vesicles (DPM per 

filter), S is extravesicular L-Gln concentrations (pmol•μl-1 or nmol•μl-1), RI is radioactivity 

in the uptake media (DPM•μl-1), W is the amount of apical membrane protein provided for 

the incubations (mg protein), and T is time of incubation for measuring initial L-Gln uptake 

(s). 

Kinetic parameter estimates, including Na+-Gln co-transport affinity, the maximal 

uptake activity and transmembrane simple diffusion rate, were determined according to a 

previously established tracer inhibitory kinetic model (Fan et al., 2004): 

diffusiontracercoldmtracer JSSKSJJ +++∗= )/()( max                                                             [3.2] 

where J is the avarge initial rate of the tracer L-Gln uptake into apical membrane vesicles 

measured from three experiments at 19 respective Gln concentrations (pmol•mg-1 

protein•s-1), Jmax is the maximal rate of L-Gln transport into apical membrane vesicles to be 

estimated (pmol•mg-1 protein•s-1), Stracer is extravesicular concentrations of the 

radioactively labeled tracer L-[G-3H]Gln concentration (2 µM); Km is transporter affinity to 

be estimated (mM); and Scold is extravesicular concentrations of unlabeled L-Gln (mM); 
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Jdiffusion is the rate of L-Gln transmembrane simple diffusion in the apical membrane 

vesicles to be estimated (pmol•mg-1 protein•s-1).  All kinetic parameter estimates of Na+-L-

Gln co-transport activities were analyzed by using the Fig.P curve fitting program (Fig.P, 

1993, Biosoft, Cambridge, UK). 

The relative B0AT1 mRNA abundance ratio (R) in the upper villus, the middle villus, 

and the crypt epithelial cells was calculated by using the value obtained from the crypt cell 

as the control according to the Delta and delta method (Livak and Schmittgen, 2001). 

)(2 controlsampleCtR −∆∆−=                                                                                                      [3.3] 

where 
controlsample actinofCtATBofCtactinofCtATBofCtcontrolsampleCt )1()1()( 00 ββ −−−=−∆∆− .  Ct 

value is the cycle number at which both the target and housekeeping genes were amplified 

beyond the threshold of 30 fluorescence units.  Real-time PCR efficiencies were acquired 

by amplification of dilution series of RNA according to the equation formula 10 (-1/slope) and 

were consistent between B0AT1 and β-actin. Negative controls were performed in which 

DNase/RNase-free water was substituted for RNA. 

The pattern of change in the initiate rate of L-[G-3H]Gln uptake into the apical 

membrane vesicles prepared from the isolated epithelial cell fractions was examined by 

using the Fig.P (1993) regression analyses.  Comparison of the kinetic parameter estimates 

between the epithelial cell fractions was conducted by using the pooled t-test (Byrkit, 

1987).  Data for the epithelial cell fractions obtained from the Western blotting and the real 

time RT-PCR analyses were subjected to the analysis of variance using SAS (the SAS 

Institute, Cary, NC).  Comparisons of the molecular endpoints among the epithelial cell 

fractions were further conducted by using the Tukey’s multiple comparisons of the SAS. 

Comparison of differences for all the endpoints with a level of P < 0.05 was considered 



146 
 

significant. 

 

3.4. RESULTS 
 

Freshly isolated and retained small intestinal epithelial cells had a cell viability of 90-95% 

by trypan blue exclusion prior to their being frozen in liquid N2 for storage. The apical 

membrane marker, aminopeptidase N specific activity, was enriched between 6 and 10 

folds in the prepared apical membrane fractions compared with their cell homogenate 

samples.  Furthermore, the enterocyte basolateral membrane marker, K+-stimulated 

phosphatase specific activity, was enriched less than one fold in the apical membrane 

vesicles compared with their corresponding cell homogenates, suggesting little 

contamination of the apical membrane vesicle preparation with the enterocyte basolateral 

membrane.  Other intracellular membrane markers, including the mitochondrial membrane 

marker succinate dehydrogenase, the endoplasmic reticulum marker D-glucose-6-

phosphatse, and the lysosomal membrane marker acid phosphatase specific activities, were 

below one fold in the prepared apical membrane vesicle fractions compared with their 

corresponding cell homogenate samples, indicating little contamination of the apical 

membrane vesicle preparations with these intracellular membrane fractions. 

Initial rates of Na+-L-[G-3H]Gln tracer co-transport into the apical membrane vesicles 

showed a linear pattern of increase (P < 0.05) from the tip villus (F1) to the bottom crypt 

epithelial cells (F12) at the tracer substrate concentration of 2.0 µM (Fig. 3.1).  At the same 

substrate concentration, initial rates of L-[G-3H]Gln tracer transport into the apical 

membrane vesicles via Na+-independent system(s) also displayed linear increases (P < 0.05) 

from the tip villus (F1) to the bottom crypt epithelial cells (F12).  Furthermore, initial rates 
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of the Na+-L-[G-3H]Gln tracer co-transport were much higher (P < 0.05) than those via the 

Na+-independent system(s) in all of the epithelial cell fractions (Fig. 3.1). 

We next measured L-Gln uptake kinetics with the apical membrane vesicles.  

Radioactivity counts for measuring L-[G-3H]Gln tracer transport into the apical membrane 

vesicles via the Na+-independent system(s) became very low in the presence of increasing 

levels of unlabeled L-Gln.  We were unable to determine the kinetics of L-Gln transport 

into the apical membrane vesicles via the Na+-independent systems.  Kinetics of Na+-Gln 

co-transport activities were determined with the apical membrane vesicles prepared from 

the upper villus (F1 through F4), the middle villus (F5 through F8), and the crypt (F9 

through F12) epithelial cells under the condition that the membrane potential in the apical 

membrane vesicles was clamped with SCN-. 

We used a well-defined kinetics model to obtain kinetic parameter estimates for the 

Na+-Gln co-transport activities into the apical membrane vesicles.  This kinetic model and 

associated measurements allow simultaneous determination of the component of 

transmembrane simple diffusion.  In this kinetic model, initial rates of Na+-L-[G-3H]Gln 

co-transport were an independent variable, while concentrations of extravesicular unlabeled 

L-Gln were an dependent variable with the tracer L-[G-3H]Gln concentration (2 µM) in the 

uptake media being designated as an input parameter.  Thus, unlike a conventional nutrient 

uptake kinetic model, this kinetic model visually resembles competitive inhibition kinetics 

as described in Eqn. 3.2.  The relationships between initial tracer Na+-L-[G-3H]Gln co-

transport rates and the logarithmically transformed unlabeled extravesicular L-Gln 

concentrations are presented in Fig. 3.2.  Kinetic parameter estimates of Na+-Gln co-

transport activity analyzed with the tracer inhibition kinetic model, including Jmax, Km and 
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Jdiffusion, are summarized and compared in Table 3.1 and Fig. 3.3.  Jmax was higher (P < 

0.05) in the upper villus cells than in the the middle villus cells by 29% and in the crypt 

cells by 30%, respectively. However there was no difference (P > 0.05) in Jmax between the 

middle epithelial cells and the crypt cells.  Km was higher (P < 0.05) in the upper villus 

cells than in the the middle villus cells and the crypt cells. Again, there was no difference 

(P > 0.05) in Km between the middle epithelial cells and the crypt cells. There were also no 

differences (P > 0.05) in the apparent transmembrane L-Gln tracer diffusion rate among 

three epithelial cell fractions. 

The 443-bp partial porcine cDNA sequence of the B0AT1 gene was obtained by RT-

PCR according to the conserved region in the human gene sequence.  The partial porcine 

cDNA sequence had 86, 81 and 85% homology to the known human, rabbit and mouse 

sequences, respectively (Fig. 3.4).  The relative abundances of B0AT1 mRNA were 

analyzed by real-time RT-PCR using β-actin as the house-keeping control. The Ct values 

for the amplification of β-actin cDNA were similar in all samples (data not shown).  There 

were no differences (P > 0.05) in the B0AT1 mRNA abundances between the upper and the 

middle villus epithelial cells.  However, B0AT1 mRNA abundance was lower (P < 0.05) in 

the crypt epithelial cells than in the upper villus and the middle villus epithelial cells by 40 

and 47%, respectively (Fig. 3.5). 

Western blot analyses showed the presence of a 57-kDa immune-reactive B0AT1 

protein band in the isolated epithelial cell homogenate, the intracellular soluble pool and 

the apical membrane preparation (Fig. 3.6).  There were no differences (P > 0.05) in the 

B0AT1 protein abundances in the cell homogenate, the intracellular soluble pool and the 

apical membrane among the upper villus, the middle villus and the crypt epithelial cells 
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(Fig. 3.6). 

Western blot analyses showed the presence of a 120-kDa immune-reactive ACE2 

protein band in the apical membrane preparation (Fig. 3.7), however, this band was not 

detectable in the cell homogenate and the intracellular soluble pool.  There were no 

differences (P > 0.05) in the ACE2 protein abundances in the apical membrane among the 

upper villus, the middle villus and the crypt epithelial cells (Fig. 3.7). 

 

3.5. DISCUSSION 

 

Our major objective of this study was to understand the biological mechanisms of the high 

apical Na+-dependent neutral AA uptake activity per unit of mucosa by neonates through 

examining the expression of Na+-Gln co-transport activity kinetics in epithelia along the 

jejuanl crypt-villus axis in the neonatal piglets.  Results from this study showed that 

although apical maximal Na+-neutral AA co-uptake activity, as probed by using L-Gln, was 

significantly higher in the jejunal upper villus cells than in the middle villus and the crypt 

cells, very high levels of Na+-Gln co-transport activites occurred along the entire crypt-

villus axis in the neonatal pigs.  This observation is in agreement with a much earlier report 

of apical Na+-dependent neutral AA transport activity along the entire small intestinal 

crypt-villus axis in the newborn pigs (Smith, 1981).  Studies in Caco-2 cells showed that 

Na+-dependent neutral AA transport activity is very high in less differentiated cells but low 

in more mature cells (Costa et al., 2000; Pan and Stevens, 1995). However, in the newborn 

piglet study by Smith (1981), L-Ala at the concentration of 1 mM was used and the 

maximal Na+-dependent Ala uptake was not measured.  Moreover, the Na+-dependent Ala 
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uptake was also shown to be low in the crypt and high in the villi (Smith, 1981).  However, 

observations from the neonatal pigs in this study are in contrast with results of the rat crypt-

like cell line IEC-17 study in suggesting that system-B0 specific AA uptake activity was 

absent in crypt cells (Mordrelle et al., 1996).  Expression of the apical Na+-dependent 

neutral AA transport activity was also shown to be limited to the villus epithelial cells in 

15-21 d unweaned suckling piglets (Costa et al., 2000), in adult rabbits (King et al., 1981; 

Smith, 1981) and in adult rats (Cheesman, 1986).  On the other hand, the apical Na+-Gln 

transport affinity Km values measured in the jejunal epithelia of the neonatal pig from this 

study are within the range of Km values (0.24-6.39 mM) summarized for Na+-dependent 

Gln uptake via the B0 system in the pig and other mammalian species (Fan et al., 1998).  

Therefore, the results of this study with neonatal piglets suggest that expression of the 

apical maximal Na+-neutral AA uptake activity occurs along the entire small intestinal 

crypt-villus axis and this contributes to very high levels of Na+-neutral AA uptake activity 

in gut mucosa of neonates. 

Although the focus of this study was on the apical Na+-dependent neutral AA 

transport, it is interesting to note that initial rates of Na+-independent neutral AA uptake, as 

measured with Gln, increased along the jejunal villus-crypt axis in the neonatal pigs.  It is 

well established that both Na+/K+-ATPase activity and membrane potential are occured in 

villus cells and very low in crypt cells in neonates (Tsuchiya and Okada, 1982; Fan et al., 

2001b). Thus, it is conceivable that Na+-independent route of neutral AA uptake may play a 

major role in the apical transport of AA in crypt cells especially when luminal AA 

concentrations are high under conditions such as ingesting a high-protein meal.  It has been 

proposed that systems L and b0,+ are likely to be responsible for the Na+-independent apical 
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uptake of neutral AA (Mailliard et al., 1995).  A Na+-independent apical heterodimeric AA 

exchanger similar to the function of b0,+ system has been identified, however, this 

transporter does not contribute to net apical uptake of neutral AA (Palacin and Kanai, 

2004).  Several Na+-independent L system AA transporters have been identified, including 

the heterodimeric AA exchangers LAT1-4F2hc and LAT2-4F2hc on the basaolateral 

membrane (Verrey, 2003).  Both LAT3 and LAT4 are the additional Na+-independent L 

system AA transporters identified, however, they have a very narrow range of neutral AA 

uptake specificity, as demonstrated with low transport specificity towards Gln and Trp 

(Babu et al., 2003; Bodoy et al., 2005).  Thus, apical Na+-independent neutral AA 

transporters remain to be further identified and their physiological importance needs further 

characterization. 

Real time RT-PCR analyses of this study showed that although SLC6A19 gene was 

significantly transcribed in the crypt cells, B0AT1 mRNA abundances were much higher in 

the villus cells in the neonatal pigs.  There is a scarcity of literature reports regarding 

expression of the SLC6A19 gene in epithelia along the small intestinal crypt-villus axis in 

neonates.  Our observation in the neonatal pigs from this study showed a different pattern 

of gene expression when compared with previous SLC6A19 gene expression studies in 

adult animals in suggesting that the B0AT1 mRNA abundance is enterocyte differentiation 

dependent being high in mature upper villus enterocytes and absent or very low in crypt 

enterocytes (Bröer et al., 2004; Romeo et al., 2006; Talukder et al., 2008a). Furthermore, 

the association between the apical maximal Na+-Gln uptake Jmax values and the B0AT1 

mRNA abundances along the crypt-villus axis particularly in the crypt cells from this study 

suggests that the apical Na+-Gln uptake Jmax in the jejunal crypt epithelial cell were not 
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limited by the B0AT1 mRNA abundance in the neonatal pigs.  Therefore, our results 

suggest that SLC6A19 mRNA is abundantly transcribed in the small intestinal crypt 

epithelial cells, contributing to the expression of a significant level of maximal Na+-neutral 

AA uptake activity in the crypt cells of neonates. 

The presence of a 57-kDa immune-reactive B0AT1 protein band in the neonatal pig 

jejunal epithelial cells, as shown from this study, is similar to a  60-kDa B0AT1 protein 

reported in mouse intestine (Romeo et al., 2006), however, it is much smaller than the 75-

kDa B0AT1 observed in adult rabbits (Talukder et al., 2008a).  Romeo et al. (2006) 

demonstrated that the high glycosylation of B0AT1 in adult mouse small intestine was 

responsible for the changes of the B0AT1 protein size between 48 and 60 kDa.  Thus, 

differences in the level of glycosylation are likely responsible for the variation in the 

B0AT1 protein size between this and the aforementioned studies.  There are very few 

literature reports regarding expression of the B0AT1 protein in epithelia along the small 

intestinal crypt-villus axis in neonates.  Our results indicate that B0AT1 protein is evenly 

expressed in the epithelia along the entire small intestinal crypt-villus axis in the neonatal 

pigs.  This observation is in contrast to earlier studies, which showed that the apical B0AT1 

protein abundance is enterocyte differentiation dependent, being high in mature villus 

enterocytes and absent in crypt enterocytes in adult mice and rabbits (Romeo et al., 2006; 

Talukder et al., 2008a).  On the other hand, the dissociation between patterns of the B0AT1 

mRNA and the B0AT1 protein abundances along the crypt-villus axis particularly in the 

crypt cells from this study suggested that maintaining the abundance of B0AT1 protein in 

the crypt cells was not likely limited by the 40-47% lower in B0AT1 mRNA abundance in 

the neonatal pigs.  The lack of differences in the B0AT1 protein abundance between the cell 
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homogenates, the intracellular pool and the apical membrane along the intestinal crypt-

villus axis from this study would suggest that intracellular trafficking did not seem to play a 

role in regulation of the apical B0AT1 protein abundance in the neonates.  Earlier studies 

with Caco-2 cell line showed that changes in Na+-dependent neutral AA transport activity 

in association with enterocyte differentiation was regulated via the control of intracellular 

biosynthesis of AA transporter proteins (Pan and Stevens, 1995).  Moreover, several lines 

of evidence suggest that protein translational efficiency is high in crypt cells (Burrin et al., 

1995; Mariadason et al, 2005; Gassler et al., 2006; Chang et al., 2008; Yang et al., 2011).  

Therefore, B0AT1 protein is abundantly expressed along the entire small intestinal crypt-

villus axis in neonates. Abundance of B0AT1 in the crypt cells of neonates is likely 

regulated through protein translational control mechanisms. 

An intriguing question is how one would explain the significantly higher level of the 

jejunal apical maximal Na+-Gln uptake activity in the upper villus cells compared with the 

crypt cells in spite of an even distribution of the B0AT1 protein abundance in the epithelia 

along the crypt-villus axis.  It has been reported that expression of the B0AT1 protein in the 

apical membrane in the kidney requires co-expression of another protein named collectrin, 

which enhances protein expression and function of the B0AT1 (Danilczyk et al., 2006; 

Malakauskas et al., 2007).  However, collectrin is shown to be absent from the small 

intestine (Danilczyk et al., 2006; Malakauskas et al., 2007).  Gut apical protein ACE2, a 

protein homologous to collectrin, has now been recognized to interact with B0AT1 to 

enhance B0AT1 uptake activity in the small intestine through protein-protein interactions 

on the apical membrane (Camargo et al., 2009). We thus went on to examine ACE2 

abundance in the jejunal epithelial cells in this study. However, we did not observe 
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differences in ACE2 protein abundances in the apical membrane among these three cell 

fractions, suggesting that the apical protein-protein interactions between B0AT1 and ACE2 

are not likely to involve in regulating the maximal Na+-Gln uptake activity along the crypt-

villus axis in the neonatal pigs. 

In conclusion, apical maximal Na+-Gln uptake activity was expressed in the epithelia 

along the entire jejunal crypt-villus axis, thereby contributing to high levels of apical Na+-

neutral AA uptake activity in the gut mucosa in neonates. The Na+-neutral AA co-

transporter gene SLC6A19 was transcribed in the epithelia along the crypt-villus axis in the 

neonatal pigs. Despite a relatively lower SLC6A19 mRNA abudance in the crypt cells,  

B0AT1 protein was evenly expressed in epithelia along the crypt-villus axis likely 

maintained via protein translational control mechanisms particularly in crypt cells of the 

neonatal pigs. 
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Table 3.1.  Kinetic parameter estimates of Na+-L-Gln co-transport into apical membrane 

vesicles prepared from the upper villus, the middle villus and the crypt epithelial cells 

isolated along the jejunal crypt-villus axis in the neonatal pigs 

 

Cell types Jmax 

pmol•mg protein-1•s-1 

Km 

mM 

Jdiffusion 

pmol•mg protein-1•s-1 

Upper villus epithelial cells 1861.65 ± 95.03a 6.51 ± 0.57a 0.0339 ± 0.0026 

Middle villus epithelial cells 1322.78 ± 73.23b 3.73 ± 0.36b 0.0422 ± 0.0019 

Crypt epithelial cells 1293.93.4 ± 107.20bc 3.79 ± 0.48bc 0.0382 ± 0.0031 

 

Values are means ± SE.  Jmax, maximal transport rate; Km, transporter affinity; and 

Jdiffusion, apparent transmembrane diffusion rate.  Parameter estimates were derived using a 

tracer inhibitory model as described in MATERIALS and METHODS with P < 0.05 (n = 

19).  a,b,cMeans in the same column with different superscript letters differ, P < 0.05. 
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Fig. 3.1.  Initial rates of L-[G-3H]Gln tracer transport via the Na+-dependent and Na+-

independent system(s) into apical membrane vesicles prepared from the jejunal epithelial 

cells isolated along the crypt-villus axis in the neonatal pigs.  Apical membrane vesicles 

were incubated as described in Materials and Methods.  Each point represents the mean and 

standard error (n = 3) of measurements from three uptake experiments (duplicate 

observations in each experiment) using three separate batches of apical membrane vesicle 

suspension prepared from 12 epithelial cell fractions (F1 through F12). Each batch of 

epithelial cell fractions was collected and pooled from the proximal and the distal jejunal 

segments of 2 piglets, thus a total of 6 piglets were used in these uptake experiments. J, rate 

of L-[G-3H]Gln tracer uptake into apical membrane vesicles. 
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Fig. 3.2.  Kinetics of Na+-L-Gln co-transport into apical membrane vesicles prepared from 

the upper villus, the middle villus, and the crypt epithelial cells isolated along the jejunal 

crypt-villus axis in the neonatal pigs.  Initial rates of Na+-L-[G-3H]Gln tracer co-transport 

as a function of logarithmically transformed extravesicular concentrations of unlabeled L-

Gln are shown.  Apical membrane vesicles were incubated as described in material and 

methods.  Each point represents the mean and standard error (n = 3) of measurements from 

three uptake experiments (duplicate observations in each experiment) using three separate 

batches of apical membrane vesicle suspension prepared from three epithelial cell fractions, 

i.e., the upper villus cells, F1-F4; the middle villus cells, F5-F8; and the crypt cells, F9-

F12.  Each batch of epithelial cell fractions was collected and pooled from the proximal 

and the distal jejunal segments of 2 piglets, thus a total of 18 piglets were used in these 

kinetic experiments.  J, rate of L-[G-3H]Gln tracer uptake into apical membrane vesicles; 

and [S], extravesicular concentrations of unlabeled L-Gln. 
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Fig. 3.3.  Kinetics of Na+-L-Gln co-transport into the apical membrane vesicles prepared 

from (A) the upper villus, (B) the middle villus and (C) the crypt epithelial cells isolated 
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along the jejunal crypt-villus axis in the neonatal pigs. Initial rates of Na+-L-[G-3H]Gln 

tracer co-transport as a function of extravesicular concentrations of unlabeled L-Gln are 

shown. Each point represents the mean and standard error (n = 3) of measurements from 

three uptake experiments (duplicate observations in each experiment) using three separate 

batches of apical membrane vesicle suspension prepared from three epithelial cell fractions 

(the upper villus cell, F1 – F4; the middle villus cell, F5 – F8; and the crypt cell, F9-F12).  

Apical membrane vesicles were incubated as described in MATERIALS AND 

METHODS. Each batch of epithelial cell fractions was collected and pooled from the 

proximal and the distal segments of two piglets, thus a total of 18 piglets were used in these 

experiments.  Jmax, maximal rate of L-Gln uptake into the apical membrane vesicles; Km, the 

transporter affinity; Jdiffusion, apparent transmembrane diffusion rate of L-Gln into the apical 

membrane vesicles; J, rate of L-[G-3H]Gln tracer uptake into apical membrane vesicles; 

and Scold, extracellular concentration of unlabelled L-Gln. 
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Fig. 3.4.  Partial cDNA sequence of the porcine B0AT1 transporter.  A partial clone of the 

porcine ortholog of B0AT1 was obtained by RT-PCR.  Numbers at right refer to 

Pig    DQ231579         ---------------------------------- CTACAATTCTGTCCAC 16 
Human  NM_001003841     CCCTGGCCTTCGGGGGCCTCATCTCCTTCTCCAGCTACAACTCTGTGCAC 944  
Rabbit EU095941         CGCTGGCCTTCGGCGGCCTCATCTCCTTCTCCAGCTACAACTCGGTGCAC 888  
Mouse  NM_028878        CACTGGCCTTCGGGGGCCTCATCTCCTTCTCCAGCTACAACTCTGTGCAC 950  
                                                          ****** ** ** *** 
 
Pig    DQ231579         AACAACTGCGAGAAGGACTCGGTCATCGTGTCCGTGATCAACGGCTTCAC 66  
Human  NM_001003841     AACAACTGCGAGAAGGACTCGGTGATTGTGTCCATCATCAACGGCTTCAC 994  
Rabbit EU095941         AACAACTGCGAGATGGACTCGTTGATCATCTCCGTCATCAACGGCTTCAC 938  
Mouse  NM_028878        AATAATTGTGAGATGGATTCTGTGATCGTGTCTGTCATCAATGGCTTCAC 1000  
                        ** ** ** **** *** **  * **  * **  * ***** ******** 
 
Pig    DQ231579         GTCCGTGTACGCGGCCACCGTGGTCTACTCCATCATCGGCTTCCGTGCCA 116  
Human  NM_001003841     ATCGGTGTATGTGGCCATCGTGGTCTACTCCGTCATTGGGTTCCGCGCCA 1044  
Rabbit EU095941         GTCCGTGTACGCGGCCACGGTGATCTACTCCATCATCGGCTTCCGCGCCA 988  
Mouse  NM_028878        ATCTGTGTATGCGGCCACCGTGGTCTACTCCATCATTGGCTTCCGAGCCA 1050  
                         ** ***** * *****  *** ******** **** ** ***** ****  
 
Pig    DQ231579         CCGAGCGCTTCGACGACTGCTTCAGCGCGAACATCCTGACGCTTATCAAC 166  
Human  NM_001003841     CACAGCGCTACGACGACTGCTTCAGCACGAACATCCTGACCCTCATCAAC 1094  
Rabbit EU095941         CCCAGCGCTACGACGACTGCTTCAGCACGAACATCCTGACCCTCATCAAC 1038  
Mouse  NM_028878        CTGAGCGCTTTGATGACTGTGTCAACACGAACATCCTGACCCTCATCAAT 1100  
                        *  ******  ** *****  *** * ************* ** *****  
 
Pig    DQ231579         GGGTTTGACCTGCCCGAGGGCAACGTGACGCAGGAGAACTTCGCTGAGAT 216  
Human  NM_001003841     GGGTTCGACCTGCCTGAAGGCAACGTGACCCAGGAGAACTTTGTGGACAT 1144  
Rabbit EU095941         GCCTTCGACCTGCCGGAGGGCAACGTGACCCAGGAGAACTTCGCGGAGAT 1088  
Mouse  NM_028878        GGGTTCGACCTGCCGGAGGGCAATGTGACTTCAGAGAACTTTGAGGCCTA 1150  
                        *  ** ******** ** ***** *****    ******** *  *     
 
Pig    DQ231579         GCAGCAGTGGTGCAACGCCTCCGACCCCGAGGCCTTCGCGAGGCTGAAGT 266  
Human  NM_001003841     GCAGCAGCGGTGCAACGCCTCCGACCCCGCGGCCTACGCGCAGCTGGTGT 1194  
Rabbit EU095941         GCAGCGCTGGTGCAACGCCACCGACCCCGCGGCCTACGCCCAGCTCACGT 1138  
Mouse  NM_028878        CCAACAGTGGTGCAATGCCACTAATCCCCAGGCCTATGCACAACTGAAGT 1200  
                        ** *   ******* *** *  * ***  *****  **    **   **  
 
Pig    DQ231579         TCCAGACCTGCGACATGAACTCCTTCCTCTCGGAGGGCGTGGAGGGCACC 316  
Human  NM_001003841     TCCAGACCTGCGACATCAACGCCTTCCTCT CAGAGGCCGTGGAGGGCACA 1244  
Rabbit EU095941         TCCAGACCTGCGACATGAACTCCTTCCTCTCGGAGGGCGTGGAGGGCACG 1188  
Mouse  NM_028878        TTCAGACCTGTGACATTAACAGCTTCCTTTCTGAGGGTGTGGAGGGCACA 1250  
                        * ******** ***** ***  ****** ** ****  ******** ***  
 
Pig    DQ231579         GGGTTGGCTTTCATCGTCTTCACCGAGGCCATCACCAAGATGCCCGTGTC 366  
Human  NM_001003841     GGCCTGGCCTTCATCGTCTTCACCGAGGCCATCACCAAGATGCCGTTGTC 1294  
Rabbit EU095941         GGCCTGGCCTTCATCGTCTTCACCGAGGCCATCACCAAGATGCCGGTGTC 1238  
Mouse  NM_028878        GGCCTGGCCTTCATTGTCTTCACGGAAGCCATCACGAAGATGCCAGTGTC 1300  
                        **  **** ***** ******** ** ******** ********  ****  
 
Pig    DQ231579         CCCGCTCTGGTCGGTGCTCTTCTTCATCATGCTCTTCTGTCAGGGCCTGT 416  
Human  NM_001003841     CCCACTGTGGTCTGTGCTCTTCTTCATTATGCTCTTCTGCCTGGGGCTGT 1344  
Rabbit EU095941         GCAGCTGTGGTCCGTGCTGTTCTTCCTCATGCTCTTCTGCCTGGGCCTGT 1288  
Mouse  NM_028878        CCCACTGTGGTCGGTGCTCTTTTTTATAATGCTCTTCTGCCTGGGACTCT 1350  
                         *  ** ***** ***** ** **  * *********** * *** ** * 
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corresponding nucleotides of previously published full-length human, rabbit and mouse 

B0AT1 clones in comparison with the corresponding partial pig cDNA sequence.  

Underlined stars indicate sequences are conserved among pig, human, rabbit and mouse.  

Overall, the partial-length pig B0AT1 cDNA sequence had 86, 81, and 85% homology with 

the known human sequence (GenBank accession no. AY591756), the known rabbit 

sequence (GenBank accession no. EU095941) and the known mouse sequence (GenBank 

accession no. AJ633679), respectively.  This pig partial sequence now resides in GenBank 

with the accession no. DQ231579. 
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Fig. 3.5.  Real time RT-PCR analyses of system B0 Na+-neutral AA co-transporter B0AT1 

gene mRNA abundances in the upper villus (U), the middle villus (M) and the crypt (C) 

epithelial cells isolated along the jejunal crypt-villus axis in the neonatal pigs.  Results were 

normalized using β-actin expression as a house-keeping control gene in each real time RT-

PCR analysis.  Data were expressed in being relative to the crypt cell value (value = 1) and 

were presented as means ± SE (n = 6) in arbitrary units.  Bars sharing a different 

superscript letter differ, P < 0.05. 
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Fig. 3.6.  Western blot analyses of system-B0 Na+-neutral AA co-transporter B0AT1 

protein abundances in cell homogenate, soluble fraction and the apical membrane prepared 

from the upper villus (U), the middle villus (M) and the crypt (C) epithelial cells isolated 

along the jejunal crypt-villus axis in the neonatal pigs.  Data are in arbitrary units and are 

presented as means ± SE (n = 6). 
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Fig. 3.7.  Western blot analyses of angiotensin-converting enzyme 2 (ACE2) protein 

abundances in the apical membrane prepared from the upper villus (U), the middle villus 

(M) and the crypt (C) epithelial cells isolated along the jejunal crypt-villus axis in the 

neonatal pigs.  Data were in arbitrary units and were presented as means ± SE (n = 6). 
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CHAPTER 4 

 

EXPRESSION OF NA+-DEPENDENT NEUTRAL AMINO ACID EXCHANGER 

ASCT2 IN ASSOCIATION WITH mTOR SIGNALING COMPONENTS ALONG 

THE JEJUNAL CRYPT-VILLUS AXIS IN THE NEONATAL PIG 

 

4.1. ABSTRACT 

 
Intestinal growth is very rapid during neonatal suckling in mammalian species. Amino acid 

(AA) transporters are essential to luminal nutrient-dependent mucosal growth by providing 

AA as essential metabolic substrates and nutrient stimuli for cellular growth through the 

mammalian target of rapamycin (mTOR) signaling. Since ASC transport system plays a 

dominant role for apical exchange of neutral AA such as glutamine and leucine, we 

hypothesized that ASCT2 in parallel to mTOR signaling components is expressed along the 

entire small intestinal crypt-villus axis in the neonatal pig. The study was to quantify the 

ASCT2 mRNA and protein abundances as well as major mTOR signaling components in 

the upper villus, the middle villus, and the crypt epithelial cells sequentially isolated along 

the small intestinal crypt-villus axis from neonatal pigs. A 526-bp porcine partial cDNA 

sequence of the ASCT2 gene was obtained by RT-PCR and showed 90, 84, and 89% 

homology with the known human, mouse, and rabbit sequences, respectively. Real time 

RT-PCR analyses revealed that ASCT2 mRNA abundance was higher (P < 0.05) in the 

crypt epithelial cells than in the upper villus and the middle villus epithelial cells by 54 and 

32%, respectively. There were no differences (P > 0.05) in the ASCT2 protein abundances 
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in the cell homogenate, the intracellular soluble pool and the apical membrane among the 

upper villus, the middle villus and the crypt epithelial cells. A higher (P < 0.05) 

phosphorylated mTOR protein abundances were observed in the middle villus compared 

with the upper villus cells. Phosphorylated p70 S6 kinase (p-S6K1) protein abundance was 

higher by 24 % (P < 0.05) in the crypt epithelial cells than in the upper villus epithelial 

cells. These results suggest that the activity of mTOR signaling pathway is higher in the 

crypt epithelial cells than in the villus epithelial cells.  In conclusion, ASCT2 protein is 

expressed in parallel with the mTOR signaling components in the small intestinal epithelia 

along the entire crypt-villus axis in neonatal pigs, which may be essential to maintain rapid 

mucosal growth through high mTOR signaling pathway activity in crypt epithelial cells. 

 

KEY WORDS:  Na+-dependent neutral amino acid exchanger (ASCT2); mammalian target 

of rapamycin (mTOR); intestinal crypt-villus axis; gut mucosal growth; neonates 

 

4.2. INTRODUCTION 

 

Intestinal growth is very rapid during neonatal suckling in mammalian species (Berseth et 

al., 1983; Xu et al., 1992; Schwarz and Heird, 1994). Small intestinal mucosal growth is a 

very dynamic process dominated by the events of epithelial proliferation, differentiation 

and apoptosis (Henning et al., 1994). The process is tightly regulated by a variety of factors 

including luminal nutrients such as amino acids (AA), hormones, growth factors, and 

cytokines (Ruemmele et al., 2002). The ingestion of colostrium and milk triggers rapid gut 

growth and maturation in term piglets (Fan et al., 2003), whereas total parenteral nutrition 
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(TPN) induces mucosal atrophy (Tappenden et al., 2006). These finding suggest specific 

dietary components are essential to maintain luminal nutrient-dependent mucosal growth. 

Luminal AA are the key nutrients that are essential for gut mucosal growth and 

health, because they serve not only as metabolic fuels and precursors (Burrin and Reeds, 

1997; Burrin et al., 2000) but also as important signaling molecules in modulating cellular 

metabolism and growth (Erbay et al., 2005; Kilberg et al., 2005; Yang et al., 2008). There 

are two known pathways employed by mammalian cells to sense the AA availability 

including AA response (AAR) and mammalian target of rapamycin (mTOR) pathways 

(Kilberg et al., 2005; Yang et al., 2008). Deficiency in any essential AA can initiate this 

AAR pathway, which leads to increased translation of a “master regulator” - activating 

transcription factor 4, and ultimately regulates many steps along the pathway of DNA to 

RNA and to protein, including chromatin remodeling, RNA splicing, nuclear RNA export, 

mRNA stabilization, and translational control (Kilberg et al., 2005). On the other hand, 

both extracellular and intracellular sources of AA have been shown to be effective in 

activating mTOR via multiple mechanisms (Yang et al., 2008; Goberdhan et al., 2009; Kim 

et al., 2009).  Thus, AA are not only nutrients and substrates, but also are important 

signaling molecules. 

As gate keepers, membrane AA transporters, including sodium-dependent neutral AA 

transporter 2 (SNAT2) and System ASC AA transporter-2 (ASCT2), have been shown to 

serve as the putative cellular surface AA transceptors for AA signaling in cells (Peng et al., 

2002; Fuchs et al., 2007; Hyde et al., 2007; Hundal and Taylor, 2009). These findings 

suggest that AA transporters may play very important roles in sensing the stimuli exerted 

by extracellular AA for gut mucosal growth via the mTOR-signaling pathway. Thus, 
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understanding how expression of the apical membrane AA transporter genes along the 

crypt-villus axis is essential to understand the role of luminal AA availability in regulating 

hyperplasic and hypertrophic nature of gut mucosal growth in neonatal pigs. 

The intestinal AA exchanger ASCT2 (SLC1A5) is responsible for the exchange of 

neutral AA across the apical membrane (Torres-Zamorano et al., 1998). ASCT2 has been 

cloned and characterized in rodents (Utsunomiya-Tate et al., 1996; Bröer et al., 1999), 

humans (Kekuda et al., 1996), rabbit (Kekuda et al., 1997) and bovine species (Pollard et 

al., 2002). ASCT2 was shown to be present in intestine, kidney, prostate, testis, lung, 

skeletal muscle, and adipose tissue (Utsunomiya-Tate et al., 1996; Rasko et al., 1999; 

Avissar et al., 2001). ASCT2 was originally reported as system-B0 AA transporter till the 

“real” system-B0 transporter B0AT1 gene was cloned from the mouse kidney (Bröer et al., 

2004). Research regarding the SLC1A5 gene expression and Na+-dependent neutral AA 

transport activity during epithelial proliferation and differentiation has been primarily 

conducted in animals with conflicting results. Early studies conducted with quantitative 

autoradiographic techniques indicated that the expression of various AA transport system 

activities was limited to the upper third of the villus in adult animals (King et al., 1981; 

Cheeseman, 1986). However, using the same technique, previous study showed that alanine 

transport in epithelia was possibly located along the whole length of neonatal pig villi 

(Smith, 1981) but with the expression only limited to the upper villus in 15-21 d unweaned 

suckling piglets (Smith, 1984). The classic study by Smith (1981) has led to the speculation 

that neonatal animals express AA transport activity in both fetal and adult types of 

enterocytes along the entire intestinal crypt-villus axis (Buddington and Diamond, 1989).  

Apparently, the apical Na+-dependent Ala transport activity measured by the 
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autoradiographic technique in the Smith (1981) study might have occured via several Na+-

AA co-transport systems including ASCT2, B0AT1 and system-N Na+-dependent co-

transporter (SLC38A5) SN2. However, specific Na+-AA co-transport systems could not be 

distinguished by using this technique in the Smith (1981) study. A previous study reported 

that ASCT2/ATB0 protein is expressed in the crypt but with decreased density in the adult 

rabbit ileum (Avissar et al., 2001). Similarly, studies using isolated intestinal epithelial 

cells suggested both villus and crypt epithelial cells express Na+-dependent glutamine 

transporter in the guinea pig small intestine and system ASC was responsible for the 

glutamine uptake (Del Castillo et al., 2002). More recent studies suggested that SN 

expression was higher in the crypt cells compared with villus cells in the adult rabbit 

intestine at both mRNA and protein abundance levels (Talukder et al., 2008b). Taken 

together, to date, little is known about expression of the ASCT2 gene along the small 

intestinal crypt-villus axis in neonates. 

Therefore, the objectives of this study were to firstly test the hypothesis that the 

neonatal gut mucosal ASCT2 was expressed abundantly along the entire crypt-villus axis, 

thereby leading to rapid intestine growth in neonates; and secondly to investigate how 

pattern of ASCT2 expression was regulated in neonates. In this study, ASCT2 expressions 

at mRNA and protein levels as well as mTOR and S6K1 protein abundances in epithelial 

cells, sequentially isolated along the jejunal crypt-villus axis in the neonatal pigs at ages of 

14-16 d by using the Weiser distended intestinal sac method, were determined.  
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4.3. MATERIALS AND METHODS 
 

4.3.1. Materials 

Dye reagent for protein analysis was from BIO-RAD Laboratories (Hercules, CA). Bovine 

serum albumin (BSA) (fraction V), D-mannitol, Hepes, aprotinin, dithiothreitol (DTT), 

phenylmethylsulfonyl fluoride (PMSF), Na-p-tosyl-L-Lysine chloromethyl ketone 

(TLCK.HCl), and other chemicals and reagents, unless specified, were from Sigma-Aldrich 

Chemical Co (St. Louis, MO).  

 

4.3.2. Animals and Tissue Preparation 

Six Yorkshire neonatal pigs at the age of d 7 were acquired from different sows from the 

Arkell Swine Research Station at the University of Guelph and were individually housed in 

metabolic crates equipped with feeders in an environmentally controlled room (28°C). The 

piglets were fed three times daily a liquid formula containing (%) 52.7 lactose, 25 protein, 

10 fat and 12.3 for other supplements including minerals, vitamins and antibiotics (Litter 

Life, Merricks Inc., Middleton, WI) (Fan et al., 2001a). At the age of 16 d, the piglets were 

euthanized for isolation of jejunal epithelial cells. The experimental protocol was approved 

by the Animal Care and Use Committees at the University of Guelph. 

Piglets were anesthetized by inhalation of 5% isofluorane (Aerrane, Anaquest, WI) 

via a facial mask. The abdomen was immediately opened and a 480-cm jejunal segment, 

starting at 30 cm posterior to the pyloric sphincter and at 60 cm anterior to the ileo-cecal 

ligament of Treitz, was removed and flushed twice with 60 ml of ice-cold phosphate-

buffered saline (0.2 mM PMSF and 0.5 mM DTT, at pH 7.4) (Fan et al., 2001).  The 

isolated jejunal segment was divided for cell isolation (Fan et al., 2004). The piglets were 
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then sacrificed with an overdose (50 mg/kg body weight) of sodium pentobarbital (Sigma-

Aldrich). 

 

4.3.3. Sequential Isolation of Jejunal Epithelial Cells along the Crypt-Villus Axis 

We have adopted the Weiser distended intestinal sac technique for sequentially isolating 

jejunal epithelial cells along the crypt-villus axis from the piglets in this study (Fan et al., 

2001b).  The divided intestinal segments were quickly filled with a pre-incubation buffer 

(27 mM sodium citrate, 0.2 mM PMSF and 0.5 mM DTT, at pH 7.4) that was oxygenated 

with O2/CO2 mixture (19:1, vol/vol) and pre-warmed in a water bath (37°C).  The filled 

jejunal segments were sealed with two pairs of hemostatic forcepts and immersed in saline 

(154 mM NaCl) in 2-l glass beakers and were incubated for 15 min.  After the pre-

incubation, the jejunal segments were filled with isolation buffer (1.5 mM Na2EDTA, 0.2 

mM PMSF, 0.5 mM DTT and 2 mM D-glucose, oxygenated with the O2/CO2 mixture and 

warmed at 37°C) for sequential isolation of 3 epithelial cell fractions, consisting of the 

upper villus (F1-F4), the middle villus (F5-F8) and the crypt (F9-F12) epithelial cells, 

through three consecutive incubations of the isolated jejunal segments for 40, 50, and 60 

min, respectively (Fan et al., 2004).  Each epithelial cell fraction was washed twice with 

150 ml of an oxygenated cell suspension buffer (155 mM KCl at pH 7.4) and the cells were 

retained through centrifugation at 400 × g for 4 min at 4°C (Fan et al., 2001b). Washed 

jejunal epithelial cell fractions were also pooled between the proximal and the distal jejunal 

segments within each of the piglets. The washed cells were immediately frozen in liquid N. 

The frozen cells were further pulverized to be homogenous under liquid N by a mortar and 

pestle based procedure (Lackeyram et al., 2010). Homogenized samples were stored at -
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80oC for further analyses. 

 

4.3.4. Preparation of Jejunal Apical Membrane  

Apical membrane was prepared by Mg2+-precipitation and differential centrifugation 

according to our previously established procedures (Fan et al., 2004).  The crude apical 

membrane pellets were then suspended in a suitable amount of a membrane suspension 

buffer (150 mM KCl, 180 mM D-mannitol at pH 7.4) and centrifuged at 39,000 × g for 30 

min to generate the final apical membrane vesicle pellets.  The final pellets were re-

suspended with a 25-gauge needle in a suitable volume of the same membrane suspension 

buffer.  The final membrane vesicle suspension was assayed for protein content by using a 

commercial kit (Bio-Rad) with BSA (fraction V) as a standard and diluted with the same 

buffer to an appropriate concentration for subsequent Western blot analyses.  

 

4.3.5. RNA Extraction and Generation of Partial–length Porcine ASCT2 cDNA 

Total RNA was isolated from 100 mg of the jejunal epithelial cell fractions using TRIZOL 

reagent (Invitrogen, Carlsbad, CA) and treated with DNase I (Invitrogen) according to the 

manufacturer's instructions. The RNA quality was checked by 1% agarose gel 

electrophoresis with bands stained by using 10 μg per ml of ethidium bromide. The RNA 

had an OD260:OD280 ratio between 1.8 and 2.0. Synthesis of the first strand cDNA was 

performed with a total of 1 µg RNA, random and oligo(dT)20 primers, and Superscript II 

reverse transcriptase (Invitrogen) according to the manufacturer's instructions. 

Primers to recognize the partial-length porcine sequence were designed with Primer 3 

(http://frodo.wi.mit.edu/primer3/primer3_code.html) based on conserved region of the 

http://frodo.wi.mit.edu/primer3/primer3_code.html�
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human ASCT2 sequence. The PCR primers used for the amplification of the partial cDNA 

sequence of ASCT2 were 5’-CTACAACTCTGTGCACAACA-3’ (forward) and 5’- 

CGCCCTCCATGTTCCCAAAC-3’(reverse). The expected size of the ASCT2 RT-PCR 

product was 526 bp (corresponding to bp 1394-1920 of the human ASCT2 sequence, 

GenBank accession no. NM_005628). PCR conditions were as follows: 95°C denature 2 

min, 40 cycles at 95°C for 30 s, 54°C for 30 s, and 72°C for 30 s, and a final extension of 

72oC for 10 min. Each of 50-μl PCR reactions contained 38.1μl of 0.1% 

diethylpyrocarbonate (DEPC)-treated water, 1μl each of the forward and reverse primers 

(10 μM), 5 μl of 10 × PCR Buffer; 1 μl o f dNTP mix (1 0  mM) , 0.4 μl of TaqDNA 

polymase (5 U/μl), 1.5 μl of MgCl2 (50 mM), 2 μl cDNA. All PCR products were 

electrophoresed on a 2 % aganose gel in Tris-borate-EDTA buffer and visualized by 

staining with 10 μg/ml ethidium bromide. To confirm the identity of each PCR product, 

PCR products were purified and sequenced by dideoxy-mediated chain termination 

sequencing at the University of Guleph Molecular Supercenter. The partial nucleotide 

sequence of the porcine ASCT2 gene reported in this paper has been deposited in the 

GenBank/EMBL data bank (accession no. DQ231578).  Sequence multiple alignments and 

comparisons with other GenBank entries were performed using CLUSTAL W software 

(http://genome.cs.mtu.edu/map.html). 

 

4.3.6. Design of Primers and Real-time RT-PCR Analyses 

Primers for ASCT2 and β-actin were design with Primer 3 

(http://frodo.wi.mit.edu/primer3/primer3_code.html) based on their respective porcine 

sequences to produce an amplification product. The ASCT2 and β-actin PCR primers used 

http://genome.cs.mtu.edu/map.html�
http://frodo.wi.mit.edu/primer�
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were 5’-GCCAGCAAGATTGTGGAGAT -3’ (forward) and 5’- 

GAGCTGGATGAGGTTCCAAA -3’(reverse), and 5’-GGATGCAGAAGGAGATCACG-

3’ (forward) and 5’-ATCTGCTGGAAGGTGGACAG-3’ (reverse), respectively. The 

expected size of the ASCT2 RT-PCR product was 206 bp (corresponding to bp 52 to 257 

of the partial porcine ASCT2 sequence obtained by us, GenBank accession no. 

DQ231578). The expected size of the β-actin RT-PCR product was 130 bp (corresponding 

to bp 569 to 698 of the previously reported porcine β-actin sequence, GenBank accession 

no. U07786). Real-time PCR was performed using one-step SYBR Green RT-PCR Mix 

(Qiagen Inc., Valencia, CA), containing MgCl2, dNTP, reverse transcriptase and Hotstar 

Taq polymerase. Equal amounts of DNase-I-treated RNA (100 ng) from all samples was 

added to a total volume of 25 μl containing 12.5 μl SYBR Green mix, 0.25 μl RT mix and 

1 μM each of forward and reverse primers. We used the following protocol: (i) reverse 

transcription program (30 min at 50 °C); (ii) denaturation program (15 min at 95°C); (iii) 

amplification and quantification program, repeated 45 cycles (15 s at 95°C, 15 s at 54°C, 

15 s at 72°C); (iv) melting curve program (60-99°C with heating rate of 0.1 °C/s and 

fluorescence measurement). We used β-actin mRNA as the internal control to normalize 

the amount of starting RNA used in the RT-PCR for all the samples. Amplification and 

melt curve analyses were performed in Smart Cycler (Cepheid, Sunnyvale, CA). Melt 

curve analyses were conducted to confirm the specificity of each product, and the size of 

products were verified on ethidium bromide-stained 2% agarose gels in Tris acetate–EDTA 

buffer. The identity of each product was confirmed by dideoxy-mediated chain termination 

sequencing at the University of Guleph Molecular Supercenter. 
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4.3.7. Western Blot Analyses of Target Protein Abundances 

For Western blot analyses of ASCT2, protein extracts from whole cell homogenates, apical 

membrane and soluble fraction of the upper villus, the middle villus and the crypt epithelial 

cells were boiled in a 2X SDS loading buffer (250 mM tris-HCL, 500 mM β-

mercaptoethanol, 2% SDS, 0.1% phenol blue, 10% glycerol at pH 6.8) for 5 min. Aliquots 

(10 µg protein) were subjected to 10% SDS-PAGE and transferred on to polyvinylidene 

difluoride membranes (Millipore, Billerica, MA). The membranes were blocked at room 

temperature for 1 h with 6% non-fat dry milk powder dissolved in 1X TBS (25 mM tris-

HCl, 0.15 M NaCl at pH 7.4) and were then incubated at 4°C with a goat anti-rabbit 

ASCT2 polyclonal antibody specific to ASCT2 (provided by Nelly E. Avissar at the 

University of Rochester, New York) (Avissar et al., 2001). Following the overnight 

incubation, membranes were washed (6 × 10 min) in TBS with 0.1% Tween-20 and 

incubated at room temperature for 1 h with a secondary anti-rabbit horseradish peroxidase 

(HRP)-conjugated IgG (Promega Corporation, Madison, WI) or a secondary anti-mouse 

HRP-conjugated IgG (Promega). Blots were visualized using the enhanced 

chemiluminescence detection system (Sigma-Aldrich).  Photographs of the film were 

scanned and densitometry was performed with the Scion Imaging software (Scion 

Corporation, Frederick, MD).  Western blot analyses were all performed in duplicate for 

each sample. 

Phosphorylated (Thr56) mammalian target of rapamycin (mTOR) and 

phosphorylated p70 S6 kinase protein abundances were determined by Western blotting.  

Specifically, 0.5 g of each frozen cell fraction was weighted out with a 1.5-ml Eppendorf 

tube and homogenized with 1 ml of a lysis buffer (20 mM Tris-HCl, 2 mM EGTA, 0.2 mM 
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Na2EDTA, 50 mM NaF, 50 mM β-glycerophosphate, 1 mM bezamidine, 1 mM DTT, 0.5 

mM Na3VO4, 0.1 mM PMSF, and 10 µg/mL each of aprotinin, leupeptin, pepstatin A, at 

pH 7.4) on ice for 2 min.  Then, the sample was incubated on ice for 30 min with gentle 

inversion of the tube every 5 min and then centrifuged at 12,000 × g for 20 min at 4 ºC.  

The resulting supernatants were sampled for the analyses of their protein contents prior to 

Western blotting of the target proteins. 

A suitable amount of the previously prepared supernatants were diluted with Milli-Q 

H2O and boiled in a 2X SDS loading buffer (250 mM Tris-HCL, 500 mM β-

mercaptoethanol, 2% SDS, 0.1% phenol blue, 10 % glycerol at pH 6.8) for 5 min.  Aliquots 

(20 to 100 µg protein) were subjected to 10% SDS-PAGE and transferred on to 

polyvinylidene difluoride membranes (Millipore) via a semi-dry transfer apparatus (Bio-

Rad).  The membranes were blocked at room temperature for 1 h with 6% non-fat dry milk 

powder dissolved in 1X TBS (25 mM Tris-HCl, 0.15 M NaCl at pH 7.4) and were then 

incubated at 4°C with a primary antibody overnight.  A primary rabbit polyclonal antibody 

against the human mTOR phosphorylated at Ser2481 (1:1,000 dilution in 6 % skim milk 

powder, 2974S, Cell Signaling Technology, Inc., Danvers, MA) was used for the detection 

of the porcine mTOR.  A primary goat polyclonal antibody against the human p70 S6 

kinase phosphorylated at Thr 389 (Sc-11759, Santa Cruz Biotechnology, Inc, Santa Cruz, 

CA) was used for detection of the phosphorylated porcine p70 S6 kinase protein. Following 

the overnight incubation, membranes were washed (6 × 10 min) in 1X TBS with 0.1% 

Tween-20 and incubated at room temperature for 1 h with a secondary donkey anti-rabbit 

HRP-conjugated IgG (1:10,000 dilution in 6% skim milk powder, Promega). Blots were 

visualized using the enhanced chemiluminescence detection system (Sigma-Aldrich).  
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Photographs of the film were scanned and densitometry was performed with the Scion 

Imaging software (Scion Corporation). Western blot analyses were all performed in 

duplicate for each sample. 

 

4.3.8. Calculations and Statistical Analyses 

The relative ASCT2 mRNA abundance ratio (R) in the upper villus, the middle villus, and 

the crypt epithelial cells was calculated by using the value obtained from the crypt 

epithelial cell as the control according to the Delta and delta method (Livak and 

Schmittgen, 2001). 

)(2 controlsampleCtR −∆∆−=                                                                                            (4.1) 

where 
controlsample actinofCtASCTofCtactinofCtASCTofCtcontrolsampleCt )2()2()( ββ −−−=−∆∆− . The 

Ct value was the cycle number at which both the target and the housekeeping genes were 

amplified beyond the threshold of 30 fluorescence units. Real-time PCR efficiencies were 

acquired by amplification of dilution series of RNA according to the equation formula 10 (-

1/slope) and were consistent between ASCT2 and β-actin. Negative controls were performed 

in which DNase/RNase-free water was substituted for RNA. Real-time RT-PCR analyses 

were all performed in duplicate for each sample. 

Data for the epithelial cell fractions obtained from the Western blotting analyses and 

real time RT-PCR analyses were subjected to the analysis of variance using SAS (the SAS 

Institute, Cary, NC).  Comparisons of differences for the molecular endpoints among the 

epithelial cell fractions were further conducted by using the Tukey’s multiple comparisons 

of SAS.  Comparison of differences for all the endpoints with a level of P < 0.05 was 

considered significant. 
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4.4. RESULTS 

 

A 526-bp porcine partial cDNA sequence of the ASCT2 gene was obtained by RT-PCR 

according to the conserved region in the human gene sequence.  The partial porcine cDNA 

sequence had 90, 84 and 89% homology with the known human, mouse and rabbit 

sequences, respectively (Fig. 4.1).  The relative abundances of ASCT2 mRNA were 

analyzed by real-time RT-PCR using β-actin as the house-keeping control. The Ct values 

for the amplification of β-actin cDNA were similar in all samples (data not shown). ASCT2 

mRNA abundance was higher (P < 0.05) in the crypt epithelial cells than in the upper villus 

and the middle villus epithelial cells by 54 and 32%, respective. Moreover, ASCT2 mRNA 

abundance was higher (P < 0.05) in the middle villus epithelial cells than in the upper villus 

epithelial cells by 31% (Fig. 4.2).  

Western blot analyses showed the presence of a 57-kDa immune-reactive ASCT2 

protein band in the isolated epithelial cell homogenate, the intracellular soluble pool and 

the apical membrane preparation (Fig. 4.3).  There were no differences (P > 0.05) in the 

ASCT2 protein abundances in the cell homogenate, the intracellular soluble pool and the 

apical membrane among the upper villus, the middle villus and the crypt epithelial cells 

(Fig. 4.3). 

Phosphorylated mTOR protein abundances were higher by 24% (P < 0.05) in the 

middle villus epithelial cells than in the upper villus epithelial cells. However there was no 

difference (P > 0.05) in the phosphorylated mTOR protein abundance between the middle 

villus and the crypt epithelial cells. Although the phosphorylated mTOR protein abundance 

was relatively higher in the crypt epithelial cells, there was no difference (P > 0.05) in the 
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phosphorylated mTOR protein abundance between the upper villus and the crypt epithelial 

cells (Fig. 4.4). Phosphorylated p70 S6 kinase (p-S6K1) protein abundance was higher (P < 

0.05) in the crypt epithelial cells than in the upper villus epithelial cells by 24%. However, 

there were no significant differences (P > 0.05) in the phosphorylated p-S6K1 abundances 

between the upper villus and the middle villus epithelial cells as well as between the middle 

villus and the crypt epithelial cells (Fig. 4.5). 

 

4.5. DISCUSSION 

 

There is a scarcity of literature reports regarding expression of the ASCT2 gene in epithelia 

along the small intestinal crypt-villus axis in neonates. Results from this study suggested 

that both ASCT2 mRNA and protein were significantly expressed along the entire 

intestinal crypt-villus axis in neonatal pigs. Higher ASCT2 mRNA abundances were 

observed in the crypt epithelial cells, whereas there was no significant difference in ASCT2 

protein abundances among the upper villus, middle villus and the crypt epithelial cells. 

These results are not consistent with the pattern of ASCT2 gene expression previously 

reported in adult animals in showing the expression ASCT2 gene was enterocyte 

differentiation dependent and ASCT2 protein abundance was with decreased density in the 

crypt epithelial cells (Avissar et al., 2001). However, our results were consistent with the 

possibility previously reported in neonatal animals suggesting that Na+-dependent AA 

transport were expressed in neonatal crypt cells (Smith, 1981). Therefore, these results 

suggest that expression of ASCT2 gene along the entire small intestinal crypt-villus axis is 

unique in neonates.  
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The partial porcine ASCT2 cDNA sequence obtained in this study showed high 

homology (more than 80%) with human, mouse and rabbit, which indicated that the partial 

sequence belongs to the porcine ASCT2 gene. Moreover, the 57 kDa-bands were 

determined with goat anti-rabbit ATB0 in the cell homogenate, soluble, and the apical 

membrane along the three cell fractions. The porcine ASCT2 protein size is similar with 

the calculated molecular weight of 57 kDa of rabbit ASCT2 based on its amino acid 

sequence and much smaller than the 85- to 88-kDa ASCT2 bands observed in adult rabbit 

intestine (Avissar et al., 2001).  Deglycosylation study demonstrated that ASCT2 protein in 

adult rabbit intestine was highly glycosylated and glycosylation was responsible for the 

changes of the ASCT2 protein size between 78 and 88-kDa (Avissar et al., 2001). 

Moreover, except for two N-glycosylation sites, ASCT2 also has two protein kinase C 

phosphorylation sites (Utsunomiya-Tate et al., 1996; Kekuda et al., 1997; Bröer et al., 

1999). Thus, the degree of phosphorylation may be another contributor. These results 

suggest differences in the level of glycosylation and phosphorylation are likely responsible 

for the variability in the ASCT2 protein size reported among the aforementioned studies. 

The dissociation between ASCT2 mRNA and protein abundances along the crypt-

villus axis from this study suggested that ASCT2 gene expression is likely regulated by 

post-transcriptional mechanisms in neonates. Moreover, the lack of differences in the 

ASCT2 protein abundances between the cell homogenates, the intracellular pool and the 

apical membrane along the intestinal crypt-villus axis from this study would suggest that 

intracellular trafficking did not seem to play a role in regulation of the apical ASCT2 

protein abundance in the neonates. Although crypt epithelial cells had 32%-54% higher 

ASCT2 mRNA abundance and previous studies have showed that global protein 
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translational efficiency is high in crypt cells (Mariadason et al., 2005; Gassler et al., 2006; 

Chang et al., 2008; Yang et al., 2011), ASCT2 protein abundance was evenly distributed 

along the intestinal crypt-villus axis from this study. These results would suggest that 

ASCT expression in neonates may involve ASCT2 gene-specific translational control 

mechanisms to be further elucidated in future studies. 

An intriguing question is how to explain the physiological importance of the presence 

of high ASCT2 protein in crypt epithelial cells since crypt epithelial cells have access to 

much less luminal AA compared with villus epithelial cells. It is apparent that high ASCT2 

protein in crypt epithelial cells contributes much less to absorption ofAA to blood 

circulation.  In recent year, ASCT2 has been shown to serve as the putative cellular surface 

AA transceptors for AA signaling in cells (Peng et al., 2002; Hyde et al., 2007; Hundal and 

Taylor, 2009). Silencing of ASCT2 expression in human liver cancer cells suppressed 

mTOR complex 1 (mTORC1) signaling and protein synthesis rates (Fuchs et al., 2007). 

Nicklin et al. (2009) has showed that loss of ASCT2 function by adding an ASCT2 

inhibitor of L-γ-glutamyl-p-nitroanilide or knockdown of ASCT2 gene inhibits S6 

phosphorylation and activates autophagy dependent of extracellular glutamine delivery 

(Nicklin et al., 2009). Early studies also showed that silencing of ASCT2 expression not 

only arrests cell growth, but eventually leads to apoptosis of cancer cells (Fuchs et al., 

2004). These results suggest that ASCT2 is essential for cell survival and growth by its role 

of the mTOR-signaling activity. On the other hand, the presence of high ASCT protein 

abundance in crypt epithelial cells may play a compensatory role in AA absorption under 

pathophysiological conditions, for example during infection (Blikslager et al., 2001; 

Talukder et al., 2008). Our results clearly showed that higher mTOR phosphorylated 
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protein and phosphorylated p70 S6 kinase (p-S6K1) protein abundances were present in the 

crypt epithelial cells compared with the villus epithelial cells. These results suggest that the 

activity of mTOR signaling pathway is higher in crypt epithelial cells than in villus 

epithelial cells.  Therefore, the presence of high ASCT2 protein abundance may play an 

important role to maintain high mTOR activity, which is required to promote crypt cell 

proliferation necessary to gut mucosal growth. 

In conclusion, we have provided evidences to show that apical ASCT2 protein is 

expressed in parallel with major mTOR signaling components in epithelia along the small 

intestinal crypt-villus axis, in particular, in the crypt epithelial cells in neonatal pigs, which 

may be essential to stimulate rapid mucosal growth by providing higher mTOR signaling 

pathway activity in crypt epithelial cells. 
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Fig. 4.1. Partial cDNA sequence of the porcine ASCT2 transporter. A partial clone of the 

porcine ortholog of ASCT2 was obtained by RT-PCR. Numbers at right refer to 

corresponding nucleotides of previously published full-length human, mouse, and rabbit 

ASCT2 clones in comparison with the corresponding partial pig cDNA sequence. 

Pig    DQ231578      --------------------------------------CTGGTCTCCTGG 12 
Human  NM_005628     TCCGCTTCTTCAACTCCTTCAATGAGGCCACCATGGTTCTGGTCTCCTGG 1436 
Mouse  NM_009201     TTCGTTTCTTCAACTCCTTCAATGATGCCACCATGGTCCTGGTCTCCTGG 1413 
Rabbit NM_001082378  TCCGCTTCTTCAACTCCTTCAATGACGCCACCATGGTGCTGGTCTCCTGG 1367 
                                                           ************ 
 
Pig    DQ231578      ATCATGTGGTATGCCCCTGTGGGCATCATGTTCCTGGTGGCCAGCAAGAT 62 
Human  NM_005628     ATCATGTGGTACGCCCCTGTGGGCATCATGTTCCTGGTGGCTGGCAAGAT 1486 
Mouse  NM_009201     ATTATGTGGTACGCACCCGTTGGAATCCTGTTCCTGGTGGCCAGCAAGAT 1463 
Rabbit NM_001082378  ATCATGTGGTACGCCCCCGTGGGCATCTTGTTCCTGGTGGCCAGCAAGAT 1417 
                     ** ******** ** ** ** ** *** *************  ******* 
 
Pig    DQ231578      TGTGGAGATGGAGGATGTGGGGATGCTCTTCGCCAGTCTGGGCAAGTACA 112 
Human  NM_005628     CGTGGAGATGGAGGATGTGGGTTTACTCTTTGCCCGCCTTGGCAAGTACA 1536 
Mouse  NM_009201     TGTGGAGATGAAAGACGTCCGCCAGCTCTTCATCAGCCTCGGCAAATACA 1513 
Rabbit NM_001082378  CGTGGAGATGGACGACGTGGGCGTGCTGTTCGCCAGCCTGGGCAAATACA 1467 
                      ********* * ** **  *    ** **   * * ** ***** **** 
 
Pig    DQ231578      TCCTGTGCTGCCTGCTCGGCCACACCATCCATGGGCTCCTGGTGCTGCCT 162 
Human  NM_005628     TTCTGTGCTGCCTGCTGGGTCACGCCATCCATGGGCTCCTGGTACTGCCC 1586 
Mouse  NM_009201     TTCTGTGCTGCCTGCTGGGCCACGCCATCCACGGGCTCCTGGTTCTGCCT 1563 
Rabbit NM_001082378  TCCTGTGCTGCCTGCTGGGCCACGCCATCCACGGGCTCCTGGTGCTGCCG 1517 
                     * ************** ** *** ******* *********** *****  
 
Pig    DQ231578      CTCATCTACTTCCTCTTCACTCGCAAAAACCCCTACCGCTTCCTGTGGGG 212 
Human  NM_005628     CTCATCTACTTCCTCTTCACCCGCAAAAACCCCTACCGCTTCCTGTGGGG 1636 
Mouse  NM_009201     CTCATCTACTTCCTCTTCACCCGCAAAAATCCCTATCGATTCCTGTGGGG 1613 
Rabbit NM_001082378  CTCATCTACTTCCTCTTCACCCGCAAGAACCCCTACCGCTTCCTCTGGGG 1567 
                     ******************** ***** ** ***** ** ***** ***** 
 
Pig    DQ231578      CATCATGACACCACTGGCCACTGCCTTTGGAACCTCATCCAGCTCCGCCA 262 
Human  NM_005628     CATCGTGACGCCGCTGGCCACTGCCTTTGGGACCTCTTCCAGTTCCGCCA 1686 
Mouse  NM_009201     CATCATGACACCCCTGGCCACTGCTTTCGGGACCTCTTCTAGCTCTGCCA 1663 
Rabbit NM_001082378  CATCCTGACGCCGCTGGCCATGGCCTTTGGGACCTCTTCCAGCTCGGCCA 1617 
                     **** **** ** *******  ** ** ** ***** ** ** ** **** 
 
Pig    DQ231578      CGCTGCCGCTGATGATGAAGTGCGTGGAGGAGAAGAACGGCGTGGCCAAG 312 
Human  NM_005628     CGCTGCCGCTGATGATGAAGTGCGTGGAGGAGAATAATGGCGTGGCCAAG 1736 
Mouse  NM_009201     CCTTGCCTCTGATGATGAAGTGTGTAGAGGAGAAGAATGGTGTGGCCAAA 1713 
Rabbit NM_001082378  CGCTGCCGCTGATGATGAAGTGCGTAGAGGAGAGGAACGGCGTGGCCAAG 1667 
                     *  **** ************** ** *******  ** ** ********  
 
Pig    DQ231578      CACATCAGCCGCTTCATTCTGCCCATTGGTGCCACTGTCAACATGGACGG 362 
Human  NM_005628     CACATCAGCCGTTTCATCCTGCCCATCGGCGCCACCGTCAACATGGACGG 1786 
Mouse  NM_009201     CACATCAGCCGGTTCATCCTACCCATCGGCGCCACGGTCAACATGGACGG 1763 
Rabbit NM_001082378  CACATCAGCCGCTTCGTGCTGCCCATCGGGGCCACGGTCAACATGGACGG 1717 
                     *********** *** * ** ***** ** ***** ************** 
 
Pig    DQ231578      GGCCGCGCTCTTCCAGTGCGTGGCCGCGGTGTTCATTGCACAGCTCAACC 412 
Human  NM_005628     TGCCGCGCTCTTCCAGTGCGTGGCCGCAGTGTTCATTGCACAGCTCAGCC 1836 
Mouse  NM_009201     GGCGGCGCTGTTCCAGTGTGTGGCGGCAGTGTTCATCGCACAACTAAACG 1813 
Rabbit NM_001082378  CGCGGCGCTGTTCCAGTGCGTGGCCGCCGTGTTCATTGCGCAGCTCAACC 1767 
                      ** ***** ******** ***** ** ******** ** ** ** * *  
 
Pig    DQ231578      AGCGGTCCTTGGACTTTGTGAACATTATCACTATCCTGGTCACCGCCACG 462 
Human  NM_005628     AGCAGTCCTTGGACTTCGTAAAGATCATCACCATCCTGGTCACGGCCACA 1886 
Mouse  NM_009201     GGGTGTCCCTGGACTTCGTGAAGATCATCACCATCCTGGTCACAGCCACA 1863 
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Underlined stars indicate sequences are conserved among pig, human, mouse, and rabbit. 

Overall, the partial-length pig ASCT2 cDNA sequence had 90, 84, and 89% homology 

with the known human sequence (GenBank accession no. NM_005628), the known mouse 

sequence (GenBank accession no. NM_009201), and the known rabbit sequence (GenBank 

accession no. NM_001082378), respectively. This pig partial sequence now resides in 

GenBank with the accession no. DQ231578. 
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Fig. 4.2. Real-time RT-PCR analyses of Na+-neutral AA exchanger ASCT2 mRNA 

abundances in the upper villus (U), the middle villus (M) and the crypt (C) epithelial cells 

isolated along the jejunal crypt-villus axis in the neonatal pigs.  Results were normalized 

using β-actin expression as a house-keeping control gene in each real time RT-PCR 

analysis.  Data were expressed in being relative to the crypt cell value (value = 1) and were 

presented as means ± SE (n = 6) in arbitrary units.  Bars sharing a different superscript 

letter differ, P < 0.05. 
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Fig. 4.3. Western blot analyses of Na+-neutral AA exchanger ASCT2 protein abundances 

in cell homogenate, soluble fraction, and apical membrane prepared from the upper villus 

(U), the middle villus (M) and the crypt (C) epithelial cells along the jejunal crypt-villus 

axis in the neonatal pigs.  Data were in arbitrary units and were presented as means ± SE (n 

= 6). 
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Fig. 4.4. Western blot analyses of the phosphorylated mammalian target of rapamycin 

(mTOR) protein abundances in the upper villus (U), middle villus (M) and crypt (C) 

epithelial cells isolated the jejunal crypt-villus axis in the neonatal pigs.  Data were 

presented at the means ± SE (n = 6) in arbitrary units. Bars that share a different superscript 

letter differ (P < 0.05). 
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Fig. 4.5. Western blot analyses of the phosphorylated p70 S6 kinase 1 (p-S6K1) protein 

abundances in the upper villus (U), middle villus (M) and crypt (C) epithelial cells isolated 

the jejunal crypt-villus axis in the neonatal pigs.  Data were presented at the means ± SE (n 

= 6) in arbitrary units. Bars that share a different superscript letter differ (P < 0.05). 
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CHAPTER 5 

 

EXPRESSION OF PORCINE JEJUNAL NA+-DEPENDENT NEUTRAL AMINO 

ACID TRANSPORTER B0AT1 AND EXCHANGER ASCT2 

DURING THE POSTNATAL DEVELOPMENT 

 

5.1. ABSTRACT 

 

Transport of major luminal neutral amino acids (AA) occurs via Na+-dependent neutral 

(AA) transporter B0AT1 and Na+ and Cl--dependent, broad-spectrum neutral AA exchanger 

ASCT2. We examined changes of protein and mRNA abundances of B0AT1 and ASCT2, 

and intestinal free AA concentrations in the proximal jejunum during the postnatal 

development in pigs at the ages of d 1, 4, 6, 12, 20, 28 (1-wk post-weanling), and 70 

(mature gut at grower phase), respectively.  There were linear decreases (P < 0.05) of 

B0AT1 and ASCT2 protein abundances in the jejunal homogenate, cytosol and apical 

membrane, whereas a cubic pattern of change was observed (P < 0.05) in the jejunal 

B0AT1 and ASCT2 mRNA abundances during the postnatal growth. Furthermore, the 

B0AT1 protein abundances in the jejunal apical membrane were strongly correlated with 

the B0AT1 abundances in the homogenate (r = 0.827, P < 0.05) and the cytosolic fraction (r 

= 0.800, P < 0.05). The ASCT2 protein abundances in the jejunal apical membrane were 

also strongly correlated with its abundances in the homogenate (r = 0.900, P < 0.05) and 

the cytosolic fraction (r = 0.832, P < 0.05). There were poor correlations (P > 0.05) 

between B0AT1 and ASCT2 protein abundances in the jejunal homogenate, the cytosolic 
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fraction and the apical membrane and the jejunal B0AT1 and ASCT2 mRNA abundances, 

respectively.  There were different patterns of changes (P < 0.05) in the free AA 

concentrations in the proximal jejunum during the postnatal development in the pig. These 

results suggest that postnatal decreases in the jejunal apical B0AT1 and ASCT2 abundances 

are likely regulated at the post-transcriptional level during the early suckling period but the 

continued decline in the B0AT1 and ASCT2 abundances may largely occur at both the 

transcriptional and translational levels through weaning transition and the grower phase. 

 

 
KEY WORDS:  neutral amino acid transporter and exchanger; gut mucosal growth; 

postnatal development; pigs 

 

5.2. INTRODUCTION 

 

Efficiency of whole body N utilization is high at birth and during suckling, and decreases 

with age in the pig, which is due to increases in AA catabolism and the gastrointestinal 

endogenous N loss (Le dividich et al., 1994; Fan et al., 2006). However, the underlying 

biological mechanism for the postnatal decline in whole body N efficiency is still not clear. 

As a major group of N compounds, AA are recognized as essential substrates and signaling 

nutrients for anabolic and catabolic processes in the gut and whole body particularly during 

the early postnatal growth and development (Burrin and Reeds, 1997; Yang et al., 2008). 

Transport of AA across the enterocyte apical membrane is the initial step of AA 

metabolism pathways in the gut mucosa as well as whole body.  Nutritional and 

physiological consequences of postnatal development of the small intestine on AA 
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transporters are now recognized (Pácha, 2000; Fan et al., 2006).  Thus, improved 

understanding of how changes in the intestinal AA transporter gene expression are 

regulated during the postnatal development would lead to novel strategies for improving 

efficiency of whole body N utilization, muscle protein growth and management of both 

animal and human health. 

Total intestinal AA transport capacity increases with age due to the increase of 

intestinal mass, but the transport rate for most neutral AA studied decreases in relation to 

per unit of intestinal weight during the postnatal development (Buddington et al., 1990; 

1992; Toloza and Diamond, 1992).  It has been suggested that AA are much more 

effectively absorbed from the intestine in the form of short peptides in newborns than in 

adults (Himukai et al., 1980; Guandalini and Rubino, 1982). Rates of AA absorption in 

pigs were highest at birth, and decreased by an average of 30% during the first 24 h of 

colostrum suckling (Buddington et al., 2001).  The underlying reasons for this 

developmental decline in AA transporter activity in per unit of tissue weight or mucosal 

surface area are not fully understood.  Several possible mechanisms responsible for the 

developmental decreases in the intestinal apical neutral AA transporter activity have been 

postulated (e.g., Cheeseman, 1991; Pácha, 2000) as below.  Changes in the density of 

transporter proteins inserted into the apical membrane are controlled at the transcriptional 

level, i.e., limited by mRNA abundance of an AA transporter gene. Changes in the density 

of transporter proteins on the apical membrane are controlled at the post-translational 

trafficking. Changes in the density of transporter proteins on the apical membrane are 

regulated at the translational level, i.e., limited by intracellular AA transporter protein 

synthesis efficiency and capacity. Abundances of transporter proteins on the apical 
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membrane are maintained at the protein degradation level. Changes in AA transporter 

affinity are also affected by post-translational modification of sugar moieties of an AA 

transporter protein and by protein-protein interactions in membrane.  In general, there is 

little information regarding the expression of intestinal neutral AA transporter genes during 

the postnatal growth. 

The intestinal neutral AA transporter B0AT1 and exchanger ASCT2 are responsible 

for the uptake of luminal neutral AA (Seow, et al., 2004; Böhmer et al., 2005).  

Furthermore, both B0AT1 and exchanger ASCT2 may serve as the putative signalling 

sensors for mediating hypertrophic and hyperplasic gut mucosal growth during the 

postnatal development through the mTOR-signalling pathway (Fuchs et al., 2005; 2007; 

Yang et al., 2008). However, there is little information available regarding expression of 

the intestinal B0AT1 and ASCT2 transporter genes during the postnatal growth. There is a 

need to improve our understanding of how the intestinal B0AT1 and ASCT2 transporter 

gene expression is regulated during the postnatal development in the pig. Taken together, 

the objectives of this study were to investigate the expression of B0AT1 and ASCT2 genes  

at protein and mRNA levels in association with changes in the concentrations of free AA in 

the proximal jejunum during the postnatal development in the pig. 

 

5.3. MATERIALS AND METHODS 

 

5.3.1. Animals, Diets and Experimental Design 

A total of 42 purebred Yorkshire gilts were obtained from the Arkell Swine Research 

Station at University of Guelph and randomly divided into seven groups at the ages of d 1, 
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4, 6, 12, 20 (suckling), 28 (1-week post-weanling) and 70 (mature gut at growing phase), 

respectively. The body weight (BW) (mean ± SE) of the pigs were 1.57 ± 0.13, 2.12 ± 0.18, 

1.98 ± 0.10, 3.68 ± 0.17, 6.00 ± 0.19, 7.66 ± 0.40, 28.83 ± 0.17 kg, corresponding to the 

age group of d 1, 4, 6, 12, 20, 28, and 70 d, respectively. The suckling piglets had free 

access to milk from their sows and the post-weanling pigs and the growing pigs were fed 

commercial corn and soybean meal based diets ad libitum throughout the duration of the 

experiment. The post-weanling pig diet contained 21.0% crude protein, 7.0% crude fat, and 

22 mg lincomycin hydrochloride monohydrate per kg diet. The growing pig diet contained 

digestible energy 3406.2 kcal●kg-1, 14.215% crude protein, and 3.3% crude fat.  All diets 

were further supplemented with vitamins and minerals to meet all nutrient requirements 

(NRC, 1998). Procedures for the care and treatment of the pigs were reviewed and 

approved by the Animal Care Committee at the University of Guelph. The pigs used in this 

experiment were cared for in accordance with the guidelines established by the Canadian 

Council of Animal Care (Olfert et al., 1993). 

 

5.3.2. Tissue Collections and Processing 

Pigs were sedated and maintained under anesthesia by inhalation of anesthetic isoflurane 

via a facial mask for the collection of the proximal jejunum according to a previous 

published procedure (Lackeyram et al., 2010).  The abdomen was opened and the entire 

small intestine distal to the ligament of Treitz was removed and immediately flushed with 

ice-cold saline (154 mM NaCl, 0.1 mM PMSF, pH 7.4).  The segment of small intestine 

proximal to the ligament of Treitz was designated as the duodenum with the stomach being 

removed. The mesentery-free small intestinal segment distal to the ileal-cecal sphincter was 
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dissected to be the ileum. The reminder of the small intestinal segment was divided into 2 

equal portions as the proximal and the distal jejunum (Lackeyram et al., 2010). The isolated 

proximal jejunal segments were sampled from their middle regions and divided into 15-cm 

segments.  Each tube, which contained approximately 15 g of tissue, was tightly capped, 

and immediately frozen in liquid nitogen (N2). The frozen samples were subsequently 

pulverized to be homogenous with a mortar and a pestle under liquid N2, and stored at -

80°C (Bregendahl et al., 2004). At the end of tissue sampling, pigs were euthanized by an 

intra-cardiac injection of sodium pentobarbital (Schering Canada Inc., Pointe-Claire, QC, 

Canada) with a dose of 50 mg●kg -1 BW (Bregendahl et al., 2004). 

 

5.3.3. Primer Design, RNA Extraction and Real-time RT-PCR Analyses 

Primers for amplification of the target and the housekeeping genes were developed using 

the Primer 3 software (Rozen and Helen, 2000) (Table 5.1) and synthesized by the 

University of Guelph Laboratory Services.  To avoid amplification of non-specific 

contaminating genomic DNA, all porcine mRNA sequences were aligned with the 

corresponding genomic sequence using the Spidey software (wheelan et al., 2001).  All 

primers were designed to overlap at least two exon boundaries. 

Total RNA was isolated from the proximal jejunal tissue using TRIzol reagent 

(Invitrogen, Carlsbad, CA).  RNA concentration and integrity were determined with 

spectrophotometry (260 nm) and agarose gel electrophoresis, respectively. 

RNA was treated with DNase (Invitrogen) and one–step quantitative real time RT-

PCR was performed in a Smart Cycler (Cepheid, Sunnyvale, CA) using Quantitect SYBR 

Green RT-PCR kit (Qiagen Inc., Valencia, CA) according to the kit instructions. The 
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following protocol was used: (i) reverse transcription program (30 min at 50 °C); (ii) 

denaturation program (15 min at 95°C); (iii) amplification and quantification program, 

repeated 45 cycles (15 s at 95°C, 15 s at 54°C, 15 s at 72°C); (iv) melting curve program 

(60-99°C with heating rate of 0.1°C●s -1 and fluorescence measurement).  Melt curve 

analysis was conducted to confirm the specificity of each product, and the size of products 

were verified on ethidium bromide-stained 1% agarose gels in Tris acetate–EDTA buffer.  

The identity of each product was confirmed by dideoxy-mediated chain termination 

sequencing at the University of Guleph Laboratory Service.  

 

5.3.4. Preparation of Jejunal Homogenate, Cytosolic Fractions and Apical Membrane  

Apical membrane was isolated by Mg2+-precipitation and differential centrifugation 

according to a previously established procedure (Maenz et al., 1996; Fan et al., 2004; 

Lackeyram et al., 2010).  Specifically, for each batch of apical membrane vesicle 

preparation, about 1.3 g of frozen tissue was thawed in ice-cold homogenate buffer (50 mM 

D-mannitol, 10 mM HEPES, 0.20 mM PMSF, and 2.0 µg●mL -1 each of aprotinin, leupetin, 

pepstatin A, N-tosyl-L-phenylalanine chloromethyl-ketone, N-α-p-tosyl-L-lysine ketone, pH 

7.4) at a ratio of 20 mL of the homogenate buffer per g of frozen tissue and homogenized 

by a polytron homogenizer. The resulting homogenate was centrifuged at 2,000 × g for 15 

min at 4 ºC. After removing top foam layer and discarding pellets, the resulting supernatant 

was regarded as homogenate and sampled for the analyses of their protein content as well 

as Western blot analyses of target protein abundances. 

The remaining supernatant was mixed with 1 M MgCl2 to contain 10 mM MgCl2, 

stirred on ice for 15 min, and then centrifuged at 2,400 × g for 15 min at 4 ºC.  After 
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discarding top foam layer, resultant supernatant was centrifuged at 19,000 × g for 30 min at 

4 ºC to generate crude AM pellets. The supernatant obtained was regarded as the cytosolic 

fraction and sampled for the analyses of their protein content as well as Western blot 

analyses of target protein abundances (Lackeyram et al., 2010). 

The crude apical membrane pellets were then suspended in a suitable amount of a 

membrane suspension buffer (300 mM D-mannitol, 25 mM HEPES, 0.20 mM PMSF, and 

2.0 µg●mL-1 each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone, N-α-p-tosyl-L-lysine ketone, pH 7.4), and centrifuged at 39,000 × g 

for 30 min at 4 ºC to generate the final apical membrane vesicle pellets.  The final pellets 

were re-suspended with a 25-gauge needle in a suitable volume of the same membrane 

suspension buffer to yield the apical membrane fraction samples for analyses of their 

protein content as well as Western blot analyses of target protein abundances. 

Protein concentrations in the homogenate, cytosolic fractions and apical membrane 

were measured according to the Bradford assay (Bradford, 1976) using the Bio-Rad dye 

reagent (Bio-rad Laboratories, Inc., Hercules, CA). Bovine BSA IV (Sigma-Aldrich, St. 

Louis, MO) was used as the protein standard. 

 

5.3.5. Western Blot Analyses of Protein Abundances 

100 µg of the proximal jejunal apical membrane preparation was solubilized in 100 µL of 

the re-suspension buffer (25 mM HEPES, 150 mM NaCl, 0.20 mM PMSF, 1% triton X-

100, and 2.0 µg●mL -1 each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone, N-α-p-tosyl-L-lysine ketone, pH 7.4). The proximal jejunal 

homogenate and cytosolic preparations, and solubilized apical membrane preparation were 
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boiled in a 2X SDS loading buffer (250 mM Tris-HCL, 500 mM β-mercaptoethanol, 2% 

SDS, 0.1% phenol blue, 10% glycerol, pH 6.8) for 5 min. Aliquots (20 µg protein) were 

subjected to 10% SDS-PAGE and transferred on to polyvinylidene difluoride (PVDF) 

membranes (Millipore, Billerica, MA) via semi-dry transfer apparatus (Bio-rad 

Laboratories, Inc.). The PVDF membranes were blocked at room temperature for 1 h with 

6% non-fat dry milk powder dissolved in 1X TBS (25 mM Tris-HCl, 0.15 M NaCl, pH 7.4) 

and then incubated at 4°C with a primary antibody overnight. A rabbit anti-mouse B0AT1 

polyclonal antibody (1: 20000 dilution, provide by Dr. François Verrey at University of 

Zurich, Zurich, Switzerland) (Romeo et al., 2006) was used for detection of porcine 

B0AT1. A goat anti-rabbit ATB0 antibody (1:5000 dilution, provided by Dr. Nelly E. 

Avissar at University of Rochester, Rochester, NY) (Avissar et al., 2001) was used for 

detection of porcine ATB0. An anti-β-actin monoclonal antibody (mouse anti-checken β-

actin, 1:10,000 dilution, Cedarlane Laboratories, Burlington, NC) was used for detection of 

porcine β-actin. Following the overnight incubation, membranes were washed (8 × 5 min) 

in 1X TBS with 0.1% Tween-20 and incubated at room temperature for 1 h with a 

secondary antibody. Donkey anti-rabbit (horseradish peroxidase) HRP-conjugated IgG 

(1:10,000 dilution, Promega Corporation, Madison, WI) was used for B0AT1 and ATB0, 

and donkey anti-mouse HRP-conjugated IgG (1:10,000 dilution, Promega) was used for β-

actin. Blots were visualized using the enhanced chemiluminescence detection system 

(Sigma-Aldrich). Photographs of the film were scanned and densitometry was performed 

with the Scion Imaging software (Scion Corporation, Frederick, MD). β-actin was used to 

normalize the abundance of target protein. Western blot analyses were all performed in 

duplicate for each sample. 
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5.3.6. Jejunal Free AA Analyses by High Performace-Liquid Chromatography (HPLC) 

200 mg of liquid N2 pulverized samples were weighted out with a 1.5-mL Eppendorf tube, 

homogenized with 1 mL of an ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10.1 mM 

Na2HPO4, 1.76 mM KH2PO4, pH 7.4) on ice for 3 min, and then centrifuged at 3,000 × g 

for 12 min at 4 ºC. The resulting supernatants were measured for their total volumes, and 

sampled for the analyses of their protein content using the Bio-Rad dye reagent (Bio-rad 

Laboratories, Inc.) (Bradford, 1976).  The remaining supernatant was deproteinized using 

7.5 % trichroacetic acid and then centrifuged at 3,000 × g at 4 ºC for 10 min. The AA 

concentrations in supernatants obtained were measured by HPLC using pre-column 

ophthaldialdehyde deprivation method as previously described (Sedgwick et al., 1991). 

Samples were analyzed on a Shimadzu 20AT LC System (Shimadzu, Tokyo, Japan), 

equipped a LC-20AT pump (Shimadzu), a Shimadzu Sil-9A autosampler (Shimadzu), a 

Varian Fluorichrom fluorescence detector (Varian, Walnut Creek, CA), and Galaxie 

Chromatography Data System (Varian) for integration. The AA concentrations were 

expressed as both nmol●mg protein -1 and µmol●g fresh tissue -1. 

 

5.3.7. Calculations and Statistical Analyses 

The target gene expression was normalized with that of a selected reference gene and 

relative gene expression was determined by using R = 2(Ct(reference)-Ct(test)) according to Kleta 

et al. (2004).  Threshold cycle (Ct) values were obtained at the cycle number at which the 

gene is amplified beyond the threshold of 30 fluorescence units. Real-time PCR 

efficiencies were acquired by amplification of dilution series of DNase-treated RNA 

according to the formula 10(-1/slope) (Pfaffl, 2001). The efficiencies of all primers used this 
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study were between 96-105%. Negative controls without DNase-treated RNA were 

conducted along with each run, and each sample was analyzed in duplicate for each gene. 

All data were subjected to analysis of variance followed by unequally spaced 

orthogonal polynomial contrast and Tukey’s multiple comparison tests using SAS 9.1. 

Pearson correlation analyses were conducted by using the General Linear Model of SAS. 

Data are presented as means ± SEM. Significance was determined at the level of P < 0.05. 

 

5.4. RESULTS 

 

There was a cubic pattern of changes (P < 0.05) in the proximal jejunal B0AT1 mRNA 

abundance during the postnatal development (Fig. 5.1). Furthermore, jejunal B0AT1 

mRNA abundance was higher at the age of 12 d compared with the other age groups (P < 

0.05). There were no significant changes (P > 0.05) in the jejunal B0AT1 mRNA 

abundance among other age groups except for the age group of d12  (Fig. 5.1). 

There was a cubic pattern changes (P < 0.05) in the proximal jejunal ASCT2 mRNA 

abundance during the postnatal development (Fig. 5.2). Moreover, jejunal ASCT2 mRNA 

abundance was higher (P < 0.05) at the age of 12 d compared with other age groups. There 

were no significant changes (P > 0.05) in the jejunal ASCT2 mRNA abundance among 

other age groups except for the age group of d 12 (Fig. 5.2). 

A B0AT1 immuno-reactive band at about 57 kDa was detected in the proximal 

jejunal homogenate (Fig. 5.3), the cytosolic fraction (Fig. 5.4) and the apical membrane 

(Fig. 5.5). There were linear decreases (P < 0.05) in the B0AT1 protein abundances in the 

proximal jejunal homogenate (by 90%; Fig. 5.3), the cytosol fraction (by 97%; Fig. 5.4), 
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and the apical membrane (by 97%; Fig. 5.5) during the postnatal development, 

respectively. The jejunal B0AT1 protein abundances in the apical membrane were strongly 

correlated with the B0AT1 abundances in the homogenate (r = 0.827, P < 0.05) and the 

cytosolic fraction (r = 0.800, P < 0.05), respectively.  However, the proximal jejunal 

B0AT1 protein abundances in the homogenate, the cytosol and the apical membrane were 

poorly correlated (P > 0.05) with the B0AT1 mRNA abundances measured in the proximal 

jejunum.  

A single ASCT2 immuno-reactive band at 57 kDa was detected in the proximal 

jejunal homogenate (Fig. 5.6), the cytosolic fraction (Fig. 5.7), and the apical membrane 

(Fig. 5.8). There were linear decreases (P < 0.05) in the ASCT2 protein abundances in the 

proximal jejunal homogenate (by 95%; Fig. 5.6), the cytosolic fraction (by 93%; Fig. 5.7), 

and the apical membrane (by 93%; Fig. 5.8) during the postnatal development. The jejunal 

ASCT2 protein abundances in the apical membrane were strongly correlated with the 

ASCT2 protein abundances in the homogenate (r = 0.900, P < 0.05) and the cytosolic 

fraction (r = 0.832, P < 0.05). However, the jejunal ASCT2 protein abundances in the 

homogenate, the cytosolic fraction and the apical membrane were poorly correlated (P > 

0.05) with the ASCT2 mRNA abundances determined in the proximal jejunum. 

Changes in concentrations of free AA in the proximal jejunum during postnatal 

development are shown in Table 5.2 and Table 5.3. Of the indispensable AA, intracellular 

concentrations of neutral AA Leu, Thr and Val, and cationic AA Lys were relatively high, 

whereas concentrations of neutral AA Met and Trp were low during the postnatal 

development in the pigs (Table 5.2 and 5.3). Of the dispensable AA, neutral AA Ala, Gly, 

and Tau were relatively high, whereas Cit concentration was low during the porcine 
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postnatal development (Table 5.2 and 5.3). When expressed as µmol/g tissue, Phe 

concentration did not show overall changes (P > 0.05) except at the ages of d 20 and d 28 

during the postnatal growth (Table 3). Gly, Cit and Tau were increased linearly (P < 0.05) 

with age in the proximal jejunum during the postnatal development. Tyr and Leu were 

decreased linearly (P < 0.05) with age in the proximal jejunum during the postnatal 

development. Tissue concentrations of Cit, Gly, and Tau displayed linear, quadratic and 

cubic patterns of increases (P < 0.05) during the postnatal growth (Table 5.3). However, 

tissue concentrations of most other AA, including His, Ile, Leu, Lys, Met, Thr, Trp, Val, 

Ala, Asn, Orn, Ser and Tyr, showed a linear pattern of decreases (P < 0.05) during the 

postnatal growth (Table 5.3). Furthermore, tissue Arg concentration did not change (P > 

0.05) during the postnatal growth. 

 

5.5. DISCUSSION 

 

The present study was designed to understand the biological mechanisms associated with 

postnatal decline in whole body N utilization efficiency through examining the pattern of 

AA transporter B0AT1 and AA exchanger ASCT2 expression in the proximal jejunum 

during the postnatal development in pigs. We observed that B0AT1 and ASCT2 protein 

abundances were dramatically decreased with increasing ages. There is a scarcity of 

literature reports regarding changes in B0AT1 and ASCT2 protein abundances in the 

intestine during the postnatal development. Previous studies on AA transport activity 

showed that while the total intestinal AA transport capacity increases with growing ages 

largely due to increases in intestinal tissue mass, but the transport rate for most AA studied 
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in relation to per unit of intestinal weight decreases with growing ages during the postnatal 

development (Buddington et al., 1990; 1992; Toloza and Diamond, 1992; Buddington et 

al., 2001).  For example, the rates (Vmax) of four AA including Asp, Lys, Leu, and Met 

transport in pigs were highest at the birth, and decreased by an average of 30% during the 

first 24 h of colostrums suckling without changing transporter affinity Km (Buddington et 

al., 2001). Results from this study suggest that decreases in B0AT1 and ASCT2 protein 

abundances on the apical membrane may be responsible for the decline in rates of neutral 

AA transport across the intestinal apical membrane during the postnatal development in 

pigs.   

An important question of gene expression is at what level the regulation occurs 

(Howell et al., 2003). In this study, we have shown that B0AT1 mRNA abundance 

increased from d 1 to d 12 and then decreased to the birth level at d 70 of the grower phase 

in the proximal jejunum during the postnatal development. Similarly, ASCT2 mRNA 

abundance also increased from d 1 to d 12 and then decreased to at the birth level at d 70 of 

the grower phase in the proximal jejunum during the postnatal development, which is 

consistent with a previous study in showing that ASCT2 mRNA abundance was increased 

with age during early suckling and then declined in the jejunum of pigs (Xiao, 2006). 

pearson correlations suggested that both B0AT1 and ASCT2 expressions were not regulated 

at the transcriptional level largely due to the discrepancies between the target gene mRNA 

and protein abundances during the early suckling period between d 1 and d 12. These 

results indicated that post-transcriptional regulation of B0AT1 and ASCT2 expression 

occurred during the postnatal development of pigs. Furthermore,  

On the other hand, we have shown that there were strong correlations in the proximal 
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jejunal B0AT1 and ASCT2 protein abundances between the homogenate, the cytosolic 

fraction, and the apical membrane during the porcine postnatal development. These results 

indicated that post-translational trafficking was not likely to be a major regulatory 

mechanism responsible for the decline in the B0AT1 and ASCT2 protein abundances on the 

apical membrane during the postnatal growth. The high jejunal apical B0AT1 and ASCT2 

protein abundances may be mainly a result of changes in de novo B0AT1 and ASCT2 

protein synthesis during the early suckling period. Emerging evidence indicates that the 

mTOR cell signaling pathway regulates expression of the AA exchanger ASCT2 (Fuchs et 

al., 2007).  Jejunal epithelial global protein synthetic efficiency has been shown to be high 

along crypt-villus axis in the neonate (Yang et al., 2011). Thus, jejunal apical B0AT1 and 

ASCT2 protein abundances are likely controlled at the post-transcriptional level by 

translational regulations during the early suckling. In contrast, the linear decreases in the 

jejunal B0AT1 and ASCT2 protein abundances are likely regulated at both transcriptional 

and translational levels during the d 20-70 postnatal growth in the pig. 

Expression of apical membrane AA transporters is regulated by the availability of 

their specific substrates (Ferraris and Diamond, 1989; Ferraris, 1994; Nicholson and 

McGivan, 1996; Munir et al., 2000), although the patterns of regulation may differ 

according to their roles of AA in metabolism such as essential vs no essential AA (Karasov 

et al., 1983; 1987). It is well established that transport regulation by specific substrate is 

attributed to an increase in the number of specific transporter protein via increasing gene 

transcription and translation but not to unspecific factors, such as membrane permeability, 

epithelial surface area, or ionic gradients (Wolffram and Scharrer, 1984; Ferraris, 1994). 

Generally, high levels of dietary proteins or AA and food deprivation increased intestinal 
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AA transporter expression (Erickson et al., 1995; Howard et al., 2004). Compared with 

orally fed rats, animals fed by TPN had a lower expression of ASCT1, SAT2, and GLYT1 

mRNAs in the duodenum and of ASCT2, EAAC1, NBAT, and PepT1 mRNAs in the ileum 

(Howard et al., 2004). A recent study indicated that the increase in both ASCT2 and 

B0AT1 gene expression was induced by 60 min incubation of the intestine with 10 mM 

glutamine (Duroc et al., 2010). The changes in the concentrations of free and protein-bound 

AA in sow’s colostrum and milk during 29-d lactation period have been reported in 

previous studies (Wu and Knabe, 1994). The concentration of milk protein decreased 

during the first 8 d of lactation and then remained relatively constant throughout the next 

21 d of lactation. The changes in the concentrations of glutamine plus glutamate and most 

neutral AA in milk followed a pattern similar to the changes in milk protein (Wu and 

Knabe, 1994), which coincided with the decreased B0AT1 and ATB0 protein abundances in 

the proximal jejunum in the early suckling during the postnatal development in pigs 

observed in this study. This suggests that the higher jejunal apical B0AT1 and ATB0 protein 

abundances at the birth and during the early suckling are responsible for transporting higher 

amounts of AA from colostrums and milk to meet the higher energy and nutrient demands 

for intestinal and whole body growth in the neonate.  

Expression of membrane AA transporter has also been regulated by growth factors 

and hormones (Salloum et al., 1993; Matthews et al., 1999; Sims et al., 2000; Duroc et al., 

2010). Sow’s colostrum and milk contain not only highly digestible protein but also various 

types of growth factors and hormones, including epidermal growth factor (EGF), insulin-

like growth factor-I (IGF-Ι), IGF-II, insulin, platelet-derived growth factor (PDGF) and 

transforming growth factor (TGF)-α (Xu and Wang, 1996; Xu, 1996; Xu et al., 2000). 



205 
 

Previous studies have demonstrated that insulin and IGF-Ι stimulate protein translation by 

activating the mTOR singnaling pathway (Davis et al., 2002; Suryawan et al., 2007). EGF 

and PDGF have been shown to increase AA transporter activity by regulating the AA 

transporter expression at transcriptional and post-transcriptional levels (Ray et al., 2005; 

Huang et al., 2007). A possible hormonal stimulation of ASCT2 has been suggested to be 

through serine and threonine kinases SGK1-3 and protein kinase B (Palmada et al., 2005). 

Taken together, these results suggest that the decrease in intestinal AA substrates, 

hormones, growth factors may lead to the decline in B0AT1 and ATB0 protein abundances 

in the proximal jejunal apical membrane by regulating B0AT1 and ASCT2 expression at 

the translational level through mTOR dependent and independent pathways during the 

postnatal early suckling period in pigs.  

In the present study, we found that Ala and Gly were very abundant free AA in the 

proximal jejunum during the postnatal development in pigs. However, Trp was the least 

abundant AA in the proximal jejunum. These results were consistent with a previous study 

(Bertolo et al., 2000), suggesting Ala and Gly may have special functions in the small 

intestine. Gly, Cit and Tau concentrations increased linearly with age in the proximal 

jejunum during the porcine postnatal development. Tyr and Leu decreased linearly with age 

in the proximal jejunum during the postnatal development. Obviously, dramatically 

decreased jejunal apical B0AT1 and ATB0 protein abundances were not directly linked to 

the decline in all free neutral AA concentrations in the proximal jejunum during the porcine 

postnatal development. There are at least three factors likely responsible for the 

discrepancy between AA transporters and free AA pools. First, free AA concentrations in 

the samll intestine are dependent on AA transport rates across the apical membrane, protein 
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turnover, biosynthesis of AA, transamination reactions, oxidation rates and transport rates 

across the basolateral membrane (Bertolo et al., 2000). Second, there are several different 

neutral AA transport systems with overlap in substrate specificities (Malandro and Kilberg, 

1996). Third, a significant fraction of AA is absorbed by enterocytes in the short peptide 

form (Ganapathy et al., 1994). The results of this study suggest that the changes of free AA 

concentrations do not follow the same pattern in the proximal jejunum during the postnatal 

development in pigs.  

The postnatal decline in the efficiency of whole body N utilization is due to increases 

in AA catabolism and the gastrointestinal endogenous N loss (Le dividich et al., 1994; Fan 

et al., 2006). Postnatal changes of AA catabolism and the gastrointestinal endogenous N 

loss may be affected by several factors, including diet composition (Eggum, 1995), muscle 

protein synthesis rate (Fan et al., 2006), and gut microflora (Richards et al., 2005). It is 

established that pigs are able to absorb and utilize AA synthesized by the small intestinal 

microflora (Torrallardona et al., 2003a and 2003b). However, whether microbial AA can 

make a net positive contribution to the host AA supply is still not clear. Recent research has 

shown that dietary and endogenous AA are the preferred ammonia N sources to microbial 

protein synthesis in the upper gut of normally nourished pigs suggesting microbial AA 

breakdown does make a significant contribution sparing AA supply to the host and 

decreases host N utilization efficiency by fermentative AA catabolism (Libao-Mercado et 

al., 2009).  However, little information is available regarding the postnatal changes in the 

magnitude of microbial catabolism of AA in the small intestine and factors associated with 

these changes in the pig. The postnatal decline in the B0AT1 and ATB0 protein abundance 

in the jejunal apical membrane shown from this study has provided a evidence to support 
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the notion that decreases in the neutral AA transport protein abundances on the apical 

membrane increase neutral AA availability for fermentative AA catabolism by intestinal 

microbes. Thus, the postnatal decline in the B0AT1 and ATB0 protein abundances on the 

apical membrane may indirectly contribute to the postnatal decline in the efficiency of 

whole body N utilization in pigs.  

Our results suggested that both neutral AA transporter B0AT1 and AA exchanger 

ASCT2 protein abundances on the jejunal apical membrane declined dramtically during the 

postnatal development from birth through out suckling and weaning transition to grower 

phase in the pigs. This decline in B0AT1 and ASCT2 protein abundances on the apical 

membrane is likely regulated at the translational level during the early suckling from d1 to 

12 but the continued decrease in these protein abundances may be controlled at both 

transcpritional and translational levels in the pig. 
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Table 5.1. Primers used in this study 

Genes Primer sequence (5’ → 3’) Tm Primer size PCR product Accession no. 

Porcine GAPDH3 
FP 1: AAGGAGTAAGAGCCCCTGGA 60.20 20 bp 

140 bp X94251 
RP 2: TCTGGGATGGAAACTGGAAG 60.04 20 bp 

Porcine B0AT14 
FP: CACAACAACTGCGAGAAGGA 60.02 20 bp 

155 bp DQ231579 
RP: CCGTTGATAAGCGTCAGGAT 60.10 20 bp 

Porcine ASCT25 
FP: GCCAGCAAGATTGTGGAGAT 60.23 20 bp 

206 bp DQ231578 
RP: GAGCTGGATGAGGTTCCAAA 60.20 20 bp 

 

1FP: forward primer; 2RP: reverse primer; 3GAPDH: glyceraldehydes-3-phosphate dehydrogenase; 4B0AT1: system  

B0 neutral AA transporter; and 5ASCT2: Na+-neutral AA exchanger ASCT2. 
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Table 5.2. Intestinal free AA concentrations (nmol/mg protein) in the proximal jejunum during the postnatal development between 1 

and 70 d of ages in pigs 

Item Postnatal age  Pooled SE 
 

 d 1 d 4 d 6 d 12 d 20 d 28 d 70 

Indispensable AA 

His1 2.04a 1.93a 3.89b 2.03a 1.60a 2.52a 1.50a 0.27 

Ile 3.49a 3.84ab 5.55b 4.00ab 2.82b 3.56a 3.24a 0.45 

Leu1 7.67ab 6.32a 10.67b 7.13ab 4.92a 6.31a 6.03a 0.85 

Lys 4.88a 4.03a 8.56b 4.97a 2.88a 4.80a 4.28a 0.68 

Met1,2,3 1.47abc 1.77ab 2.21a 1.74ab 1.08bc 0.89c 0.69c 0.19 

Phe  3.13 3.51 4.13 3.78 3.00 4.25 3.99 0.44 

Thr  4.67ab 6.23abcd 7.88d 7.45bcd 3.89a 7.66cd 4.76abc 0.67 

Trp  0.82ab 0.75b 1.25a 0.94ab 0.52b 0.90ab 0.73b 0.11 

Val1,2,3 7.68ab 6.67bc 9.28a 7.67ab 5.24bc 4.25c 4.25c 0.56 

Dispensable AA 
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Ala2 16.75a 22.39ab 46.85c 28.28b 22.26ab 46.23c 27.76b 2.39 

Asn1 3.39a 3.94a 10.75c 4.26a 3.15a 7.46bc 3.33a 0.75 

Arg  5.16 4.68 5.17 5.56 4.67 4.91 5.77 0.56 

Cit1,2,3 0.99a 1.13a 2.47ab 3.05b 2.81b 2.49ab 3.46b 0.35 

Gln 9.74a 8.16a 28.78c 10.16ab 7.58a 17.60b 10.51ab 1.78 

Gly1,2 24.30a 38.78a 49.14a 51.70a 51.52a 91.23b 99.04 b 7.66 

Orn3 3.13ab 3.42a 3.82a 1.52bc 1.35c 3.95abc 2.70abc 0.37 

Ser 8.63a 9.21a 21.10b 9.71a 9.75a 12.01a 8.86a 1.49 

Tau1,2,3 15.66a 36.76bc 31.39ab 52.24c 55.21c 44.40bc 53.00a 4.42 

Tyr1,2,3 6.47ab 5.51bc 7.34a 5.74abc 4.15dc 2.56d 3.33d 0.39 

Values represent means ± pooled SE (n = 6); 1Orthogonal polynomial contrasts showed a linear pattern (P < 0.05)of the age 

effects; 2Orthogonal polynomial contrasts showed a quadratic pattern (P < 0.05) of the age effects; 3Orthogonal polynomial contrasts 

showed a cubic pattern (P < 0.05) of the age effects; a,b,c,dMeans with different superscript letters in the same row differ (P < 0.05) 

among the age groups; AA: amino acid; Ala: alanine; Asn: asparagine; Arg: arginine; Cit: citrulline; Gln: glutamine; Gly: glysine; His: 

histidine; Ile: isoleucine; Leu: leucine; Lys: lysine; Met: methionine; Orn: ornithine; Phe: phenylalanine; Ser: serine; Tau: taurine; Thr: 

threonine; Typ: tryptophan; Try: tyrosine; and Val: valine. 
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Table 5.3. Intestinal free AA concentrations (µmol/g tissue) in the proximal jejunum during the postnatal development between 1 and 

70 d of ages in pigs 

Item Postnatal age  Pooled SE 
 

 d 1 d 4 d 6 d 12 d 20 d 28 d 70 

Indispensable AA 

His1 0.22a 0.16ab 0.34c 0.17ab 0.14ab 0.23a 0.12b 0.02 

Ile1 0.37ab 0.32b 0.49a 0.33ab 0.24b 0.32b 0.25b 0.04 

Leu1,2 0.82ab 0.53bc 0.94a 0.59bc 0.42c 0.57bc 0.47c 0.08 

Lys1 0.53ab 0.34bc 0.76a 0.41bc 0.24c 0.43bc 0.34bc 0.06 

Met1,2,3 0.16ab 0.15abc 0.19a 0.14abc 0.09bcd 0.08cd 0.06d 0.02 

Phe  0.33ab 0.30ab 0.36ab 0.32ab 0.26b 0.38a 0.30ab 0.03 

Thr1 0.50abc 0.53abc 0.70a 0.62ab 0.33c 0.70a 0.37bc 0.06 

Trp1 0.09ab 0.06bcd 0.11a 0.08bc 0.04d 0.08abc 0.05cd 0.01 

Val1,2 0.82a 0.56bc 0.81a 0.64ab 0.45bc 0.39c 0.35c 0.05 
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Dispensable AA 

Ala2,3 1.81a 1.88a 4.10b 2.38a 1.89a 4.21b 2.17a 0.17 

Asn1 0.37a 0.33a 0.95c 0.35a 0.27a 0.66b 0.25a 0.06 

Arg  0.56 0.39 0.46 0.46 0.40 0.44 0.45 0.04 

Cit1,2,3 0.11a 0.10a 0.22b 0.26b 0.23b 0.23b 0.26b 0.02 

Gln1 1.06ab 0.69a 2.53c 0.84a 0.65a 1.54b 0.81a 0.15 

Gly1,2,3 2.61a 3.25ab 4.32b 4.35b 4.36b 8.34c 7.56c 0.35 

Orn1,2,3 0.33a 0.29ab 0.34a 0.13c 0.12c 0.36a 0.20bc 0.03 

Ser1 0.93a 0.78a 1.87b 0.81a 0.83a 1.08a 0.69a 0.13 

Tau1,2,3 1.66a 3.09b 2.79ab 4.52c 4.66c 4.02bc 4.09bc 0.31 

Tyr1,2 0.69a 0.47b 0.65a 0.48a 0.35bc 0.23c 0.27c 0.03 

Values represent means ± pooled SE (n = 6); 1Orthogonal polynomial contrasts showed a linear pattern (P < 0.05) of the age 

effects; 2Orthogonal polynomial contrasts showed a quadratic pattern (P < 0.05) of the age effects; 3Orthogonal polynomial contrasts 

showed a cubic pattern (P < 0.05) of the age effects; a,b,c,dMeans with different superscript letters in the same raw differ (P < 0.05) 

among the age groups; AA: amino acids; Ala: alanine; Asn: asparagine; Arg: arginine; Cit: citrulline; Gln: glutamine; Gly: glysine; His: 

histidine; Ile: isoleucine; Leu: leucine; Lys: lysine; Met: methionine; Orn: ornithine; Phe: phenylalanine; Ser: serine; Tau: taurine; Thr: 



213 
 

threonine; Typ: tryptophan; Try: tyrosine; and Val: valine. 
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Fig. 5.1. Relative Na+-neutral AA transporter SLC6A19 mRNA abundances in the 

proximal jejunum as measured by real-time RT-PCR during the postnatal development 

between 1 and 70 d of ages in pigs. Values represent means ± SEM (n = 6). a, bMeans the 

bars with different superscript letters differ (P < 0.05) among the age groups. GAPDH was 

used to normalize the expression of the target gene. Orthogonal polynomial contrasts 

showed a cubic pattern (P = 0.0036) of the age effects. 
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Fig. 5.2. Relative Na+-neutral AA exchanger ASCT2 mRNA abundances in the proximal 

jejunum as measured by real-time RT-PCR during the postnatal development between 1 

and 70 d of ages in pigs. Values represent means ± SEM (n = 6). a, b Means the bars with 

different superscript letters differ (P < 0.05) among the age groups. GAPDH was used to 

normalize the expression of the target gene. Orthogonal polynomial contrasts showed a 

cubic pattern (P = 0.0072) of the age effects. 
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Fig. 5.3. Immunoblot analyses of B0AT1 protein abundances in the proximal jejunal 

homogenate during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, c, dMeans the bars with different superscript letters 

differ (P < 0.05) among the age groups. β-actin was used to normalize the expression of the 

target protein. Orthogonal polynomial contrast showed linear (P < 0.0001), quadratic (P < 

0.0001), and cubic (P = 0.0001) patterns of the age effects. 
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Fig. 5.4. Immunoblot analyses of B0AT1 protein abundances in the proximal jejunal 

cytosol during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, cMeans the bars with different superscript letters differ 

(P < 0.05) among the age groups. β-actin was used to normalize the expression of the target 

protein. Orthogonal polynomial contrast showed linear (P < 0.0001), quadratic (P < 

0.0001), and cubic (P = 0.0039) patterns of the age effects. 
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Fig. 5.5. Immunoblot analyses of B0AT1 protein abundances in the proximal jejunal apical 

membrane during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, c, dMeans the bars with different superscript letters 

differ (P < 0.05) among the age groups. β-actin was used to normalize the expression of the 

target protein. Orthogonal polynomial contrasts showed linear (P < 0.0001), quadratic (P < 

0.0001), and cubic (P < 0.0001) patterns of the age effects. 
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Fig. 5.6. Immunoblot analyses of ATB0 protein abundances in the proximal jejunal 

homogenate during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, c, dMeans across the bars with different superscript 

letters differ (P < 0.05) among the age groups. β-actin was used to normalize the 

expression of the target protein. Orthogonal polynomial contrasts showed linear (P < 

0.0001), quadratic (P < 0.0001), and cubic (P < 0.0001) patterns of the age effects. 
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Fig. 5.7. Immunoblot analyses of ATB0 protein abundances in the proximal jejunal cytosol 

during the postnatal development between 1 and 70 d of ages in pigs. Values represent 

means ± SEM (n = 6). a, b, c Means the bars with different superscript letters differ (P < 0.05) 

among the age groups. β-actin was used to normalize the expression of the target protein. 

Orthogonal polynomial contrasts showed linear (P < 0.0001), quadratic (P < 0.0001), and 

cubic (P = 0.0001) patterns of the age effects. 
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Fig. 5.8. Immunoblot analyses of ATB0 protein abundances in the proximal jejunal apical 

membrane during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, c, dMeans the bars with different superscript letters 

differ (P < 0.05) among the age groups. β-actin was used to normalize the expression of the 

target protein. Orthogonal polynomial contrasts showed linear (P < 0.0001), quadratic (P < 

0.0001), and cubic (P < 0.0001) patterns of the age effects. 
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CHAPTER 6 

 

EXPRESSION OF PORCINE JEJUNAL EXCITATORY AMINO ACID 

CARRIER 1 IN ASSOCIATATION WITH GLUTAMATE TRANSPORTER 

ASSOCIATED PROTEIN 3-18 DURINGTHE POSTNATAL DEVELOPMENT 

 

6.1. ABSTRACT 

 

The excitatory amino acid (AA) carrier 1 (EAAC1) is expressed in both the small bowel 

and the central nervous system and is responsible for the homeostasis of acidic AA 

including the neurotransmitter L-glutamate. Glutamate transporter associated protein 3-18 

(GTRAP3-18) is an inhibitory regulator of EAAC1 by affecting its trafficking and affinity 

through protein-protein interactions. We examined changes of the jejunal EAAC1 mRNA 

and protein abundances and the GTRAP3-18 protein abundances during the postnatal 

development in pigs at the ages of d 1, 4, 6, 12, 20, 28 (1-wk post-weaning), and 70 

(mature gut at growing phase), respectively.  There was a cubic pattern of changes (P < 

0.05) in the jejunal EAAC1 mRNA abundances during the postnatal growth. There were 

also linear decreases (P < 0.05) in the jejunal EAAC1 and the GTRAP3-18 protein 

abundances in the homogenate, the cytosolic fraction and the apical membrane.   

Furthermore, the EAAC1 protein abundances were highly correlated with the GTRAP 3-18 

protein abundances in the homogenate (r = 0.92, P < 0.01), the cytosolic fraction (r = 0.91, 

P < 0.01) and the apical membrane (r = 0.81, P < 0.01), respectively.  However, the 

EAAC1 protein abundances in the jejunal homogenate, the cytosolic fraction and the apical 
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membrane were poorly correlated (P > 0.05) with the jejunal EAAC1 mRNA abundances.  

The decline in the jejunal apical EAAC1 protein abundances did not mirror the change 

patterns of the jejunal free glutamate, aspartate, and total glutathione, and total antioxidant 

capacity during the postnatal development. These results show dramatic postnatal decreases 

in the porcine jejunal apical EAAC1 abunadance, which is likely regulated at the post-

transcriptional level via translational control and trafficking during the postnatal 

development. 

 

KEY WORDS: acidic amino acids, excitatory amino acid carrier 1, postnatal development, 

glutamate transporter associated protein 3-18, glutathione  

 

6.2. INTRODUCTION 

 

Amino acids (AA) are recognized as essential substrates and signaling molecules for 

anabolic and catabolic processes in the gut and the whole body particularly during the early 

postnatal growth and development (Burrin and Reeds, 1997; Yang et al., 2008).  

Nutritional and physiological consequences of postnatal development of the small intestinal 

AA transporters are now recognized (Pácha, 2000; Fan et al., 2006).  Thus, improved 

understanding of the regulation of intestinal AA transporter gene expression during the 

postnatal development would lead to novel strategies for improving efficiency of whole 

body N utilization, muscle protein growth and management of both animal and human 

health. 

Total intestinal AA transport capacity increases with age due to the increase of 
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intestinal tissue mass, but the transport rate for most AA studied decreases in relation to per 

unit of intestinal weight during the postnatal development (Buddington et al., 1990; 1992; 

Toloza and Diamond, 1992).  It has been suggested that AA are more effectively absorbed 

from the intestine in the form of short peptides in newborns than in adults (Himukai et al., 

1980; Guandalini and Rubino, 1982).  Rate of AA absorption in pigs was highest at the 

birth, and decreased by an average of 30% during the first 24 h of colostrums suckling 

(Buddington et al., 2001).  The underlying reasons for this developmental decline in AA 

transporter activity in per unit of tissue weight or mucosal surface area are not fully 

understood.  Furthermore, there is a limited certainty regarding the patterns and levels of 

the expression regulation of various intestinal AA transporter genes during the postnatal 

growth.  

The high affinity excitatory AA carrier 1 (EAAC1) has been identified as the primary 

intestinal apical AA transporter for the uptake of luminal source of acidic AA glutamate 

(Glu) and aspartate (Asp) (Fan et al., 2004). Acidic AA, Asp and especially Glu, are 

extensively metabolized in the gut mucosa (Windmueller and Spaeth, 1980; Reeds et al., 

2000).  Enteral Glu is essential as a metabolic fuel for gut mucosal growth and serves as a 

precursor for various biosyntheses such as glutathione (GSH), which plays an important 

role in maintaining the integrity of the mucosa (Reeds et al., 1997; Reeds et al., 2000). 

Thus, EAAC1 may play a very important role in maintaining a normal physiological 

function of the gut during the postnatal development via affecting the intestinal free Glu 

and Asp concentrations. However, there is little information regarding the expression of the 

intestinal EAAC1 transporter gene during the postnatal growth. There is also a need to 

improve our understanding of how the intestinal EAAC1 transporter gene expression is 
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regulated during the postnatal development.  

At the gene transcription level, quantitative real-time RT-PCR has become a 

powerful technique for profiling quantitative gene expression patterns (Livak et al., 2001).  

However, it is crucial to choose an appropriate reference gene, i.e., a housekeeping gene, 

for a meaningful comparison of changes in the relative abundance of a target gene mRNA 

transcription among samples or tissues obtained from different treatment groups (Huggett 

et al., 2005).  A prerequisite for the use of a reference gene is that its expression is constant 

at the same level across all treatment groups, i.e., a reference gene expression in the gut 

does not change during postnatal development in our case (Etschmann et al., 2006).  

Although β-actin has been widely used as a house-keeping gene, a constant level of its 

expression throughout all experimental conditions has been questioned (Radonic et al., 

2004).  Therefore, there is a need to validate a referece gene for the investigation of 

intestinal relative abundances of mRAN transcript during the intestinal EAAC1 gene 

expression by the real time RT-PCR during postnatal growth in pigs. 

Taken together, the objectives of this study were firstly to investigate the expression 

of the EAAC1 gene at the level of relative EAAC1 mRNA abundances during the postnatal 

development in the pig.  To indentify a suitable reference gene for examing the EAAC1 

gene expression, we also examined the expression variability of four widely used house-

keeping gene candidates, including β-actin, glyceraldehydes-3-phosphate dehydrogenase 

(GAPDH), hypoxanthine phosphoribosyl-transferase 1 (HPRT1) and ribosomal 

phosphoprotein large P0 subunit (RPLP0), during the postnatal growth in the pig. 

Secondly, changes in the jejunal EAAC1 protein abundances in the homogenate, the 

cytosolic fraction and the apical membrane in association with GTRAP 3-18 protein 
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abundances and concentrations of acidic AA, GSH, and total antioxidant capacity in the 

proximal jejunum were examined during the postnatal growth in the pig.  

 

6.3. MATERIALS AND METHODS 

 

6.3.1. Animals, Diets and Experimental Design 

A total of 42 purebred Yorkshire gilts were obtained from the Arkell Swine Research 

Station at University of Guelph and were randomly divided into seven groups at the ages of 

d 1, 4, 6, 12, 20 (suckling), 28 (1-week post-weaning) and 70 (growing at growing phase), 

respectively. The body weight (BW) (mean ± SE) of the pigs were 1.57 ± 0.13, 2.12 ± 0.18, 

1.98 ± 0.10, 3.68 ± 0.17, 6.00 ± 0.19, 7.66 ± 0.40, 28.83 ± 0.17 kg, corresponding to the 

age groups of d 1, 4, 6, 12, 20, 28, and 70 d, respectively. The suckling piglets had free 

access to milk from their sows and the post-weanling pigs and the growing pigs were fed 

commercial corn and soybean meal based diets ad libitum throughout the duration of the 

experiment. The post-weanling pig diet contained 21.0% crude protein, 7.0% crude fat, and 

22 mg lincomycin hydrochloride monohydrate per kg diet. The growing pig diet contained 

3460 kcal●kg-1 digestible energy, 14.2% crude protein, and 3.3% crude fat.  All diets were 

supplemented with vitamins and minerals to meet all nutrient requirements (NRC, 1998). 

Procedures for the care and treatment of the pigs were reviewed and approved by the 

Animal Care Committee at the University of Guelph. The pigs used in this experiment were 

cared for in accordance with the guidelines established by the Canadian Council of Animal 

Care (Olfert et al., 1993).  
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6.3.2. Tissue Collections and Processing 

Pigs were sedated and maintained under anesthesia by inhalation of anesthetic isoflurane 

via a facial mask for the collection of the proximal jejunum according to a previous 

published procedure (Lackeyram et al., 2010). The abdomen was opened and the entire 

small intestine distal to the ligament of Treitz was removed and immediately flushed with 

ice-cold saline (154 mM NaCl, 0.1 mM PMSF, pH 7.4). The segment of small intestine 

proximal to the ligament of Treitz was designated as the duodenum with the stomach being 

removed. The mesentery-free small intestinal segment distal to the ileal-cecal sphincter was 

dissected to be the ileum. The reminder of the small intestinal segment was divided into 

two equal portions as the proximal and the distal jejunum (Lackeyram et al., 2010). The 

isolated proximal jejunal segments were sampled from their middle regions and divided 

into 15-cm segments.  Each tube, which contained approximately 15 g of tissue, was tightly 

capped, immediately frozen in liquid N2. The frozen samples were subsequently pulverized 

to be homogenous with a mortar and a pestle under liquid N2, and stored at -80°C 

(Bregendahl et al., 2004). At the end of tissue sampling, pigs were euthanized by an intra-

cardiac injection of sodium pentobarbital (Schering Canada Inc., Pointe-Claire, QC, 

Canada) with a dose of 50 mg●kg -1 BW (Bregendahl et al., 2004). 

 

6.3.3. Primer Design, RNA Extraction and Real-time RT-PCR Analyses 

Primers for amplification of the target and the housekeeping genes were developed using 

the Primer 3 software (Rozen and Helen, 2000) (Table 6.1) and synthesized by the 

University of Guelph Laboratory Services.  To avoid amplification of non-specific 

contaminating genomic DNA, all porcine mRNA sequences were aligned with the 
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corresponding genomic sequence using the Spidey software (wheelan et al., 2001).  All 

primers were designed to overlap at least two exon boundaries.   

Total RNA was isolated from the proximal jejunal tissue using TRIzol reagent 

(Invitrogen, Carlsbad, CA).  RNA concentration and integrity were determined with 

spectrophotometry (260 nm) and agarose gel electrophoresis, respectively.  RNA was 

treated with DNase (Invitrogen) and one–step quantitative real time RT-PCR was 

performed in a Smart Cycler (Cepheid, Sunnyvale, CA) using Quantitect SYBR Green RT-

PCR kit (Qiagen Inc., Valencia, CA) according to the kit instructions. The following 

protocol was used: (i) reverse transcription program (30 min at 50 °C); (ii) denaturation 

program (15 min at 95°C); (iii) amplification and quantification program, repeated 45 

cycles (15 s at 95°C, 15 s at 54°C, 15 s at 72°C); (iv) melting curve program (60-99°C with 

heating rate of 0.1●°C s -1 and fluorescence measurement). Melt curve analysis was 

conducted to confirm the specificity of each product, and the size of products were verified 

on ethidium bromide-stained 1% agarose gels in a Tris acetate–EDTA buffer. The identity 

of each product was confirmed by dideoxy-mediated chain termination sequencing at the 

University of Guleph Laboratory Service.  

 

6.3.4. Preparation of Jejunal Homogenate, Cytosolic Fractions and Apical Membrane  

Apical membrane vesicles were isolated by Mg2+-precipitation and differential 

centrifugation according to previously established procedures (Maenz and Engele-Schaan, 

1996; Fan et al., 2004; Lackeyram et al., 2010).  Specifically, for each batch of apical 

membrane vesicle preparation, about 1.3 g of frozen tissue was thawed in an ice-cold 

homogenate buffer (50 mM D-mannitol, 10 mM HEPES, 0.20 mM PMSF, and 2.0 µg●mL -
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1 each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine chloromethyl-ketone, N-

α-p-tosyl-L-lysine ketone, pH 7.4) at a ratio of 20 mL of the homogenate buffer per g of 

frozen tissue and homogenized by a polytron homogenizer. The resulting homogenate was 

centrifuged at 2,000 × g for 15 min at 4 ºC. After removing top foam layer and discarding 

pellets, the resulting supernatant was regarded as homogenate and sampled for the analyses 

of its protein content as well as Western blot analyses of the target protein abundances 

(Lackeyram et al., 2010).     

The remaining supernatant was mixed with 1 M MgCl2 to contain 10 mM MgCl2, 

stirred on ice for 15 min, and then centrifuged at 2,400 × g for 15 min at 4 ºC.  After 

discarding top foam layer, resultant supernatant was centrifuged at 19,000 × g for 30 min at 

4 ºC to generate crude apical membrane pellets. The supernatant obtained was regarded as 

the cytosolic fraction and sampled for the analyses of its protein content as well as Western 

blot analyses of the target protein abundances (Lackeyram et al., 2010). 

The crude apical membrane pellets were then suspended in a suitable amount of a 

membrane suspension buffer (300 mM D-mannitol, 25 mM HEPES, 0.20 mM PMSF, and 

2.0 µg●mL -1 each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone, N-α-p-tosyl-L-lysine ketone, pH 7.4), and centrifuged at 39,000 × g 

for 30 min at 4 ºC to generate the final apical membrane vesicle pellets.  The final pellets 

were re-suspended with a 25-gauge needle in a suitable volume of the same membrane 

suspension buffer to yield the apical membrane fraction samples for analyses of its protein 

content as well as Western blot analyses of the target protein abundances. 

Protein concentrations in the homogenate, cytosolic fractions and apical membrane 

were measured according to the Bradford assay (Bradford, 1976) using the Bio-Rad dye 
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reagent (Bio-rad Laboratories, Inc., Hercules, CA). Bovine serum albumin fraction IV was 

used as the protein standard (Sigma-Aldrich, St. Louis, MO).  

 

6.3.5. Western Blot Analyses of Target Protein Abundances 

100 µg of the proximal jejunal apical membrane preparation was solubilized in 100 µL of 

the re –suspension buffer (25 mM HEPES, 150 mM NaCl, 0.20 mM PMSF, 1% triton X-

100, and 2.0 µg●mL -1 each of aprotinin, leupetin, pepstatin A, N-tosyl-L-phenylalanine 

chloromethyl-ketone, N-α-p-tosyl-L-lysine ketone, pH 7.4). The proximal jejunal 

homogenate and cytosolic preparations, and solubilized apical membrane preparations were 

boiled in a 2X SDS loading buffer (250 mM Tris-HCL, 500 mM β-mercaptoethanol, 2% 

SDS, 0.1% phenol blue, 10% glycerol, pH 6.8) for 5 min. Aliquots (20 µg protein) were 

subjected to 10% SDS-PAGE and transferred on to polyvinylidene difluoride (PVDF) 

membranes (Millipore, Billerica, MA) via semi-dry transfer apparatus (Bio-rad 

Laboratories, Inc.). The PVDF membranes were blocked at room temperature for 1 h with 

6% non-fat dry milk powder dissolved in 1X TBS (25 mM Tris-HCl, 0.15 M NaCl, pH 7.4) 

and then incubated at 4°C with a primary antibody overnight. Porcine EAAC1was detected 

by using an anti-EAAC1 polyclonal antibody (goat anti-human EAAC1, 1:2,000 dilution, 

Sc-7761, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Porcine GTRAP3-18 was 

detected by using an anti-GTRAP 3-18 polyclonal antibody (mouse anti-human GTRAP 3-

18, 1: 2,000 dilution, H00010550-A01, Abnova Corporation, Taibei, Taiwan). Porcine β-

actin was detected by an anti-β-actin monoclonal antibody (mouse anti-checken β-actin, 

1:10,000 dilution, Cedarlane Laboratories, Burlington, NC). Following the overnight 

incubation, membranes were washed (8 × 5 min) in 1X TBS with 0.1% Tween-20 and 
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incubated at room temperature for 1 h with a secondary antibody. Donkey anti-rabbit 

horseradish peroxidase (HRP)-conjugated IgG (1:10,000 dilution, Promega Corporation, 

Madison, WI) was used for EAAC1 and GTRAP3-18, and donkey anti-mouse HRP-

conjugated IgG (1:10,000 dilution, Promega) was used for β-actin. Blots were visualized 

using the enhanced chemiluminescence detection system (Sigma-Aldrich). Photographs of 

the film were scanned and densitometry was performed with the Scion Imaging software 

(Scion Corporation, Frederick, MD). As shown in Appedix 4, a single band for EAAC1 

was detected in the porcine small intestine. β-actin was used to normalize the abundances 

of the target proteins. Western blot analyses were all performed in duplicate for each 

sample. 

 

6.3.6. Jejunal Free AA Analyses by High Performace-Liquid Chromatography (HPLC) 

Liquid N2 pulverized samples (200 mg) were weighted out with a 1.5-mL Eppendorf tube, 

homogenized with 1 mL of an ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10.1 mM 

Na2HPO4, 1.76 mM KH2PO4, pH 7.4) on ice for 3 min, and then centrifuged at 3,000 × g 

for 12 min at 4 ºC. The resulting supernatants were measured for their total volumes, and 

sampled for the analyses of their protein contents using the Bio-Rad dye reagent (Bio-rad 

Laboratories, Inc.) (Bradford, 1976). The remaining supernatant was deproteinized using 

7.5% Trichroacetic acid and then centrifuged at 3,000 × g at 4 ºC for 10 min. The AA 

concentrations in the supernatants obtained were measured by HPLC using pre-column 

ophthaldialdehyde deprivation method as previously described (Sedgwick et al., 1991). 

Samples were analyzed on a Shimadzu 20AT LC System (Shimadzu, Tokyo, Japan), 

equipped a LC-20AT pump (Shimadzu), a Shimadzu Sil-9A autosampler (Shimadzu), a 
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Varian Fluorichrom fluorescence detector (Varian, Walnut Creek, CA), and a Galaxie 

Chromatography Data System (Varian) for integration. The AA concentrations were 

expressed as both nmol●mg protein -1 and µmol●g fresh tissue -1, respectively.  

 

6.3.7. Total Antioxidant Capacity, Total GSH and GSH/GSSG Assays 

Total antioxidant capacity in the proximal jejunal tissues was measured in duplicate by 

using the aolorimetric microplate assay kit (TA01, Oxford Biomedical Research, Oxford, 

MI). Briefly, 200 mg of liquid N2 pulverized samples were weighted out with a 1.5-mL 

Eppendorf tube, homogenized with 1 mL of an ice-cold PBS on ice for 3 min, and then 

centrifuged at 3,000 × g for 12 min at 4 ºC. Aliquots of supernatant were taken for the 

analyses of their protein contents using the Bio-Rad dye reagent (Bio-rad Laboratories, 

Inc.) (Bradford, 1976). The total antioxidant capacity in the supernatants was measured as 

the capacity to convert Cu2+ to Cu+ by all antioxidants according to the manufacturer’s 

protocol. Cu+ ion forms a stable complex with bathocuproine that was detected by 

measuring the absorbance at 490 nm with a 96-well plate reader (Bio-Tek PowerWaveTM 

HT Microplate Scanning Spectrophotometer, BIO-TEK Intruments, Inc., Winooski, VT). 

The values were compared to a standard curve obtained using uric acid as a reductant and 

were expressed as mM●mg protein-1. 

Total (GSH) and GSH/GSSG in the proximal jejunal tissues were measured in 

duplicate by using the colorimetric assay kit for GSH/GSSG (GT30, Oxford Biomedical 

Research). Briefly, 200 mg of liquid N2 pulverized samples were weighted out with a 1.5 

mL Eppendorf tub, homogenized with 1 mL of an ice-cold PBS on ice for 3 min, and then 

centrifuged at 3,000 × g for 12 min at 4 ºC. Aliquots of supernatants were taken for the 
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analyses of protein content using the Bio-Rad dye reagent (Bio-rad Laboratories, Inc.) 

(Bradford, 1976). 5% metaphosphoric acid was added into obtained supernatants to 

precipitate protein, and then centrifuged at 3,000 × g for 10 min at 4 ºC. After 

deproteinization, total GSH and GSSG levels in the resulting supernatants were measured 

according to the manufacture’s protocol. Reduced GSH was calculated by the equation of 

reduced GSH = total GSH – 2 × GSSG (6.1). 

 

6.3.8. Calculations and Statistical Analyses  

The Ct values for the four house-keeping genes were recorded and subjected to unequally 

spaced orthogonal polynomial contrasts and the Pearson correlation analyses by SAS 9.1. 

Stability of the four reference gene expression during the postnatal development was 

evaluated by Normfinder applet (http://www.mdl.dk/publicationsnormfinder.htm).  

The target gene expression was normalized with that of selected reference gene and 

relative gene expression was determined by using R = 2(Ct(reference)-Ct(test)) according to Kleta 

et al. (2004). Threshold cycle (Ct) values were obtained at the cycle number at which the 

gene was amplified beyond the threshold of 30 fluorescence units. Real-time PCR 

efficiencies were acquired by amplification of dilution series of DNase-treated RNA 

according to the formula 10(-1/slope) (Pfaffl, 2001). The efficiencies of all primers used this 

study were between 96-105%. Negative controls without DNase-treated RNA were 

conducted along with each run, and each sample was analyzed in duplicate for each gene. 

All data were subjected to analysis of variance followed by unequally spaced 

orthogonal polynomial contrasts and Tukey’s multiple comparison tests using SAS 9.1. 

Pearson correlation analyses were conducted by using the General Linear Model of SAS. 
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Data are presented as means ± SEM. Significance was determined at the level of P < 0.05. 

 

6.4. RESULTS 

 

The house-keeping gene expression patterns, indirectly expressed as Ct values, were 

analyzed by real time RT-PCR (SmartCycler) using the SYBR Green-I detection kit. 

Orthogonal polynomial contrasts showed no changes (P > 0.05) in the β-actin, GAPDH and 

HPRT1 expressions but a quadratic response (P = 0.006) in RPL10 expression during the 

postnatal development (Table 6.2). The results of NormFinder analysis showed that the 

stability value for β-actin, GAPDH, HPRT and RPLP10 mRNA expression is 0.379, 0.158, 

0.453 and 0.678, respectively. As shown in Table 6.3, Pearson correlation analyses showed 

that the Ct values of GAPDH had the strongest correlations with other 3 house-keeping 

gene candidates (β-actin, r = 0.627, P = 0.001; HPRT1, r = 0.46, P = 0.01; RPLP10, r = 

0.447, P = 0.006). However, the weak correlation was observed between β-actin and 

RPLP10 (r = 0.251, P = 0.140).  The expression of GAPDH was associated with the 

smallest stability value among the four house-keeping genes examined, thus GAPDH was 

used as the house-keeping gene to further examine the target gene EAAC1 expression. 

There was a cubic pattern of changes (P < 0.05) observed in the EAAC1 mRNA 

abundances in the porcine proximal jejunum during the postnatal development (Fig. 6.1). 

Much higher EAAC1 mRNA abundance was (P < 0.05) observed in the suckling piglets at 

the age of 12 d compared with other groups. However, there were no significant changes in 

the EAAC1 mRNA abundances among the rest age groups (Fig. 6.1).  

A predominant immuno-reactive EAAC1 band at about 57 kDa was detected in the 
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proximal jejunal homogenate (Fig. 6.2) and the cytosolic fraction (Fig. 6.3), consistent with 

the nonglycosylated pre-mature form of the EAAC1 protein. A predominant 

immunoreactive EAAC1 band at about 73 kDa was detected in the proximal jejunal apical 

membrane representing the glycosylated mature form of the EAAC1 protein (Fig. 6.4). 

There were linear decreases (P < 0.05) in the EAAC1 protein abundances in the proximal 

homogenate (by 66%; Fig. 6.2), the cytosolic fraction (by 69%; Fig. 6.3), and the apical 

membrane (74%; Fig. 6.4) during the postnatal development. However, the EAAC1 protein 

abundances in the jejunal homogenate, the cytosolic fraction and the apical membrane were 

poorly correlated (P > 0.05) with EAAC1 mRNA abundances in the proximal jejunum.  

A single band of GTRAP3-18 at 50 kDa, representing the GTRAP 3-18 dimer, was 

detected in the porcine proximal jejunal homogenate (Fig. 6.5), the cytosolic fraction (Fig. 

6.6), the apical membrane (Fig. 6.7). There were linear decreases (P < 0.05) in the 

GTRAP3-18 dimer protein abundances in the proximal jejunal homogenate (by 55%; Fig. 

6.5), the cytosolic fraction (by 59%; Fig. 6.6) and the apical membrane (by 62%; Fig. 6.7) 

during the postnatal development. Furthermore, GTRAP 3-18 dimer protein abundances 

were highly correlated with EAAC1 protein abundances in the proximal jejunal 

homogenate (r = 0.92, P < 0.05), cytosol (r= 0.91, P < 0.05) and apical membrane (r = 0.81, 

P < 0.05) during the postnatal development, respectively.  

Concentrations of free Glu ranged from 53.38 to 107.75 nmol●mg protein  -1 and from 

5.73 to 9.66 µmol●g tissue -1 in the proximal jejunum during the postnatal development 

(Fig. 6.8 A and C). When expressed as nmol●mg protein -1, the concentrations of free Glu 

increased linearly (P < 0.05) in the proximal jejunum during the postnatal development 

(Fig. 6.8A). When expressed as µmol●g tissue-1, the concentration of free Glu changed by 
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quadratic (P < 0.05), and cubic (P < 0.05) patterns with increasing age (Fig. 6.8C).  

Concentrations of free Asp ranged from 14.42 to 27.79 nmol●mg protein  -1 and from 

1.23 to 2.44 µmol●g tissue -1 in the porcine proximal jejunum during the postnatal 

development (Fig. 6.8 B and D). When expressed nmol●mg protein -1, the concentrations of 

free Asp in the proximal jejunum changed by a cubic pattern (P < 0.05) of the age effect 

during the postnatal development (Fig. 6.8B). When expressed as µmol●g tissue-1, the 

concentrations of free Asp changed by linear (P < 0.05), and quadratic (P < 0.05) patterns 

of the age effect (Fig. 6.8 D).  

Pearson correlation analyses showed that the changing patterns of free Glu and Asp 

in the proximal jejunum were not matched (P > 0.05) with the changing pattern of EAAC1 

protein abundances in the proximal jejunal apical membrane during the postnatal 

development. Compared with the concentrations of other free AA (data not shown), Glu 

and Asp were the most and the fourth abundant free AA in the proximal jejunum during 

postnatal development, which accounted for about 27.5% and 6.7% of total free AA in 

jejunum, respectively, based on our calculations.   

The concentrations of total GSH, GSSG, and reduced GSH ranged from 17.26 to 

30.70, from 0.37 to 1.11, and from 15.83 to 28.48 nmol●mg protein -1, respectively, during 

the postnatal development (Fig. 6.9A, B, and C). There was a cubic pattern (P < 0.05) of 

the age effect in total GSH and reduced GSH concentrations in the proximal jejunum 

during the postnatal development (Fig. 6.9A and C). Except for the age group at d 28, there 

were no significant differences (P > 0.05) in total GSH and reduced GSH concentractions 

among the other age groups during the postnatal development. Compared with pigs in the 

age groups of d 12, 20, 70, total GSH and reduced GSH concentrations in the jejunum were 
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higher (P < 0.05) in the pigs in the age group at d 28. Moreover, proximal jejunal GSSG 

concentrations increased linearly (P < 0.05) with the age during the postnatal development 

(Fig. 6.9B), whereas reduced GSH/GSSG ratio was decreased with the age, ranging from 

15.43 to 82.12 during the postnatal development (Fig. 6.9D). Furthermore, Pearson 

correlation analyses showed weak correlation (P > 0.05) between free Glu concentration 

and total GSH level in the proximal jejunum during the postnatal development. 

As shown in Fig. 6.10, total antioxidant capacity in the proximal jejunum ranged 

from 45.36 to 83.91 mM●mg protein -1 during the postnatal development. Orthogonal 

polynomial contrast analyses of the data showed linear (P < 0.05), quadratic (P < 0.05), 

and cubic (P < 0.05) patterns of the age effect observed in the total antioxidant capacity 

during the postnatal development. Compared with pigs in other age groups, pigs in the age 

groups of d 4, and 6, representing early sucking, had higher (P < 0.05) total antioxidant 

capacity. However, Pearson correlation analyses showed that total antioxidant capacity was 

correlated (r = 0.535, P < 0.05) with reduced GSH/GSSG ratio, while total antioxidant 

capacity was not correlated (P > 0.05) with the level of total GSH, reduced GSH, and 

GSSG. 

 

6.5. DISCUSSION 

 

The major objective of this study was to investigate changes in the acidic AA transporter 

EAAC1 gene expression in conjuction with concentrations of free Glu and Asp, GSH, and 

total antioxidant capacity in the proximal jejunum during the postnatal development in 

pigs. To allow reliablely ontogenic analysis of changes in the mRNA relative abundances 
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in the porcine proximal jejunum, there is a need for selecting an appropriate reference gene 

that is not affected by the postnatal development. We have found that RPLP0 expression 

changed by following a quadratic pattern of the age effect.  The expression of β-actin, 

GAPDH, and HRPT1 did not change with age. These results suggested that β-actin, 

GAPDH and HPRT are all suitable housekeeping genes to examine porcine jejunal gene 

ontogeny research but RPLP0 is not a suitable for this research purpose. Normfinder 

analysis has been widely used for assessing the stability of reference gene expression 

(Vandesompele, et al., 2002; Liu et al., 2005; Nygard et al., 2007). When compared by the 

Normfinder analyese, GAPDH had the smallest stability value among the four reference 

gene candidates examined, which indicated GAPDH had more stable expression due to the 

least inter-group variation and intra-group variation compared with other reference gene 

candidates. Furthermore, Pearson correlation analyses showed the expression of GAPDH 

had the strongest correlations with the other three candidates, which further confirmed that 

GAPDH is the most suitable reference gene in the ontogeny research of the intestinal 

EAAC1 mRNA expression in pigs.  

Our results have shown that the EAAC1 mRNA abundances remained constant in the 

proximal jejunum during the postnatal development except for a peak level at the age of d 

12, which is consistent with an earlier study in showing that EAAC1 mRNA abundance 

remained unchanged or slightly increased with age from birth through d 35 in the 

duodenum and jejunum in pigs (Xiao, 2006). Further investigation is needed to elucidate 

the mechanism associated with a peak of EAAC1 mRNA abundance at the age of d 12 

suckling in the pig. 
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Previous studies have showed that the glycosylated 73-kDa mature EAAC1 protein 

is trans-membrane bound on cell surface, while the non-glycosylated 57-kDa pre-mature 

EAAC1 protein is cytosolic and is primarily associated with endoplasmic reticulum and 

Golgi apparatus (Yang and Kilberg, 2002; Fan et al., 2004; Gongzález et al., 2007b; 

Ruggiero, 2008).  Thus, jejunal homogenates should contain both the mature and the pre-

mature EAAC1 proteins.  Western blot analyses of the jejunal homogenate samples failed 

to visualize a detectable immunoreactive band of the 73-kDa mature EAAC1 protein, 

suggesting that the apical membrane bound mature EAAC1 protein represents a very tiny 

fraction of the EAAC1 protein pool in the tissue homogenates and the cytosolic pre-mature 

EAAC1 protein is the major EAAC1 protein in the gut mucosa. These observations were in 

contrast to a previous study in glioma cells showing the majority (about 70%) of the 

EAAC1 transporter located at the cell surface at a steady state (Yang and Kilberg, 2002).  

However, majority of the EAAC1 protein are shown to be in intracellular pool under a 

steady state reported in neurons in two other recent studies (Fournier et al., 2004; González 

et al., 2007a).  Therefore, our results support the notion that the majority of the synthesized 

EAAC1 protein is reserved in the intracellular environment in the small intestinal mucosa. 

An important question of the gut EAAC1 gene expression is at what level the 

regulation occurs (Howell et al., 2003). In the present study, we have showed that there 

were linear decreases in the proximal jejunal EAAC1 protein abundances in the 

homogenate, the cytosolic fraction, and the apical membrane by 66, 69 and 74% 

respectively during the postnatal development. These results indicated post-transcriptional 

regulation most likely occurred during the postnatal development because decreased apical 

abundance of EAAC1 protein in the proximal jejunum was not correlated with EAAC1 
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mRNA abundance. Previously studies have also been shown that a steady-state level of 

EAAC1 or its substrate uptake rate did not parallel with abundances of EAAC1 mRNA. 

For example, increased abundance of EAAC1 protein was accompanied by a decrease in 

EAAC1 mRNA abundance in AA-deprived renal NBL-1 cells (Plakidou-Dymock and 

McGivan, 1993). The ileal abundance of EAAC1 protein was not paralleled by mRNA 

levels in growing animals (Howell et al., 2003).  Changes in the maximal uptake activity, 

abundance of EAAC1 protein and EAAC1 mRNA level did not follow a consistent pattern 

in proliferating and differentiating porcine neonatal small intestinal epithelia (Fan et al., 

2004). Thus, regulation of EAAC1 function and gene expression is complicated and likely 

involves regulation at transcriptional, post-transcriptional, and post-translational levels.  

Previous studies have shown that GTRAP 3-18 prevents complex oligosaccharide 

formation on EAAC1 in a dose-dependent manner by restricting EAAC1 exit of 

endoplasmic reticulum and reduces EAAC1-mediated glutamate transport by lowering 

substrate affinity without changing Vmax (Lin et al., 2001, Liu et al., 2008; Ruggiero et al., 

2008). In the present study, we found that GTRAP3-18 protein abundance was dramatically 

decreased in the proximal jejunum during the postnatal development in pigs. Moreover, the 

expression patterns of GTRAP 3-18 protein paralleled the expression patterns of EAAC1 

protein in the proximal jejunal homogenate, the cytosolic and the apical membrane during 

the postnatal development. These results demonstrated decreased membrane EAAC1 

protein abundances may not be due to the restriction of cytosolic GTRAP 3-18, because 

cytosolic GTRAP 3-18 protein abundance was proportionally reduced. Moreover, 

decreased membrane GTRAP protein abundance may not affect EAAC1 affinity, because 

membrane EAAC1 protein abundance was also proportional decreased.  Considering 
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membrane EAAC1 paralleled homogenate and cytosolic EAAC1, GTRAP 3-18 was not 

likely involved in the trafficking regulation of EAAC1 in the proximal jejunum during the 

porcine postnatal development, and decreased jejunal apical membrane EAAC1 protein 

abundance was likely a result of changes in de novo EAAC1 protein synthesis or 

degradation rate in the epithelia. 

The total intestinal AA transport capacity increases with age due to the increase of 

intestinal mass, but the transport rate for most AA studied decreases in relation to per unit 

of intestinal weight during the postnatal development (Buddington et al., 1990; 1992; 

Toloza and Diamond, 1992; Buddington et al., 2001; 2003).  The maximal uptake rates 

(Vmax) of four amino acids (Asp, Lys, Leu, and Met) in pigs were highest at birth, and 

decreased by an average of 30% during the first 24 h of colostrums suckling without 

changing transporter Km (Buddington et al., 2001). The underlying reasons for this 

developmental decline in AA transporter activity in per unit of tissue weight or mucosal 

surface area are not fully understood. Indeed, we found that the proximal jejunal apical 

EAAC1 protein abundances were dramatically decreased with age, suggesting that the 

decreased density of EAAC1 proteins anchored on the apical membrane was primarily 

responsible for the decline in the rates of maximal uptake of the acidic AA Asp and Glu 

during the postnatal development in pigs.   

Expression of membrane AA transporter has been regulated by the availability of 

their specific substrates (Nicholson and McGivan, 1996; Munir et al., 2000) and hormones 

(Matthews et al., 1999; Sims et al., 2000). Generally, high levels of dietary proteins or AA  

and food deprivation increased intestinal AA transporter expression (Erickson et al., 1995; 

Howard et al., 2004). Erickson et al. (1995) reported that when switching from a low (4%) 
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to a high (50% casein) protein diet, rat EAAC1 mRNA abundance increased 1.5-3 fold in 

the small intestine. Compared with orally fed rats, animals fed by TPN had the lower 

expression of ASCT1, SAT2, and GLYT1 mRNAs in the duodenum and of ASCT2, 

EAAC1, NBAT, and PepT1 mRNAs in the ileum (Howard et al., 2004). The changes in the 

concentrations of free and protein-bound AA in sow’s colostrum and milk during a 29-d 

lactation period have been reported in previous study (Wu and Knabe, 1994). The 

concentration of milk protein decreased during the first 8 d of lactation and then remained 

relatively constant throughout the next 21 d of lactation. As the most abundant protein-

bound AA in sow’s colostrums and milk, the changes in the concentrations of Gln plus Glu 

followed a pattern similar to the changes in milk protein (Wu and Knabe, 1994), which 

coincided with the decreased EAAC1 protein abundances in the proximal jejunum during 

the postnatal development in pigs. Results from this study suggest that the much higher 

jejunal apical EAAC1 protein at birth is responsible for transporting more Glu and Asp to 

meet the higher energy and nutrient demands of the small intestine in the neonate.  

In the present study, we found that Glu and Asp were the most and fourth abundant 

free AA in the proximal jejunum during the porcine postnatal development, respectively. 

This consents that Glu and Asp are the major energy substrates for the intestinal mucosa 

(Stoll et al. 1998). However, decreased jejunal apical EAAC1 protein abundance did not 

cause a decline in the concentrations of free Glu and Asp in the proximal jejunum during 

the postnatal development in pigs. Moreover, the concentration of free Glu increased 

linearly in the proximal jejunum with age. The free Glu concentration in the intestine may 

be dependant on the follow factors: i) uptake from luminal source by the apical AA 

transporters; ii) uptake from arterial source by the basolateral AA transporters; iii) efflux to 
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blood circulation by the basolateral AA transporters; iv) protein synthesis; v) protein 

degradation; vi) involving syntheses of other substances, such as GSH, polyamines, and 

other dispensable AA; and vii) oxidation to produce ATP by mitochondria. Previous 

studies have shown that almost all intraluminally delivered Glu and Asp are metabolized by 

the small intestinal mucosa and not available to extraintestinal tissues (Battezzati et al. 

1995, Stoll et al. 1998; Janeczko et al., 2007). Unlike glutamine, the uptake of arterial Glu 

and Asp by the small intestine is not significant due to the lack of aicidic AA transporters 

in the basolateral membrane of enterocytes (Wu, 1998). Thus, a parallel decrease in free 

Glu and Asp concentrations were not observed in the porcine proximal jejunum in spite of 

the dramatic linear decline in the apical EAAC1 protein abundance is likely due to the 

decrease in the intestinal utilization of Glu and Asp utilization during the postnatal growth.  

Glu plays a very important role in GSH synthesis through three mechanisms 

including a substrate for GSH synthesis, stimulating the exchange of circulating blood 

cystine via the system Xc
- AA transporter in the basolateral membrane, and the prevention 

of GSH feedback inhibition of γ-glutamylcysteine synthetase (GCS) (Wu et al., 2004). In 

the present study, we found the concentration of free Glu was three times of the GHS 

concentration (5.73 to 9.66 vs. 1.94 to 3.37 µmol●g tissue-1) and over three times of the Km 

value (1.7 mmol●L -1, Griffith, 1999) of the mammalian GCS for Glu in the proximal 

jejunum, suggesting that intestinal free Glu can satisfy GSH synthesis as substrate and 

extra high Glu concentration may be essential to maintain the uptake of cystine and the 

GCS activity. Indeed, we found that total and reduced GSH levels were maintained in the 

proximal jejunum during the postnatal development in pigs. However, proximal jejunal 

GSSG increased linearly with age during postnatal development, and reduced GSH/GSSG 
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ratio also decreased with age. Reduced GSH/GSSG ratio is often used as an indicator of the 

cellular redox state and the antioxidant capacity in cells (Griffith, 1999; Wu et al., 2004). 

These results indicate that porcine small intestine may be more susceptible to oxidative 

stress during the postnatal development. Indeed, we found total antioxidant capacity in the 

proximal jejunum decreased with age, which was strongly correlated with reduced 

GSH/GSSG ratio but not with the level of total and reduced GSH. Thus, decreased total 

antioxidant capacity was largely due to the decline of GSH/GSSG ratio in the proximal 

jejunum during the postnatal development in pigs.  

In summary, dramatic postnatal decreases in the porcine jejunal apical EAAC1 

protein abundance were likely regulated at the post-transcriptional level during the 

postnatal growth. These decreases in the apical EAAC1 protein abundance may lead to a 

decline in rates of acidic AA absorption during the postnatal development in pigs. Postnatal 

decreases in the jenunal GTRAP 3-18 abundances were in parallel with the jejunal EAAC1 

protein abundances, likely involving in the control of EAAC1 trafficking and activities. 

Decreased jejunal total antioxidant capacity was not directly related to the decline in the 

jejunal apical EAAC1 abundance but strongly correlated with the GSH/GSSG ratio in the 

proximal jejunum during the postnatal development in pigs.  
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Table 6.1. Primers used in this study 

Genes Primer sequence (5’ → 3’) Tm Primer size PCR product Accession no. 

Porcine β-actin 
FP 1: GGATGCAGAAGGAGATCACG 60.77 20 bp 

130 bp U07786 
RP 2: ATCTGCTGGAAGGTGGACAG 60.26 20 bp 

Porcine GAPDH 3 
FP: AAGGAGTAAGAGCCCCTGGA 60.20 20 bp 

140 bp X94251 
RP: TCTGGGATGGAAACTGGAAG 60.04 20 bp 

Porcine RPLP0 4 
FP: TGTTGAACATCTCCCCCTTC 59.90 20 bp 

152 bp DQ316319 
RP: CAGGCATACGCTGGCAACAT 59.75 20 bp 

Porcine HPRT1 5, 7 
FP: CCAGTCAACGGGCGATATAA 60.85 20 bp 

130 bp NM_001032376 
RP: CTTGACCAAGGAAAGCAAGG 59.85 20 bp 

Porcine EAAC1 6 
FP: CAAACTGGGCCTTTAACTGG 60.36 20 bp 

169 bp AY195622 

RP: TGTTGCTGAACTGGAGGAGA 59.55 20 bp 
1FP: forward primer; 2RP: reverse primer; 3GAPDH: glyceraldehydes-3-phosphate dehydrogenase; 4RPLP0: ribosomal 

phosphoprotein large P0 subunit; 5HPRT1: hypoxanthine phosphoribosyltransferase 1; 6EAAC1: excitatory amino acid carrier 

1; 7primers were adapted from a reference (Craig et al., 2005). 
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Table 6.2. Variability in expression of four house-keeping gene candidates in the proximal 

jejunum during the postnatal development in pigs 

Gene  Means1 Pooled SE Orthogonal polynomial contrast2 Stability value3 

β-actin 16.37 0.56 ND 4 0.379 

GAPDH 5 20.17 0.50 ND 0.158 

RPLP0 6 28.84 0.25 quadratic responses (P = 0.006) 0.453 

HPRT1 7 18.38 0.98 ND 0.678 

1The means (n=36) of Ct value were determined from different age groups during 

postnatal development. 2Orthogonal polynomial contrasts were conducted by SAS. 9.01, n = 

6 at each age group. 3Stability values were determined using Normfinder applet 

(Vandesompele, et al., 2002) and lower values represented little variation. 4ND: no 

significant age effect. 5GAPDH: glyceraldehydes-3-phosphate dehydrogenase. 6RPLP0: 

ribosomal phosphoprotein large P0 subunit. 7HPRT1: hypoxanthine 

phosphoribosyltransferase 1. 
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Table 6.3. Pearson correlations of the Ct values among the four house-keeping gene 

candidates in real-time RT-PCR in the proximal jejunum during the postnatal development 

in pigs 

Genes β-actin GAPDH 1 HPRT 2 

GAPDH r = 0.627, P = 0.001 - - 

HPRT r = 0.426, P = 0.01 r = 0.652, P = 0.001 - 

RPLP10 3 r = 0.251, P = 0.140 r = 0.447, P = 0.006 r = 0.378, P = 0.023 

Data were represented as pearson correlation coefficients (r value) and probability of 

significance associated with corresponding pearson correlation coefficients (P value) 

between two of the candidate genes (n = 36). 1GAPDH: glyceraldehydes-3-phosphate 

dehydrogenase. 2HPRT1: hypoxanthine phosphoribosyltransferase 1. 3RPLP0: ribosomal 

phosphoprotein large P0 subunit. 
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Fig. 6.1. Relative excitatory AA carrier 1 (EAAC1) mRNA abundances in the proximal 

jejunum as measured by real-time RT-PCR during the postnatal development between 1 

and 70 d of ages in pigs. Values represent means ± SEM (n = 6) . a, bMeans the bars with 

different superscript letters differ (P < 0.05) among the age groups. GAPDH was used to 

normalize the expression of the target gene. Orthogonal polynomial contrasts showed a 

cubic pattern (P = 0.0255) of the age effects. 
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Fig. 6.2. Immunoblot analyses of excitatory AA carrier 1 (EAAC1) protein abundances in 

the proximal jejunal homogenate during the postnatal development between 1 and 70 d of 

ages in pigs. Values represent means ± SEM (n = 6). a, b, c, dMeans the bars with different 

superscript letters differ (P < 0.05) among the age groups. β-actin was used to normalize 

the expression of the target protein. Orthogonal polynomial contrasts showed linear (P < 

0.0001), quadratic (P = 0.0029), and cubic (P = 0.0009) patterns of the age effects. 
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Fig. 6.3. Immunoblot analyses of excitatory AA carrier 1 (EAAC1) protein abundances in 

the proximal jejunal cytosol during the postnatal development between 1 and 70 d of ages 

in pigs. Values represent means ± SEM (n = 6). a, b, c, dMeans the bars with different 

superscript letters differ (P < 0.05) among the age groups. β-actin was used to normalize 

the expression of the target protein. Orthogonal polynomial contrasts showed linear (P < 

0.0001), quadratic (P < 0.0001), and cubic (P < 0.0001) patterns of the age effects. 
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Fig. 6.4. Immunoblot analyses of excitatory AA carrier 1 (EAAC1) protein abundances in 

the proximal jejunal apical membrane during the postnatal development between 1 and 70 

d of ages in pigs. Values represent means ± SEM (n = 6). a, b, c, dMeans the bars with 

different superscript letters differ (P < 0.05) among the age groups. β-actin was used to 

normalize the expression of the target protein. Orthogonal polynomial contrasts showed 

linear (P < 0.0001), quadratic (P = 0.0001), and cubic (P = 0.0002) patterns of the age 

effects. 
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Fig. 6.5. Immunoblot analyses of glutamate transporter associated protein 3-18 (GTRAP 3-

18) protein abundances in the proximal jejunal homogenate during the postnatal 

development between 1 and 70 d of ages in pigs. Values represent means ± SEM (n = 6). a, 

b, c, dMeans the bars with different superscript letters differ (P < 0.05) among the age groups. 

β-actin was used to normalize the expression of the target protein. Orthogonal polynomial 

contrasts showed linear (P < 0.0001), quadratic (P < 0.0001), and cubic (P = 0.0002) 

patterns of the age effects. 

Jejunal homogenate

GTRAP 3-18

β-Actin

50 kDa
dimer

44 kDa

Day  1  4  6  12 20 28 70

Day 1 Day 4 Day 6 Day 12 Day 20 Day 28 Day 70

Postnatal age

0

0.5

1.0

1.5

2.0

2.5

G
TR

A
P 

3-
18

 p
ro

te
in

 a
bu

nd
an

ce
(r

el
at

iv
e 

to
 β

-a
ct

in
)

a

b

cdcd

bc bc

d



253 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.6. Immunoblot analyses of glutamate transporter associated protein 3-18 (GTRAP 3-

18) protein abundances in the proximal jejunal cytosol during the postnatal development 

between 1 and 70 d of ages in pigs. Values represent means ± SEM (n = 6). a, b, c, d, eMeans 

the bars with different superscript letters differ (P < 0.05) among the age groups. β-actin 

was used to normalize the expression of the target protein. Orthogonal polynomial contrasts 

showed linear (P < 0.0001), quadratic (P < 0.0001), and cubic (P = 0.0097) patterns of the 

age effects. 
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Fig. 6.7. Immunoblot analyses of glutamate transporter associated protein 3-18 (GTRAP 3-

18) protein abundances in the proximal jejunal apical membrane during the postnatal 

development between 1 and 70 d of ages in pigs. Values represent means ± SEM (n = 6). a, 

b, c Means across the bars with different superscript letters differ (P < 0.05) among the age 

groups. β-actin was used to normalize the expression of the target protein. Orthogonal 

polynomial contrasts showed linear (P < 0.0001), quadratic (P < 0.0001), and cubic (P < 

0.0001) patterns of the age effects. 
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Fig. 6.8. Intestinal free glutamate (Glu) and aspartate (Asp) concentrations in the proximal 

jejunum during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, cMeans with different superscript letters differ (P < 

0.05) among the age groups. (A) Glu (nmol ● mg protein -1). Orthogonal polynomial 

contrasts showed a linear pattern (P = 0.0037) of the age effects. (B) Asp (nmol ● mg 

protein -1). Orthogonal polynomial contrasts showed a cubic pattern (P = 0.0092) of the age 

effects. (C) Glu (µmol ● g tissue-1). Orthogonal polynomial contrasts showed quadratic (P 

= 0.0023), and cubic (P = 0.0013) patterns of the age effects. (D) Asp (µmol ● g tissue-1). 

Orthogonal polynomial contrasts showed linear (P = 0.0151), and quadratic (P = 0.0039) 

patterns of the age effects. 
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Fig. 6.9. Total GSH, GSSG, reduced GSH and reduced GSH/GSSG ratio in the proximal 

jejunum during the postnatal development between 1 and 70 d of ages in pigs. Values 

represent means ± SEM (n = 6). a, b, cMeans with different superscript letters differ (P < 

0.05) among the age groups. (A) Total GSH (nmol●mg protein -1). Orthogonal polynomial 

contrasts showed a cubic pattern (P = 0.0252) of the age effects. (B) GSSG (nmol ● mg 

protein -1). Orthogonal polynomial contrasts showed linear (P = 0.00016) and quadratic (P 

= 0.0005) patterns of the age effects. (C) Reduced GSH (nmol●mg protein  -1). Orthogonal 

polynomial contrasts showed a cubic pattern (P = 0.0296) of the age effects. (D) Reduced 

GSH/GSSG ratio. 
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Fig. 6.10. Total antioxidant capacity (TAC) (mM ● mg protein -1) in the proximal jejunum 

during the postnatal development between 1 and 70 d of ages in pigs. Values represent 

means ± SEM (n = 6). a, bMeans with different superscript letters differ (P < 0.05) among 

the age groups,. Orthogonal polynomial contrasts showed linear (P < 0.001), quadratic (P 

= 0.035), and cubic (P = 0.030) patterns of the age effects. 
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CHAPTER 7 

 

GENERAL DISCUSSION AND CONCLUSIONS 

 

7.1. CHANGES OF NUTRIENT TRANSPORTER ACTIVITY AND PROTEIN 

ABUNDANCE ALONG THE JEJUNAL CRYPT-VILLUS AXIS 

IN THE NEONATE 

 

Glucose homeostasis in the neonatal pig is a complex process which involves several 

metabolic pathways and plays very important roles to provide the brain and other vital 

organs with sufficient glucose as a key energy source (Duee et al., 1996).  A high glucose 

and lactose processing capacity in coupling with hepatic glucose production through 

glycogenolysis and postnatal increases in gluconeogenesis capacity is essential to maintain 

whole body glucose homeostasis in neonates (Hume et al., 2005).  We examined the 

expression of SGLT1 uptake activity kinetics by epithelia along the small intestinal crypt-

villus axis in the neonatal piglets to understand the biological mechanisms of possessing 

high apical SGLT1 activity by neonates. Our results suggested the activity, protein and 

mRNA of SGLT1 is expressed in the epithelial cells along the entire jejunal crypt-villus in 

association with enhanced protein translational control mechanisms, leading to high apical 

SGLT1 maximal uptake activity per villus unit or per unit of mucosa in the neonatal 

piglets. Although GLUT2 and GLUT7 are speculated to involve apical uptake of glucose, 

we found SGLT-1 is the major route for absorption of glucose across the apical membrane 

of enterocytes in neonatal pigs, which is consistent with a recent report in weaned pig 
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(Moran et al., 2010). On the one hand, the potential glucose sensing function as suggested 

by Mace et al. (2007) indicating that significant SGLT1 activity in crypt epithelial cells 

may not only provide more glucose for body glucose need but also serve as a glucose 

sensor to trigger intracellular cell signaling pathway in the neonatal pig. On the other hand, 

SGLT1 activity can be regulated by protein kinase C and mTOR mediated intracellular 

signaling pathways (Castaneda-Sceppa et al., 2010; Castaneda-Sceppa, 2010), TIR2+TIR3 

taste receptor (Sclafani, 2007; Margolskee et al., 2007),  and posttranscriptional regulation 

in our case. Taken together, SGLT1 in crypt epithelial cells may play a very important role 

in glucose homeostasis and intestinal growth in neonatal pigs but the signaling pathways 

for these events need to be defined in more details. 

At birth, piglet survival is markedly dependent on gut health and function. Gln is 

essential for promoting and maintaining intestinal epithelial health through several 

mechanisms such as regulating acid-base homeostasis (Krebs, 1980), activating intestinal 

epithelial cell proliferation via the mitogen-activated protein kinase signaling cascade and 

activator protein 1 gene transcription (Rhoads et al., 1997), stabilizing gut epithelial tight 

junctions (Li and Neu, 2009), inhibiting apoptosis in intestinal cells via activation of 

extracellular signal-related kinase signaling pathway (Larson et al., 2007), inducing 

autophagy in intestinal epithelial cells via mTOR pathway (Sakiyama et al., 2009) and 

showing anti-inflammatory effects (Chen et al., 2008).  Gut mucosal apical Na+-Gln co-

transport activity and B0AT1 protein were abundantly expressed along the entire small 

intestinal crypt-villus axis, thereby leading to high Na+-Gln co-transport activity and 

B0AT1 protein density per villus unit or in per unit of mucosa essential to maintain enteral 

nutrient-dependent gut mucosal growth in neonates.  On the one hand, high B0AT1 activity 



260 
 

is very important to maintain luminal nutrient-dependent mucosal growth through 

providing AA as essential metabolic substrates and nutrient stimuli for cellular growth via 

the mammalian target of rapamycin signaling. On the other hand, high B0AT1 activity is 

very important to glucose homeostasis through providing AA as substrates for 

gluconeogenesis.  

Moreover, gut mucosal apical neutral amino acid (AA) exchanger ASCT2 protein is 

also abundantly expressed along the entire small intestinal crypt-villus axis. Although 

ASCT2 activity does not make contribution to net AA absorption, it contributes to AA 

homeostasis in the enterocytes and may also be very important to maintain high mTOR 

activity through serving as the putative cellular surface AA transceptor for AA signaling in 

cells.  Indeed, suppressed mTOR signaling by silencing of ASCT2 expression in a previous 

study (Fuchs et al., 2007) and high phosphorylated mTOR and S6K1 abundances in our 

study indicate that ASCT2 in crypt epithelial cells is required to promote crypt cell 

proliferation and necessary to gut mucosal growth. 

In the present study, apical glucose absorption contributed by GLUT2 was not 

detected by our kinetic model in the epithelial cells along the entire jejunal crypt-villus in 

the neonatal pig. A recent study has shown that GLUT2 protein is not expressed on the 

apical membrane in the weaning pig (Moran et al., 2010). These observations suggest that 

the GLUT2 is unlikely to play a role for the absorption of luminal glucose in the pig. 

However, another study indicated that GLUT2 protein is expressed on the apical membrane 

in both TPN and non-TPN piglets (Cottrell et al., 2006). Taken together, the expression of 

GLUT2 in the apical membrane is still questionable in the pig and further investigations are 
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needed to confirm the distribution of GLUT2 in the pig under different conditions, 

especially at different starch and sugar loading. 

One of the limitations of the present studies is that the synthesis rates of specific 

transporter proteins, including SGLT1, B0AT1 and ASCT2, were not measured along the 

entire small intestinal crypt-villus axis in the neonate. The determination of synthesis rates 

of these transporters by isotope labeling methods will provide more insights about the 

regulation of nutrient transporter expression along entire small intestinal crypt-villus axis.  

Another  limitation of the present studes is that the expression of these nutrient transporters 

along the entire small intestinal crypt-villus axis were not measured in the growing pig, 

which will be a very good comparison, although several previous studies already showed 

that these transporters are not expressed in the adult crypt cells. 

 

7.2. POSTNATAL CHANGES OF AMINO ACID TRANSPORTER EXPRESSION 

IN THE PORCINE JEJUNUM 

 

It has become much more clear that postnatal development of the pig is associated with 

dramatic reductions in skeletal protein synthesis rate, which is largely responsible for rapid 

declining in whole body N efficiency (Davis and Reeds, 1998; Yang and Fan, 2006a,b; 

Yang et al., 2006). Considering AA as essential substrates and signaling nutrients (Burrin 

and Reeds, 1997; Yang et al., 2008), the excessive first-pass catabolism and utilization of 

AA in the gut would contribute to the poor efficiency of whole body N utilization and a 

reduced AA availability to other organs and tissues and circulation levels in the blood 

during the postnatal development.  As a gateway or door keeper, the nutritional and 
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physiological consequences of postnatal development of the intestinal AA transporters are 

now recognized (Pácha, 2000).  Thus, improved understanding of how the intestinal AA 

transporter gene expression is regulated during the postnatal development would provide 

insight into better strategies for improving efficiency of whole body N utilization, muscle 

protein growth and management of both animal and human health. In the present studies, 

we focused on postnatal changes of jejunal EAAC1, B0AT1 and ASCT2 expressions in the 

pig. 

With sampling jejunum at multiple time points in the neonatal period, linear 

decreases of the jejunal apical EAAC1, B0AT1 and ASCT2 protein abundances were 

observed in the present studies, which may be the underlying reasons for this 

developmental decline in AA transporter activity in per unit of tissue weight or mucosal 

surface reported in much earlier studies (Buddington et al., 1990; 1992; Toloza and 

Diamond, 1992). However, the discrepancy between protein and mRNA abundances 

indicated that postnatal deceases of the apical jejunal EAAC1, B0AT1 and ASCT2 protein 

abundances are likely regulated by the availability of substrates and hormones at the post-

transcriptional level.  

GTRAP 3-18 prevents complex oligosaccharide formation on EAAC1 in a dose-

dependent manner by restricting EAAC1 exit of endoplasmic reticulum and reduces 

EAAC1-mediated glutamate transport by lowering substrate affinity without changing Vmax 

(Lin et al., 2001, Liu et al., 2008; Ruggiero et al., 2008). The results of the present study 

suggest that GTRAP 3-18 was not involved with the trafficking regulation of EAAC1 in 

the proximal jejunum during the postnatal development, and decreased membrane EAAC1 

was likely a result of changes in EAAC1 de novo protein synthesis or degradation rate in 
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the epithelial cells. The underlying mechanism of regulating de novo protein synthesis or 

degradation rate of EAAC1, ASCT2 and B0AT1 in the cell warrant further exploration 

since limited information is available at present. 

Although the EAAC1, B0AT1 and ASCT2 protein abundances were decreased during 

the postnatal development, the concentrations of most free AA, including Glu, were 

maintained in the jejunum. Gly increased linearly with age in the jejunum during the 

postnatal development. So it is not surprise that total GSH was also maintained in the 

jejunum during the postnatal development.  However, jejunal GSSG increased linearly and 

reduced GSH/GSSG ratio also decreased with age. There was a strong correlation between 

reduced GSH/GSSG ratio and total antioxidant capacity in the jejunum during the postnatal 

development. These results suggest that decreased total antioxidant capacity is mainly due 

to the increasing exposure of oxidant or oxidative stress rather than the decline of the 

EAAC1, B0AT1 and ASCT2 protein abundances in the jejunum during the postnatal 

development in pigs. To our knowledge, this is the first study to report that total antioxidant 

capacity in the jejunum decreases with age in the pig.   

Free AA concentrations in intestine are dependent on not only transport rates across 

the apical membrane but also transport rates across the basolateral membrane (Bertolo et 

al., 2000). Thus, it is of importance to further investigate postnatal changes of the 

basolateral membrane AA transporter expression in the jejunum in pigs. 

The postnatal decline of efficiency of whole body N utilization is due to increases in 

AA catabolism and the gastrointestinal endogenous N loss (Le dividich et al., 1994; Fan et 

al., 2006). It is well established that pigs are able to absorb and utilize AA synthesized by 

the small intestine microflora (Torrallardona et al., 2003a and 2003b). However, the 
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involvements of microflora make a significant contribution to spare AA supply to the host 

and decrease the host N utilization efficiency by fermentative AA catabolism (Libao-

Mercado et al., 2009).  The postnatal decline of jejunal apical EAAC1, B0AT1 and ATB0 

protein abundances in the small intestine causes decreased AA transport efficiency per unit 

intestinal tissue, which may increase AA availability for fermentative AA catabolism by 

the intestinal microbe. However, little information is available regarding the postnatal 

changes in the magnitude of microbial catabolism of AA in the small intestine and factors 

associated with these changes in the pig. Thus, further investigation of the postnatal 

changes in the magnitude of microbial catabolism of AA in the small intestine will assist to 

develop more accurate diet formulation to meet animal’s requirements for AA and then 

improve efficiency of N utilization in swine feeding.   

Our results indicate that something important is happened at postnatal d 12. These 

changes may be genetically programmed, response to suckling, or some other 

environmental stimuli. However, these factors can not be revealed in the present studies 

and further investigations are needed to clarify this phenomenon.  Intestinal nutrient 

transport systems are very complicated and are highly regulated. Just several apical nutrient 

transporters were examined in the present studies and these results provided limited 

information to our understanding of ontogenic development of intestinal transporter gene 

expression. In the context of omics era, proteomics evaluation of apical and basoleteral 

membranes during the postnatal development will enhance our understanding of nutrient 

absorption in pigs.  
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7.3. GENENAL CONCLUSIONS 

 

The results of investigation on nutrient transporters along the small intestinal crypt-villus 

axis suggest that SGLT1, B0AT1 and ASCT2 are abundantly expressed in the apical 

membrane along the entire crypt-villus axis in the neonatal pig with unique translational 

control mechanisms. Expression of SGLT1, B0AT1 and ASCT2 proteins in the crypt 

epithelial cells may be essential to maintain body glucose homeostasis and rapid intestinal 

mucosal growth in neonatal pigs via different cell signaling pathways. 

The results of this ontogeny study suggest that postnatal decreases in jejuna apical 

EAAC1, ASCT2, and B0AT1 protein abundance are likely regulated by the availability of 

substrates and hormones at the post-transcriptional level but these decreases do not affect 

jejunal free AA and total GSH levels. GTRAP 3-18 is likely not involved in the trafficking 

regulation of EAAC1 in the proximal jejunum during the postnatal development. 

Decreased total antioxidant capacity is mainly due to the decline of GSH/GSSG ratio in the 

proximal jejunum during the postnatal development in pigs. The postnatal decline of 

jejunal apical EAAC1, B0AT1 and ATB0 protein abundance may contribute to the postnatal 

decline of efficiency of whole body N utilization by indirectly increasing luminal AA 

availability to gut microbial catabolism in the pig. 
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Appendix 1.  Photograph of Western blot analysis of SGLT1 in the porcine intestinal 

tissue. 
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Appendix 2.  Photograph of Western blot analysis of B0AT1 in the porcine intestinal 

tissue. 
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Appendix 3. Photograph of Western blot analysis of ASCT2 in the porcine intestinal 

tissue.
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Appendix 4. Photograph of Western blot analysis of EAAC1 in the porcine intestinal 

tissue. 
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