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Abstract 

Cold exposure impacts intestinal remodelling and metabolism. Signaling by 

glucagon-like peptide 1 (GLP-1), GLP-2 and glucose-dependent insulinotropic 

polypeptide (GIP) are tightly linked to nutrient intake and absorption. However, 

these peptide hormones' necessity to mediate gut adaptation and metabolic 

alternations during cold exposure has been incompletely explored. We hypothesize 

that GLP-1, GIP, and GLP-2 are released in proportion to required energy needs 

during cold exposure to enable efficient nutrient absorption and gut adaptation and 

subsequently impact nutrient handling. We evaluated morphological changes in the 

intestinal in wildtype, Glp1r-/-Glp2r-/- and Glp1r-/-Gipr-/- mice exposed to chronic cold 

or thermoneutral conditions for four weeks. Food intake and gut hormone secretion 

were significantly increased in all mice housed at 4-6˚C compared to those housed 

at thermoneutrality. Concomitantly, we observed increased remodeling measured by 

crypt to villus height (increased villi length) and intestinal circumference (increased 

circumference) in cold-exposed wildtype and Glp1r-/-Gipr-/- mice housed. In contrast, 

intestinal morphology in Glp1r-/-Glp2r-/- mice was unchanged in response to cold. 

Associated with these morphometric changes, we observed significant increases in 

fasting concentrations of GLP-1. These data suggest that GLP-1 and GLP-2 are key 

signaling molecules secreted from the gut in response to chronic cold exposure to 

enable intestinal remodeling. 



iii 

Co-Authorship Statement 

Antonio Hanson performed the design, experiments, and analysis of data 

with the following exceptions: 

Dr. Erin E. Mulvihill provided intellectual input and scientific expertise with the 

project scope, hypothesis, experimental design, and other additional experimental 

details. 

Iryna Abramchuk and Natasha Trzaskalski aided with the histological 

analysis of intestinal sections.  

Natasha Trzaskalski, Nadya Morrow, Cassandra Locatelli, and Evgenia 

Fadzeyeva assisted with metabolic tests and measurement of plasma GLP-1. 

Dr. Ilka Lorenzen-Schmidt assisted with breeding mouse colonies, 

genotyping, animal sacrifices, and tissue processing. 

Xiaoling Zhao aided in histological analysis. 



iv 

Acknowledgements 

First and foremost, I am most grateful for Dr. Erin E. Mulvihill for allowing me 

the opportunity to pursue a Master’s degree in her lab. I sincerely appreciate all your 

patience, encouragement, and unconditional support throughout my time in the lab. I 

feel extremely fortunate and thankful for your guidance and motivation, and you 

have been an extraordinary role model for me.  

I would like to extend my appreciation to my Thesis Advisory Committee, Dr. 

Krista Power and Dr. Zemin Yao. Your guidance, advice, questions, and overall 

input has helped immensely in structuring this project, and suggestions to improve.  

I would also like to thank all the Dr. Kyoung-Han Kim’s lab members. From 

weekly journal clubs to spending countless hours trouble shooting western blots, I 

have learned a lot from the entire Kim Lab, and I am fortunate to meet such great 

individuals. 

I am very fortunate to have worked with the most incredible individuals in the 

Mulvihill lab. Natasha Trzaskalski, Iryna Abramchuk, Nadya Morrow, Cassandra 

Locatelli, Dr. Branka Vulecevic, Dr. Ilka Lorenzen-Schmidt, Dr. My-Anh Nguyen, 

Serena Pulente, Andrew Clement, Melissa Dann, Natasha Jeraj, Aurgho Datta, 

Nicole Travis, Alice Pommainville have all helped and motivated me throughout my 

time in the lab. You have all become some of my best friends, and I could not 

imagine a better group of people to work with.  

Finally, I would like to thank my family, friends, and girlfriend for supporting 

me throughout my journey.  



v 

Table of Contents 

Abstract ii 

Co-Authorship Statement ........................................................................... iii 

Acknowledgements ................................................................................... iv 

List of Figures .......................................................................................... ix 

List of Tables ........................................................................................... xi 

List of Abbreviations ................................................................................. xii 

1. Introduction ..................................................................................... 1 

1.1 Energy Homeostasis in Mammals ............................................. 1 

 1.1.1 Post-Prandial Glucose Metabolism .................................... 1 

 1.1.2 Post-Prandial Lipid Metabolism ......................................... 2 

1.2 Role of the Liver in the Regulation of Energy Homeostasis ............ 3 

1.3 Role of Adipose Tissue in the Regulation of Energy Homeostasis ... 4 

 1.3.1 White Adipose Tissue ..................................................... 4 

 1.3.2 Brown Adipose Tissue .................................................... 5 

1.4 The Role of the Intestine in Energy Homeostasis ......................... 6 

 1.4.1 Intestinal Remodelling ..................................................... 9 

 1.4.2 Role of the Cells of the Intestinal Epithelium ........................ 9 

 1.4.2.1 Enterocytes .......................................................... 9 

 1.4.2.1.1 Nutrient Transport in Enterocytes ................... 10 

 1.4.2.1.1.1 Carbohydrate Transport ...................... 10 

 1.4.2.1.1.2 Protein Transport ............................... 10 

 1.4.2.1.1.3 Lipid Transport .................................. 11 

 1.4.2.2 Goblet Cells ........................................................ 12 

 1.4.2.3 Enteroendocrine Cells .......................................... 13 

 1.4.2.3.1 Regulation of the Synthesis and Secretion of Gut 

Hormones ..................................................................................... 15 



vi 

 1.4.2.3.2 Glucagon-Like Pepide-1 (GLP-1) ........................ 20 

 1.4.2.3.3 Glucose-Dependent Insulinotropic Polypeptide (GIP) . 
 ............................................................................................. 21 

 1.4.2.3.4 Glucagon-Like Peptide-2 (GLP-2) ....................... 22 

 1.4.2.3.5 Gut Hormone Receptors and Signaling Circuits ..... 22 

 1.4.2.3.5.1 GLP-1- Mediated Regulation of Post-Prandial 

Lipid Metabolism ............................................................................ 22 

 1.4.2.3.5.2 GLP-1 and Food Intake ......................... 25 

 1.4.2.3.5.3 GLP-1 and Intestinal Growth .................. 26 

 1.4.2.3.5.4 GIP Action on Energy Homeostasis and 

Adipose Tissue .............................................................................. 26 

1.4.2.3.5.5 Metabolic Role of Endogenous Incretin 
Hormone Receptor Signaling 27 

 1.4.2.3.5.6 GLP-2R Signaling and Glucose Metabolism .. 
 .............................................................................................................. 27 

 1.4.2.3.5.7 GLP-2 Signaling and the Regulation of Lipid 

Metabolism .................................................................................... 28 

 1.4.2.3.5.8 GLP-2 and Food Intake ......................... 28 

 1.4.2.3.5.9 GLP-2 and Intestinal Growth .................. 29 

 1.4.2.3.6 Development of GLP-2R agonists for the Treatment of 

Short Bowel Syndrome .................................................................... 30 

 1.4.2.3.7 Incretin Hormones and Thermogenesis .................. 31 

1.5 Scope of the Project ............................................................. 32 

1.6 Hypothesis ......................................................................... 32 

1.7 Specific Aims ...................................................................... 33 

2. Methods........................................................................................ 34

2.1 Animals and Housing ........................................................... 34 

2.2 Mouse Genotyping ............................................................... 36 

2.3 Body Composition ............................................................... 38 

2.4 Lipid Tolerance Test (LTT) .................................................... 38 

file:///C:/Users/Owner/Documents/students/Antonio/Thesis%20Most%20Updated%20122021%20final%20edit_EM.docx%23_Toc90636821
file:///C:/Users/Owner/Documents/students/Antonio/Thesis%20Most%20Updated%20122021%20final%20edit_EM.docx%23_Toc90636821


vii 

2.5 Incretin Hormone and Leptin Measurements ............................. 38 

2.6 Oral Glucose Tolerance Test (OGTT) ...................................... 38 

2.7 Insulin Tolerance Test (ITT) ................................................... 39 

2.8 Tissue Collection ................................................................. 39 

2.9 Software Analysis ................................................................ 39 

2.10 Statistical Analysis ............................................................. 40 

3. Results ......................................................................................... 42 

3.1. Intestinal Circumference and Villi Length Were Increased in 20-

Week-Old Cold-Exposed Male Wildtype Mice ....................................... 42 

3.2. Cold-Exposed Wildtype Mice Demonstrate Increased Food Intake, 

and Enhanced GLP-1 and GIP Levels ................................................ 44 

3.3. Cold-Exposed Wildtype Mice Demonstrate Increased Intestinal 

Circumference and Villi Length .......................................................... 46 

3.4. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake . 48 

3.5. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake and 

Increased Intestinal Circumference and Villi Length ............................... 50 

3.6. GLPDRKO Mice Housed at 4˚C Demonstrate Increased Food 

Intake, and Increased GLP-1 Levels ................................................... 52 

3.7. Absence of the GLP-2R Impairs Intestinal Adaptation to Cold 

Exposure ...................................................................................... 54 

3.8. Regulation of Body Weight during Chronic Cold Exposure .......... 56 

3.9. Regulation of Lean Mass During Chronic Cold Exposure ............ 58 

3.10. Postprandial Plasma GLP-1 and GIP Levels are Significantly 

Greater in Cold-Exposed Male Wildtype Mice ....................................... 60 

3.11. Cold Exposed Wildtype and DIRKO Mice Demonstrate Greater 

Small Bowel Weight Compared to GLPDRKO Mice ............................... 62 

3.12. Goblet Cell Number Per Villus is Greater in Male GLPDRKO Mice 

Compared to Male Wildtype and DIRKO Mice ...................................... 64 

3.13. Cold Exposure Improves Glucose Tolerance, While Failing to 

Improve Insulin Tolerance ................................................................ 66 

3.14. Post-Prandial Triglyceride Levels are Similar Between Housing 

Temperature and Genotype After a Lipid Tolerance Test ........................ 68 

3.15. Cold Exposed Mice Demonstrate Differences in Body Composition 

and Adipose Tissue Depots .............................................................. 70 



 viii 

 3.16. Plasma Leptin Concentrations in Cold Exposed Mice ............... 72 
 

4. Discussion, Future Directions, and Limitations ...................................... 74 

 4.1 Discussion ......................................................................... 74 

 4.2 Future Directions ................................................................. 86 

 4.3 Limitations .......................................................................... 87 
 

5. References .................................................................................... 88 
 

6. Curriculum Vitae ........................................................................... 114 

 
  



ix 

List of Figures 

Figure 1.1 Anatomy of the Intestinal Epithelium ........................................................ 8 

Figure 1.2 Receptors and Signaling Components Present on Enteroendocrine K and 
L-Cell, Trigger Secretion of GLP-1, GLP-2, and GIP. .............................................. 14 

Figure 1.3 Glucagon-Like peptide 1 (GLP-1) and Glucagon-Like peptide 2 (GLP-2) 
are Cleaved by Prohormone Convertase 1/3 (PC1/3) and Prohormone Convertase 2 
(PC2) from the Proglucagon Protein. ...................................................................... 17 

Figure 1.4 Glucose-Dependent Insulinotropic Polypeptide (GIP) is Cleaved by 
PC1/3 from the proGIP Protein. .............................................................................. 18 

Figure 1.5 Glucagon-Like peptide 1 (GLP-1), Glucagon-Like peptide 2 (GLP-2), and 
Glucose-Dependent Insulinotropic Polypeptide (GIP) are Cleaved and Inactivated by 
DPP4. ...................................................................................................................... 19 

Figure 1.6 Hormone Action for Binding of Glucagon-Like Peptide 1 (GLP-1), 
Glucagon-Like Peptide 2 (GLP-2) and Glucose-Dependent Insulinotropic 
Polypeptide (GIP) .................................................................................................... 24 

Figure 2.1 Genotyping of Double Incretin Receptor Knockout (DIRKO) and GLP1/2R 
Double Receptor Knockout (GLPDRKO) Mice ........................................................ 37 

Figure 2.2 Experimental Schematic for Conducted Studies .................................... 41 

Figure 3.1. Intestinal Circumference and Villi Length Were Increased in 20-Week-
Old Cold-Exposed Male Wildtype Mice ................................................................... 43 

Figure 3.2. Cold-Exposed Wildtype Mice Demonstrate Increased Food Intake, and 
Enhanced GLP-1 and GIP Levels ........................................................................... 45 

Figure 3.3. Cold-Exposed Wildtype Mice Demonstrate Increased Intestinal 
Circumference and Villi Length ............................................................................... 47 

Figure 3.4. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake ......... 49 

Figure 3.5. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake, 
Enhanced GLP-1 and GIP Levels, and Increased Intestinal Circumference and Villi 
Length ..................................................................................................................... 51 

Figure 3.6. GLPDRKO Mice Housed at 4˚C Demonstrate Increased Food Intake, 
and Increased GLP-1 Levels ................................................................................... 53 



x 

Figure 3.7. Absence of the GLP-2R Impairs Intestinal Adaptation to Cold Exposure
 ................................................................................................................................ 55 
Figure 3.8. Regulation of Body Weight During Chronic Cold Exposure .................. 57 

Figure 3.9. Regulation of Lean Mass During Chronic Cold Exposure ..................... 59 

Figure 3.10. Postprandial Plasma GLP-1 and GIP Levels are Significantly Greater in 
Cold-Exposed Male Wildtype Mice .......................................................................... 61 

Figure 3.11. Cold Exposed Wildtype and DIRKO Mice Demonstrate Greater Small 
Bowel Weight Compared to GLPDRKO Mice .......................................................... 63 

Figure 3.12. Goblet Cell Number Per Villus is Greater in Male GLPDRKO Mice 
Compared to Male Wildtype and DIRKO Mice ........................................................ 65 

Figure 3.13. Cold Exposure Improves Glucose Tolerance, While Failing to Improve 
Insulin Tolerance ..................................................................................................... 67 

Figure 3.14. Post-Prandial Triglyceride Levels are Similar Between Housing 
Temperature and Genotype After a Lipid Tolerance Test ....................................... 69 

Figure 3.15. Cold Exposed Mice Demonstrate an Increase in Metabolic Demand, 
Indicated by Differences in Adipose Tissue ............................................................. 71 

Figure 3.16. Plasma Leptin Concentrations in Cold Exposed Mice ......................... 73 



 xi 

 

List of Tables 
 
Table 1 Details of studies performed. ...................................................................... 35 
 
Table 2 Genotyping Primers .................................................................................... 36 
 
Table 4.1 Summary table of results from male mice. .............................................. 84 
 
Table 4.2 Summary table of results from female mice ............................................ 85 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 xii 

 

List of Abbreviations 
 

AGPAT 
 

-cell 

1-acylglycerol-3-phosphate O acyltransferase 
 
Alpha Cell 
 

AMPK 
 
ANOVA 

AMP-Activated Protein Kinase 
 
Analysis of Variance 
 

APC Antigen Presenting Cell 
 

ApoB48 Apolipoprotein B-48 
 

ApoB100 Apolipoprotein B-100 
 

ATP Adenosine Triphosphate 
 

-cell Beta Cell 
 

BAT Brown Adipose Tissue 
  

Ca2+ Calcium 
 

cAMP Cyclic Adenosine Monophosphate  
 

CD36 Cluster of Differentiation 36 
 

CNS Central Nervous System  
 

DGAT Diacylglycerol Acyltransferase  
 

DIO Diet-Induced Obesity  
 

DIRKO Double Incretin Receptor Knockout 
 

DPP4 
 
EDTA 

Dipeptidyl Peptidase-4 
 
Ethylenediaminetetraacetic Acid 
 

EGF Epidermal Growth Factor  
 
EPAC Exchange Protein Activated by cAMP 

 



 xiii 

ER 
 
FA 

Endoplasmic Reticulum  
 
Fatty Acid 
 

FABP Fatty Acid-Binding Protein 
 

FATP Fatty Acid Transport Protein 
 

FFA Free Fatty Acid 
 

FLT1 FMS related receptor tyrosine kinase 1  
 

FGF21 Fibroblast growth factor 21 
 

GAPs Goblet Cell-Associated Antigen Passages 
 

GC Goblet Cell 
 

GI Gastrointestinal  
 

GIP Glucose-Dependent Insulinotropic Polypeptide 
 

GIPR GIP Receptor 
 

GLP-1 Glucagon-Like Peptide-1 
 

GLP-1R Glucagon-Like Peptide-1 Receptor 
 

GLP-2 Glucagon-Like Peptide-2 
 

GLP-2R Glucagon-Like Peptide-2 Receptor 
 

GLPDRKO Glucagon-Like Peptide Double Receptor Knockout 
 

GCGR Glucagon Receptor 
  
GLUT2 Glucose Transporter-2 

 
GLUT5 Glucose Transporter-5 

 
GPAT Glycerol-3-Phosphate Acyltransferase  

 
GPCR G-Protein-Coupled Receptor 

 
GPR/FFAR G-Protein-Coupled Receptor/Free-Fatty Acid Receptors 

 



xiv 

GTP Guanosine-5’-Triphosphate 

HDL High-Density Lipoproteins 

H&E Hematoxylin and Eosin 

HFD High-Fat Diet  

HSL Hormone Sensitive Lipase 

iBAT Intrascapular BAT  

IGF Insulin Growth-Like Factor 1 

IL-6 Interleukin-6  

IMM Inner Mitochondrial Membrane  

ingSAT Inguinal Subcutaneous Adipose Tissue  

IP3R Inositol Triphosphate Receptor  

ISEMF Intestinal Subepithelial Myofibroblasts 

KGF Keratinocyte Growth Factor 

LCFA Long-Chain Fatty Acids  

LDL Low-Density Lipoproteins 

LEC Lymphatic Endothelial Cells 

LPL Lipoprotein Lipase 

MAPK Mitogen-Activated Protein Kinase 

mRNA Messenger Ribonucleic Acid 

MTP Microsomal Triglyceride Transfer Protein 

MUC2 Mucin-2 

myf5 Myogenic Factor-5  

Na+ Sodium 



 xv 

Na+ K+ ATPase Sodium-Potassium Pump 
 

NE Norepinephrine 
 

NOD Non-Obese Diabetic  
 

NRP1 Neuropilin-1  
 

Pax6 Paired Box-6 
 

PC1/3 Prohormone Convertase-1/3 
 

Pdx1 Duodenum Homeobox-1 
 

PEPT1 Peptide Transporter-1 
 

PFA Paraformaldehyde 
 

pgVAT Perigonadal Visceral Adipose Tissue  
 

PI3K Phosphatidylinositol-3 Kinase  
 

PKA Protein Kinase A 
 

PlagL2 Pleomorphic Adenoma Gene-Like-2 
 

PH-LDL Postheparin LpL  
 

POMC Proopiomelanocortin 
 

PVN Paraventricular Nucleus 
 

Rfx6 Regulatory Factor-X6  
 

RYR Ryanodine Receptor  
 

SBS Short Bowel Syndrome  
 

SCFA Short-Chain Fatty Acids 
 

SGLT1 Sodium-Glucose Transporter-1 
 

SLC8A2 Solute Carrier Family-8-MemberA2 
 

T1D Type I Diabetes 
 



xvi 

T2D Type II Diabetes  

TG Triglyceride 

TNZ Thermoneutral Zone  

UCP1 Uncoupling Protein-1  

Val-Pyr Valine Pyrrolidide  

VEGF Vascular Endothelial Growth Factor 

VLDL Very Low-Density Lipoproteins 

VMH Hypothalamic Ventromedial Nucleus 

WAT White Adipose Tissue  



1 

1. Introduction

1.1  Energy Homeostasis in Mammals 

Energy homeostasis is balanced by food intake and energy expenditure, 

contributing to optimal health in all organisms (Galgani & Ravussin, 2008). Dietary 

nutrient absorption and utilization are highly regulated, given their fundamental role 

in mediating many mechanisms involved in energy homeostasis (Li et al., 2019). 

Nutrient deficiency is linked to disturbed metabolism, thereby imposing cellular 

stress, resulting in tissue damage and metabolic dysregulation (Chen et al., 2018). 

Extrinsic factors, including the nutrient content of the diet, frequency of feeding and 

temperature of the external environment, significantly influence metabolism by 

altering the balance of nutrient intake and energy expenditure (Senn et al., 2018). 

Therefore, many levels of regulation exist for the body to adapt to regulate the 

assimilation of nutrients for both utilization and storage. 

1.1.1 Post-Prandial Glucose Metabolism 

Regulation of blood glucose levels is essential during the postprandial state. 

Following a meal, blood glucose levels rise, and in response, insulin is secreted by 

the beta cells (-cells) of the pancreas (Fu et al., 2014). -cells are stimulated by 

glucose when facilitative diffusion glucose transporters (GLUT) allow cellular entry 

of glucose into -cells (Navale & Paranjape, 2016). When glucose levels are 

elevated intracellularly, they are metabolized to produce adenosine triphosphate 

(ATP) and depolarization of the -cell follows. In response, voltage-dependent 

calcium channels open, vesicles fuse to the plasma membrane, and insulin release 

occurs via exocytosis (Meloni et al., 2013). Insulin is a hormone produced in the 

pancreas and stored in dense core vesicles, eventually becoming secretory 

granules (Meloni et al., 2013). Granules exist in two types of pools: a readily 

releasable pool, where release is in response to Ca2+, or in a reserve pool (Meloni et 

al., 2013). Insulin release is then further characterized by two distinct phases 

(Meloni et al., 2013; Wilcox, 2005). Secretion is rapid and transient in the first 
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phase, while the second phase is slower and sustained (Meloni et al., 2013). β-cells 

are stimulated to secrete insulin by the glucose metabolism, but this response can 

be further tailored through the action of many different hormones, including those 

secreted from the gastrointestinal tract in response to food intake. The incretin 

hormones, glucagon-like peptide 1 and glucose-dependent insulinotropic polypeptide 

induce directly binding to their respective receptors on the pancreatic β-cells, 

increasing glucose-stimulated insulin secretion (Fu et al., 2013) to tailor the 

response to ingested nutrients. Also within the islet are alpha (α)-cells which are 

complementary to the β-cell, secreting the peptide hormone glucagon to regulate 

glucose in the fasted state (Fu et al., 2013; Rix et al., 2019). 

1.1.2 Post-Prandial Lipid Metabolism 

Dietary lipid digestion begins in the oral cavity, as lingual lipases are secreted 

and begin lipid degradation. Once in the stomach, lingual lipases and gastric lipases 

hydrolyze approximately 30% of triglycerides (Liao et al., 1984). Bile produced in the 

liver and stored in the gallbladder enters the duodenum, where the 

hydrophobic/hydrophilic bile salts and phospholipids emulsify the large lipid droplets 

into smaller droplets (Iqbal & Hussain, 2009). Emulsification contributes by 

increasing surface area and allowing lipolysis (Iqbal & Hussain, 2009). 

Triglycerides are broken down into fatty acids, monoglycerides, and glycerol, 

as digested by pancreatic lipases, typically in the upper segment of the jejunum 

(Iqbal & Hussain, 2009). Interestingly, high concentrations of bile salts result in an 

inhibitory effect on pancreatic lipase. Colipase prohibits this effect from occurring; 

thus, ensuring the hydrolysis of lipids by pancreatic lipases (Tso & Fujimoto, 1991; 

van Tilbeurgh et al., 1999). The absence of colipase in both humans are mice results 

in steatorrhea, a condition associated with appreciable amounts of undigested lipids 

in the feces (D’Agostino et al., 2002; Hildebrand et al., 1982; Iqbal & Hussain, 2009). 

Pancreatic lipase functions to hydrolyze triglycerides into mainly 2-monoglyceride, 

and fatty acids (Tso & Fujimoto, 1991). Micellization occurs as bile salts assemble 

the broken-down products (including cholesterols and fat-soluble vitamins), which 

are presented to the apical membrane of enterocytes, where they 
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pass through the membrane dependent on their physical properties. Enterocytes 

have specific transport mechanisms. Longer, more complex fatty acids and steroids 

assemble into chylomicrons (Wahbeh & Christie, 2011). Chylomicrons are 

composed of a hydrophobic interior (triglycerides and cholesterol ester), and of a 

hydrophilic exterior (phospholipids, apolipoproteins, and cholesterol), allowing them 

to enter aqueous environments (lacteal) (Mansbach & Siddiqi, 2010).  

Once in circulation, chylomicrons can obtain ApoC2 (co-factor for triglyceride 

hydrolysis) and ApoE (recognized by low-density lipoprotein (LDL) receptor, 

mediating the uptake of chylomicron remnants) (Feingold, 2021). Adipocytes come 

in contact with ApoC2 and in turn, activate lipoprotein lipase (embedded within 

chylomicron), hydrolyzing triglycerides (TG) to free fatty acids (FFA) (Feingold, 

2021). Chylomicron remnants are returned to the liver and taken up through the LDL 

receptor (Feingold, 2021) where the cholesterol can be stored, secreted in very low-

density lipoproteins (VLDL) or converted to bile acids (Feingold, 2021). 

1.2 Role of the Liver in the Regulation of Energy Homeostasis 

The liver is a fundamental organ involved in numerous physiological 

processes throughout the body (Kalra et al., 2021). In the fasted state, the liver can 

release glucose in the form of liberated glycogen and produce glucose in response 

to glucagon signaling through the stimulation of the gluconeogenic pathway (Trefts 

at al., 2017). Insulin stimulates glucose trapping through the enzyme glucokinase 

and utilization through cellular respiration in the fed state. In addition, it stimulates 

the synthesis of glycogen (Jensen et al., 2011).  

In addition to glucose, insulin also regulates the uptake and synthesis of 

lipids. Given their hydrophobic nature, lipids cannot circulate in the blood and must 

be assembled into lipoproteins. The four forms of lipoproteins are chylomicrons, 

VLDL, LDL, and high-density lipoproteins (HDL). Chylomicrons have the lowest 

density amongst the lipoproteins; they are the largest and are produced exclusively 

by the enterocytes within the gastrointestinal tract. There are various 

apolipoproteins associated with lipoproteins, but the two which do not exchange and 

form the structural scaffold are apolipoprotein B-100 (ApoB100), and apolipoprotein 
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B-48 (ApoB48) (Dash et al., 2014). Within the enterocytes, lipids including 

triglyceride, cholesterol ester, phospholipids and free cholesterol are assembled on 

ApoB48 through the actions of microsomal triglyceride transfer protein with the 

endoplasmic reticulum (further described in section 1.4.2.1.1.3).  In contrast, 

apoB100 is synthesized in the liver and is the backbone of VLDL and LDL. 

Lipogenesis is the process of fatty acid synthesis, which can increase triglyceride 

stores (Kersten, 2001). Triglyceride synthesis occurs through the acetylation of fatty 

acids to acyl-CoA. Acyl-CoA synthetase is a fatty acid activating enzyme, catalyzing 

FFA activation to Acyl-CoA esters (Ahmadian et al., 2007). Acyl-CoA esters 

participate in the glycerol 3-phosphate pathway, leading to the storage and 

synthesis of triglycerides. Acyl-CoA is first esterified on a molecule of glycerol 3-

phosphate (catalyzed by glycerol-3-phosphate acyltransferase (GPAT)), leading to 

the production of lysophosphatic acid. A second Acyl-CoA participates in forming 

phosphatic acid (done by 1-acylglycerol-3-phosphate O acyltransferase (AGPAT)). 

Phosphatidic acid is phosphorylated to create diacylglycerol (activity by phosphatidic 

acid phosphatase), where a third acyl-CoA is added to finally form a triglyceride 

molecule (catalyzed by diacylglycerol acyltransferase (DGAT)) (Ahmadian et al., 

2007). The synthesis of triglycerides and their assembly onto lipoproteins is 

regulated by insulin in the liver. Insulin stimulates lipogenesis to facilitate storage of 

nutrients in the post-prandial state (Wilcox, 2005) and hepatic VLDL secretion is 

reduced in the post-prandial state (Kamagate et al., 2008).  

1.3 Role of Adipose Tissue in the Regulation of Energy Homeostasis 

1.3.1 White Adipose Tissue 

Adipose tissue is an essential organ involved in storage and synthesis of 

triglycerides (Ahmadian et al., 2007). Lipoprotein lipase (LPL) is synthesized in a 

variety of tissue types, including adipose tissue (Feingold, 2021). LPL plays a role in 

hydrolysis of triglycerides carried in chylomicrons and VLDL, allowing FFA to be 

taken up by adipocytes (Feingold, 2021). Delivery of triglycerides from the liver 

occurs through VLDL (Foufelle & Ferré, 2013). Fatty acid transport proteins (FATP), 

as well the cluster of differentiation 36 (CD36) transporter, allow FFA to pass 
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through the adipocyte’s plasma membrane (Feingold, 2021). FATP function by 

translocation from an intracellular location to the membrane of adipocytes in 

response to insulin (Foufelle & Ferré, 2013). Once fatty acids enter the adipocyte, 

they are transported to the cytoplasm by fatty acid-binding proteins (FABP); 

generally, FABP4 in adipocytes (FABP5 can compensate when FABP4 is deleted) 

(Foufelle & Ferré, 2013). They are then re-esterified to triglyceride and stored in lipid 

droplets within the cytoplasm of adipocytes, which may occupy most of the cell 

volume of white adipose tissue (Berg et al., 2002). LPL expression is highly 

regulated by insulin (Feingold, 2021), where its expression increases in the post-

prandial state and is reduced in the fasting state. In addition to the storage of 

triglycerides, white adipose tissue also secretes hormones (leptin, adiponectin, and 

adipsin) to influence food intake, insulin sensitivity, and insulin secretion (Cohen & 

Spiegelman, 2016). Leptin is an adipokine involved in regulating energy balance, 

mainly produced in adipose tissue. Interestingly, leptin levels positively correlate 

with adipose tissue mass (Clarke, 2007; Moller et al., 1998). Furthermore, fasting 

influences decreases plasma leptin levels (Kersten, 2001) consistent with a role in 

suppressing food intake (Klok et al., 2007). Leptin-deficient mice experience 

increased food intake, as well as increased body weight (Pelleymounter et al., 

1998).  

1.3.2 Brown Adipose Tissue 
 
Brown adipose tissue (BAT) is responsible for the dissipation of energy 

through the production of heat (Contreras et al., 2016) by burning fuels such as FFA 

and glucose (Tabuchi & Sul, 2021). WAT can adopt a similar phenotype as BAT, 

allowing for increased thermogenesis in response to various stressors (Cuevas-

Ramos et al., 2019). Interestingly, subcutaneous WAT depots contain beige or brite 

cells, which increase uncoupling protein 1 (UCP1) expression in response to various 

stimuli, such as cold (Herz & Kiefer, 2019; Tabuchi & Sul, 2021). Non-shivering 

thermogenesis is mediated by UCP1, a protein transporter in the inner mitochondrial 

membrane (IMM) (Tabuchi & Sul, 2021). Adrenergic stimulation of BAT leads to the 

lipolysis of cytoplasmic lipid droplets, resulting in the formation of FA, activating 
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UCP1 (Fedorenko et al., 2012). As protons leak through UCP1 from the IMM into 

the mitochondrial matrix, the H+ gradient is uncoupled from ATP synthase, resulting 

in the proton gradient being dissipated as heat, rather than the production of ATP 

(Fedorenko et al., 2012; Tabuchi & Sul, 2021). 

Beige adipocytes have been observed to differentiate from progenitor cells 

present in WAT. Brown adipocytes arise from the myogenic factor 5+ (myf5+) 

precursor while beige and white adipocytes arise from the myf5- preadipocyte; thus, 

there is potential for transdifferentiation between beige and white to occur (Brestoff 

& Artis, 2015). Fibroblast growth factor 21 (FGF21) expression is increased with 

cold exposure, where production leads to upregulation of peroxisome proliferator-

activated receptor gamma co-activator (PCC)-1-alpha, increasing thermogenesis 

and browning (Cuevas-Ramos et al., 2019). Differentiation and activation occur 

when exposed to cold temperatures, as norepinephrine (NE) acts on -3 adrenergic 

receptors on the surface of adipocytes in mice (Christian, 2017). Cold is sensed by 

the hypothalamus, stimulating the release of NE, which then binds and activates -3 

adrenergic receptors. Activation leads to the production of cyclic adenosine 

monophosphate (cAMP) from ATP, allowing secondary messengers to 

phosphorylate hormone sensitive lipase (HSL). HSL functions by converting 

triglycerides (TG) to fatty acids (FA), used for the electron transport chain to create 

a proton gradient for UCP-1 (Tabuchi & Sul, 2021).  

1.4 The Role of the Intestine in Energy Homeostasis 
 
Most nutrient breakdown and absorption occur within the small intestine 

(Collins & Bhimji, 2018). The small intestine is divided proximally to distally into the 

duodenum, jejunum, and the ileum. The proximal region is the main site of nutrient 

absorption (Collins & Bhimji, 2018). A single layer of specialized cells within the 

intestine called the intestinal epithelium (Ali et al., 2020), provides a dynamic lining 

between the external and internal environment (Allaire et al., 2018). The intestinal 

epithelium regulates the uptake of nutrients and fluids while preserving barrier 

function (Ma et al., 2018). The surface of the epithelial lining is found in the form of 

finger-like protrusions, known as villi (Kim & Kim, 2020), which maximize surface 
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area by 30-fold and regulate nutrient absorption (Kiela & Ghishan, 2016). Located at 

the base of each villus are intestinal crypts, where progenitor cells are found and 

give rise to the lineages of specialized cells, including enterocytes, goblet cells, 

Paneth cells and enteroendocrine cells, which form the intestinal epithelium (van der 

Flier & Clevers, 2009). Cell turnover occurs every 4-5 days, allowing for cell 

proliferation and differentiation (Park et al., 2016). 

The most abundant cell, the enterocyte, absorbs water and nutrients to 

circulation (Noah et al., 2011). After absorption, carbohydrates and proteins enter 

the hepatic portal vein (De Iuliis & Pulerà, 2011), and lipids enter the lymphatic 

system (Dixon, 2010). 

Goblet cells synthesize and secrete mucins, which form a protective layer 

(Birchenough et al., 2015). They also protect the body as they regulate the innate 

immune function (Dao & Le, 2021), and Paneth cells regulate the intestinal flora 

population (Lueschow & McElroy, 2020) (Fig.1.1). 

At least 15 different cell types make up the enteroendocrine lineage, which 

produces various peptide hormones (Shroyer & Kocoshis, 2011). L-cells are one of 

the primary members of enteroendocrine lineage, responsible for the secretion of 

glucagon-like peptide-1 (GLP-1)/glucagon-like peptide-2 (GLP-2) (Jorsal et al., 

2018). Another important cell, the K-cell, is responsible for the secretion of glucose-

dependent insulinotropic polypeptide (GIP) (Jorsal et al., 2018). In the presence of 

nutrients, enteroendocrine cells secrete the incretin hormones GLP-1 and GIP, 

which bind to their receptors to potentiate insulin secretion from pancreatic -cells 

(Holst & Gromada, 2004). These aspects are discussed further below in sections 

1.4.2.3.2. and 1.4.2.3.3. 



Enterocyte

Enteroendocrine Cell
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Cell -Derived 

Hormones
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Region
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Figure 1.1. Anatomy of the Intestinal Epithelium. 

Nutrients enter through enterocytes into the capillary network or are assembled 

into chylomicrons to enter the lacteal. Enteroendocrine cells sense nutrients and 

secrete hormones glucagon-like peptide 1 (GLP-1), glucagon-like peptide 2 (GLP-

2) and glucose-dependent insulinotropic polypeptide (GIP). Goblet cells secrete

mucins to form a protective layer. The crypt region contains Paneth cells which

regulate immune function, and stem cells, which give rise to the specialized cells

found further up the intestinal villus.

8



 9 

1.4.1 Intestinal Remodelling 
 
The intestine is a highly dynamic organ and possesses significant plasticity. It 

allows organisms to respond to their surrounding environment by altering its size or 

thickness, along with cell content. The effect of this response ultimately allows for 

modulation of nutrient absorption and secretory responses (Le Gall et al., 2019). 

Modulation is typically dependent on the environment, and availability of nutrients, 

sufficing for tissue damage, stress conditions, and inflammation (de Sousa e Melo & 

de Sauvage, 2019). The intestinal epithelium is sensitive to DNA damage and 

ionizing radiation, particularly, the crypt stem cells (Blanpain et al., 2011). Cold 

exposure results in increased food intake and (Irwin et al., 2011; Ravussin et al., 

2014) the gut can respond and adapt by increasing size; ultimately, increasing 

absorptive capacity (Price et al., 2013). The maintenance and growth of the gut is 

dependent on the quantity of luminal nutrients present (Dailey, 2014), such that 

whole body energy deficit leads to increased intestinal size (Nilaweera & Speakman, 

2018). In hyperphagic db/db obese mice and in high-fat diet-induced, obese mice,  

β-catenin levels were increased in both models, a protein essential for maintaining 

intestinal integrity and homeostasis. The proliferation of cryptic stem cells, villi length 

and nutrient absorption were all increased; however, reversed with JW55 (inhibitor 

of the β-catenin pathway), as well as caloric restriction (Mao et al., 2013). High 

concentration glucose and FFA (nutrient overload) activate the GSK-3β/β-catenin 

pathway and increase β-catenin accumulation and induce increased intestinal cell 

proliferation.  

1.4.2 Role of the Cells of the Intestinal Epithelium 

1.4.2.1 Enterocytes 
 
The enterocyte is the most abundant cell within the intestinal epithelium 

(Hooper, 2015). Enterocytes function as a physical barrier, preventing pathogens 

within the intestinal lumen from entering the bloodstream. While serving barrier 

function, they are also highly ordered absorptive cells (McConnell et al., 2009). 

Crypt stem cells give rise to enterocytes and typically reside towards the apical tips 
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of the villus (Engevik & Goldenring, 2018). A brush border, made up of microvilli, 

exists on the apical end of enterocytes and functions by further increasing surface 

area for nutrient absorption (McConnell et al., 2009). Along the brush border, 

selective transporters allow nutrient passage through the apical end of enterocytes 

and exit the basolateral membrane (McConnell et al., 2009). 

1.4.2.1.1 Nutrient Transport in Enterocytes 

1.4.2.1.1.1 Carbohydrate Transport 

 Glucose and galactose enter enterocytes by sodium-glucose transporter 1 

(SGLT1) (Kiela & Ghishan, 2016). SGLT1 uses a Na+ gradient for transport, 

permitting one sugar molecule's entry and two sodium ions into the transporter 

(Kiela & Ghishan, 2016). Following the entry into the enterocyte, sodium ions along 

the basolateral membrane undergo active transport through the sodium-potassium 

pump (Na+ K+ ATPase). Unlike glucose and galactose, fructose is transported 

through GLUT5 transporter, facilitating entry into the enterocyte and 

enteroendocrine cells. These carbohydrates enter into the blood stream via 

facilitated diffusion utilizing glucose transporter 2 (GLUT2) in the basolateral 

membrane of enterocytes, (Wright et al., 2011) and enter systemic circulation 

through the portal vein. 

1.4.2.1.1.2 Protein Transport 

 Proteins entering the intestine are hydrolyzed, forming oligopeptides and 

amino acids, where most amino acids are absorbed through sodium co-transporters 

(Na+ and H+ linked amino acid transporters) (Chen et al., 2010; McCauley et al., 

2020). Peptide transporter 1 (PEPT1) is another common transporter present in the 

brush border (A. Chen et al., 2010; McCauley et al., 2020). There are at least 6 

unique amino acid transporters in the basal membrane of the cell; however, the 

most common form is solute carrier family 8 memberA2 (SLC8A2), where sodium 

dependent transport for all amino acids occurs (Kiela & Ghishan, 2016). Other 
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transporters are specialized for glycine (SLC6A9), cationic amino acids (SLC7A1), 

neutral amino acids (SLC7A8), along with a variety of others (Kiela & Ghishan, 

2016). These also enter circulation through the portal vein. 

1.4.2.1.1.3 Lipid Transport 
 

Unlike carbohydrates and proteins, lipids cannot enter the bloodstream as 

easily due to their hydrophobic nature (Feingold, 2021). Lipids freely diffuse into 

enterocytes through CD36 receptors (Dixon, 2010; Iqbal & Hussain, 2009). Short 

and medium-chain FA can diffuse directly into capillaries for portal circulation via 

simple diffusion, while longer FA, monoglycerides, fat-soluble vitamins, and 

cholesterol are assembled into chylomicrons (Wahbeh & Christie, 2011). For these 

lipids unable to simply diffuse, fatty acid binding proteins within the cytosol aid with 

transportation to the endoplasmic reticulum (ER), where fatty acids are transported 

through the fatty acid transfer protein. Embedded within the endoplasmic reticulum 

are Acyl-CoA: cholesterol acyltransferases, diacylglycerol acyltransferases and 

lecithin:retinol acyltransferases, which serve the purpose of esterifying the 

cholesterol, monoacylglycerols, and retinol, to be packed into pre-chylomicrons 

(Iqbal & Hussain, 2009).  

 A single apolipoprotein B gene allows for the synthesis of both apoB48 and 

apoB100 proteins. Due to messenger ribonucleic acid (mRNA) editing, ApoB48 is 

48% of the length of ApoB100, where a cytidine is replaced by uracil, creating a stop 

codon (Nakajima et al., 2014). This phenomenon occurs with the APOBEC1 editing 

complex being found only in the intestine of humans but in the liver and intestine of 

mice (Davidson & Shelness, 2000; Nakajima et al., 2014). Microsomal triglyceride 

transfer protein (MTP) is a cellular protein present in the ER, chaperoning the 

neutral lipids (triglycerides and cholesterol esters) onto the ApoB48 backbone by a 

shuttle mechanism (Hussain et al., 2012), and by binding to ApoB48 with high 

affinity (Hussain et al., 2003). Pre-chylomicrons are transported to the Golgi, further 

processed (Hesse et al., 2013), and fused into another transport vesicle, transported 

to the basolateral membrane (Giammanco et al., 2015). Chylomicrons are 
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transported to lacteals through lymph vessels and eventually enter the bloodstream 

at the thoracic duct. 

1.4.2.2 Goblet Cells 
 

 The intestine is central to both nutrient absorption and maintaining a 

protective barrier. Goblet cells (GC) are specialized cells embedded within the 

intestinal epithelium and have a principal role in secreting mucins, which form a 

layer over the intestinal epithelium (Hooper, 2015). The formation of a mucus gel aid 

in fortifying the mucosal barrier (Camilleri et al., 2019) and limiting bacterial 

penetration (Hansson & Johansson, 2010). Much like other specialized intestinal 

epithelial cells, pluripotent stem cells give rise to goblet cells, and are renewed 

continuously (Dao & Le, 2021). 

Goblet cells in the small intestine secrete glycoproteins, a key mucin 

component. Mucin is secreted upon stimulation by endocytosis or acetylcholine 

(Dao & Le, 2021). Goblet cells also play a role in immune function by taking up 

antigens (Hooper, 2015). Mucin 2 (MUC2) (predominantly secreted from intestinal 

GC’s) mucin is secreted from goblet cells, a critical structural component of the 

outer mucin layer. MUC2 deficiency renders goblet cells unable to produce mucin 

properly, and they are unable to protect the epithelium from bacteria invasion; thus, 

leading to intestinal inflammation (Hansson & Johansson, 2010). Goblet cells are in 

a lesser abundance than the absorptive cells population. These specialized cells 

increase in abundance distally such that they are most abundant towards the ileum 

and in the colon (Shroyer & Kocoshis, 2011). Interestingly, recent data suggest that 

GC contains goblet cell-associated antigen passages (GAPs), which allow luminal 

antigens to enter the cell. The antigens are then delivered to antigen-presenting 

cells (APCs). Based on the signal received, secretion of chemokines and cytokines 

also occurs for recruitment of immune cells to regulate an immune response (Knoop 

& Newberry, 2018). APCs present the antigen to T-cells for removal.  
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1.4.2.3 Enteroendocrine Cells 

Enteroendocrine cells are specialized cells that reside within the intestinal 

epithelium and secrete peptides that regulate satiety, energy metabolism and 

gastrointestinal (GI) motility in response to nutrient stimulation (Lee & Owyang, 

2019). Various enteroendocrine cell types exist, with specific receptors to synthesize 

and secrete their respective hormone (Lee & Owyang, 2019). Hormones are 

secreted from their storage granules into circulation, and where they can rapidly 

activate their receptors to initiate signaling (de Lartigue & Raybould, 2012). 
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Figure 1.2 : Receptors and Signalling Components Present on 

Enteroendocrine K and L-Cell, Trigger Secretion of GLP-1, GLP-2, and 

GIP. 

Microvilli protrude from the apical side of the cell, extending towards the 

lumen. Incoming macronutrients from the lumen are detected and sensed by 

receptors present on the apical border. Carbohydrates are divided into 

monosaccharides and short-chain fatty-acids (SCFA). Glucose is transported 

through the sodium-glucose linked transporter (SGLT1). Glucose passes 

through the glucose transporter 2 (GLUT2) present on the basolateral 

membrane, and into the bloodstream. GLUT5 is responsible for sensing 

fructose. Short-chain fatty acids (SCFA) are derived from microbial 

fermentation, and are sensed by the free fatty acid receptors (GPR40/FFAR1 

and GPR120/FFAR4). Long-chain fatty-acids are sensed by GPR43/FFAR2 

and GPR41/FFAR3, along with G-protein coupled receptor 119 (GPR119). 

Amino acids are detected by GPR9C6A. Lipoprotein lipase is involved in the 

production of LCFA and monoacylglycerols. Regulatory factors x6 (Rfx6) and 

insulin promoter factor 1 (Pdx1) influence GIP expression and secretion. 

Sensing by the majority of listed receptors allow for secretion of GLP-1/GLP-2 

from L-cells and GIP secretion from K-cells into circulation, allowing for various 

endocrine, paracrine, and neuronal function. 

Pdx1

Rfx6

Pax6

Adapted from Figure 2, Morrow, N. M., Hanson, A. A., & Mulvihill, E. E. (2021). 

Distinct Identity of GLP-1R, GLP-2R, and GIPR Expressing Cells and 

Signaling Circuits Within the Gastrointestinal Tract. Frontiers in Cell and 

Developmental Biology, 9. https://doi.org/10.3389/fcell.2021.703966
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1.4.2.3.1 Regulation of the Synthesis and Secretion of Gut Hormones 

Luminal contents (mainly macronutrients) contact microvilli located on the 

apical end of enteroendocrine cells and are sensed by the chemosensors 

(Spreckley & Murphy, 2015). There are a variety of chemosensors, including the G-

protein-coupled receptor/free-fatty acid receptors (GPR/FFAR) examples include: 

GPR40/FFAR1 and GPR120/FFAR4, which sense short-chain fatty acids (SCFA), 

and GPR43/FFAR2, GPR41/FFAR3, which sense long-chain fatty acids (LCFA). 

Further, amino acids are sensed by GPRC6A (Spreckley & Murphy, 2015), and 

monosaccharides are sensed by SGLT-1 (Gribble et al., 2003; Moriya et al., 2009; 

Ritzel et al., 1997; Wu et al., 2010). Sensing of macronutrients leads to the secretion 

and control of the physiological concentrations of GLP-1, GLP-2, and GIP into 

circulation (Spreckley & Murphy, 2015). The intestinal derived, preproglucagon 

derived peptides are processed and secreted from enteroendocrine L-cells. GLP-1 

and GLP-2 are modification products which arise from a prohormone, proglucagon 

(Sandoval & D’Alessio, 2015). Proglucagon is a post-translational product from the 

preproglucagon gene expressed in L-cells. Proglucagon is cleaved by prohormone 

convertase 1/3 (PC1/3) to form four active proteins (Fig.1.3), including GLP-1 and 

GLP-2 (Hruby, 1997). Interestingly, GLP-1 and GLP-2 are secreted in a 1:1 molar 

ratio (Matikainen et al., 2016). The GIP precursor has been less well-defined; 

however, immunohistochemistry reveals PC1/3 expression in GIP immunoreactive 

cells, and it was later determined that PC1/3 is also essential for the cleavage of 

proGIP to GIP in K-cells (Ugleholdt et al., 2006) (Fig.1.4). Regulatory factor X6 

(Rfx6) and pancreatic and duodenum homeobox 1 (Pdx1) are transcription factors 

that regulate Gip messenger ribonucleic acid (mRNA) expression by binding to the 

Gip promoter (Suzuki et al., 2013). Similarly, paired box 6 (Pax6) is an essential 

transcription factor in enteroendocrine cells that binds to the Gcg promoter, 

activating proglucagon gene expression (Hill et al., 1999). The half-lives of many 

peptides are generally short (minutes) due to the presence of dipeptidyl-peptidase-4 

(DPP4) (Singh, 2014). DPP4 is a serine protease that cleaves at position-2 alanine 

or proline and renders the hormones unable to engage their respective receptors 
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(Mulvihill & Drucker, 2014) (Fig. 1.5). GLP-1 and GIP (incretins) are the main 

contributors to the incretin effect as they are linked to insulinotropic effects, following 

nutrient stimulation (Nauck & Meier, 2016). The incretin effect is characterized by 

the potentiation effect glucose administered orally has on insulin secretion, 

compared to achieving similar glycemia with intravenous glucose in healthy 

individuals (Holst & Ørskov, 2004). Subjects with type 2 diabetes (T2D) almost lose 

their entire ability to undergo this phenomenon (Holst & Ørskov, 2004), suggesting 

impaired incretin function.  
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Convertase 2 (PC2) from the Proglucagon Protein. 

PC1/3 cleaves proglucagon in enteroendocrine L-cells, resulting in GLP-1, GLP-2, 
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resulting in GRPP, glucagon, and MPGF.
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Figure 1.4. Glucose-Dependent Insulinotropic Polypeptide (GIP) is Cleaved 

by PC1/3 from the ProGIP Protein. 

ProGIP is cleaved by PC1/3 in enteroendocrine K-cells, resulting in a mature 42-

amino acid GIP. 
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1.4.2.3.2 Glucagon-Like Pepide-1 (GLP-1) 
 

 GLP-1 is one of the two incretin hormones, most well-known for its 

ability to potentiate nutrient-stimulated insulin secretion. GLP-1 also plays many 

roles in glucose and lipid metabolism, energy balance, and food intake (please see 

sections 1.4.2.3.5.1.1 and 1.4.2.3.5.1.2). Synthesis of GLP-1 results in a peptide 

with a length of 30-31 amino acids (Mapelli et al., 2009). Once L-cells of the 

intestine secrete GLP-1, the hormone signals receptors in the pancreas, intestine, 

neurons, and stomach (Andersen et al., 2021; Richards et al., 2014). GLP-1 

receptor (GLP-1R) is a 7- transmembrane protein, a class of receptors known as a 

G-protein-coupled receptor (GPCR) (Graaf et al., 2016; Usdin et al., 1993; Yang et 

al., 2015). Upon GLP-1 binding, G-protein coupled receptor trimeric subunits 

undergo a conformational change. The alpha subunit is activated by guanosine-5’-

triphosphate (GTP) binding, allowing release from the beta and gamma subunits 

(Lodish et al., 2000). The alpha subunit further stimulates adenylyl cyclase, 

catalyzing the conversion of ATP to cyclic adenosine monophosphate (cAMP), an 

essential second messenger. Protein kinase A (PKA) and exchange protein 

activated by cAMP (Epac) are downstream effectors that inhibit the K+
ATP channel; 

and in turn, repolarization does not occur (Müller et al., 2019). Inositol triphosphate 

receptor (IP3R) and ryanodine receptor (RYR) are found on the endoplasmic 

reticulum, responsible for mediating the release of calcium, influencing the secretion 

of insulin (Müller et al., 2019). An increase in glucose concentration induces GLP-1-

meditated insulin secretion following a meal (potentiates secretion by increasing the 

inward calcium current, which initiates exocytosis) (Müller et al., 2019) (Fig.1.6). 

Ultimately, GLP-1 is one of the more potent potentiators insulin release, surpassing 

the ability of GIP (Holst & Ørskov, 2004). Additionally, GLP-1 must rapidly stimulate 

insulin secretion due to its short half-life of 2-3 minutes following release from L-cells 

(Seino et al., 2010). 
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1.4.2.3.3 Glucose-Dependent Insulinotropic Polypeptide (GIP) 

GIP is also an incretin hormone, which plays a role in potentiating insulin 

secretion from pancreatic -cells and increasing glucagon secretion, along with 

regulating postprandial metabolic homeostasis (Campbell, 2021). GIP is secreted 

from up the upper region of the small intestine (Seino et al., 2010) due to higher K-

cell density (Holst & Ørskov, 2004; Khan et al., 2020). mRNA isolated from various 

intestinal tissue indicated that more significant expression of the GIP gene is 

present in the duodenum and the jejunum, while lower expression was identified in 

the ileum (Tseng et al., 1993). GIP was the first incretin to be discovered after being 

observed in pigs, functioning to inhibit gastric acid secretion. Receptors for GIP are 

in the proximal small intestine (particularly in the duodenum), adipose tissue, heart, 

and several brain regions such as the cerebral cortex, hippocampus, and adrenal 

cortex (Usdin et al., 1993). GIP receptor (GIPR) is also a GPCR, the same protein 

class as the GLP-1R and interestingly, shares 25-50% amino acid sequence 

similarities (Usdin et al., 1993). Like GLP-1, GIP is quickly cleaved and inactivated 

by DPP4; with a half-life of 4-5 minutes (Seino et al., 2010). Importantly, GIP 

promotes an insulinotropic effect by inducing signaling through its receptor on the 

pancreatic -cell (Khan et al., 2020).  

Binding to the receptor allows for an increase in intracellular cAMP due to 

activation of adenylate cyclase. The increase in cAMP activates protein kinase A 

(PKA) (closes KATP channels and membrane depolarization) and EPAC2/cAMP-

GEFII. Membrane depolarization allows for calcium intake, which further mobilizes 

calcium from intracellular stores (through PKA and EPAC2), ultimately triggering the 

release of insulin granules (Yabe & Seino, 2011). As mentioned, increased calcium 

concentrations result in increased exocytosis of insulin (Holst & Ørskov, 2004). 

While known for its incretin action in -cells, receptor activation also stimulates 

adipogenesis (Park et al., 2016) and modulates metabolic function through the gut-

brain axis (Higgins et al., 2016).  
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1.4.2.3.4 Glucagon-Like Peptide-2 (GLP-2) 
 

GLP-2 (1-33) is a 33 amino acid-long peptide involved in nutrient assimilation 

and energy homeostasis (Sherwood & Adams, 2004). Unlike the incretin hormones, 

activation of the GLP-2 receptor (GLP-2R) does not facilitate insulin secretion; but 

promotes intestinal growth and proliferation through downstream mediators (Fesler 

et al., 2020). GLP-2 is most known for its intestinotrophic capacity, increasing 

intestinal proliferation, inhibiting apoptosis, improving barrier function, increasing 

absorption, as well as increasing blood flow (Markovic & Brubaker, 2019). 

Treatment with a GLP-2R agonist often leads to increases in intestinal villus length, 

small bowel weight and crypt depth (Sigalet et al., 2006), while opposite effects are 

observed in mice lacking the Glp2r (Bahrami et al., 2010). Receptors for GLP-2 are 

localized to the hypothalamus, jejunum, and in stromal cells of the lamina propria. 

Receptors localized to the stromal cells enforce the link of GLP-2 with other 

intestinal growth factors, including keratinocyte growth factor (KGF), and IGF-1 

(Yusta et al., 2019). GLP-2 receptor activation increased cAMP concentrations in 

various transfected cells (Drucker & Yusta, 2014), which consistently activated PKA 

(Shin et al., 2005). Caco-2 cells, an in vitro model of the intestinal epithelium, 

requires activation of the phosphatidylinositol-3 kinase (PI3K) and the mitogen-

activated protein kinase (MAPK) pathways for increasing cell proliferation in 

response to GLP-2 treatment (Jasleen et al., 2000; Shin et al., 2005.; Walsh et al., 

2003). 

1.4.2.3.5 Gut Hormone Receptors and Signaling Circuits  

1.4.2.3.5.1 GLP-1- Mediated Regulation of Post-Prandial Lipid 
Metabolism 
 

As previously stated, activation of the GLP-1R potentiates nutrient stimulated 

insulin secretion and facilitates glucose uptake into cells (Abdulla et al., 2014). 

Insulin can also regulate carbohydrate, lipid, and protein metabolism (Wilcox, 2005). 

Potentiation of endogenous GLP-1 has been shown to regulate lipid metabolism as 

treatment with the DPP4 inhibitor sitagliptin attenuated dyslipidemia in mice with 

diet-induced insulin resistance (Hsieh et al., 2010).  
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To further demonstrate the metabolic effects of the incretin hormones, 

studies have generated and characterized Glpr1-/- mice. Unsurprisingly, Glp1r-/- 

demonstrate increased blood glucose levels during an oral glucose tolerance test, 

compared to wildtype mice (Scrocchi, Brown, MacLusky, et al., 1996). 

GLP-1 action has been recognized to decrease post-prandial triglyceride 

secretion and ApoB48 levels in rodents (Hsieh et al., 2010). This is relevant for 

patients with T2D who take GLP-1R agonists, as dyslipidemia in T2D is 

characterized by increased plasma TG levels and decreased high-density 

lipoprotein (HDL) cholesterol (Patel et al., 2014). Treatment with either native GLP-1 

or exendin-4 (GLP-1R agonist) on HepG2 cells increases the apoA1 gene, a 

component of HDL (Chehade et al., 2013). In patients with T2D, serum TG levels 

were significantly lower with Exenatide (GLP-1R agonist) than with treatment with a 

placebo (Schwartz et al., 2010). Furthermore, post-prandial plasma TG levels were 

markedly greater in Glp1r-/- mice compared to wildtype mice (Hsieh et al., 2010); 

thus, demonstrating GLP-1’s important role in the uptake and distribution of dietary 

lipids. 

  



GIP Receptor

GLP-1 Receptor

GLP-2 Receptor

Intestine

Figure 1.6. Hormone Action for Binding of Glucagon-Like Peptide 1 (GLP-1), 

Glucagon-Like Peptide 2 (GLP-2) and Glucose-Dependent Insulinotropic 

Polypeptide (GIP) to its Respective Receptor in Various Organs. 

GLP-1 receptor activation leads to decreased food intake (brain), gastric emptying 

(stomach), glucagon secretion (pancreas), and an increase in insulin secretion 

(pancreas). GLP-2 receptor activation allows for decreased food intake, gastric 

emptying, decreased cell apoptosis (intestine), and increased intestinal 

proliferation, barrier function, and nutrient absorption (intestine). GIP receptor 

activation leads to increased lipid accumulation (adipose tissue), and increased 

insulin and glucagon secretion (pancreas). Created with BioRender.com
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1.4.2.3.5.2 GLP-1 and Food Intake 

Energy balance is another key factor of homeostasis linked to the action of 

GLP-1. GLP-1 action has also been associated with reduced food intake in both 

humans and rodents and increased energy expenditure in rodents (Boguszewski, 

2015) (Fig.1.6). Rats were treated with exendin-9 (GLP-1R antagonist) for three 

days, displayed hyperphagia and increased body weight. Oppositely, injection of 

GLP-1 (3nmol) in rats for six days led to decreased food intake and body weight 

(Meeran et al., 1999).  

GLP-1Rs are widely expressed in neurons and control appetite (Dailey & 

Moran, 2013). GLP-1 can be derived from preproglucagon-expressing neurons in 

the brain stem function to signal locally to restrict food intake (Katsurada & Yada, 

2016). Additionally, GLP-1 has been reported to cross the blood-brain barrier. GLP-

1 ensues action potentials, which increase cytosolic calcium concentrations in the 

neurons of nodose ganglia. GLP-1 neurons from the nucleus tractus solitarius (NTS) 

project in the central nervous system and include the paraventricular nucleus (PVN). 

Endogenous GLP-1 in the brain was reported to target the PVN, leading to the 

restricting of feeding. Additionally, neurons are activated by central and peripheral 

signals from the GLP-1R+ vagal afferent (Katsurada & Yada, 2016). Furthermore, 

GLP-1 interacts with leptin; a hormone linked to satiety. Interestingly, leptin 

receptors are present on intestinal L-cells and on GLP-1-secreting neurons, where 

leptin was demonstrated to stimulate GLP-1 secretion from L-cells (Anini & 

Brubaker, 2003; Ronveaux et al., 2015). However despite GLP-1 is known to be 

associated with inhibition of food intake (Dailey & Moran, 2013; Hansotia et al., 

2004); however, food intake (Scrocchi, Brown, MacLusky, et al., 1996) and body 

weight was similar between Glp1r-/- and Glp1r+/+ mice (Ayala et al., 2010; Scrocchi, 

Brown, MacLusky, et al., 1996) suggesting other hormones may compensate in its 

absence. 
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1.4.2.3.5.3 GLP-1 and Intestinal Growth 
 
 In addition to the actions of GLP-2, GLP-1 also promotes nutrient absorption 

and contributes to intestinal growth (Drucker & Yusta, 2014). Koehler et al. used 

glucagon receptor knockout (Gcgr-/-) mice to determine the influence of GLP-1 on 

bowel growth. GLP-1 levels were significantly elevated in Gcgr-/- mice, along with 

GLP-2, as GLP-1, GLP-2, and Glucagon are all derived from preproglucagon (Ali et 

al., 2011). Native GLP-1 did not significantly increase small bowel weight and length 

in Glp1r-/- mice; however, Gcgr-/- mice did experience increased large bowel weight 

and length. Treatment with exendin-4 resulted in increased weight and small bowel 

length. Chronic treatment (twice daily for one month) results in increased small 

bowel weight and length, intestinal circumference, and crypt number in the 

duodenum and jejunum but not in the ileum. Interestingly, villus height was not 

increased with treatment (Koehler et al., 2015). These studies demonstrate the 

influence of GLP-1 on intestinal growth, specifically, increasing bowel weight and 

length (Koehler et al., 2015).  

1.4.2.3.5.4 GIP Action on Energy Homeostasis and Adipose Tissue 
 

GIP has been described to have roles in glucose and lipid metabolism, 

energy balance, and food intake (Barrera et al., 2011). Interestingly, native GIP itself 

may not contribute to these effects as significantly as GLP-1, as food intake or body 

weight was unaffected in global germ-line deletion of the Gipr mice in chow-fed mice 

(Miyawaki et al., 1999).  However Gipr-/- mice are resistant to diet-induced obesity 

(DIO) (Killion et al., 2018). Administration of long-acting fatty-acylated GIP (GIP 

analog) in wildtype mice with diet-induced obesity (DIO) resulted in increased cFOS 

neuronal activity in the hypothalamic feeding centers, decreased food intake and 

body weight and improved glucose handling (Zhang et al., 2021). Humans treated 

with GIP (3-30) NH2, a GIPR antagonist, demonstrated decreased total insulin, blood 

glucose and subcutaneous abdominal adipose tissue blood flow. Further, adipose 

tissue TG and glucose uptake were decreased, emphasizing GIP’s effect on 

glucose and lipid metabolism (Asmar et al., 2017). GIP(3-30)NH2 treatment resulted 

in increased body weight, fat mass, TG levels, LPL, and leptin in rats, which 
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illustrates GIP’s role in lipid metabolism (Baldassano et al., 2019). GIP also 

demonstrates an anabolic effect on adipose tissue and regulates adipokine 

secretion (Baldassano et al., 2019). Signaling through its receptor leads to an 

increase in fat accumulation by effectively increasing LPL, along with a variety of 

other pathways (Yamane & Harada, 2019). GIP is capable of increasing fat storage, 

however, it is unclear whether this is entirely mediated by binding to its receptor on 

adipocytes or by the secretion of insulin or both, allowing a switch from lipolysis to 

lipogenesis in white adipose tissue (Martin et al., 2020) (Fig.1.6). GIP has also been 

suggested to play a role in insulin resistance as Gipr-/- mice were protected from 

diet-induced insulin resistance (Miyawaki et al., 2002). 

1.4.2.3.5.5 Metabolic Role of Endogenous Incretin Hormone Receptor 
Signalling  

Metabolic processes have additionally been investigated in double incretin 

receptor knockout mice (DIRKO), (Glp1r-/-Gipr-/-). Despite lacking both the Glp1r and 

Gipr, male and female DIRKO mice exhibit normal food intake and body weight 

(Hansotia et al., 2004). Treatment with either GIP or exendin-4 DIRKO improved 

glucose tolerance in wildtype mice, but not in DIRKO mice (Hansotia et al., 2004). 

Interestingly, the islets of DIRKO mice were perfused with basal medium (1mmol/L 

glucose) to determine insulin-releasing capacity, where insulin secretion was 

preserved in these mice, suggesting that the incretin signaling through potentiating 

pathways are not required for basal insulin secretion (Hansotia et al., 2004). 

1.4.2.3.5.6 GLP-2R Signaling and Glucose Metabolism 

Unlike GLP-1 and GIP, GLP-2 does not play a role in insulin secretion 

(Janssen et al., 2013) and conversely to GLP-1, GLP-2 increases glucagon 

secretion (Janssen et al., 2013; Sørensen et al., 2003). Although not influencing 

insulin secretion, GLP-2 does play a role in glycaemic control and insulin sensitivity 

(Amato et al., 2016). Glp2r-/-  mice exhibit modest deterioration in glucose tolerance 

(Bahrami et al., 2010; Fuchs et al., 2020). Interestingly, tissue specific knockout of 

the Glp2r in the proopiomelanocortin (POMC) hypothalamic neurons (region for 
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energy balance) demonstrates impaired postprandial glucose tolerance and hepatic 

insulin resistance (Amato et al., 2016; Shi et al., 2013). HFD is known to be 

associated with glucose intolerance and insulin resistance; therefore, a GLP-2 

antagonist (GLP-2 (3-33)) was used to block GLP-2 signaling (Baldassano et al., 

2015). Treatment with a GLP-2R antagonist resulted in increased glucose 

intolerance, fasting and glucose-induced insulin levels, as well as insulin resistance 

(Baldassano et al., 2015). These results suggest that endogenous GLP-2 is 

protective against dysregulation of glucose metabolism under HFD feeding.  

1.4.2.3.5.7 GLP-2 Signaling and the Regulation of Lipid Metabolism 

GLP-2 is involved in lipid homeostasis (Matikainen et al., 2016), and 

facilitates intestinal absorption of lipids (Hsieh et al., 2009). It is thought that GLP-2 

mediates CD36/fatty acid translocase, and also influences chylomicron secretion 

(Hein et al., 2013). Administration of GLP-2 was able to demonstrate increased TG 

and ApoB48 levels while feeding (Dash et al., 2014), further implying GLP-2 effect 

on intestinal lipid metabolism. As the Glp2r is not expressed in enterocytes 

(Markovic & Brubaker, 2019), GLP-2’s effect on intestinal lipid metabolism is not 

completely understood. Many studies use exogenous GLP-1 and GLP-2; thus, it is 

suggested that the effect on the pathways differ compared to endogenously 

released peptides (Matikainen et al., 2016).  

1.4.2.3.5.8 GLP-2 and Food Intake 

Far less is known about GLP-2’s role in energy homeostasis than the 

extensively studied GLP-1; however, results have shown reduced food intake and 

increased energy expenditure (Burrin et al., 2001; Guan, 2014) (Fig.1.6). Similarly to 

mice infused with GLP-1 (Boguszewski, 2015), GLP-2 infusion in rats suppresses 

food intake (Burrin et al., 2001). Compared to vehicle treated mice, mice treated 

with [Gly2]GLP-2 displayed significantly reduced food intake in both lean and DIO 

mice. There is very little known about the pathways in which GLP-2 influence food 

intake; however, it has been speculated that GLP-2R activation leads to 

acetylcholine release on post-ganglionic neurons to elicit control (Guan, 2014).  
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1.4.2.3.5.9 GLP-2 and Intestinal Growth 
 

GLP-2's role in intestinal growth has been well established 

pharmacologically, adapting to maximize surface area when the nutrient 

requirement is increased (Sherwood & Adams, 2004) (Fig.1.6). Studies involving 

native GLP-2 injection have further shown the contribution the hormone makes to 

intestinal growth. Injection of GLP-2 twice daily for 10 days in 8 week old females, 

resulted in significantly greater bowel weight and crypt-villus height than control 

mice; while glicentin, GLP-1, and IP-2 did not influence significant growth (Drucker 

et al., 1996). Greater small bowel weight with GLP-2 administration was seen after 

six days of treatment, while one-, two-, and four-day treatment did not demonstrate 

significantly greater weight compared to control mice (Drucker et al., 1996). Crypt-

villus height was measured in the proximal and distal jejunum, along with the ileum, 

with all sections demonstrating greater height compared to vehicle treated mice 

(Drucker et al., 1996). These results imply that GLP-2 functions as a small bowel 

growth factor (Drucker et al., 1996). Villus height increases were also observed in 

Fischer rats treated with GLP-2; however, crypt depth was not increased. DPP4 

mutant Fischer rats demonstrated significantly increased villus height and crypt 

depth, indicating that DPP4 is a determinant of GLP-2 bioactivity (Drucker et al., 

1997). 

The intestinotrophic potential of GLP-2, growth is not direct and occurs 

through its downstream mediators (Markovic & Brubaker, 2019). GLP-2 is involved 

in inducing growth by signaling through the GLP-2R on intestinal subepithelial 

myofibroblasts (ISEMF) (Dubé et al., 2006), which induces secretion of IGF-1 

(Markovic & Brubaker, 2019). The necessity for IGF-1 action to increase growth was 

determined by knocking out the Igf1r; thus, in these conditions, GLP-2 

administration alone was insufficient towards increasing microvillus growth 

(Markovic & Brubaker, 2019). IGF-1 has also been demonstrated to influence 

intestinal bowel growth and improve barrier function after intestinal resection 

(Drucker et al., 1996). Alongside IGF-1, activation of the GLP-2R on subepithelial 

myofibroblasts results in the release of IGF-2, epidermal growth factor (EGF), KGF, 

and transforming growth factor- (Connor et al., 2016). Interestingly, EGF 
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synergistically enhances IGF-1’s proliferative properties, and both are critical for 

GLP-2’s intestinotrophic capabilities (Fesler et al., 2020). IGF-1 binds to its receptor, 

inducing -catenin activation on intestinal epithelial cells, resulting in intestinal 

growth (Rowland et al., 2011). Mice lacking the intestinal epithelial IGF-1 receptor 

were treated with either EGF, hGly2GLP-2, or a combination to determine if the 

growth factor influence GLP-2’s intestinotrophic abilities in vivo (Fesler et al., 2020). 

Treatment of hGly2GLP-2 alone resulted in increased crypt cell proliferation; 

however, co-administration of EGF and hGly2GLP-2 impressively resulted in 

increased small bowel weight and villus height. Although growth was observed, far 

greater growth was observed in wildtype mice compared to mice lacking the IGF-1 

receptor. These results underline the synergistic effects of intestinal growth factors 

and GLP-2 (Fesler et al., 2020). 

1.4.2.3.6 Development of GLP-2R agonists for the Treatment of Short 
Bowel Syndrome 

Short bowel syndrome (SBS) is the shortening of the small bowel due to 

intestinal resection, such that less than 200 cm of the small intestine remains 

(Donohoe & Reynolds, 2010). Due to the shortening of the bowel, there is a need for 

increased nutrient absorption, as malabsorption is a very profound outcome. 

Patients experience malabsorption, diarrhea, steatorrhea, dehydration, malnutrition, 

as well as electrolyte imbalance with accompanying weight loss (Guillen & Atherton, 

2020). Management includes maintaining good nutritional status and maximizing 

absorptive surface area (Guillen & Atherton, 2020). There exist a few therapeutic 

approaches, one namely being a DPP4 resistant recombinant human GLP-2 

analogue: teduglutide. This drug replaces alanine with position 2 glycine of the GLP-

2 peptide, allowing for resistance to DPP4 cleavage, enhancing GLP-2 activity and 

increasing its half-life to 0.9-2.3 hours (Jeppesen et al., 2005). Teduglutide 

treatment for 21 days in patients with SBS resulted in decreased fecal wet weight, 

fecal energy excretion. Further, patients experience increased urine output, sodium 

absorption, villus height and crypt depth compared to baseline measurements, and, 

importantly, body weight. Wet weight absorption (difference in diet wet weight and 
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fecal wet weight) was increased with treatment, while fecal output was decreased in 

15/16 SBS patients (Jeppesen et al., 2005). Compared to native GLP-2, teduglutide 

increased wet weight absorption threefold, and absolute energy absorption twofold, 

allowing several patients to be removed from parenteral nutrition and demonstrating 

its ability to drastically improve intestinal function in patients who suffer from SBS 

(Jeppesen et al., 2005). 

 

1.4.2.3.7 Incretin Hormones and Thermogenesis 
 
While the action of GIP in WAT is more well-defined, its role in BAT is just 

beginning to be explored. In HFD-fed GiprBAT-/- mice, body weight and interscapular 

BAT (iBAT) weight were decreased, along with increased iBAT oxygen consumption 

at 4°C (Beaudry et al., 2019). These results were not seen in mice exposed to 21°C 

and 30°C; as body weight, energy expenditure, glucose and insulin tolerance were 

normal (Beaudry et al., 2019). Thermogenic and inflammatory-related gene 

expression significantly differed between the control and GiprBAT-/- mice. Interleukin-

6 (IL-6) mRNA expression (a proinflammatory cytokine responsible for the regulation 

of core body temperature) (Egecioglu et al., 2018) was markedly decreased in 

GiprBAT-/- mice. Administration of GIP directly increased IL6 mRNA expression and 

IL-6 protein secretion in BAT cells; thus, linking BAT GIPR to the control of IL-6 

(Beaudry et al., 2019; Timper et al., 2013). These results further define GIP’s 

functional role in adipose tissue (Beaudry et al., 2019).  

Interestingly, GLP-1 is observed to stimulate BAT (Beiroa et al., 2014). As 

central nervous system (CNS) GLP-1 activates the GLP-1R in the hypothalamic 

ventromedial nucleus (VMH), dephosphorylation of AMP-activated protein kinase 

(AMPK) occurs, ultimately simulating BAT thermogenesis (Beiroa et al., 2014). Very 

few studies have observed the role in GLP-2 on adipose tissue; however, it is known 

that activation of its receptor facilitates anti-inflammatory effects on visceral adipose 

tissue (Ejarque et al., 2020), which may be beneficial under cold stress. 
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1.5 Scope of the Project 

The gut has an important role in nutrient absorption and hormonal regulation 

in metabolic homeostasis, including energy balance, food intake, and glycemia and 

insulin secretion (Ussar et al., 2017). Many factors can positively modulate these 

functions; however, homeostatic imbalances can lead to various complications and 

gastrointestinal disorders. Stress is an acute threat to homeostasis (Konturek, 

2011). Housing at 4-6˚C is a stress on whole-body homeostasis as large amounts of 

energy must be expended to maintain body temperature (Hylander & Repasky, 

2016). The gut relies on digestion and absorption of nutrients to fuel the homeostatic 

processes (Vaanholt et al., 2009). In long-term stress conditions, the intestine can 

remodel or modify its morphology to regulate absorption and secretion function (Le 

Gall et al., 2019). Intimately linked to nutrient absorption and gut adaptation are the 

incretin hormones GLP-1 and GIP, along with GLP-2 (Koehler et al., 2015; Shin et 

al., 2005). However, how the secretion and subsequent receptor activation of GLP-

1, GIP, and GLP-2 in response to housing at cold temperatures to mediate intestinal 

adaptation has not been determined. Using whole-body knockout mice, this project 

aims to identify the requirement of intact GLP-1R, GLP-2R and GIPR signaling in 

intestinal remodelling and overall metabolic changes in response to cold exposure. 

Given the overlapping roles and potential for compensation observed in single 

receptor knockout as described above, we chose to characterize models where both 

the GLP-1R and GIPR (DIRKO) and the GLP-1R and GLP-2R (GLPDRKO) are 

genetically eliminated. 

1.6 Hypothesis 

This thesis will address the following hypothesis: GLP-1, GIP and GLP-2 are 

released in proportion to required energy needs during cold exposure to enable 

efficient nutrient absorption and gut adaptation.  
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1.7 Specific Aims  
 

1. Characterize incretin hormone secretion in response to chronic housing in the 

cold and assess differences in intestinal morphology to determine whether 

GLP1R/GLP2R/GIPR signaling contribute to intestinal growth (assessed by 

intestinal length and weight, histological analysis of intestinal circumference, 

villi length, and crypt depth). 

 

2. Characterize the contribution of GLP1R/GLP2R and GIPR to the differences 

in glucose and lipid metabolism observed in cold-exposed mice during the 

fasting period and post prandial state. 

 

3. Identify differences in metabolic demand with cold exposure by observing 

changes adipose tissue weight and plasma leptin levels. 
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2. Methods 

2.1 Animals and Housing 
 

Wildtype C57BL/6J were purchased from Jackson Laboratory. Double 

incretin receptor knockout (DIRKO) have been previously described (Hansotia et al., 

2004), and glucagon-like peptide double receptor knockout (GLPRDKO) mice were 

generously provided by Dr. Daniel Drucker (Toronto, CAN). Glp1r-/- mice (Scrocchi 

et al., 1996) were crossed with Glp2r-/- mice to generate Glp1r+/-Glp2r+/-, then bred to 

generate Glp1r-/-Glp2r-/- and wildtype littermate controls. Male and female wildtype, 

DIRKO, GLPDRKO mice were age, sex, weight, and fat matched (n=3-6) 20 weeks 

old (pilot study) (Table 1) or between 7-10 weeks old and 28-35 weeks old 

(genotype study). Mice were individually housed in temperature-controlled 

chambers set to 4-6˚C (cold) or 27˚C (thermoneutral), under a 12-hour light/dark 

cycle at the University of Ottawa Heart Institute. The weight of food consumed was 

calculated daily by the change in food mass from the day prior. All experiments 

undertaken were approved by the University of Ottawa Animal Care Committee 

(AUP 2909). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Study summaries and structures used to assess gut remodeling and the associated 

incretin hormones in wildtype, DIRKO and GLPDRKO mice 
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Study Study 1 

Pilot Study

Study 2

Genotype Study

Genotype Wildtype Wildtype

DIRKO (Glp1r-/-Gipr-/-)

GLPDRKO (Glp1r-/-Glp2r-/-)

Age/Sex Male Male and female

Purpose Evaluate plasma GLP-1, 

GIP levels and gut 

remodeling, comparing 

mice housed in 4ºC or 

27ºC.

Fully characterize the gut 

remodeling and metabolic 

responses in males and 

females by disrupting the 

GLP-1R, GLP-2R, GIPR 

signalling.

Anticipated 

Outcomes

Mice housed at 4ºC will 

demonstrate greater villi 

length and intestinal 

circumference, along with 

greater total plasma GLP-1 

and GIP levels.  

• DIRKO mice (disruption 

of the GLP-1R/GIPR) will 

remain capable of 

increasing villi length and 

intestinal circumference in 

response to cold 

exposure. 

• GLPDRKO mice 

(disruption of the GLP-

1R/GLP-2 receptor) will 

fail to increase villi length 

and intestinal 

circumference in 

response to cold 

exposure.
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2.2 Mouse Genotyping 
 

For genotype confirmation, genomic DNA was extracted from either ear-

notch or tail samples and analyzed by polymerase chain reaction (PCR). The 

resulting bands were separated on a 1% agarose gel for 30 minutes at 150V and 

visualized using UV transillumination (Fig. 2.1).  

 

Table 2. Primer Sequences Used to Genotype Wildtype, DIRKO and GLPDRKO 
Mice 

 

 Forward Reverse 

GIPR Wildtype AGT GTG AGA ATC CAG 
AGA AGA ATG G 

CCA CGG TAT ACA TGA TCT 
GCA GGC G (COMMON) 

GIPR Mutant TAA AGC GCA TGC TCC 
AGA CTG CCT T 

CCA CGG TAT ACA TGA TCT 
GCA GGC G (COMMON) 

GLP-2R 
Wildtype 

CTT AGC AGG GCA TGG 
TAC CAC (COMMON) 

AGG GGG CAT CTC TCT ATT 
CTC 

GLP-2R Mutant CTT AGC AGG GCA TGG 
TAC CAC (COMMON) 

TGC GCG GCC AGA GGC CAC 
TTG TGT AGC 

GLP-1R 
Wildtype 

GGG CAG GGC ATC AGA 
GAT TT 

GCA GCC GTG CTA TAC ATC 
CA 

Neomycin 
Resistance 
Cassette 

GTC TTG TCG ATC AGG 
ATG ATC TG 

CAA TAT CAC GGG TAG CCA 
ACG C 
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Figure 2.1. Genotyping of Double Incretin Receptor Knockout (DIRKO) and GLP1/2R Double 

Receptor Knockout (GLPDRKO) Mice. 

(A-C): The genotype of the mice was confirmed by PCR. DIRKO mice (sample 1) were identified 

through the presence of the GIPR mutant allele at 450bp. Sample 2 was identified as a GIPR 

wildtype, as the wildtype allele was shown at 600bp. The GLP1R wildtype allele is shown at 300bp 

(A). GLPDRKO mice were identified through the presence of the GLP2R wildtype allele at 400bp 

(sample 3), and mutant allele at 500bp (sample 4) and GLP1R wildtype allele at 300bp (B). 

Genotyping of the double wildtype from both lines was confirmed by the absense of the neomycin 

resistance cassette (Neo), showing at 300bp, confirming sample 3 as a double wildtype, sample 4 a 

wildtype for GLP2R and heterozygous for GLP1R and sample 5 as a GLP1/2R double knockout (C).
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2.3 Body Composition 
 
Body composition (adipose tissue, lean mass) was determined by EchoMRI 

scanning of individual mice (Fig. 2.2). Lean mass (g) consists of muscle tissue mass 

equivalent of all the body parts containing water, excluding fat, bone, hair, and 

claws.  

2.4 Lipid Tolerance Test (LTT) 
 
Mice were fasted for five hours and gavaged with 200µL of olive oil. Blood 

from the tail vein was collected from baseline (prior to gavage) and 1, 2, 3 hours 

after gavage in ethylenediaminetetraacetic acid (EDTA) coated capillary tubes, with 

the addition of 10% TED (vol/vol) (5000KIU/mL Trasylol,1.2mg/mL EDTA, and 

0.1nmol/L Diprotin A) (DPP4 inhibitor) for GLP-1 and GIP measurements. Blood 

was collected at baseline, 1 hour, 2 hour, and 3 hours post olive oil gavage for 

measurement of triglycerides. Plasma triglyceride levels were measured following 

the manufacturer’s protocol (TR22421, FisherScientific).  

2.5 Incretin Hormone and Leptin Measurements 
 
Total plasma GLP-1 levels (K15171C-1, MSD) and total plasma GIP levels 

(81527, Crystal Chem) were measured in plasma samples obtained prior to and 5- 

minutes post olive oil gavage, both following the manufacturer’s protocol. Plasma 

leptin levels (90030, Crystal Chem) were measured in plasma samples from cardiac 

puncture at sacrifice.  

 

2.6 Oral Glucose Tolerance Test (OGTT) 
 
Mice were fasted for five hours fasted and gavaged with 2g/kg body weight 

glucose solution. Glucose concentrations from tail blood were measured at baseline 

(prior to gavage), 15, 30, 45, 60, 75 and 90 minutes post-gavage with a glucometer 

(Medisure). Blood was collected from baseline and 15 minutes in EDTA coated 

capillary tubes for insulin measurements. Plasma insulin levels (80-INSMSU-E10, 
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Alpco) were measured in plasma samples obtained before and 15 minutes after 

glucose administration. 

2.7 Insulin Tolerance Test (ITT) 
 
Five-hour fasted mice were injected with insulin intraperitoneally. Female 

mice received 0.4IU/kg and male mice received 0.5IU/kg. Glucose concentrations 

from tail vein blood were measured at baseline (prior to injection), 15, 30, 45, 60, 75 

and 90 minutes post insulin injection.  

2.8 Tissue Collection 
 
Five-hour fasted mice were sacrificed by carbon dioxide asphyxiation, 

followed by cervical dislocation. Following cervical dislocation, blood was extracted 

by cardiac puncture. The liver, pancreas, inguinal subcutaneous adipose tissue 

(ingSAT), perigonadal visceral adipose tissue (pgVAT), and epididymal adipose 

tissue were weighed, divided, and placed in 4% paraformaldehyde (PFA) or flash 

frozen. The spleen was flash frozen. The small intestine was removed, cleaned, 

weighed, and sections of the duodenum, proximal jejunum, distal jejunum, and 

ileum were isolated (4 equal sections). Each section was flushed with ice-cold PBS, 

and further sectioned for RNA/protein isolation or histology. The large intestine was 

flushed with PBS, weighed, and the first centimeter was flash frozen. Tissue 

sections for histology were placed in PFA for 24 hours, then processed and 

embedded in paraffin blocks. Sections (10m) were stained with H&E. Goblet cells 

present on villi were stained with Alcian blue (pH 2.5) and counterstained with 

Nuclear Fast Red, as previously described (Monk et al., 2017). 

 

2.9 Software Analysis 
 
Histological measurements were performed using Aperio ImageScope 12.1. 

Each data point represents: the average intestinal circumferences of three sections 

per tissue, average length, and crypt depth from 40 villi per slide, and the average 

number of goblet cells per villus of 30 villi per slide. Each data point indicates each 
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mouse's value for plasma GLP-1/GIP, insulin, leptin, tissue weights/lengths, and 

EchoMRI data. 

2.10 Statistical Analysis 
 
Unless otherwise specified, results are expressed as the mean ± SEM. 

Statistical significance was calculated by two-way ANOVA with post-hoc Tukey test, 

or unpaired two-tailed Student’s T-test where appropriate using Graphpad Prism 9. 

Statistical significance was defined as p<0.05.  
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Blood glucose
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Figure 2.2. Male and Female Wildtype, DIRKO, GLPDRKO Mice are Exposed to either 

Cold (4ºC) or thermoneutral (27ºC) Housing Four or Five Weeks. Metabolic Tests are 

Conducted Once a Week in the Genotype Study.

Study 1: Pilot Study: Male mice are housed at 4ºC or 27ºC for four weeks, measuring total 

GLP-1 and GIP, along with analyzing intestinal histology.  

Study 2: Genotype Study: Male and female mice are housed at 4ºC or 27ºC for five weeks, 

introducing various metabolic experiments.
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3. Results 

3.1. Intestinal Circumference and Villi Length Were Increased in 20-
Week-Old Cold-Exposed Male Wildtype Mice 
 

We performed a pilot study to reproduce previous reports of increased villi 

length and intestinal circumference in cold-exposed mice (Chevalier et al., 2015). 

Consistent with previous studies, we observed that intestinal circumference and villi 

length are increased with cold exposure (Fig.3.1e-g), while crypt depth remains 

similar between housing temperatures (Fig.3.1h). We additionally evaluated the 

concentrations of the incretin hormones under chronic cold stress. Plasma total 

GLP-1 and GIP levels are more significant at baseline and 5 minutes post-olive oil 

gavage in 20-week-old cold exposed male mice (Fig.3.1a-d).  
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(A-B) Plasma total GLP-1 measured at 0 (A), 5-minutes (B) post-olive oil gavage in male mice 

fasted for 5 hours. 

(C-D) Plasma total GIP measured at 0 (C), 5-minutes (D) post-olive oil gavage in male mice fasted 

for 5 hours. 

(E-H) Representative H&E staining of duodenum, jejunum, ileum (E), with quantification of 

intestinal circumference (F), villi length (G), and crypt depth (H) after four weeks of cold exposure.

Data are presented as mean  SEM, analyzed by unpaired student’s t-test or by two-way ANOVA, 

*p<0.05, **p<0.01.
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3.2. Cold-Exposed Wildtype Mice Demonstrate Increased Food Intake, 
and Enhanced GLP-1 and GIP Levels 
 

As GLP-1 (and presumably GLP-2) and GIP levels were increased during 

cold exposure (Fig.3.1a-d), we wanted further to understand the importance of the 

receptors on intestinal growth. Experiments involving cold exposed mice 

demonstrate an increased metabolic demand for nutrients and energy stores to 

compensate for increased energy expenditure (Chevalier et al., 2015). We 

measured food intake daily in 10-week-old wildtype mice over 3 weeks of chronic 

cold exposure. Consistent with Chevalier et al., cold-exposed male (Fig.3.2a) and 

female (Fig.3.2b) wildtype mice ate 2-fold, and 3-fold more food per day, 

respectively, in absolute grams, compared to thermoneutral housed mice. The 

incretin hormones, GLP-1 and GIP, are important in nutrient uptake and absorption 

(Diakogiannaki et al., 2012). During cold exposure, plasma total GLP-1 (Fig.3.2c) 

levels displayed a 1.7-fold increase and GIP (Fig.3.2e) levels displayed a 3.5- fold 

increase in male wildtype mice housed in chronic cold conditions when compared to 

thermoneutral housed mice. Female wildtype mice followed a similar trend for GLP-

1 levels (Fig.3.2d), along with significantly greater GIP levels in cold exposure 

(Fig.3.2f). In cold housed female mice, plasma total GIP levels were increased by 

approximately 5-fold compared to levels in thermoneutral housed mice (Fig. 3.2f).  

  



Figure 3.2. Cold-Exposed Wildtype Mice Demonstrate Increased Food Intake, and 

Enhanced Plasma Concentrations of GLP-1 and GIP.

(A-B) Food was weighed and expressed as an average of grams of chow consumed per day in 

male (A) and female (B) wildtype mice.

(C-D) Plasma total GLP-1 measured in male (C) and female (D) wildtype mice fasted for 5 hours. 

(E-F) Plasma total GIP measured in male (E) and female (F) wildtype mice fasted for 5 hours. 

Data are presented as mean  SEM, analyzed by unpaired student’s t-test, *p<0.05, ***p<0.001.
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3.3. Cold-Exposed Wildtype Mice Demonstrate Increased Intestinal 
Circumference and Villi Length 
 

Under cold temperatures, mice experience intestinal remodeling and an 

increase in villi length, as well as increased gut circumference and weight (Chevalier 

et al., 2015; Nilaweera & Speakman, 2018). To evaluate this relationship, we 

measured intestinal circumference, villi length, and crypt depth in 28-35-week-old 

wild-type mice housed in both cold and thermoneutral temperatures. After chronic 

housing in the cold, the intestinal circumference and villi length is significantly 

greater in these mice than their thermoneutral housed counterparts, consistent with 

previous studies (Chevalier et al., 2015) (Fig.3.3a-d). Male wildtype mice 

demonstrated significant increases in intestinal circumference in response to cold in 

the duodenum, jejunum, and ileum (Fig.3.3b). A significant 1.4-fold increase in villi 

length was observed in the duodenum and jejunum (Fig.3.3c). Following increased 

intestinal circumference and villi length, we also measured crypt depth; however, 

this was unchanged in cold exposed male wildtype mice (Fig.3.3d). Furthermore, 

small, and large bowel weight and length were increased with cold exposure in male 

(Fig.3.3e) and female (Fig.3.3f) mice. Food intake and intestinal growth were 

previously reported to increase with cold exposure (Chevalier et al., 2015); thus, our 

results reproduced these findings in wildtype mice. Our data suggest that wildtype 

mice respond to cold exposure and may play a role in regulating growth and nutrient 

absorptive capabilities.  
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Figure 3.3. Wildtype Mice Housed at 4ºC Demonstrate Increased Intestinal Circumference 

and Villi Length.

(A-B) Representative hematoxylin and eosin (H&E) staining of duodenum, jejunum, ileum in male 

wildtype mice (A), with quantification of intestinal circumference (B), villi length (C), and crypt 

depth (D) after four weeks of housing at 4ºC.

(E-F) Small bowel (SB), large bowel (LB) weight and length in male (E) and female (F) wildtype 

mice. Data are presented as mean  SEM, analyzed by unpaired student’s t-test or by two-way 

ANOVA, *p<0.05, **p<0.01.
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3.4. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake 
 

To determine whether GLP-1 and GIP receptor signalling is essential towards 

intestinal growth and other metabolic parameters with cold exposure, we evaluated 

DIRKO mice under the same conditions. Consistent with wildtype mice, DIRKO mice 

housed in the cold consumed a 2-fold and 3-fold greater absolute amount of chow 

diet per day in male (Fig.3.4a) and female (Fig.3.4b) mice, respectively. GLP-1 

levels in both male (Fig.3.4c) and female (Fig.3.4d) mice were similar to levels in 

thermoneutral housed mice in the fasted state. Similarly, total plasma GIP levels do 

not differ significantly between housing temperature in both male (Fig.3.4e), and 

female (Fig.3.4f) mice. DIRKO mice lack the GLP-1 receptor; thus, may not increase 

secretion of GLP-1 and GIP in response to cold exposure.  

  



Figure 3.4. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake.

(A-B) Food was weighed and expressed as an average of grams of chow consumed per day in 

male (A) and female (B) DIRKO mice.

(C-D) Plasma total GLP-1 measured at baseline in male (C) and female (D) DIRKO mice fasted for 

5 hours. 

(E-F) Plasma total GIP measured at baseline in male (E) and female (F) DIRKO mice fasted for 5 

hours. Data are presented as means  SEM, analyzed by unpaired student’s t-test, **p<0.01, 

****p<0.0001.
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3.5. Cold-Exposed DIRKO Mice Demonstrate Increased Food Intake 
and Increased Intestinal Circumference and Villi Length 
 

Although hormone levels were not significantly different between housing 

temperatures in DIRKO mice (Fig.3.4), we observed increases in intestinal 

circumference and villi length (Fig.3.5), similarly to wildtype mice (Fig.3.1) in 

response to chronic cold exposure. Intestinal circumference significantly increased 

in the duodenum, jejunum, and the ileum of cold exposed DIRKO mice compared to 

mice in thermoneutral housing (Fig.3.5b). Villi length in the duodenum, jejunum, and 

ileum were 1.2, 1.5, 1.4-fold larger in cold exposed male mice, respectively 

(Fig.3.5c). In parallel with wildtype mice, cold exposed DIRKO mice exhibit only 

modest differences in crypt depth (Fig.3.5d). Small and large intestinal weight and 

length are greater in male (Fig.3.5e) and female (Fig.3.5f) mice exposed to chronic 

4-6C, while small bowel length and large bowel weight follow this trend in male 

mice. Although there is a disruption in incretin receptor action, DIRKO mice remain 

capable of increasing intestinal area in response to cold. 

  



Figure 3.5. Cold-Exposed DIRKO Mice Demonstrate Increased Intestinal Circumference and 

Villi Length.

(A-B) Representative H&E staining of duodenum, jejunum, ileum in male DIRKO mice (A), with 

quantification of intestinal circumference (B), villi length (C), and crypt depth (D after four weeks of 

housing at 4ºC.

(E-F) Small bowel (SB), large bowel (LB) weight and length in male (E) and female (F) DIRKO 

mice. Data are presented as mean  SEM, analyzed by unpaired student’s t-test, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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3.6. GLPDRKO Mice Housed at 4˚C Demonstrate Increased Food 
Intake, and Increased GLP-1 Levels 

  
As the GLP-2R is mainly responsible for intestinal growth (Bahrami et al., 

2010), we further demonstrated the roles of the GLP-1R, GLP-2R by using 

GLPDRKO mice, which lack the GLP-1R and GLP-2R. Consistent with wildtype and 

DIRKO mice, food intake was 2-fold and 3-fold increased in male (Fig.3.6a) and 

female (Fig.3.6b) mice housed in cold temperatures. Plasma GLP-1 levels were 3-

fold and 6-fold greater in male (Fig.3.6c) and female (Fig.3.6d) GLPDRKO mice 

housed at 4-6˚C. In contrast, total plasma GIP levels were similar between housing 

temperature in both male (Fig.3.6e) and female (Fig.3.6f) mice.  

  



Figure 3.6. GLPDRKO Mice Housed at 4˚C Demonstrate Increased Food Intake, and 

Increased GLP-1 Levels.

(A-B) Food was weighed and expressed as an average of grams of chow consumed per day in 

male (A) and female (B) GLPDRKO mice.

(C-D) Plasma total GLP-1 measured at baseline in male (C) and female (D) GLPDRKO mice fasted 

for 5 hours. 

(E-F) Plasma total GIP measured at baseline in male (E) and female (F) GLPDRKO mice fasted for 

5 hours. Data are presented as mean  SEM, analyzed by unpaired student’s t-test, *p<0.05, 

***p<0.001, ****p<0.0001.
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3.7. Absence of the GLP-2R Impairs Intestinal Adaptation to Cold 
Exposure 
 

In contrast to wildtype and DIRKO mice, GLPDRKO mice housed in the cold 

did not exhibit any significant differences in intestinal circumference (Fig.3.7b), villi 

length (Fig.3.7c), and crypt depth (Fig.3.7d), compared to mice housed in 

thermoneutral conditions. Interestingly, small, and large intestinal weight and 

lengths were significantly greater in cold exposed male (Fig.3.7e) and female 

(Fig.3.7f) mice versus thermoneutral housed mice. These results demonstrate that 

GLPDRKO mice retained modest increases in intestinal weight; however, they fail to 

increase villi length and intestinal circumference, suggesting the importance of the 

GLP-2R as a dominant mediator of intestinal remodeling in response to housing in 

chronic cold. 

  



Figure 3.7. Absence of the GLP-2R Impairs Intestinal Adaptation to Cold Exposure.

(A-D) Representative H&E staining of duodenum, jejunum, ileum in male GLPDRKO mice (A), 

with quantification of intestinal circumference (B), villi length (C), and crypt depth (D) after four 

weeks of housing at 4ºC.

(E-F) Small bowel (SB), large bowel (LB) weight and length in male (E) and female (F) GLPDRKO 

mice. Data are presented as mean  SEM, analyzed by unpaired student’s t-test, *p<0.05, 

**p<0.01, ***p<0.001.
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3.8. Regulation of Body Weight During Chronic Cold Exposure 
 
 As the preproglucagon peptides have been involved with the control of body 

weight (Boguszewski, 2015; Burrin et al., 2001), mice were weighed weekly to 

determine whether GLP-1, GLP-2, and GIP receptor signalling impacts body weight 

under chronic cold stress. Although food intake was shown to be increased in 

wildtype, DIRKO and GLPDRKO mice (Fig.3.1, 3.4 and 3.6), body weight did not 

differ significantly between housing temperatures (Fig.3.8). To compare between 

genotype, the average body weight of male wildtype and DIRKO mice was about 

30g, while the average was between 20-25g in GLPDRKO mice (Fig.3.8a). 

Similarly, female GLPDRKO weighed less than female wildtype and DIRKO mice 

(Fig.3.8b). These results suggest that the GLP-2R is linked to the control of body 

weight.  
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Figure 3.8. Regulation of Body Weight During Chronic Cold Exposure. 

(A-B) Body weight of male (A) and female (B) mice measured weekly, and expressed as 

difference between baseline and after four weeks of cold exposure. Data are presented as mean 

SEM, analyzed by two-way ANOVA, *p<0.05.
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3.9. Regulation of Lean Mass During Chronic Cold Exposure  
 

As body weight was similar between housing temperatures and lower in 

GLPDRKO male mice, we also evaluated lean mass. Quantities of lean mass 

demonstrated a similar trend (Fig.3.9a). Unlike male mice, lean mass of female 

wildtype and DIRKO mice was significantly greater with cold exposure after four 

weeks (Fig.3.9b). These results suggest that the lack of the GLP-2R impacts lean 

mass, particularly in female mice. 
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Figure 3.9. Regulation of Lean Mass During Chronic Cold Exposure. 

(A-B) Lean mass of male (A) and female (B) mice determined by EchoMRI, expressed as 

difference between baseline and after four weeks of cold exposure. Data are presented as mean 

SEM, analyzed by unpaired two-way ANOVA, *p<0.05.
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3.10. Postprandial Plasma GLP-1 and GIP Levels are Significantly 
Greater in Cold-Exposed Male Wildtype Mice  
 
 As baseline GLP-1 and GIP levels were shown to be greater in cold-exposed 

mice (Fig. 3.1,3.2), levels were measured 5 minutes post-olive oil gavage to 

evaluate post-prandial incretin secretion (Fig.3.10). GLP-1 levels are greater in cold 

exposed wildtype mice compared to thermoneutral exposed mice (Fig.3.10a,b). 

Compared to wildtype and DIRKO mice, GLPDRKO mice demonstrate greater GLP-

1 levels (Fig.3.10a,b). Total GIP levels are greater with cold exposure only in male 

wildtype mice (Fig.3.10c), and trend towards increasing in females (Fig.3.10d).  

  



Figure 3.10. Postprandial Plasma GLP-1 and GIP Levels are Significantly Greater in Cold-

Exposed Male Wildtype Mice 

(A-B) Plasma total GLP-1 measured at 0 and 5 minutes post-olive oil gave in male (A) and female 

(B) mice fasted for 5 hours.

(C-D) Plasma total GIP measured at 0 and 5 minutes post-olive oil gave in male (C) and female

(D) mice fasted for 5 hours, thermoneutral GLPDKO 5 minutes is incomplete. Data are presented

as mean  SEM, analyzed by two-way ANOVA, *p<0.05, **p<0.01.
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3.11. Cold Exposed Wildtype and DIRKO Mice Demonstrate Greater 
Small Bowel Weight Compared to GLPDRKO Mice  
 
 As the intestine adapts to cold exposure by increasing intestinal 

circumference and villi length (Fig.3.1 and3.5), small bowel weight was also 

increased, particularly in wildtype and DIRKO mice (Fig.3.11). These increases are 

specific to genotype, as small bowel weight is significantly greater in wild-type and 

DIRKO mice than GLPDRKO mice. Although GLPDRKO retains some ability to 

grow, the small bowel weight was 1.3-fold lighter than male wildtype and DIRKO 

mice (Fig.3.11a), while 1.7 and 1.4-fold lighter than female wildtype and DIRKO 

mice respectively (Fig.3.11b). Together, these data suggest that the activation of the 

GLP-2R is a dominant mediator of intestinal remodeling, as mice lacking the GLP-

2R fail to increase villi length and intestinal circumference in response to cold. 
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Figure 3.11. Cold-Exposed Wildtype and DIRKO Mice Demonstrate Greater Small Bowel 

Weight Compared to GLPDRKO Mice.

(A-B) Small bowel (SB) weight in male (A) and female (B) wildtype mice. Data are presented as 

mean  SEM, analyzed by two-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.12. Goblet Cell Number Per Villus is Greater in Male GLPDRKO Mice 
Compared to Male Wildtype and DIRKO Mice 
 

Mucin produced and secreted from goblet cells plays a role in protecting the 

intestinal epithelium and has been suggested to be a lubricant, enhancing food 

passage through the intestine (Kong et al., 2018). Cold exposure led to an increase 

in villi length in wildtype and DIRKO mice, the cell types present on villi may shift in 

response. Interestingly, goblet cells counted per villi did not differ with cold exposure 

in wildtype and GLPDRKO mice (Fig.3.12a,c), while goblet cell numbers were 

greater with cold-exposed DIRKO mice (Fig. 3.12b). Although villi length was not 

increased in cold exposed GLPDRKO mice, goblet cell number was significantly 

greater in thermoneutral and cold exposed GLPDRKO mice compared to wildtype 

and DIRKO mice in both the duodenum and the ileum (Fig.3.12b).  

  



Figure 3.12. Goblet Cell Number Per Villus is Greater in Male GLPDRKO Mice Compared to 

Male Wildtype and DIRKO Mice.

(A-D) Duodenum and ileum sections were stained with Alcian blue to identify goblet cells in male 

wildtype (A), DIRKO (B), and GLPDRKO (C) mice, where number of goblet cells were averaged per 

villus.

(D) male wildtype, DIRKO, and GLPDRKO mice, number of goblet cells were averaged per villus. 

Data are presented as mean  SEM, analyzed by two-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.
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3.13. Cold Exposure Improves Glucose Tolerance, While Failing to 
Improve Insulin Tolerance  
 

Cold acclimation improves glucose tolerance (Chevalier et al., 2015; Dudele 

et al., 2015), and is also influenced by GLP-1 and GLP-2 (Amato et al., 2016; 

Scrocchi et al., 1996). Consistent with this, glucose tolerance was improved with 

cold exposure of female mice of all genotypes (Fig.3.13b). Consistent with the 

females, male mice (Fig.3.14a) exposed to cold follow a similar trend; however, 

these differences are not statistically significant. Incretin hormones are both 

important glucostats necessary to keep post-prandial blood glucose levels stable 

through glucose-stimulated insulin secretion (Adriaenssens et al., 2019). Plasma 

insulin levels were measured in the fasting state, where levels do not differ 

significantly between housing temperature or genotypes in both male (Fig.3.13c) 

and female (Fig.3.13d) mice. Along with glucose tolerance and plasma insulin 

levels, insulin sensitivity has been shown to be improved in cold exposed mice 

(Chevalier et al., 2015). Unexpectedly, cold exposure failed to improve insulin 

sensitivity in male (Fig.3.13e) and female (Fig.3.13f) mice of all genotypes. These 

results suggest that GLP-1 and GIP plasma concentrations are greater with cold 

exposure while also demonstrating improved glucose tolerance, but not insulin 

sensitivity.  
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Figure 3.13. Cold Exposure Improves Glucose Tolerance, While Failing to Improve Insulin 

Tolerance.

(A-B) Oral glucose tolerance test (OGTT). Blood glucose taken 0-90 minutes after administration of 

oral glucose in male (A) and female (B) mice.

(C-D) Plasma insulin measured at baseline in male (C) and female (D) mice fasted for 5 hours. 

(E-F) Insulin tolerance test (ITT). Blood glucose taken 0-90 minutes after injection of glucose in 

male (E) and female (F) mice. Data are presented as mean  SEM, analyzed by two-way ANOVA, 

*p<0.05, ***p<0.001.
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3.14. Post-Prandial Triglyceride Levels are Similar Between Housing 
Temperature and Genotype After a Lipid Tolerance Test 
 

TG are significant energy sources, often stored as reserves for later use. 

GLP-1 action decrease post-prandial TG excursion (Hsieh et al., 2010), while GLP-2 

action increases TG secretion (Dash et al., 2014). Plasma TG were measured after 

a lipid tolerance test; however, were not significantly different between housing 

temperature or genotype (Fig.3.14a,b). Interestingly, TG levels peak at the two-hour 

timepoint in males (Fig.3.14a); however, this is not seen in females (Fig.3.14b). 
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Figure 3.14. Post-Prandial Triglyceride Levels are Similar Between Housing Temperature and 

Genotype After a Lipid Tolerance Test.

(A-B) Lipid tolerance test (LTT). Plasma triglyceride concentration measured 0, 1, 2, 3 hours post-

olive oil gavage in male (A) and female (B) mice. Data are presented as mean  SEM, analyzed by 

two-way ANOVA.
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3.15. Cold Exposed Mice Demonstrate Differences in Body Composition 
and Adipose Tissue Depots 

To further investigate changes in body composition and the role of GLP-1, 

GLP-2, and GIP in adipose tissue regulation, body composition analysis was 

performed with EchoMRI. Adipose tissue is essential in regulating whole body 

homeostasis; however, overall fat loss is stimulated with cold exposure (Chevalier et 

al., 2015). Adipose tissue in thermoneutral exposed mice increased over four 

weeks, while male wildtype mice exposed to cold exhibited a decrease in adipose 

tissue (Fig.3.15a). Male GLPDRKO exhibit a similar trend, while male DIRKO mice 

housed to thermoneutrality drop slightly in adipose tissue weight. In female mice, 

adipose tissue drops in cold and thermoneutral housed mice of all three models 

(Fig.3.15b). Various adipose depots are also weighed to determine which forms 

accrue or are utilized depending on housing temperature (Fig.3.15c,d). BAT is a 

principle thermogenic organ responsible for increased heat production (Ravussin et 

al., 2014). Although not significant, BAT weight trends are greater in male 

(Fig.3.15c) and female (Fig.3.15d) mice housed in the cold and unaffected by 

genotype. However, BAT weight in male wildtype mice is similar between housing 

temperatures.  

WAT is responsible for energy storage through triglycerides (Ahmadian et al., 

2007). ingSAT, epididymal adipose tissue (males only), and pgVAT (females only) 

are all various depots of WAT. In contrast, the weight of ingSAT, epididymal, and 

pgVAT are lower in cold exposed mice in all models; however, are not statistically 

significant (Fig.3.15c,d). Epididymal adipose tissue weight in thermoneutral exposed 

wildtype mice is significantly greater compared to the weight in thermoneutral 

exposed DIRKO mice (Fig.3.15c). pgVAT is significantly lower in cold exposed 

DIRKO mice, compared to those housed in thermoneutrality (Fig.3.15c). Together, 

this data suggests that metabolic demand is increased with cold exposure, such that 

adipose tissue is catabolized.  
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Figure 3.13. Cold Exposure Improves Glucose Tolerance, While Failing to Improve Insulin 

Tolerance.

(A-B) Oral glucose tolerance test (OGTT). Blood glucose taken 0-90 minutes after administration of 

oral glucose in male (A) and female (B) mice.

(C-D) Plasma insulin measured at baseline in male (C) and female (D) mice fasted for 5 hours. 

(E-F) Insulin tolerance test (ITT). Blood glucose taken 0-90 minutes after injection of glucose in 

male (E) and female (F) mice. Data are presented as mean  SEM, analyzed by two-way ANOVA, 

*p<0.05, ***p<0.001.
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3.16. Plasma Leptin Concentrations in Cold Exposed Mice 
 

Leptin is an essential hormone which is released by adipocytes and regulates 

food intake by activating a neural circuit involving anorexigenic or orexigenic 

neuropeptides (Kelesidis et al., 2010). Leptin signals the central nervous system to 

decrease food intake. Cold exposure and fat mass have been positively correlated 

while circulating leptin concentration was reduced in cold exposed mice (Ravussin 

et al., 2014). Similarly, our data demonstrate that leptin concentration is lower in 

male (Fig.3.16a) and female (Fig.3.16b) cold exposed mice; however, not 

statistically significant in male GLPDRKO and female wildtype female mice. This 

trend is not seen in male DIRKO mice. 
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Figure 3.16. Plasma Leptin Concentrations in Cold Exposed Mice

(A-B) Plasma leptin measured from cardiac puncture in male (A) and female (B) wildtype, DIRKO, 

GLPDRKO mice fasted for 5 hours. Data are presented as mean  SEM, analyzed by unpaired 

student’s t-test, *p<0.05, **p<0.01.
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4. Discussion, Future Directions, and Limitations

4.1  Discussion 

All animals must possess a compensatory mechanism for adaptation when 

exposed to unfavourable conditions. When the external housing environment for 

mice is consistently at 4-6˚C, the mice stimulate energy expenditure to produce heat 

and regulate body temperature making accessing increased energy supply through 

accelerated nutrient absorption and food intake imperative to survival (Ravussin et 

al., 2014). A mouse's core temperature is remarkably close to that of a human; 

typically, 1C below that of a human. Studies involving cold exposure to elucidate 

metabolic rate typically expose mice at 51C (Chevalier et al., 2015; Ravussin et 

al., 2014; Xu et al., 2019; Zhao, 2012). Mice housed in temperatures below 5C may 

go into torpor; a state of physical inactivity, reduced body temperature and 

metabolic expenditure (Gavrilova et al., 1999). In contrast to mice in a hibernation 

state, cold exposure has been seen to increase energy expenditure, food intake, 

and intestinal growth (Chevalier et al., 2015; Price et al., 2013). Mice prefer an 

ambient temperature within the thermoneutral zone, which is between 26-34C. 

(Kaikaew et al., 2017). This is when their metabolic rate is the lowest; termed, basal 

metabolic rate. When housing temperatures are within the TNZ, mice do not 

experience cold-induced thermogenesis (Neff, 2020). Animal facilities generally set 

room temperature between 20-24C, which imposes a moderate cold-stress 

(Kaikaew et al., 2017). Between 20-23C, mice expend massive quantities of energy 

to maintain body temperature; one third of food intake is used towards 

thermogenesis (Neff, 2020). 

Although chronic cold exposure time varies between studies (10 days to 4 

weeks) (Chevalier et al., 2015; Price et al., 2013; Ravussin et al., 2014), we housed 

mice in cold or thermoneutral housing for 4-5 weeks. Following this protocol allows 

the mice two weeks to adapt to a metabolic stimulus such as cold or high-fat diet 

(HFD), where parameters stabilize (Obernier & Baldwin, 2006; Wang & Liao, 2012). 

This allowed an appropriate amount of time to evaluate physiological increases in 

the incretin and gut-derived hormones, and other metabolic testing.  
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We first reproduced the increased food intake, villi length and intestinal 

circumference observed in mice exposed to housing in cold temperatures (Chevalier 

et al., 2015). This pilot study housed wildtype C57BL/6J male mice at 4-6C for four 

weeks (Fig.3.1). Although intestinal growth has previously been observed under 

cold exposure, the incretin hormone receptor action has not yet been thoroughly 

explored in the context of cold stress. Together with greater villi length and intestinal 

circumference (Fig.3.1e-g), the mice housed at 4C demonstrated greater plasma 

GLP-1 (Fig.3.1a,b) and GIP (Fig.3.1c,d) concentrations at baseline and 5-minutes 

post-olive oil gavage, compared to wildtype mice housed at 27C. 

Incretin and Preproglucagon Peptide Secretion is Elevated During Chronic 

Cold Exposure 

 In the genotype studies, we set out to determine the importance of the signaling of 

the preproglucagon peptides; GLP-1 and GLP-2, along with GIP in mediating 

nutrient absorption and adaptation within the gut in response to housing at 4-6˚C. As 

sex may influence various metabolic effects, we included the analysis of both male 

and female mice. Cold exposure increases food intake to compensate for the 

increased energy expenditure (Langeveld et al., 2016; Ravussin et al., 2014). Our 

data demonstrate that food intake rises with cold exposure, although body weight 

does not change (Fig.3.8), commonly seen with cold exposure (Ravussin et al., 

2014). Across all genotypes, food intake was increased in response to cold 

exposure (Fig. 3.2, 3.4 and 3.6) as all mice must compensate for an increased 

energy demand regardless of the hormone receptors present.  

Male C57BL/6J mice have a baseline GLP-1 concentration of approximately 

3.5 pM (Zhang et al., 2011). This is in line with our wildtype mice which had ~8 pM 

at baseline plasma (Fig.3.1a,b, 3.2c,d). Surprisingly, GLP-1 levels in both male and 

female DIRKO mice are similar between cold and thermoneutral housing 

temperatures (Fig.3.4c,d) but elevated compared to wildtype mice at ~15-20 pM. 

Therefore, increases in secretion may be observed in compensation for the lack of 

intact GLP-1R and GIPR signaling in DIRKO mice. GLP-1 levels in cold exposed 

GLPDRKO mice (Fig.3.6c,d) are far greater than wildtype and DIRKO mice. 



76 

GLPDRKO mice lacked morphometric changes within the intestine in response to 

housing at 4-6˚C and therefore may upregulate GLP-1 and GLP-2 secretion, 

attempting to maximize intestinal absorption and production of energy through 

thermogenesis. 

GIP levels in wildtype mice were increased approximately 2-fold (Fig. 3.1c,d) 

and 3.5-fold (Fig.3.2e) with chronic cold exposure, consistent with previous studies 

where plasma GIP is increased between days 18-24 of cold exposure in rats (Irwin 

et al., 2011). Strikingly, total GIP levels in both male and female DIRKO (Fig. 3.4e,f) 

and GLPDRKO (Fig.3.6e,f) mice did not differ between housing temperatures. 

Therefore, it is unlikely that GIP signaling is involved in gut remodelling in response 

to cold.  

GLP-2R Signalling Contributes to Intestinal Remodelling in Response to Cold 

Exposure 

The absorptive capacity of nutrients in the small intestine has been seen to 

increase with cold exposure through intestinal remodelling (Nilaweera & Speakman, 

2018). The intestine has a remarkable ability to adapt depending on energy needs 

(Vaanholt et al., 2009). The small intestine adapts to this increased energy demand 

by increasing the surface area to maximize potential nutrient uptake (Chevalier et 

al., 2015). In agreement with previous data (Chevalier et al., 2015), we demonstrate 

that wildtype mice exhibit increased intestinal circumference and villi length 

(Fig.3.1e-h, 3.3a-c). Villi within the small intestine are crucial for nutrient absorption, 

and areas responsible for most nutrient uptake typically have longer villi (Jolma et 

al., 1980). The ileum absorbs far fewer nutrients than the duodenum and the 

jejunum (Collins & Bhimji, 2018), and expectedly, our data shows villi length within 

the ileum are not significantly different between housing temperatures (Fig.3.1g, 

3.3c). Energy expenditure and nutrient metabolism greatly depend on incretin and 

other gut-derived hormone action through their respective receptors. We used 

C57BL/6J mice which are commonly used in many studies pertaining to intestinal 

growth (Fig. 3.1, 3.3) (Baldassano et al., 2013; Chevalier et al., 2015). To 

understand the importance of incretin and gut-derived hormone action, we used 

DIRKO mice (Fig.3.5) as they lack the incretin receptors and GLPDRKO (Fig.3.7), 
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which lack the GLP-1 and GLP-2 receptors. By incorporating both DIRKO and 

GLPDRKO mice, we can understand the role of the GLP-1R, GIPR, and GLP-2R 

signaling individually and whether the intact receptors may compensate for the 

genetically eliminated receptors.  

We reveal that villi length and intestinal circumference are increased with 

cold exposed DIRKO mice (Fig.3.5a-c), even though there is a disruption in incretin 

hormone response, consistent with data identifying GLP-2’s role in intestinal growth 

(Bahrami et al., 2010). In contrast to both wildtype and DIKRO mice, in cold-

exposed GLPDRKO mice, there is no observed increase in intestinal circumference 

or villi length in cold exposure (Fig.3.7a-c). This suggests that increases in villi 

length and intestinal circumference rely on intact GLP-2R signaling, consistent with 

the role of GLP-2R signaling in intestinal growth as suggested in previous studies 

(Rowland et al., 2011). Moreover, it has also been previously reported that blocking 

endogenous GLP-2 reduced intestinal growth (Hartmann et al., 2000). Given the 

clear effect in GLPDRKO mice on intestinal circumference and villi length, crypt cell 

depth was also measured. Previous work has shown that the administration of GLP-

2 increases crypt cell proliferation (Drucker, 2019). Surprisingly, our results do not 

demonstrate this relationship in crypt cell depth (Fig.3.1h, 3.3d, 3.5d and 3.7d). This 

may be due to differences in endogenous signaling vs. signaling induced and 

sustained with exogenous or pharmacological concentrations of GLP-2, which may 

have a greater impact on growth. Lastly, intestinal length and weight was measured. 

Our results reveal small bowel weight and length increases in cold-exposed mice 

(Fig.3.3e,f, 3.5e,f and 3.7ef); however, we did not see significant differences 

throughout the large intestine between genotypes. Small intestinal length was 

significantly greater with cold exposure, but not between genotypes, while small 

intestinal weight is greater in wildtype and DIRKO mice compared to small intestinal 

weight in GLPDRKO. This weight difference may be attributed to the increases in 

villi length and intestinal circumference, which are absent in GLPDRKO. Our data, 

along with other studies has shown that intestinal remodeling is occurring when 

mice are exposed to cold. Furthermore, we show that in cold exposure, GLP-2 is 
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playing a role in intestinal remodeling and therefore essential for maintenance of 

homeostasis.  

Another cell group analyzed were goblet cells and their abundance in the 

duodenum and ileum (Fig.3.12). The average number of goblet cells per villi did not 

significantly differ between genotypes. It was observed, however, that the absolute 

number of goblet cells per villi were significantly greater in GLPDRKO mice 

(Fig.3.12c) compared to both male wildtype (Fig.3.12a) and DIRKO (Fig.3.12b) 

mice. No published studies link goblet cell number to the incretin hormones; 

however, as shown previously (Chevalier et al., 2015), goblet cell number did not 

increase with cold exposure. 

Metabolic Changes with Chronic Cold Exposure 

In general, C57BL/6J male mice weigh more than C57BL/6J female mice 

(Body Weight Information for C57BL/6J, Retrieved August 9, 2021). Rectal 

temperatures between male and female rats do not differ significantly when exposed 

to cold (4°C) for 2 hours while also demonstrating no significant differences in body 

weight (Elmarzouki et al., 2014). With cold exposure, female mice eat more food 

and export more milk for lactation, where the limits to heat dissipation are removed 

(Król & Speakman, 2003; Zhao, 2012). Swiss female mice exposed to cold (5°C) 

exhibited increased food intake compared to those exposed to warm temperatures 

(23°C), and decreased body weight (Zhao, 2012). Similarly, male C57BL/6J mice 

exposed to cold (4°C) for 4 hours a day demonstrated increased food intake, but no 

reduction in body weight or adiposity (Ravussin et al., 2014). The diet may 

additionally contribute to changes in phenotype (Pellizzon, 2016). Standard 

laboratory chow diet is commonly used in mouse studies, composed mainly of 

complex carbohydrates, with fats from vegetable sources (Warden & Fisler, 2008). 

Chow diet typically comprises 20% fiber (soluble and insoluble) while purified diets 

contain about 5% insoluble fiber (Pellizzon, 2016). Fiber composition is important 

particularly to the gut, as bacteria can ferment soluble fibre, which releases SCFA; 

ultimately, supplying colonocytes with energy and improved insulin action (Pellizzon, 
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2016). To minimize variability and influence positive health of the gut, all mice were 

fed with standard chow diet by Harlan Teklad 2019, containing an energy density of 

3.3kcal/g (22% calories from fat). Chow diet was provided to mice ad libitum, unless 

otherwise noted. 

 Lean mass measures muscle tissue mass equivalent to all body parts 

containing water. After four weeks, lean mass in all mice was only significantly 

greater in wildtype and DIRKO female mice housed at 4C (Fig.3.9). There were no 

significant differences between genotypes, suggesting that the incretin hormones 

and GLP-2 may not be prominent in these processes. Cold exposure places the 

body in a catabolic state despite increased food intake. Between wildtype and Glp1r-

/- male and female mice, food intake and body weight did not differ (Scrocchi, 

Brown, MacLusky, et al., 1996), suggesting the disruption of receptor signaling is 

not associated with alterations in body weight or feeding behaviour. Between chow-

fed wildtype and DIRKO mice, total energy intake (kCal/day) was similar (Hansotia 

et al., 2007). Although not shown, 24-hour food intake is greater in DIRKO mice 

than wild-type mice. 

 In the current study, body weight and lean mass tend to be greater in male 

mice than in female mice (Fig. 3.8 and 3.9). Although overall body weight and lean 

mass remain consistent over the exposure period, GLPDRKO mice weigh less (Fig. 

3.8,3.9). It is unknown whether GLP-2 plays a role in the homeostatic control of 

body weight (Guan, 2014); however, body weight of POMC-Glp2r-/- mice trended 

towards being slightly lower than the body weight of POMC-Glp2r  wildtype mice 

(Guan, 2014). These data suggest that even though there was a disruption in 

receptor signaling, all mice increased food intake to compensate for the increased 

caloric need during cold exposure. Incretin hormones play an essential role in 

orchestrating the body’s post-prandial response to nutrients entering the gut 

(Diakogiannaki et al., 2012). GLP-1 and GIP are essential for glucose-stimulated 

insulin secretion (MacDonald et al., 2002). These data demonstrate that incretin 

hormones GLP-1 and GIP are greater after an olive oil gavage in male and female 

cold exposed wildtype mice, suggesting they are important in metabolic processes 

when energy demand is increased. Along with insulin secretion, GLP-1 has been 
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linked to favouring thermogenesis in brown adipose tissue (González-García et al., 

2019), influencing food intake (Katsurada & Yada, 2016), and intestinal growth 

(Drucker & Yusta, 2014). It is known that there are several homeostatic mechanisms 

regulating metabolism that have defined sex differences. Although studies focusing 

on adipose tissue are typically performed in male mice, a study compared 

intracellular glucose metabolism in BAT, which revealed similar cold-induced 

changes (6°C) between male and female mice (Wang et al., 2020). Sex differences 

in our study are summarized in Table 4.1 and 4.2. 

Glucose metabolism is a central process in the body which allows for efficient 

energy production (Nakrani et al., 2021), and a variety of factors may influence 

glucose and insulin tolerance. Observing glucose tolerance and insulin sensitivity in 

cold exposed mice may depict which energy processes are important in different 

genotypes and how incretin hormones may play a role. An oral glucose tolerance 

test determines how mice respond to orally administered glucose. Glucose 

tolerance is shown to improve with cold exposure, where orally administered 

glucose is rapidly taken up in cold exposed mice (Chevalier et al., 2015). Glucose 

tolerance was similar in young male and female mice (24 week old). Aged female 

mice (72 week old) displayed similar glucose tolerance, while aged male mice 

display significant deterioration (Reynolds et al., 2019). Although few studies 

compare insulin tolerance between male and female C57BL/6J mice, a study 

demonstrated improved insulin tolerance in female mice (Macotela et al., 2009). 

Interestingly C57BL/6J male and female mice demonstrated increased glucose 

tolerance compared to male and female DIRKO mice (Hansotia et al., 2004). DIRKO 

mice also fail to demonstrate improved glycemic response after treatment with 

administration of GIP, exendin-4, and valine pyrrolidide (Val-Pyr)- a DPP4 inhibitor, 

further emphasizing the importance of the GLP-1 and GIP receptors in the post-

prandial glucose response. Glp-1r-/- male and female mice demonstrate an 

increased blood glucose response following an OGTT compared to wildtype mice 

(Scrocchi, Brown, MacLusky, et al., 1996).This pattern is consistent with our data 

(Fig.3.13a,b); however, there are no significant differences between genotype. 

However, although not significant, trends suggest that male and female DIRKO mice 
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are more glucose intolerant than wildtype and GLPDRKO, which has previously 

been observed in compared to C57BL/6J mice (Hansotia et al., 2004). During the 

OGTT, plasma insulin levels are also measured. We did not observe any differences 

in plasma insulin levels between housing temperatures or between genotype 

(Fig.3.13 c and d). In previous studies, DIRKO mice had lower plasma insulin levels 

15 minutes post glucose gavage (Hansotia et al., 2004).  

Chevalier et al. demonstrate that insulin sensitivity is increased with cold 

exposure. We, however, did not observe any significant differences between 

housing temperature or genotype (Fig.3.13 e and f). Insulin sensitivity trends to 

improve in male wildtype and DIRKO mice but not in GLPDRKO mice; however, 

these results are not statistically significant. It has been previously demonstrated 

that insulin tolerance is improved with cold exposure, as activation of brown adipose 

tissue improves whole body insulin tolerance (Poher et al., 2015).  

Contrasting results regarding cold exposure and triglycerides have been 

reported. TG levels have been demonstrated to increase with cold exposure (Saari 

et al., 2020), while other studies have reported decreased levels (Nie et al., 2015). 

Studies have also reported that TG levels do not differ significantly between 4-6˚C 

and room temperature mice (Chevalier et al., 2015; Ravussin et al., 2014). Our data 

did not demonstrate any significant differences between housing temperatures 

(Fig.3.14a,b). Interestingly, the female mice did not demonstrate a peak (Fig.3.14b), 

suggesting that TG production never overwhelmed the TG clearance. In contrast, 

the male mice demonstrate a peak at two hours post-gavage, as entry of TG into 

circulation is greater than TG clearance. Plasma TG levels are typically lower in 

female mice compared to males, where delipidation of CM is caused by increased 

activity of LPL (Shearer et al, 2000). The gut-derived peptides modulate intestinal 

triglyceride secretion (Cho & Kieffer, 2010; Mulvihill, 2018). GLP-1R signaling 

decreases TG levels, while GIPR and GLP-2R signaling increase TG levels. 

Unexpectedly, we did not observe this in our wildtype mice compared to other 

genotypes. Although many of our results did not show statistical significance, post-

prandial metabolism is a complicated system with many routes of regulation that 

compensate for the lack of incretin and preproglucgon signaling. 
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Impact of Cold Exposure on Adipose Tissue 

Remodelling of adipose tissue occurs in response to a moderate decrease in 

environmental temperature, such that body weight and total fat mass have been 

observed to decrease (Stelt et al., 2017). Consistent with body weight, total adipose 

tissue seems to diminish in male mice exposed to cold (Fig.3.15a), and female mice 

exhibit decreases in total adipose tissue weight in both thermoneutral and cold 

housing (Fig.3.15b). It is expected that total adipose tissue weight decreases with 

cold exposure, as observed in fat pad mass (Chevalier et al., 2015). Between 

genotypes, adipose tissue mass in male GLPDRKO does not decrease compared to 

wildtype and DIRKO mice. This may be attributed to GIP action increasing lipid 

accumulation and compensating for the lack of GLP-1R and GLP-2R signaling. 

IngSAT, pgVAT, and epididymal adipose tissue are all forms of WAT, which have 

greater weights in thermoneutral mice as compared to cold exposed mice. These 

specific depots of adipose tissue have been observed to decrease with cold 

exposure (Chevalier et al., 2015). In line with previously published data (Chevalier et 

al., 2015), our results demonstrate that epididymal adipose tissue is decreased with 

cold exposure, while ingSAT and pgVAT trend towards decreased mass 

(Fig.3.15c,d).  

Leptin is a hormone strongly correlated to the amount of white adipose tissue 

present in the body, such that circulating leptin concentration is directly related to 

adipose tissue size. Leptin regulates food intake, by signaling the central nervous 

system to decrease food intake. This is consistent with our data, as food intake is 

greater in cold exposed mice, while white adipose tissue and leptin concentration is 

greater in thermoneutral exposed mice. Another form of adipose tissue is 

interscapular brown adipose tissue, which is responsible for non-shivering 

thermogenesis. Cold-transplanted microbiota in mice led to a trend of decreased 

BAT mass, while intermittent cold exposure revealed similar results (Ravussin et al., 

2014). Our data trends towards greater amounts of brown adipose tissue in cold 

exposed mice (Fig.3.16). Consistent with more significant amounts of WAT in 

wildtype mice (Fig.3.15c,d), leptin levels are notably higher in male wildtype mice 

compared to DIRKO and GLPDRKO mice housed at 27C (Fig.3.16a). These data 
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demonstrate the importance of WAT and BAT during cold exposure; however, the 

intestinally-derived peptides role in regulating these adipose depots remain unclear. 

In summary, our data demonstrates that the secretion of incretin hormones 

and GLP-2 are increased during chronic cold exposure. Intestinal remodeling occurs 

to increase intestinal circumference and villi length in wildtype and DIRKO mice. 

GLPDRKO mice lack this ability and have the lowest body weight and fat pad mass 

suggesting that growth requires activation of the GLP-2 receptor.  



Table 4.1. Summary table of results from male wildtype, DIRKO, GLPDRKO 

mice are exposed to cold (4ºC) compared to thermoneutral (27ºC) for 5 

weeks. Direction of arrow represents effect of cold compared to thermoneutral 

housing temperature.
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Villi/Circumference

Food Intake

GLP-1 Levels

GIP Levels

Body Weight

Glucose Tolerance

Insulin Tolerance

Triglyceride Levels

Adipose Tissue 

Mass

BAT Mass

ingSAT/pgVAT Mass

Leptin Levels

Wildtype DIRKO GLPDRKO



Table 4.2. Summary table of results from female wildtype, DIRKO, GLPDRKO 

mice are exposed to cold (4ºC) compared to thermoneutral (27ºC) for 5 

weeks. Direction of arrow represents effect of cold compared to thermoneutral 

housing temperature.
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Villi/Circumference

Food Intake

GLP-1 Levels

GIP Levels

Body Weight

Glucose Tolerance

Insulin Tolerance

Triglyceride Levels

Adipose Tissue 

Mass

BAT Mass

ingSAT/pgVAT Mass

Leptin Levels

Wildtype DIRKO GLPDRKO
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4.2  Future Directions 

Although all mice exposed to cold consume a more significant amount of food 

to compensate for increased metabolic need, GLPDRKO mice failed to maximize 

potential intestinal growth. Our future studies will confirm these findings of intestinal 

histology in female mice, to further determine whether intestinal remodeling occurs 

in wildtype and DIRKO mice, but not in GLPDRKO mice. Non-shivering 

thermogenesis heavily relies on UCP1 in BAT (Fedorenko et al., 2012), and Ucp1 

mRNA expression increases with cold exposure (Chevalier et al., 2015). Thus, 

staining BAT and subcutaneous WAT for UCP1 will reveal whether GLP-2 receptor 

signaling plays a direct or indirect role in thermogenesis. 

 The intestinal microbiome’s importance is becoming increasingly recognized 

and has been reported to influence host digestion and other physiologic functions 

(Shreiner et al., 2015). Although there are many species identified, many are 

unculturable; thus, their role has not been highly explored. Androgens have been 

demonstrated to influence the microbiome. Specifically, female pathogen-free non-

obese diabetic (NOD) mice were up to four times higher more likely to develop type-

1 diabetes (T1D) (Yurkovetskiy et al., 2013). Furthermore, microbiota modulate 

energy regulation and nutrient metabolism. Lactobassilus rhamnosus PL60 was 

seen to decrease fat content, as it produces conjugated linoleic acid; known to 

decrease fat. Body weight also decreased, without decreasing energy intake (Lee et 

al., 2006). Moreover, the gastrointestinal microbiome plays a critical role in energy 

harvest, storage, regulation and nutrient metabolism (Krajmalnik-Brown et al., 2012; 

Xiao & Kang, 2020). Ingestible nutrients that reach the colon make up approximately 

10-30% of ingested energy, where the microbiome provides enzymes required for

metabolism. This further emphasizes the importance of the colonic microbiome 

indigestion (Bergman, 1990; Krajmalnik-Brown et al., 2012). Bacteroides 

thetaiotaomicron was identified to produce 226 glycoside hydrolases and 15 

polysaccharide lyases, improving the host’s energy balance (Krajmalnik-Brown et 

al., 2012; Sonnenburg et al., 2005). Although there are many studies pertaining to 

the microbiome’s influence on intestinal eubiosis and dysbiosis, very few have 
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linked them with intestinal growth (Chevalier et al., 2015). Increased intestinal 

weight and length were demonstrated in cold exposed microbiota depleted mice, 

and these increases were more pronounced with antibiotic treatment (150% and 

35% greater, respectively). Compared to room temperature-transplanted mice, cold 

microbiota transplanted mice revealed greater intestinal weight and length, 

suggesting that the cold microbiota are significantly involved in this phenotypic 

change (Chevalier et al., 2015). The composition of the intestinal microbiome is 

influenced by various physiological changes (Chevalier et al., 2015) and may also 

contribute to generating signaling molecules important for the control of intestinal 

morphology. Therefore, evaluating the intestinal microbiome populations in our 

models to determine how abundance and population diversity may relate to 

intestinal remodelling during exposure to cold is of interest. 

4.3  Limitations 

Although incretin therapies are becoming increasingly adopted for the 

treatment of diabetes (Neumiller, 2015), many published studies use receptor 

agonists and other exogenous treatment forms. While these methods may be 

practical and discern the pharmacological properties of these therapies, the exact 

mechanism of endogenous incretins and other gut-derived peptides remains 

unclear. Our studies only evaluate endogenous signaling circuits and the effects 

may be indirect through additional mediators which have not yet been revealed as 

discussed above. 

Moreover, experiments and timelines were affected by the COVID-19 

pandemic. Due to ACVS and UOHI restrictions, our ability to perform in-person 

experiments was hindered. Female and male mouse studies were severely delayed 

due to COVID-19 lab restrictions and reductions in the breeding colony.  
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