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ABSTRACT  

Non-communicable diseases (NCDs) such as obesity, type 2 diabetes 

(T2D) and cardiovascular disease (CVD) are increasing at an alarming rate 

globally. A common feature in these conditions is increased adiposity leading to 

insulin resistance (IR). Dyslipidemia is a major contributing factor to increased 

CVD risk during conditions of IR and obesity, with intestinal lipid metabolism 

being of interest to our laboratory. Diet greatly impacts risk and outcome for 

NCDs, making the intestine (the main organ handling dietary intake) of interest to 

this thesis. Current rodent models for investigating intestinal adaptations during 

IR are not ideal for translation to humans due to critical differences in lipid 

metabolism. Therefore, a focus of this thesis was to develop a large animal model 

that would more closely mimic early insulin resistance in humans. 

Epidemiological studies have a shown a strong correlation between low birth 

weight (LBW) and an increase in NCD risk in adulthood. Along with physiological 

and metabolic similarities to humans, swine have the highest spontaneous 

production of LBW offspring among mammals due to uterine capacity. It is not 

known to what extent the intestine would be affected in LBW swine induced to 

develop early IR and dyslipidemia, and if mechanisms can be found that translate 

to humans.  

The objective of this thesis was to develop a LBW swine model and 

determine if a high-fat, high-carbohydrate diet is necessary to induce early insulin 

resistance. The aim was then to assess the swine LBW phenotype under conditions 

of an (i) post-weaning, 6-week, age without dietary invention; (ii) early weaning 
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and introduction of solid feed; and (iii) lipid-lowering and insulin-sensitizing 

effects of vaccenic acid (VA) during a high-fat, high-carbohydrate diet 

intervention.  

We utilized low birth weight (less than the 95% CI of the mean) and normal 

birth weight (NBW, within or above the 95% CI of the mean) male Landrace-

Large White x Duroc crossed production piglets were selected at birth from the 

University of Alberta’s Swine Research and Technology Center (SRTC). In Study 

1, swine were fed control or high-fat, high-carbohydrate (HFHC) diet for 6 weeks, 

post-weaning, until 13 weeks of age. An adapted 2-step modified oral glucose 

tolerance and fat challenge test (MOGTT) was completed to assess insulin and 

glucose metabolism, as well as mesenteric lymph cannulation to assess intestinal 

lipid metabolism. For Study 2, swine were fed control diet until 6 weeks of age to 

assess the influence of age and diet. In Study 3, swine were weaned early (at 2 

weeks of age) and fed control diet until 13 weeks of age to test the influence of 

weaning. In the final study (Study 4), swine were fed either control, HFHC or 

HFHC enriched in VA for 6 weeks, post-weaning, until MOGTT and lymph 

cannulation was completed at 10 weeks of age. All studies had biochemical and 

protein analysis related to lipid metabolism completed.  

When fed a control diet, LBW offspring had a trend towards a modest 

increase in insulin sensitivity. In contrast, when fed a HFHC diet, LBW offspring 

had impaired glucose tolerance relative to control. Interestingly, both LBW groups 

showed signs of impaired intestinal lipid metabolism, irrespective of diet and 

insulin status when compared to normal birth weight counterparts. When fed 
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control diet, the LBW characteristics were not observed at 6 weeks of age, nor 

when weaned at 2 weeks of age, suggestive of a post-natal adaptation impacted by 

solid feed introduction. Enriching the HFHC diet with VA resulted in improved 

dyslipidemia and a mild reduction in insulin resistance in the metabolically 

challenged LBW swine model.  

Our data provide experimental evidence that LBW swine develop impaired 

intestinal lipid metabolism during early phases of insulin resistance and is 

consistent with data in both rodent and human studies. Our data reveal that a 

postnatal HFHC diet can induce early insulin resistance in this model and 

influence lipid metabolism. The observed alterations in insulin and lipid 

metabolism indicate that LBW swine can be used as a translational model for 

humans. Low birth weight swine may be of high relevance in situations where 

rodent models are limited in their translation to human diseases such as CVD and 

the Metabolic Syndrome.  
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“Beginning to reason is like stepping onto an escalator that 

leads upward and out of sight. Once we take the first step,  

the distance to be traveled is independent of our will and we 

cannot know in advance where we shall end.” 

― Peter Singer   
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CHAPTER 1. Literature Review  

 

1.1 Introduction to clinical problem and approach of thesis 

Growing prevalence of obesity and type 2 diabetes  

 The World Health Organization (WHO) estimates that each year 

approximately 40 million people are killed globally by non-communicable diseases 

(NCDs) (World Health Organization 2017). The rising concern of obesity and 

NCDs has been emphasized by the recent establishment of a High-level Global 

Commission on Non-communicable Diseases by the WHO (World Health 

Organization 2017). Rates of obesity have increased globally, and in turn the 

progression of type 2 diabetes (T2D), which is estimated to affect 422 million 

people globally (Serrano-Cinca et al. 2005). Not only are these major health 

concerns for individuals, but also a socioeconomic and financial burden on 

healthcare systems (Yach et al. 2006). Significant progress has been made in 

researching T2D pathogenicity and potential therapeutics, however mechanisms for 

the initiation and development of IR and concomitant metabolic complications have 

not been fully elucidated (Kahn et al. 2006). 

 

Impaired insulin and glucose metabolism during obesity 

 Greater adiposity is associated with a decrease in the hormone insulin to 

stimulate the uptake of glucose into tissues, defined as insulin resistance (IR) 

(Reaven 1988). Regulation of insulin production and glucose clearance is tightly 

regulated in healthy individuals. During conditions of obesity or overnutrition, 
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these signalling pathways become disrupted, resulting in an increasing secretion of 

insulin into the circulation without the glucose clearing effects on peripheral tissues 

(Reaven 1988). During the initial phases of IR, many organs are affected and in 

turn induce a series of cascading complications. These include impaired lipid 

metabolism, increased cardiometabolic risk, as well as a clustering of impaired 

fasting glucose and lipid levels, high blood pressure and central adiposity, forming 

the metabolic syndrome (MetS) (Devaskar & Thamotharan 2007). 

 

Impaired lipid metabolism during obesity and insulin resistance 

 Lipid metabolism involves the digestion, absorption, assembly and 

transport of lipids. Lipoproteins are macromolecules produced primarily in the liver 

and intestine and transport hydrophobic lipids through an aqueous environment 

(Ebbert & Jensen 2013). Lipoproteins comprise of various types of lipid, such as 

triglyceride (TG), phospholipids (PL) and cholesterol. The liver produces lipids 

endogenously through de novo lipogenesis and are secreted as very-low-density 

lipoproteins (VLDL) (Nguyen et al. 2008). The intestine also endogenously 

produces lipoproteins as well as utilizes dietary lipid to package into chylomicrons 

(CMs) (Xiao & Lewis 2012). During obesity and conditions of IR, both the liver 

and intestine can overproduce lipoproteins and carry greater amounts of lipid into 

circulation (Dash et al. 2015; Xiao & Lewis 2012). In addition to impaired lipid 

metabolism of lipoproteins, adipose tissue can also contribute to dysfunction of 

lipid homeostasis by upregulating the release of free fatty acids (FAs) during 

obesity, exacerbating the hyperlipidemic state (Ebbert & Jensen 2013). 
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Consequently, increased lipid storage in adipose and non-adipose tissues, such as 

the liver and muscle, further aggravate the metabolic complications of obesity and 

IR (Ebbert & Jensen 2013).  

 

Cardiovascular disease risk associated with dyslipidemia and type 2 diabetes 

 The WHO has announced that cardiovascular disease (CVD), along with 

diabetes, are two of the four major non-communicable diseases (NCDs) causing 

mortality in the world (Cárceles et al. 2007). Adults with diabetes have more than 

double the risk of a heart attack or stroke compared to non-diabetic individuals 

(Sarwar et al. 2010). A common risk factor for CVD in T2D patients is diabetic 

dyslipidemia, consisting of greater triglyceride-rich lipoproteins and lower HDL 

concentrations. A characteristic of diabetic dyslipidemia includes high plasma lipid 

levels caused by increased free fatty acid (FA) flux due to insulin resistance and 

adiposity (Chehade et al. 2013). Diabetic patients also have increased lipoprotein 

remnants (specifically from the intestine) which contribute to atherosclerosis 

progression (discussed in detail later) (Mangat et al. 2011; Proctor et al. 2004). 

 

Fasting and non-fasting lipid metabolism 

 Classic fasting dyslipidemia has often been characterized by 

hypertriglyceridemia, increased low-density lipoproteins (LDL) and high total 

cholesterol observed during the fasting state (Tchernof & Després 2013). 

Measurements of fasting lipids generally occur after 8-14 hours without dietary 

intake (excluding medication and water). During fasting, LDL and high-density 
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lipoprotein (HDL) are more abundant in circulating plasma. Classically, the 

primary therapeutic target has been a reduction in fasting LDL cholesterol. 

However, recent large-scale epidemiological studies have found that up to a half of 

all patients with cardiovascular events have “normal” fasting cholesterol levels 

(Ramjee et al. 2011; Mora et al. 2008). Therefore, there has been a shift in focus to 

better understand non-fasting, postprandial, lipid measurements as a contributing 

risk factor for cardiovascular disease (CVD), particularly in diabetic patients. 

Postprandial lipid metabolism occurs over several hours after a meal, during which 

CMs assemble in the intestine, are secreted into the lymphatics and transport TG 

and cholesterol through circulation to peripheral tissues (Xiao & Lewis 2012). 

Recent advancements in this field have confirmed that during conditions of IR there 

is an overproduction of CMs postprandially, giving rise not only to the importance 

of investigating the role of the intestine, but also the impact of diet on postprandial 

lipid metabolism (Dash et al. 2015; Adeli & Lewis 2008; Vine et al. 2008). Our 

laboratory has focused on delineating the mechanisms for increased atherogenicity 

caused by intestinal CMs over that of hepatic-derived lipoproteins (Mamo et al. 

1998; Proctor et al. 2002; Warnakula et al. 2011). Our group has utilized a unique 

pre-diabetic JCR:LA-cp rat model to study pharmaceutical and nutritional factors 

affecting intestinal lipid metabolism in relation to cardiovascular and related 

diseases (Mangat et al. 2007; Vine et al. 2007; Borthwick et al. 2014; Mangat et al. 

2010; Diane, Pierce, et al. 2016). 
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Dietary lipids and intestinal hormones impacting lipid metabolism  

 The dietary intake of fat and carbohydrate can greatly affect not only insulin 

and glucose metabolism, but can also influence intestinal lipid metabolism. High-

carbohydrate intake has been shown to induce an overproduction and secretion of 

TG from the intestine (Schaefer et al. 2009). A diet rich in fat, cholesterol and 

fructose can exacerbate IR and dyslipidemia. Fructose does not elicit an insulin 

response and complicates glucose disposal and tissue uptake. Dietary fructose 

directly enters the circulation and is cleared by the liver, where it contributes to 

hepatic lipid synthesis (Stanikova et al. 2015a). Dietary FAs have also been shown 

to alter circulating lipid and cholesterol concentrations (Wijendran & Hayes 2004; 

Harbige 2003). For example, saturated fats were shown to increase the formation 

of and decrease the clearance of LDL particles, thereby increasing circulating 

cholesterol levels (Fernandez & West 2005). Healthy eating guidelines have 

recommendations to reduce total trans fat intake with the intention of reducing 

LDL-cholesterol levels. Industrial trans fats are produced through the 

biohydrogenation of vegetable fats and have been proven to contribute to 

dyslipidemia through increased LDL-cholesterol. In contrast, our laboratory has 

contributed to the finding that vaccenic acid (VA), a natural trans fat found in dairy 

and meat products from ruminant animals, can actually elicit a positive effect on 

circulating lipids (Wang et al. 2012).  

 Recently there has been an increasing interest in the role of intestinally 

derived hormones with respect to obesity and IR. Glucagon-like peptides (GLP-1 

and GLP-2) are produced from the proglucagon gene (GCG) in response to feed 
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intake (Baggio & Drucker 2007). Glucagon-like peptide-1 and GLP-2 have 

competing roles by decreasing and increasing postprandial plasma lipid levels, 

respectively (Hein et al. 2013). Of interest to this thesis, an increase in GLP-2 has 

been associated with higher intestinally-derived CM secretion in rodent models 

(Hsieh et al. 2009; Hein et al. 2013; Hsieh et al. 2015). Human trials have also found 

increased CM secretion upon GLP-2 administration (Dash et al. 2014). 

 

Current models investigating intestinal lipid metabolism and limitations 

 The most commonly used animal models in research are rodents. Rodent 

models are low-cost, easy to manipulate genetically and mature rapidly to allow for 

efficient data collection and analysis (Brown & Panchal 2011). Rodent models of 

MetS have shown intestinal lipid overproduction during conditions of IR, as well 

as postprandial dyslipidemia (Brown & Panchal 2011). However, rodents lack key 

similarities in lipid and cholesterol metabolism to humans, making translation to 

the clinic challenging (Brown & Panchal 2011; Bergen & Mersmann 2005). An 

example of this is that rodents lack a functional cholesteryl ester transfer protein 

(CETP) and use HDL as the major cholesterol carrying lipoprotein (where as 

humans use LDL) (described in detail later) (Haa & Barter 1982). Therefore, an 

aim of this thesis was to develop a large animal model for translation to humans 

that readily develops obesity and IR to investigate the impact to intestinal 

lipoprotein metabolism. A large animal that has been used to study carbohydrate 

metabolism is the low birth weight (LBW) swine model (Bellinger et al. 2006; 

Spurlock & Gabler 2008). 
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Low birth weight as a model of obesity and insulin resistance 

 Dr. David Barker first proposed his theory in 1986 that a mother’s diet may 

increase the child’s lifetime risk for late-onset coronary heart disease (Barker & 

Osmond 1986). Further research confirmed this concept for additional non-

communicable chronic diseases such as obesity and diabetes (Godfrey & Barker 

2000; Breier et al. 2001; Barker, Godfrey, et al. 1993). The concept proposes that 

if a fetus receives inadequate nutrition to allow for development and maturation in 

the womb, it may prioritize organs for short-term survival; potentially at the 

expense of future health problems postnatally (Kuzawa 2005). In this case, the brain 

receives the most nourishment, while organs such as the kidney and lungs are 

neglected as they are non-functioning in the womb (Simmons et al. 1992). In 

addition to organ prioritization, the fetus can often be subject to temporary yet 

systemic restricted growth resulting in a lower then average birth weight. In swine, 

this manifestation is often more pronounced in large litters >10, and lower birth 

weight piglets relative to their normal weight littermates are common.  

 

Using swine as a model for human translation for intestinal lipid metabolism 

 Animal models are essential to the study of the IR and dyslipidemia in terms 

of mechanisms, therapies and prevention methods. Pigs not only have a 

gastrointestinal tract and lipid metabolic pathway that closely resemble humans, but 

also exhibit the highest rate of LBW offspring (Ferenc et al. 2014). Given the 

opportunity to study lipid metabolism in a large animal model with high 
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susceptibility to IR, the basis of the main approach for my experiments in this thesis 

were to contribute to knowledge of intestinal lipid alterations during IR. 

 

1.2 Insulin resistance leading to the Metabolic Syndrome 

 Rising rates of obesity globally have also shown a parallel rise in Metabolic 

Syndrome (MetS), with nearly 1 in 4 adults being diagnosed with the condition 

(Isomaa et al. 2001). The International Diabetes Federation (IDF) defines MetS as 

consisting of 2 of the following: fasting glucose greater than 100mg/dL, blood 

pressure greater than 130/85mmHg, TG levels over 150mg/dL, HDL-cholesterol 

less than 50mg/dL in females and less than 40mg/dL in males along with 

compulsory central obesity or BMI over 30kg/m2 (Isomaa et al. 2001). The two 

major contributing etiologies in the development of MetS are the impairment of 

adiposity and its storage (mainly abdominal) as well as the utilization of glucose 

and impaired insulin metabolism (Isomaa et al. 2001).  

  

 

1.3 Hormonal regulation of glucose homeostasis physiology 

 A major carbohydrate energy source for mammals is glucose. However, due 

to the size of the glucose molecule, absorption into most cells requires transport 

proteins, allowing for regulation (Saltiel & Kahn 2001). Transport proteins can be 

hormonally regulated to allow for further homeostatic control of whole-body 

glucose metabolism. Insulin, produced from the pancreas in response to high 

plasma glucose levels after a meal, is a hormonal regulator of peripheral tissue 
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glucose transporters (Saltiel & Kahn 2001). In addition, insulin inhibits 

gluconeogenesis and stimulates lipogenesis, further reducing circulating glucose 

(Saltiel & Kahn 2001). An opposing pancreatic hormone, glucagon, is released 

when plasma glucose levels fall, such as during exercise or fasting. Glucagon 

regulates glucose levels by increasing glycogen breakdown and gluconeogenesis, 

maintaining glucose homeostasis (Figure1-1) (Jiang & Zhang 2003; Saltiel & Kahn 

2001). The liver can also endogenously produce glucose through gluconeogenesis, 

contributing to the overall whole-body glucose regulation (Pilkis & Granner 1992). 

The term “glucose tolerance” is often used as an assessment of an individual to 

clear glucose from the blood after a meal (Stumvoll et al. 2000). When these 

complex systems for glucose regulation become impaired, such as during obesity, 

numerous organs and metabolic pathways are impacted. 

 

 

A. Low Glucose Levels (fasting)  B. High Glucose Levels (fed) 

 

Figure 1-1. Insulin and glucose metabolism in the fasting (A) and fed (B) states 

This figure was created in part using illustrations adapted from “Servier Medical 

Art” with permission. 



 

 
10 

1.4 Impaired metabolism of insulin and glucose during obesity  

 Increased adipocytes during conditions of obesity result in increased release 

of free fatty acids (FAs) (Boden & Shulman 2002). The FAs then compete with 

glucose as a source of energy in insulin-responsive cells. Therefore, less glucose is 

cleared from the blood, creating a signal for the pancreas to produce more insulin 

in compensation (Ebbert & Jensen 2013). Insulin can also increase the uptake of 

FAs into adipose tissue through lipoprotein lipase (LPL) stimulation. Additionally, 

decreased release of FAs from adipocytes occurs through the reduction in hormone 

sensitive lipase (HSL) activity by insulin (Sears & Perry 2015). Adipose 

triglyceride lipase (ATGL) and HSL are the two major enzymes contributing to TG 

catabolism (Schweiger et al. 2006). Insulin resistance is an underlying factor in 

many disease states, such as T2D and MetS (Saltiel & Kahn 2001). Insulin 

resistance is defined as an impairment of target tissues, such as the liver, adipose 

and muscle, to the effects of insulin in varying capacities (Saltiel & Kahn 2001). 

Target tissues can be resistant to low concentrations of insulin, thus needing 

increased insulin production to have an equivalent glucose lowering effect (Saltiel 

& Kahn 2001). In addition, after prolonged exacerbated insulin production, the 

pancreas can become deficient in the secretion of insulin, resulting in an exogenous 

insulin-dependant condition and often triggers the onset of T2D (Khan & Pessin 

2002).  

 



 

 
11 

Figure 1-2. Schematic of the role of adipose tissue contributing to dyslipidemia, 

inflammation and insulin resistance during conditions of obesity and over 

nutrition.(Canfora et al. 2015) 

 

1.5 Physiology of lipid metabolism in humans 

 Lipids travel through circulation solubilized as macromolecules called 

lipoproteins (Couture et al. 2014; Giammanco et al. 2015). Lipoproteins, such as 

the intestinally-derived CM and hepatic-derived VLDL, contain TG, PL, 

cholesterol esters (CE), free cholesterol and various proteins. The major classes of 

lipoproteins are CM, VLDL, intermediate-density lipoprotein (IDL), LDL and 

high-density lipoprotein (HDL) and are classified based on size, density and content 
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as described in Table 1-1. The two main organs contributing to lipid metabolism 

are the liver and intestine.  

Of interest to this thesis is the methodology to quantify different 

lipoproteins. In humans (and swine) the intestinal apoB gene truncates via the 

apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 (APOBEC1) to 

generate a modified isoform that is 48% of the total apoB protein, apolipoprotein 

B48 (ApoB48) (Greeve et al. 1993). Importantly, we know that each CM contains 

a single unique apolipoprotein B48. In contrast, the liver expresses the full length 

apoB gene, allowing for differentiation between intestinally-derived lipoproteins 

(ApoB48) and the hepatic isoform (ApoB100) found in VLDL and its remnant 

forms. Interestingly, rodents produce both ApoB100 and ApoB48 in the liver, 

confounding measurements of lipoprotein origin in plasma. Swine are a more 

closely related species for research as pigs also have the cleaved ApoB48 only 

derived from the intestine (Greeve et al. 1993). An overview diagram of lipid 

metabolism is shown in Figure 1-3. Despite numerous similarities in endogenous 

lipid production and lipoprotein assembly, there are subtle differences which are 

important components to interpret this thesis.  
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Table 1-1. Characteristics of major classes of lipoproteins in human circulation. 

Adapted from Feingold and Grunfeld (2015). 

Lipoprotein Density 

(g/ml) 

Size 

(nm) 

Major Lipids Major 

Apoproteins 

Chylomicron 

(CM) 

<0.930 75-

1200 

Triglycerides (80-95%) B-48, C-I, C-II, 

C-III, E, A-I, A-

II, A-IV 

Chylomicron 

Remnant  

(CM-r) 

0.930- 1.006 30-80 Triglycerides (70%)  

Cholesterol (13%) 

B-48, E 

VLDL 0.930- 1.006 30-80 Triglycerides (55-80%) B-100, E, C-I, C-

II, C-III 

IDL 1.006- 1.019 25-35 Triglycerides (20-50%) 

Cholesterol (20-50%) 

B-100, E, C-I, C-

II, C-III 

LDL 1.019- 1.063 18- 25 Cholesterol (40-50%) B-100 

HDL 1.063- 1.210 5- 12 Cholesterol (15-25%) 

Phospholipids(20-30%) 

A-I, A-II, C-I, C-

II, C-III, E 
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Figure 1-3. Lipoprotein metabolism overview. Dietary derived lipids are 

transported by intestinally derived chylomicrons (CM) that distribute triglycerides 

to tissues. Once hydrolyzed, CM becomes remnant chylomicrons (CM-r) which can 

be cleared via the liver. The liver can endogenously produce lipids and reassemble 

lipids into very-low-density lipoproteins (VLDL). VLDL travel through circulation 

until hydrolyzed becoming intermediate-density lipoproteins (IDL) and eventually 

low-density lipoproteins (LDL). LDL can be taken up into peripheral tissues and 

distribute cholesterol. Cholesterol can be removed from these tissues by high-

density lipoproteins (HDL). This figure was created in part using illustrations 

adapted from “Servier Medical Art” with permission. 

 

1.5.1 Diabetic dyslipidemia and increased risk of cardiovascular disease 

 Factors associated with diabetes increase the risk of a cardiovascular event, 

potentially causing mortality. Two thirds of diabetic-related mortalities are due to 

heart disease and stroke (Deshpande et al. 2008; Chehade et al. 2013). Dyslipidemia 

in the diabetic patient consists of high fasting plasma TG concentration, low levels 
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of HDL and an elevated LDL concentration, contributing predictors of CVD 

(Battisti et al. 2003). Cholesterol-rich LDL particles are particularly atherogenic in 

that they are highly susceptible to glycation and oxidation, which add to 

atherosclerotic plaque development (Ravandi et al. 2000). In addition, once dietary 

TG transported by the intestinally-derived CM is hydrolyzed by LPL, a CM-

remnant (CM-r) is formed (Cooper 1997). Under normal conditions, chylomicron-

remnants can be rapidly removed from circulation by the liver (Cooper 1997). 

However, during IR and T2D there is often defective clearance of these remnant 

particles, likely though altered hepatic TG lipase (HTGL) and competition for the 

receptor-mediated uptake pathways (such as the LDL-receptor) (Ginsberg & Tuck 

2001). Previous studies have demonstrated that CMs metabolize more than 3 times 

the amount of cholesterol in a 24 hour period as compared to LDL particles (Wells 

2003). Additionally, animal studies provide evidence that accumulation of CM-r 

greatly exceeds that of LDL particles in the aorta due to a lesser extent of efflux 

from the arterial walls (Proctor et al. 2004; Proctor & Mamo 1996). Furthermore, 

diabetic patients have an increase in CM secretion, and decrease in clearance, 

resulting in frank post-prandial dyslipidemia. Importantly, clinical studies have 

demonstrated that these independent risk factors increase the susceptibility for CVD 

events during insulin resistance and diabetic conditions (Mangat et al. 2011; 

Phillips et al. 2000; Curtin et al. 1996; Mero et al. 1998). From the perspective of 

this thesis, postprandial dyslipidemia and over-secretion of lipids from the intestine 

are important targets for new lipid lowering therapies. As such, large translation 

models such as swine are of potential value to advance this field. 
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1.5.2 Hepatic lipid and cholesterol metabolism 

 The liver can synthesize lipids through de novo lipogenesis by converting 

carbohydrates to FAs and subsequent packaging into TG (Choi & Ginsberg 2011). 

The liver assembles VLDL particles to transport TG and cholesterol to peripheral 

tissues (Nguyen et al. 2008). Importantly, VLDL particles have a constitutive 

structural protein added during assembly, apolipoprotein B100 (ApoB100). Each 

VLDL contains just one ApoB100 protein and hence can be used after separation 

for quantification of ApoB100 verses other isoforms of apoB (see CM section 

below) (Sniderman et al. 2010). In addition, other apolipoproteins are added to the 

VLDL particle, including apolipoprotein E, C-I, C-II and C-III. ApoC-II is an 

important regulator as it allows LPL to recognize the molecule and hydrolyze TG 

into FA and glycerol for use in peripheral tissues (Nguyen et al. 2008). Thus, as 

VLDL particles become smaller and more dense, they are typically considered a 

cholesterol-rich IDL (see Figure 1-3 above). As IDL continues to distribute TG to 

tissues it becomes an LDL particle (Nguyen et al. 2008). Intermediate-density 

lipoprotein and LDL are technically considered remnant lipoproteins of the larger 

VLDL and are primarily recycled back into the liver via the low-density lipoprotein 

receptor (LDLR) (Choi & Ginsberg 2011). However, these particles are not 

necessarily contributing remnants to increased atherogenic risk due to size. 

 The liver secretes apolipoprotein A-I (ApoA-I) particles which rapidly 

accepts cholesterol from the plasma and peripheral tissues (including the arterial 

wall) becoming nascent HDL (Daniels et al. 2009). Free cholesterol in the nascent 

HDL is esterified by lecithin-cholesterol acyl transferase (LCAT) enzymes, 
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producing a mature HDL particle (Daniels et al. 2009). The primary role of HDL is 

to transport cholesterol to organs, other lipoproteins or be cleared by the liver 

(Daniels et al. 2009). CETP exchanges cholesterol from HDL and LDL particles 

for TG in VLDL and CM particles (Daniels et al. 2009). HDL particles have anti-

atherogenic effects through the removal of cholesterol from the arterial wall and 

peripheral tissues and can be cleared by the liver through the reverse cholesterol 

transport (RCT) pathway (Rye et al. 2009). Pertinent to removing cholesterol is the 

ApoA-I protein enabling the efflux of cholesterol from cells (Wasan et al. 2008). 

As rodents do not express CETP, and therefore use HDL as the major cholesterol 

carrying lipoprotein, alternative models that mimic major aspects of human 

lipoprotein metabolism become very useful (Haa & Barter 1982). 

 

1.5.3 Intestinal lipid metabolism 

 Chylomicrons are lipoproteins synthesized in the intestine and transport FA 

and fat soluble vitamins in circulation (Dash et al. 2015). Chylomicrons and VLDL 

particles are continuously synthesized and secreted at a basal rate. During fasting, 

much of the TG in circulation are carried in VLDL particles secreted from the liver. 

In contrast, during the fed state the rise in circulating TG mainly comes from the 

upregulation in intestinal lipid secretion through CMs. Postprandially, CMs contain 

greater amounts of TG and cholesterol compared to hepatic-derived lipoproteins, 

mostly in part due to their size (Dash et al. 2015; Xiao & Lewis 2012; Nutting & 

Bergstedt 1990). Chylomicrons contain similar apolipoproteins to liver-derived 

VLDL particles, such as ApoC-I, C-II, C-III and E. However, as mentioned, unique 
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to CMs is apolipoprotein B48 (ApoB48) which is essential for assembly. Only one 

ApoB48 protein exists on each CM particle and can therefore be used to measure 

CM quantity similarly to ApoB100 from the liver (van Greevenbroek & de Bruin 

1998; Dash et al. 2015; Phillips et al. 1997). Chylomicrons are also secreted with 

one ApoA-I protein. Once the major TG content of CMs is hydrolyzed for use by 

muscle and adipose tissue, the remaining lipoprotein is considered a CM-remnant 

(CM-r) (Haidari et al. 2002; Karpe 1999). In addition to CMs, the intestine has 

recently been shown to synthesize HDL through the addition of cholesterol and 

phospholipids to ApoA-I by the ATP-binding cassette, subfamily A, member 1 

(ABCA1) (Green & Riley 1981). In mice, HDL biogenesis in the intestine is 

estimated to contribute up to 30% of the plasma HDL pool (Brunham et al. 2006). 

Some of the findings of this thesis relate to the observed impact of IR to upregulate 

the secretion of CMs, so it is important to appreciate aspects of particle production 

vs TG absorption and secretion. 

 

1.5.3.1 Triglyceride absorption and reassembly 

 Fats are ingested, mix with bile acids and are hydrolyzed by lipases in the 

proximal intestinal lumen. Triglycerides are hydrolyzes to FAs and 

monoacylglycerols (MAGs) which are absorbed in high-efficiency (more than 

95%) into the intestinal enterocytes (Pan & Hussain 2012). Transport across the 

enterocyte brush border is through passive diffusion or assisted by transport 

proteins (see Figure 1-5 for summary). Examples of these membrane transporters 

include fatty acid-binding protein (FABP), fatty acid-transport protein 4 (FATP4) 
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and fatty acid translocase/cluster determinant 36 (FAT/CD36) (Stremmel 1988; 

Stahl et al. 1999; Nassir et al. 2007). Once in the enterocyte, fatty acid-binding 

protein 2 (FABP2) facilitates the intracellular transport of long chain fatty acids 

(LCFAs) to the endoplasmic reticulum (ER) (Niot et al. 2009). The re-esterification 

of MAGs and FAs into diacylglycerols (DAGs) and TGs is catalyzed by 

monoacylglycerol acyltransferase (MGAT) and diacylglycerol acyltransferase 

(DGAT) enzymes, respectively (Mansbach & Siddiqi 2010; Yen & Farese 2003; 

Buhman et al. 2002; Grigor & Bell 1982; Rao & Johnston 1966). Triglycerides can 

also be synthesized from glucose through the glycerophosphate pathway as well as 

stored in the enterocyte (Pan & Hussain 2012; Yang & Kuksis 1991). Fatty acid-

binding protein 1 (FABP1) assists in the transport of the molecules from the ER to 

the Golgi complex where the formation of a pre-CM transfer vesicle is achieved 

with the addition of one apolipoprotein B48 (ApoB48) (Niot et al. 2009). The 

intestine also has the ability to store fats as neutral lipids as droplets in the 

enterocyte, which has implications for the temporal association of dietary fats 

during the post-prandial phase (Robertson 2003).  

 

1.5.3.2 Cholesterol absorption, regulation and excretion 

 We know that increased intake of dietary cholesterol can impact lipoprotein 

metabolism. Dietary cholesterol is absorbed into enterocytes as FAs or free 

cholesterol through the niemann-pick C1-like 1 receptor (NPC1L1) or scavenger 

receptor class B member 1 (SR-B1) (Altmann 2004; Sané et al. 2006) (Figure 1-5). 

Cholesterol can be transferred to the ER as CE by acyl-CoA:cholesterol 
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acyltranferase enzyme 2 (ACAT2) (Hazard & Patel 2007). Endogenous cholesterol 

can also be produced through de novo synthesis and is regulated through 

homeostatic control by dietary feed intake and intracellular cholesterol sensing by 

sterol regulatory element-binding protein 1 and 2 (SREBP1/2) (Kruit et al. 2006). 

Free cholesterol can also be excreted out of the enterocyte into the lumen through 

ATP-binding cassette transporter G5/G8 (ABCG5/8) via the transintestinal 

cholesterol efflux pathway (Hazard & Patel 2007) (van der Velde et al. 2010). 

 

1.5.3.3 Chylomicron assembly 

 Assembly of CMs occurs as two main phases, first synthesis of a pre-CM 

particle, then expansion of the core with TG. In the ER, microsomal triglyceride 

transfer protein (MTP) facilitates formation of a pre-CM particle containing TG, 

cholesterol, PL and apolipoprotein AIV (ApoA-IV) (Pan & Hussain 2012; Morel 

2003). Importantly, the pre-CM receives one ApoB48 protein as described 

previously. FABP1 transports the pre-CM particle to the Golgi complex where it 

receives apolipoprotein A-I (ApoA-I), becoming a nascent CM ready for 

exportation into the lymphatic system (Mansbach & Siddiqi 2010).  

 

1.5.3.4 Exocytosis into the lymphatic system 

 Nascent CMs are exocytosed from the enterocyte into the lymphatic system 

(Dash et al. 2015). The lymphatic system is anatomically located adjacent to the 

circulatory system and has two man branches, one towards the intestine and the 

other towards peripheral tissues (detailed in Figure 1-4) (Randolph & Miller 2014). 
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Lymph originating from the intestine contains CMs and dietary lipids and is 

secreted from the intestinal villi into the lymphatic lacteals (Randolph & Miller 

2014). The lymph CMs are “pumped” in lymph to the collecting lymph vessels; 

through the mesenteric lymph node and the mesenteric lymph duct. The other 

branch of the lymphatic system originates at peripheral tissues, where lymphatic 

capillaries pump lymph to collecting vessels, lymph nodes and to the thoracic duct. 

The thoracic duct is the central juncture where both branches of the lymphatic 

system join and flow through the subclavian vein and into blood circulation (Choi 

et al. 2012).  

 The lymphatic system has two main physiological functions in addition to 

its ability to transport dietary lipids. One being its ability to regulate the tight 

balance of fluids in the body, and the other being the defence properties of the 

immune system (Mortimer & Rockson 2014; Liao et al. 2015). Although less 

studied than the circulatory system, the lymphatic system is essential to immune 

function, fluid homeostasis and lipid metabolism. 

 



 

 
22 

 

Figure 1-4. Schematic of lymphatic anatomy. Lymphatic capillaries pump lymph 

from peripheral tissues to collecting lymphatic vessels, lymph nodes and to the 

thoracic duct by the action of muscles (red lines surrounding lymphatic vessels). 

The intestinal villi secrete CMs into the lymphatic lacteals and to the collecting 

vessels, mesenteric lymph nodes and mesenteric lymph duct.  The mesenteric 

lymph duct combines with the thoracic duct to drain lymph into circulation via the 

subclavian vein.  Figure from Randolph and Miller, 2014. 

 

1.5.3.5 Chylomicrons in circulation 

Chylomicrons enter the circulation via the thoracic duct and subclavian 

vein. Once in the plasma, CMs can further acquire ApoC-II and ApoE from HDL, 

becoming a mature CM (Cohn et al. 1999). In circulation, CM particles rapidly mix 

with other hepatic-derived lipoproteins, rendering it difficult to assess 

biochemically. In rodent models, we have overcome this caveat by sampling 

lymph-derived native CMs prior to the entry into the circulation. In smaller animal 

models, lymph has traditionally been sampled acutely under anaesthesia prior to 
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sacrifice, or chronically via a lymph fistulae procedure (Bollman et al. 1948). In 

this thesis, we have been able to develop and apply similar procedures in swine.  

 

Figure 1-5. Processing of dietary lipid in the intestinal enterocyte through 

absorption, assembly and secretion of chylomicrons (CM). CMs are synthesized in 

the enterocyte first in a pre-chylomicron formation step via MTP and addition of 

one ApoB48, and then through lipidation of the lipoprotein core in the golgi 

apparatus. CMs are then excreted into the lymphatic system. Adapted from 

Williams, 2008. This figure was created in part using illustrations adapted from 

“Servier Medical Art” with permission. ABCG5/8, ATP-binding cassette 

transporter G5/G8; ACAT, acyl-coA:cholesterol acyltranferase; apo, 

apolipoprotein; CM, chylomicron; DAG, DGAT, diacylglycerol acyltransferase 

diacylglycerol; ER, endoplasmic reticulum; FA, fatty acids; FAT/CD36, fatty acid 

translocase/cluster determinant 36; FC, free cholesterol; LDLr, low-density 

lipoprotein receptor; MAG, monoacylglycerol; MGAT, monoacylglycerol 

acyltransferase; MTP, microsomal triglyceride transfer protein; NPC1L1, niemann-

pick C1-like 1; PL, phospholipid; SR-B1, scavenger receptor class B member 1; 

TG, triglyceride 
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1.5.3.6 Chylomicron clearance 

 In circulation, CMs are hydrolyzed by lipoprotein lipase (LPL) and hepatic 

lipase (HL) on the surface of endothelial cells via the recognition of ApoC-II 

(Willnow 1997). Chylomicrons from the intestine are rapidly cleared from 

circulation or converted into remnant form (Schaefer et al. 2000). Chylomicrons 

can donate ApoA-I and ApoC-II to HDL along with releasing TG, reduces their 

size and becoming a CM-r (Dash et al. 2015). Chylomicron remnants retain ApoE 

on their surface which can recognize the LDLR or ApoB100/E receptor on 

hepatocytes and be cleared from circulation via receptor-mediated endocytosis 

(Willnow 1997; Hussain et al. 1991).  

 

1.6 Lipid metabolism during obesity and insulin resistance 

1.6.1 Impaired hepatic lipid metabolism during insulin resistance 

 Research has focused in the past on the glucocentric viewpoint of IR. 

Recently it has become clear that lipid metabolism alterations are also pertinent to 

understand dyslipidemia associated with obesity and IR. The liver is an essential 

organ in maintaining energy balance in mammals. The liver has a major role in the 

maintenance of glucose homeostasis as well as a primary player in lipid 

metabolism, as previously discussed (Daniels et al. 2009). During conditions of IR 

and obesity, adipose tissue release an influx of FAs as well as increasing lipolysis 

(Ebbert & Jensen 2013). Circulating non-esterified fatty acids (NEFAs) can be 

transported into the liver for TG synthesis and storage (Paschos & Paletas 2009). 

Hepatic lipid accumulation, described as non-alcoholic fatty liver disease (NAFLD) 
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and leading to non-alcoholic steatohepatitis (NASH), is a marker of hepatic IR and 

closely correlated with T2D and MetS (Paschos & Paletas 2009). In addition to 

storage, obesity and IR can cause the liver to upregulate VLDL production and 

secretion, further exacerbating dyslipidemia (Paschos & Paletas 2009). 

 

1.6.2 Impaired intestinal lipid metabolism during insulin resistance  

 Evidence has shown that IR, obese and T2D patients have elevated fasting 

concentrations of plasma TG-rich CMs (Fielding et al. 1996; Xiao & Lewis 2012). 

Altered CM production and/or secretion may be the cause for this observation as 

well as decreased particle clearance. However, mechanisms have not been fully 

elucidated. Studies on CM production in IR conditions revealed that there are 

significant alterations in phosphorylation and protein expression in the pathways 

associated with ApoB48 synthesis and secretion, allowing for increased production 

of ApoB48 particles (Federico et al. 2006). Evidence has been found to suggest 

insulin resistance in the intestine may be induced by inflammation through TNFα 

(Qin et al. 2007). Additionally, during IR increased expression of chylomicron 

assembly and secretion genes, such as CD36, MTP, MGAT, DGAT and ApoA-IV 

have been found in enterocytes (Hsieh et al. 2008; Vine et al. 2008). Insulin 

suppresses production of ApoB48-containing CM particles in the intestine 

(Federico et al. 2006). However, when there are high levels of circulating FFAs, 

such as in obesity, this suppression becomes diminished (Pavlic et al. 2010; Lewis 

et al. 1995). Delayed CM clearance allows for an excess of lipids in circulation. 

These lipids may be stored as lipid droplets in the peripheral tissues, contributing 



 

 
26 

to increased adiposity (Karpe 1999). In IR conditions, there can be a deficiency in 

breakdown and oxidation of lipid droplets (Karpe 1999). In muscle and adipose 

tissue, long chain FAs can be formed through the hydrolysis of TGs in VLDLs and 

CMs, further contributing to obesity and IR (Drover et al. 2005).  

 

1.7 Dietary factors impacting intestinal lipid metabolism during insulin 

resistance 

 Animal models often require dietary interventions, such as a high-fat diet, 

to induce obesity, IR and the MetS. A ‘high-fat diet’ is not a standardized definition 

however, and studies use this term to refer to numerous dietary interventions of 

differing fat percentages and plant vs. animal origins (Buettner et al. 2007). Dietary 

components can also be combined to mimic typical human consumption. The 

western diet consists heavily of high saturated and trans fats along with poor quality 

carbohydrates (Forbes et al. 2013). The following sections will describe the main 

dietary components used in research to induce MetS. Of interest to this thesis, a 

combination of high-fat, high-carbohydrate and high-cholesterol diet has been 

shown to accelerate MetS in a shortened time frame. The diet was chosen for our 

studies based on cost and time for experimental studies and will be defined as a 

high-fat, high-carbohydrate (HFHC) diet. 

 

1.7.1 Dietary carbohydrate impacting insulin resistance and dyslipidemia 

 Historically, scientists and medical professionals have focused on reducing 

dietary fat intake as a method to prevent obesity and diabetes, with little shown 
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benefit. Evidence then emerged that a diet high in carbohydrate content may 

contribute to fasting hypertriglyceridemia. Over the last few decades the large 

increase in fructose consumption has paralleled the rise in insulin resistance and 

diabetes (Bursac et al. 2014). High intake of dietary carbohydrates can induce an 

overproduction of TG and ApoB48 postprandially (Schaefer et al. 2009). In 

hamsters, feeding a high-fructose diet increased lipogenesis, dyslipidemia and IR 

(Haidari et al. 2002). Glucose feeding stimulates insulin production which can 

inhibit CM secretion. Fructose does not significantly increase plasma glucose 

levels, thereby not eliciting an insulin response. While peripheral tissues take up 

glucose for energy use, fructose is absorbed into the bloodstream and removed by 

the liver (Schaefer et al. 2009). In short term fructose feeding, plasma glucose levels 

are reduced and apparent benefits are observed in terms of insulin sensitivity. 

However, chronic overfeeding of fructose leads to dysregulation of the glycolytic 

pathway. In the liver, fructose can directly enter the glycolytic pathway skipping 

the step of regulation by phosphofructokinase (Basciano et al. 2005). In turn, high 

levels of dietary fructose can continuously enter the glycolytic pathway without a 

negative feedback mechanism. In turn, increased de novo lipogenesis and TG 

synthesis occur, contributing to dyslipidemia (Stanikova et al. 2015a). For the 

above stated reasons, high-fructose diets (often in combination with high-fat and 

high-cholesterol) are used in animal models to induce insulin resistance and MetS 

(Rutledge & Adeli 2007). 
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1.7.2 Dietary fat impacting insulin resistance and dyslipidemia 

 Dietary fat intake can modulate the absorptive abilities of the intestine and 

result in alterations in circulating concentrations of lipids and markers of diabetes 

such as HDL, LDL and TG (Rivellese et al. 2003; Farvid et al. 2014). Dietary fat is 

absorbed with high-efficiency. However, cholesterol remains controversial in its 

expected rate of absorption of 30-80% (Bosner et al. 1999). When excess fats are 

consumed, CMs accumulate in circulation leading to increased lipidation of 

peripheral tissues. Not only is high-fat intake associated with a perturbed fasting 

lipid profile and glucose intolerance, but also abnormalities in the postprandial lipid 

profile. Humans spend much of their day in the fed state, making studies of 

postprandial lipemia pertinent to understanding obesity and progression to IR.  

 Although a high quantity of fat in the diet can exacerbate dyslipidemia, FA 

composition and source of fats also effect postprandial lipid metabolism (Ooi et al. 

2013). Fatty acids are classified as saturated or unsaturated depending on the 

absence or presence of double bonds in the carbon-based structure, respectively. 

Unsaturated FAs are further classified as monounsaturated (MUFA) if they have 

one double bond, or polyunsaturated (PUFA) if they have multiple double bonds 

(Vannice & Rasmussen 2014). In addition to quantity and source, dietary short and 

medium chain FAs (C4-C10) have a limited effect on postprandial lipemia as they 

are absorbed into the hepatic portal vein, thereby reducing any detrimental effects 

on CM metabolism (Bonanome & Grundy 1988).  
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1.7.2.1 Unsaturated fatty acid effects on lipid metabolism 

 Unsaturated FAs are classified based on the location of the double bond, 

such as n-3, n-6 and n-9 FAs, where the numerical value is the location from the 

methyl end that the double bond is located (Vannice & Rasmussen 2014). Examples 

of n-3 FAs are α-linoleic acid (ALA), which are found in leafy green plants, 

flaxseed oil and canola, and eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) which are in high quantities in sardines, salmon and herring (Vannice & 

Rasmussen 2014). Main sources of n-6 FAs, such as linoleic acid (LA) and 

arachidonic acid (AA), are vegetable oils. Avocado and nut oils (peanut, walnut, 

almonds, etc.) contain high concentrations of oleic acid which is an n-9 FA 

(Vannice & Rasmussen 2014). Often these FAs originate in the diet as PUFAs, 

which are precursors to the aforementioned molecules. 

 Consumption of EPA, DHA and ALA (n-3 FAs) reduce plasma TG and are 

inversely related to cardiovascular event incidence (Wijendran & Hayes 2004). In 

both normolipedemic and hyperlipedemic patients, a modest dose of EPA and DHA 

addition to the diet shows reduced plasma TGs, likely through inhibition of hepatic 

TG and VLDL secretion (Nestel et al. 1984; Sanders & Hochland 1983; Schectman 

et al. 1989). Our laboratory has also shown that acute and chronic dietary n-3 PUFA 

supplementation improves fasting and postprandial lipid profiles (TG, cholesterol 

and ApoB48) in the JCR:LA-cp rat model of the MetS (Lu et al. 2011; Hassanali et 

al. 2010).  
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1.7.2.2 Saturated and industrial trans fat effects on lipid metabolism 

 Saturated and trans fats are often found in animal products such as lard and 

butter, as well as in vegetable, cocoa and coconut oils through natural or 

hydrogenation processes (Vannice & Rasmussen 2014). Canada’s food guide 

recommends reducing all saturated and trans fat intake in the diet (Government of 

Canada, Health Canada). Lauric, myristic and palmitic acids are saturated FAs that 

can increase circulating cholesterol levels, likely through inhibiting LDL clearance 

by decreased LDL-receptor activity (Grundy & Denke 1990). Trans fats from 

industrial processes have been known to substantially increase LDL, lower HDL, 

as well as increase fasting TG by a CETP-mediated pathway (Sun et al. 2007; van 

Tol et al. 1995).  

 

1.7.2.3 Effects of ruminant-derived trans fats on lipid metabolism 

 In contrast to industrial trans fats, our laboratory has contributed to the 

understanding that natural trans fat consumption, in particular VA, can show a 

beneficial response in lipid profiles (Y. Wang et al. 2008; Wang et al. 2012; Wang 

et al. 2009; Gebauer et al. 2011). Vaccenic acid is the most predominant trans fat 

isomer in meat and dairy products from ruminant animals. Vaccenic acid is 

hypothesized to activate peroxisome proliferator-activated receptor alpha (PPARα), 

which has high abundance in liver, muscle and heart tissues. Peroxisome 

proliferator-activated receptor alpha is a regulator of lipid oxidation (Wang et al. 

2012; Yu et al. 2002) and promotes FA uptake through increased CD36 expression 

(Wang et al. 2012; Yu et al. 2002). For this activation to take place, peroxisome 
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proliferator-activated receptor gamma co-activator 1-alpha (PGC-1α) must also 

work in coordination to activate genes in the citric acid cycle and induce 

transcription of genes involved in oxidative phosphorylation (Nagatomo et al. 

2012). Studies have shown that a high-fat diet may decrease PGC-1α expression, 

resulting in incomplete -oxidation and leading to a substantial increase in IR 

(Nagatomo et al. 2012). However, adding VA to the diet can potentially counter the 

high-fat diet effects and therefore result in increased insulin sensitivity, possibly 

preventing diet-induced T2D. 

 

1.7.2.4 Dietary sterol effects on lipid metabolism 

 Dietary sterols, such as cholesterol can impact lipid metabolism by 

increasing LDL and total cholesterol. Dietary cholesterol can inhibit LDLR activity 

on cell membranes, thereby decreasing VLDL and LDL clearance (Grundy & 

Denke 1990). In contrast, phytosterols are found in nuts, seeds and vegetable oils 

and have very similar structure to cholesterol. Therefore, they can compete with 

cholesterol for absorption into the intestine, thus reduce circulating LDL (Berge 

2000). Therefore, a diet high in cholesterol can exacerbate IR and dyslipidemia. 

 

1.7.3 Protein intake impacting insulin resistance and dyslipidemia  

 Dietary protein intake and effects on insulin metabolism remain 

controversial. Protein intake can promote insulin secretion, clearing glucose from 

the bloodstream (Rietman et al. 2014). In the short-term this can be of benefit to 

diabetic patients. However, long-term high-protein intake is correlated with 
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increased risk of diabetes, although mechanisms are not clear at this time (Rietman 

et al. 2014). From the above dietary factors, it is widely recognized that the diet 

most effective to induce obesity, IR and dyslipidemia is a diet high in animal fat, 

cholesterol and fructose.  

 

1.8 Gastrointestinal hormones regulating insulin and lipid metabolism 

 To fully understand alterations in lipid metabolism, the post-prandial state 

must be investigated, in which hormones regulate key pathways. The 

enteroendocrine L cells in the gut produce and secrete glucagon-like peptide 1 

(GLP-1) and glucagon-like peptide 2 (GLP-2) from the proglucagon gene (GCG) 

in response to feed intake (Baggio & Drucker 2007; Drucker 1998; Hein et al. 

2013). Glucagon-like peptide 1 reduces gastric emptying and glucagon secretion, 

increasing glucose-stimulated insulin secretion, as well as by decreasing appetite 

through actions in the central nervous system (Baggio & Drucker 2007). When 

administering GLP-1 analogues or dipeptidyl peptidase-4 (DPPIV) inhibitors 

(acting to block the degradation of GLP-1), there was shown to be a decrease in 

ApoB48 and TG secretion in response to feed intake (Hsieh et al. 2010; Hein et al. 

2013; Nakajima et al. 2015). Glucagon-like peptide 2 has opposing effects by 

significantly increasing CMs in circulation postprandially (Dash et al. 2014). The 

increase in CMs is believed to be due to GLP-2 permitting the release of stored 

ApoB48-containing particles in the intestine. Glucagon-like peptide 2 also 

promotes absorption in the intestine through the glycosylation of CD36 (Hsieh et 

al. 2009). Glucagon-like peptide 1 and GLP-2 are secreted in equimolar quantities, 
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however the actions of GLP-2 override those of GLP-1. Hence, higher GLP-2 can 

result in increased CM production and secretion (Dash et al. 2015; Hein et al. 2013).  

 

1.9 Experimental models of impaired intestinal lipid metabolism during 

insulin resistance 

 Animal models can be excellent tools to measure interventions in a 

controlled environment and allow for more intensive sampling and analysis. 

Protocols can be designed that eliminate much of the uncertainty around 

epidemiological studies in terms of pre- and post-natal nutrition and environmental 

variation.  

 

1.9.1 Small animal rodent models 

 Rodents have long been used in laboratory research due to their high 

reproductive capabilities, similarities in genes and biochemical pathways and ease 

of environmental stability (Holemans et al. 2003). It is estimated that up to 60% of 

research investigating diabetes development is conducted on rats, however many 

requiring genetic modification to mimic the human condition (Vuguin 2007). 

Although generally indispensable research models, rodent gastrointestinal tracts 

develop differently than humans in terms of immunological, anatomical and 

maturation timing (Figure 1-6). Humans have much slower gastrointestinal 

maturation periods, yet are more developed at birth (Sangild 2006). In contrast, 

small rodents have much less mature gastrointestinal tracts at birth and more rapid 

birth and weaning periods (Sangild 2006). Swine are intermediate in both respects 



 

 
34 

and are therefore closer in translation to human than rodent models. Importantly for 

lipid research, rodents do not have CETP, therefore lack the ability to exchange 

cholesterol between lipoproteins. Therefore, HDL is the major cholesterol carrying 

lipoprotein, which in turn prevents development of hyperlipidemia and 

atherosclerosis without an additional genetic manipulation such as deletion of 

apolipoprotein-E (ApoE) or LDLR (Russell & Proctor 2006). The numerous 

differences in rodent disease development in comparison to humans gave rise to the 

need for a more closely related model to study the intestine during dyslipidemia and 

insulin resistance. 

 

Figure 1-6. Comparison of gastrointestinal development between rodents, swine 

and humans. Light gray areas refer to preterm birth of viable newborn, medium 

gray areas refer to birth cluster of gastrointestinal tract maturational changes and 

black areas refer to weaning cluster of maturational changes. This figure was 

adapted from (Sangild 2006)and created in part using illustrations adapted from 

“Servier Medical Art” with permission. 
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1.9.2 Swine models 

 Large animal models are an important research tool to give further evidence 

of rodent trials before moving to human clinical trials. Swine exhibit a significant 

similarity in fetal gastrointestinal tract development to humans which make them 

ideal for metabolic research and nutritional studies (Ferenc et al. 2014; Guilloteau 

et al. 2010). Pigs have been used in research as their ability to translate to humans 

in terms of testing medicines and devices show high predictive probability (Ferenc 

et al. 2014). An important benefit to using swine is that due to their physiology 

being similar to humans in size and placement they are excellent models for surgical 

manipulations and sampling techniques (Kararli 1995). A greater volume of blood 

or lymph can be collected during much longer treatment procedures which allows 

for a more intensive study design. 

 Miniature pigs, although still considered a large animal model, such as the 

Ossabaw and Yucatan strains, are often used in gastrointestinal and diabetes 

research (Spurlock & Gabler 2008; Bellinger et al. 2006). When fed a diet high in 

fat, cholesterol and fructose, Ossabaw pigs readily develop obesity, IR and 

dyslipidemia (Lee et al. 2009). The Yucatan minipig had been selectively bred to 

have impaired glucose tolerance. With added high-fat, high-sucrose diet these pigs 

showed elevated plasma glucose, however circulating lipids were not altered 

(Phillips et al. 1982). Unfortunately, this model needs multiple generations to select 

for these characteristics and are not readily available without pharmaceutical 

induction (Bellinger et al. 2006). To induce IR in other pig models streptozotocin 

and alloxan can be administered. The Yorkshire breed is a larger production strain 
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which can mimic symptoms of human diabetes, such as increased TG and glucose 

intolerance, however, also needs a pharmaceutical induction (Bellinger et al. 2006). 

In pig models without chemical induction, long-term high-fat, high-carbohydrate 

diets can often cause obesity and IR, however due to time and costs are not ideal 

research models (Koopmans & Schuurman 2015; Spurlock & Gabler 2008). 

 An interesting epidemiological finding for humans and other mammals is 

the strong correlation between LBW and increased adult cardiometabolic risk 

(Barker 2001a; Gluckman & Hanson 2004; McMillen et al. 2009; Visentin et al. 

2014). By using this phenomenon, we aim to better understand disease initiation 

and progression in a model using this observation, defined as the LBW phenotype. 

The use of swine is logistically more complex than small animals. In addition, cost 

is greatly increased due to housing, staff and increased feed. Our decision to use 

swine as a model was not only to their suitability for investigating the intestine in a 

large model that more closely translates to humans, but also due to production swine 

herd availability on campus with high susceptibility to LBW offspring. The 

University of Alberta Swine Research and Technology Center (SRTC) was opened 

in 2002 to consolidate numerous smaller centers to facilitate the use of the 

Landrace-Large White female sows and Duroc male boars for both swine 

production and research. Research animals are used for feed, reproduction, 

breeding, biomedical, nutrition and metabolism research (University of Alberta 

2017).  
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1.10 Developmental Origins of Adult Health and Disease  

 Epidemiologic and animal studies have shown that a low weight at birth can 

increase an individuals risk for certain non-communicable chronic diseases such as 

CVD and T2D (Yajnik & Deshmukh 2008; Lakshmy 2013; Vuguin 2007; Bertram 

& Hanson 2001). There is a strong correlation between LBW and the prevalence of 

raised blood pressure, glucose intolerance and dyslipidemia, together clustering to 

form MetS (Phillips 2002; Barker 1997). Dr. Barker and Dr. Forsdalh were the first 

to propose that the increase in risk for T2D and MetS development was inversely 

proportional to the birth weight when under the normal range (Barker, Godfrey, et 

al. 1993; Barker, Hales, et al. 1993). The theory of developmental origins of adult 

health and disease (DOHaD) hypothesizes that poor in utero environments during 

fetal development can result in modification of genes, pathways or organs to assist 

in the short-term survival. However, this can put the infant at risk for later chronic 

disease when the post-natal environment differs from that of in utero (Barker 2001; 

Neel 1962; Wadhwa et al. 2009).  

 It has also been shown through observational studies that the timing of 

dietary intervention during pregnancy affects the birth health outcome and 

throughout life (Figure 1-7). Importantly, if there is a nutritional restriction during 

the 3rd trimester, such as was the case during the 1944-1945 Dutch Hunger Winter, 

the fetus is at an increased risk for being born LBW (Schulz 2010). During 

development, the fetus goes through stages of critical growth periods where a sub-

optimal nutritional environment could play a key role in programming, resulting in 

permanent alterations in the structure and function of fetal organs (Valsamakis et 



 

 
38 

al. 2006). The timing of malnourishment can also affect the fetal growth pattern, 

being symmetrically (entire body size is small) or asymmetrically (normal head but 

small body) restricted if the adverse nutritional environment occurs in early or late 

prenatal life, respectively (Valsamakis et al. 2006). An intrauterine growth 

restricted (IUGR) baby is also considered LBW but often with the visible 

asymmetric growth pattern. Often in developed countries the cause for IUGR is due 

to placental insufficiency. Hypoxia, a condition where the fetus does not receive 

adequate oxygen or nutrients often is the reason behind placental insufficiency, 

however it may also be due to pre-eclampsia or other placental abnormalities 

(Devaskar & Chu 2016; Martin-Gronert & Ozanne 2007). Research shows that 

organ plasticity greatly decreases after birth and hence may be a contributing factor 

in the programming of future disease states (Gluckman et al. 2005).  
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Figure 1-7. Developmental Origins of Health and Disease (DOHaD) theory schematic. This figure was created in part using illustrations 

adapted from “Servier Medical Art” with permission
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1.11 Definitions and prevalence of low birth weight  

 The WHO estimates that approximately 16% (22 million in 2013) of global 

births fall into the category of LBW. However, 95.6% of these births are in 

developing countries (UNICEF 2004). Southeast Asia has the highest incidence, 

with nearly 1 in 5 babies being born LBW (Bharati et al. 2011). Low birth weight 

infants are defined as being less than 2.5kg at birth or less than the 10th percentile. 

In Canada, the prevalence is approximately 6% in Canada (Stats Canada 2013). 

Where as, an IUGR infant has the same defining weight, however also shows a 

pathological restriction in fetal growth, which can be caused by maternal, fetal or 

placental factors (Cosmi et al. 2011). 

  

1.12 Post-natal growth effects on carbohydrate and lipid metabolism 

 Dr. Barker and his successors proposed that LBW was associated with 

increased adiposity later in life. However, further research found that it was not 

simply birth weight, but also the postnatal diet of the individual which contributed 

to observed adult obesity. High adult adiposity correlates with both LBW (in-utero 

malnutrition) and high birth weight (diabetic mothers) (Yajnik & Deshmukh 2008). 

An interesting finding was that markers of T2D and CVD, such as IR, blood lipids 

and leptin concentrations, were highest in those children who had the lowest birth 

weights yet heaviest weights at 8 years of age (Deshpande et al. 1999; Yajnik et al. 

1995). The thrifty phenotype hypothesis proposes that poor in utero nutrition can 

result in permanent alterations in the metabolic processing of glucose and insulin 

to allow for their scarcity. Once there is a surplus of food after birth these children 
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readily show catch-up growth which has since been studied as a strong predictor of 

obesity and later disease (Dulloo 2008; Morrison et al. 2010).  

 

1.13 Rodent models using low birth weight and catch-up growth to induce 

type 2 diabetes and insulin resistance 

 With respect to the LBW phenotype, many mammals as well as birds and 

fish show similar catch-up growth trajectories, thereby suggesting that this in an 

evolutionary advantage for survival and reproduction (Jimenez-Chillaron & Patti 

2007). Small animal models have shown that catch-up growth is important in IR, 

obesity and T2D development in adulthood (Jimenez-Chillaron & Patti 2007). Low 

birth weight rodents fed a restricted post-natal diet, similar to in-utero, were more 

insulin sensitive than their NBW littermates on a normal control diet (Mericq et al. 

2005; Colle et al. 1976). Whereas, LBW offspring fed a postnatal diet enriched in 

carbohydrates, fats and simple sugars, the offspring utilized glucose for energy 

instead of fat stores, displayed early IR and predisposition to obesity and T2D 

(Bieswal et al. 2006; Beauchamp et al. 2015). In addition, NBW rats who received 

a nutrient dense high-fat diet also showed increased weight gain and increased risk 

for diabetes, obesity and dyslipidemia (Namekawa et al. 2017). Birth weight may 

not be the only influence on adult health, but also the second hit of high-fat feeding 

during development.  
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1.14 Low birth weight swine as a model of insulin resistance and 

dyslipidemia 

 Due to the lack of uterine capacity (yet an agricultural tendency to breed 

swine generating larger litter sizes for production) swine have the highest rate of 

spontaneous IUGR among mammals (Ferenc et al. 2014; Vuguin 2007). Low birth 

weight swine offspring have reduced early postnatal growth along with 3 times the 

rate of mortality compared to NBW littermates (Morise et al. 2008). An association 

was found between LBW and glucose intolerance in 1-year-old piglets (Poore & 

Fowden 2002). It has also been shown that feeding LBW swine with a high-fat diet 

resulted in an increase in plasma and muscle TG and impaired glucose tolerance 

postprandially (Liu et al. 2014; Liu et al. 2012). In human studies, LBW also 

correlates with increased adipose tissue (Martorell et al. 2001; Symonds et al. 

2004), which has also been observed in LBW swine (Gondret, Lefaucheur, Juin, 

Louveau, & Lebret, 2006; Jingbo Liu et al., 2014; Rehfeldt & Kuhn, 2006; Sarr, 

Louveau, Le Huerou-Luron, & Gondret, 2012). Of interest to this thesis, LBW 

swine have shown reduced intestinal surface area, leading to impaired absorptive 

capacity (Morise et al. 2008). Determining mechanisms of human disease often 

require the use of animal models, allowing swine to be an ideal model to study the 

LBW phenotype and directly assess IR and the contribution of the intestine. 
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CHAPTER 2. Thesis rationale, objectives, hypotheses, and ethical 

considerations 

 

2.1 Thesis rationale and gap in literature 

 Obesity and its related metabolic complications leading to type 2 diabetes 

(T2D), the metabolic syndrome (MetS) and cardiovascular diseases (CVD) are 

increasing in prevalence globally. An important underlying factor in the 

development of these non-communicable diseases (NCDs) is insulin resistance 

(IR), a state where tissues are unable to be stimulated by the hormone insulin to the 

extent needed to reduce blood glucose levels (Reaven 1988). During conditions of 

excess adiposity and IR, lipid metabolism is negatively impacted, increasing the 

risk of atherosclerosis and CVD (Mangat et al. 2011; Proctor et al. 2004). The liver 

and intestine can overproduce lipid-carrying lipoproteins and contribute to 

hyperlipidemia (Dash et al. 2015; Xiao & Lewis 2012). The liver has traditionally 

been the main organ of focus in these disease states. However, recent advances have 

shown the intestine as a key player in the disease progression and offers new 

opportunities as a therapeutic target.  

 Translational researchers often use rodents as a model for human 

conditions. Unfortunately, with respect to gastrointestinal physiology, rodents lack 

key specificities to humans. Although rodent models have shown similar findings 

of overproduction of intestinal lipids during IR and obesity, they use high-density 

lipoproteins (HDL) as the main carrier of cholesterol due to lacking functional 

cholesterol-ester transferase protein (CETP) (Haa & Barter 1982). Using HDL to 

carry cholesterol prevents the development of atherosclerosis, therefore not 
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representing the human condition sufficiently. Additionally, rodents are not ideal 

for investigating the direct contribution of intestinally-derived lipoproteins once in 

circulation due to producing both apolipoprotein B (apoB) isoforms (ApoB100 and 

ApoB48) in the liver (Greeve et al. 1993). In humans (and swine), ApoB48 is a 

protein uniquely added to each chylomicron (lipoprotein) originating from the 

intestine. Given the growing evidence that intestinal lipid metabolism is impaired 

during insulin resistance and cardiometabolic diseases, utilizing animal models that 

closely mimic the human condition is a significant problem. Swine have a similar 

gastrointestinal tract and associated metabolic pathways, giving them better 

suitability for translation to humans (Ferenc et al. 2014; Guilloteau et al. 2010). 

While swine models have been used to describe impaired carbohydrate and proteins 

metabolism, very little data exists investigating the direct impact of the intestine 

during insulin resistance and dyslipidemia.  

 Low birth weight (LBW) offspring are predisposed to become obese, insulin 

resistant and develop type 2 diabetes in adulthood (Barker 2001b; Gluckman & 

Hanson 2004; Morrison et al. 2010; Varvarigou 2010). In addition, when LBW 

offspring are fed a post-natal high-fat diet this can exacerbate IR and obesity 

(Dulloo 2008; Morrison et al. 2010). Due to increasing trends in production for 

larger litter sizes, swine have some of the highest rates of LBW offspring among 

mammals (Ferenc et al. 2014). Hence, one of the primary foci of this thesis was to 

develop and characterize a LBW swine model to investigate the suitability of the 

model in the study of the intestine during early insulin resistance. We applied this 

model to assess age and time of weaning on the LBW phenotype, as well as 
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investigate the effects of altering the fatty acid profile in a high-fat, high-

carbohydrate (HFHC) diet. The current thesis contributes to the fields of both 

intestinal lipid metabolism and the use of large animal swine models in biomedical 

research. 

 

2.2 Study rationale, objectives and hypotheses 

Chapter 3. Development of a low birth weight swine model to study metabolic 

complications in intestinal lipid metabolism 

Rationale  

 Epidemiological studies have demonstrated a positive correlation between 

LBW and the predisposition to obesity and diabetes in adulthood (Barker 2001b; 

Gluckman & Hanson 2004; McMillen 2005; Varvarigou 2010). The hypothesis of 

‘developmental origins of adult health and disease’ suggest that multifactorial 

mechanisms are responsible for the susceptibility to early insulin resistance (IR) 

under conditions of LBW. The effect of LBW on intestinal fat absorption and 

secretion pathways is not well-known, but offer an opportunity to investigate 

intestinal adaptations during early insulin resistance. At the same time, the 

philosophy of animal production has been to increase efficacies by increasing litter 

size, elevating the frequency of LBW offspring. The LBW phenomenon can be 

investigated in swine as the gastrointestinal tract and metabolic features of the pig 

resemble humans, making swine a valuable model to study metabolic changes. We 

had the opportunity to use production pigs readily available on the UofA campus 

(SRTC), which has existing high rates of LBW offspring. 
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Hypothesis 

 We hypothesized that LBW piglets fed a HFHC diet would develop lipid 

and carbohydrate complications more so than their NBW littermates. We proposed 

further that a feature of the metabolic complications would be up regulation of lipid 

secretion by the intestine and contribute to impaired post-prandial dyslipidemia.  

Objective  

 We sought to develop a model of LBW swine using a HFHC diet to induce 

metabolic abnormalities associated with early insulin resistance. We also aimed to 

compare whether the dietary challenge was necessary to observe the metabolic 

complications of the LBW phenotype. Using a block design, we first conducted a 

study including two groups of piglets, normal and low birth weight, each within and 

without HFHC diet. 

General approach and expected outcomes 

 We selected NBW and LBW Landrace-Large White x Duroc crossed 

production piglets at birth at the University of Alberta Swine Research and 

Technology Center (SRTC). Piglets were given 6 weeks of control or HFHC diet 

post-weaning. To identify if LBW piglets develop (up regulate) pathways 

associated with increased lipid absorption or secretion in the intestine, we used the 

novel mesenteric lymph cannulation method and measurements of lipoproteins and 

lipids in lymph. In addition, we aimed to measure glucose and insulin metabolism 

of the pigs using a mixed-meal modified oral glucose tolerance and fat challenge 

test. To investigate the intestinal contribution, we assessed proteins and genes of 

interest, as well as measured select intestinally-derived hormones. 
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 We expected LBW piglets on a HFHC diet to develop metabolic 

complications, such as high plasma triglyceride concentrations and impaired 

insulin/glucose metabolism, more so than their NBW counterparts. In addition, we 

expected to find genes of interest upregulated in the HFHC LBW offspring. 

Personal contribution for this Chapter 

 Initially, the study described in this Chapter was led by a post-doctoral 

fellow. I assisted in a technical capacity during the initial phases of this study as 

well as subsequently completing analysis on the samples. Once enrolling as a 

graduate student, I took a lead role in analyzing gene expression through high-

throughput qPCR as well as incretin hormone concentrations. The study in Chapter 

3 became a main rationale for the future studies contributing to this thesis. 

 

Chapter 4. Investigation of early nutritional adaptations of the low birth weight 

phenotype in swine  

Rationale  

 Low birth weight offspring are predisposed to become obese, insulin 

resistant and develop type 2 diabetes in adulthood (Barker 2001b; Gluckman & 

Hanson 2004; McMillen 2005; Varvarigou 2010). A prevailing hypothesis in the 

field is that the post-natal diet, such as a high-fat western diet, greatly contributes 

to metabolic complications and early insulin resistance in LBW offspring (Dulloo 

2008; Morrison et al. 2010). From the results of Chapter 3, we demonstrated that 

LBW piglets have an increase in intestinal lipid absorption/secretion under 

conditions of both control AND HFHC diets. Interestingly, regardless of diet, LBW 
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pigs showed intestinal lipid overproduction. To the best of our knowledge, this is 

the first observation of normal insulin sensitivity (IS) with intestinal lipid 

overproduction which is typically only associated with IR. Results from Chapter 3 

suggest that altered intestinal lipid absorption/secretion may be a critical adaptation 

of the LBW condition without need for a HFHC dietary challenge. We speculated 

that if this was a trait developed in utero, (potentially epigenetically), then we 

should be able to also observe altered intestinal lipid metabolism at an earlier piglet 

age without induction by a dietary intervention. 

Hypothesis 

 We hypothesized that younger, 6-week old swine would show the same 

alterations in lipid metabolism as described in Chapter 3 without the influence of 

dietary intervention and independent of insulin action. 

Objective  

 The aim of this study was to assess the LBW phenotype at an earlier 

timepoint during life-cycle development (6 weeks of age). We sought to test if 

indeed LBW swine would develop altered lipid metabolism without the necessity 

for HFHC and the putative role of intestinal related hormones (e.g. glucagon like 

peptides). 

General approach and expected outcomes 

 Normal birth weight and LBW Landrace-Large White x Duroc piglets were 

selected from the UofA SRTC at birth and fed a control diet post-weaning until 6 

weeks of age. To investigate intestinal lipid metabolism alterations, piglets were 

lymph cannulated and tissue/blood samples collected. Biochemical and protein 
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analysis was completed focusing on glucose and lipid metabolism as well as 

intestinal hormone concentrations. We expected that 6-week old LBW piglets 

would have similar findings as described for Chapter 3, including indicators of 

impaired lipid and glucose metabolism. 

 Personal contribution for this Chapter 

 I took a lead role in this project with the assistance of a post-doctoral fellow. 

Chapter 4 is an original scientific contribution and one of the main studies 

contributing to this thesis.  

 

Chapter 5. Investigating the impact of the introduction of solid feed on the 

development of the low birth weight phenotype in swine 

Rationale  

 A strong correlation exists between LBW and future insulin resistance, 

increasing risk for type 2 diabetes (Barker 2001b; Gluckman & Hanson 2004; 

McMillen 2005; Varvarigou 2010). Further, findings from Chapter 3 suggest that 

the development of a LBW swine model might closely mimic the human condtion, 

giving rise to intestinal lipid overproduction on both control and HFHC feeding. In 

contrast, data from Chapter 4 resulted in a blunted expression of the lipid alterations 

described for older swine in Chapter 3 and also supported the notion that perhaps a 

dietary challenge may well be a substantial trigger for LBW adaptations. We know 

that humans (and swine), are sensitive to their environment during the weaning 

period and has a dramatic impact on physiological development of the intestine. 

There is also evidence to suggest that the age of weaning can affect intestinal 
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function due to the significant physiological modifications to digestion, absorption 

and transport of nutrients (Henning 1981). Interestingly, there is a substantial, yet 

temporary, reduction in intestinal absorptivity post-weaning which may alter lipid 

and glucose metabolism during this developmental phase (Pluske et al. 1997). 

During fetal development, diet supplied through the placenta is rich in 

carbohydrates and usually poor in fatty acids due to placental transfer. Once born, 

maternal milk supply becomes rich in fats and low in carbohydrates. The 

introduction of solid food at weaning is typically defined by greater amounts of 

carbohydrate than fat (Girard et al. 1992).  

 The suckling-weaning transition has been well studied in rats. During 

suckling there are low insulin and high glucagon concentrations in plasma (Girard 

et al. 1977; Beaudry et al. 1977). The altered insulin metabolism phenomenon has 

also been observed in swine (Pégorier et al. 1981) and was hypothesized to be due 

to low carbohydrate content in milk as well as lack of circadian feed intake 

(Henning et al. 1979). Low insulin levels impact many pathways, such as decreased 

lipoprotein lipase (LPL) activity, resulting in an absence of lipids stored in adipose 

tissue (Cryer & Jones 1978). At the same time, weaning results in an increase in 

insulin and decrease in glucagon concentrations in the plasma, activating LPL 

(Girard et al. 1977). When rats are weaned onto a high-carbohydrate, low-fat diet, 

plasma insulin can increase significantly with an equal fall in glucagon (Coupe et 

al. 1990). 

 Collectively, these findings suggest that the transitional period could greatly 

affect intestinal hormones regulating glucose, insulin and lipid metabolism. To 
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date, there have not been studies that have compared the impact of lipid metabolism 

during weaning a LBW piglet at two weeks of age, relative to the (industry) 

standard of 3 weeks.  

Hypothesis 

 We hypothesized that weaning and introducing a LBW piglet to solid feed 

at an earlier time point (two weeks of age), may amplify the intestinal adaptation 

and result in additional or more severe findings of intestinal lipid overproduction to 

that previously observed (Chapter 3). 

Objective  

 We endeavoured to investigate if altering the age of weaning would have an 

impact on the LBW phenotype previously observed in earlier Chapters of this 

thesis. 

General approach and expected outcomes 

 NBW and LBW piglets were selected from the UofA SRTC at birth and 

weaned onto standard control diet at 2 weeks of age. Jugular catheters were 

surgically placed in piglets at 11 weeks of age for a mixed meal modified oral 

glucose tolerance and fat challenge test. Pigs were lymph cannulated and 

tissues/samples collected at 13 weeks of age. We assessed biochemical analysis and 

gene expression profiles to identify any metabolic alterations in the intestine and 

established the extent of the LBW phenotype in swine. 

 We expected LBW piglets weaned at 2 weeks of age and fed a control diet 

until 13 weeks to observe similar or more severe metabolic complications than 

LBW swine weaned at 3-4 weeks of age described in Chapter 3).  
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Personal contribution to this Chapter 

 I took a lead role in this project with the assistance of a post-doctoral fellow 

and other laboratory staff. Chapter 5 is an original scientific contribution and a main 

contribution to this thesis.  

 

Chapter 6. Impact on low birth weight lipid metabolism by modulating the dietary 

fatty acid profile in a high-fat, high-carbohydrate diet 

Rationale  

 Vaccenic Acid (VA) is a trans fatty acid found most predominantly in meat 

and dairy products from ruminant animals. Our laboratory recently described a 

novel bioactivity for VA independent of its conversion to conjugated linoleic acid 

(CLA) (Wang et al. 2012). Supplementing the diet of the JCR:LA-cp rat model of 

the metabolic syndrome, VA resulted in a reduction in circulating lipids and an 

insulin sensitizing effect on fasting plasma insulin levels (X. Wang et al. 2016; 

Wang et al. 2009). In the same JCR:LA-cp rodent model, beef fat enriched with 

polyunsaturated fatty acid biohydrogenation products from flaxseed fed cattle was 

added to a high-fat diet and resulted in increased insulin sensitivity without 

impacting dyslipidemia (Diane, Borthwick, et al. 2016). Using the similar dietary 

approach developed in Chapter 3, we had the opportunity to assess the effect of 

higher dietary VA in LBW swine.  

Hypothesis 

 We hypothesized that enriching a HFHC diet in vaccenic acid would result 

in suppression of the metabolic complications observed for LBW swine.  
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Objective  

 The overall objective was to utilize the novel low birth weight swine model 

with HFHC diet to determine the lipid lowering benefits of VA. 

General approach and expected outcomes 

 At birth, NBW and LBW piglets were selected from the UofA SRTC and 

weaned at the (industry) standard 3 weeks of age. The diet was custom made using 

peri-renal fat obtained from the Lacombe Research and Development Center, 

Lacombe, Alberta, Canada. Fat enriched with high VA was obtained from steers 

fed extruded flaxseed (25%) and hay (75%) sequentially, as previously described 

(Vahmani et al., 2017). The fat source was the only alteration made to the HFHC 

diet utilized in the first study (Chapter 3). NBW piglets were fed control diet, while 

LBW piglets were split into 3 treatment groups; control, HFHC and HFHC +VA. 

Piglets were fed until they were 6 weeks of age, during which a mixed-meal 

modified oral glucose tolerance and fat challenge was conducted using the jugular 

catheter sampling technique. At termination, piglets were lymph cannulated and 

tissues/samples collected. Biochemical and protein analysis was completed to 

determine any effects VA had on intestinal lipid metabolism. 

 We expected LBW swine with increased dietary VA to have improved lipid 

and insulin metabolism compared to LBW littermates on the HFHC diet without 

VA.  
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Personal contribution to this Chapter 

 I took a lead role in this project with the assistance of a post-doctoral fellow, 

other laboratory staff and one MSc student. Chapter 6 is an original scientific 

contribution and a main contribution to this thesis. 

 

2.3 Ethical considerations, piglet behaviour and procedure developments 

 Piglets were obtained from the University of Alberta’s biosecure Swine 

Research and Technology Center (SRTC) with all procedures approved by the 

University’s Animal Care and Use Committee-Livestock (ACUC-L) following 

guidelines from the Canadian Council on Animal Care (CCAC) (study: Use of the 

Landrace-Duroc strain swine model to study lipid metabolism and insulin resistance 

AUP00001184). All food, water, temperature and routine care were provided from 

trained farm staff in coherence with animal ethics guidelines. 

 A major part of this thesis has been dedicated to the development of the 

LBW swine model to biomedical research applications. Considerable ethical and 

procedural requirements creating standard operating procedures (SOPs) were 

necessary and were reviewed and approved by veterinary, SRTC and ACUC staff. 

Consequently, our laboratory invested significant time during the course of my 

program ensuring that piglets used in these studies were cared for with a high 

quality of life. In doing so, each piglet was socialized at minimum of twice weekly 

from the time of birth, allowing piglets to have a low stress response during 

experimental collections (MOGTT) and handling (SOP: MOGTT Swine V0.07). 

When introducing diet, the piglets are switched over gradually and watched for any 
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adverse reactions. In addition, daily records were taken by farm staff ensuring each 

piglet is healthy and eating well.  

  An additional contribution of this thesis involved development of specific 

procedures adapted to large production swine for use in research. For example, 

during the MOGTT described in Chapter 3, blood was sampled from ear vein via a 

needle and capillary tube (SOPs: IVGTT using Ear Vein in Swine V0.02 and 

Restraint and Handling of Swine V0.01). For this procedure, the piglets were 

accompanied into a sling and lifted into a holding apparatus. Pigs had been well 

accustomed to this method by being held in the sling at least 3 times prior to 

collection dates. Unfortunately, we observed glucose readings significantly higher 

than expected and behavior of swine suggested significant stress. Therefore, in all 

further studies requiring MOGTT data, jugular catheters were surgically placed in 

piglets a week prior to collection (SOPs: SS-6 Implantation of Jugular Catheters 

V0.01 and SH-5 Daily Care of Catheterized Piglets V0.01). We found this method 

less stressful, as pigs did not need to be removed from pens or have any behavioural 

changes during sampling. The jugular catheter procedure also allowed a greater 

volume of blood to be collected for analysis. The jugular catheter blood collection 

method was considerably easier on both pigs and handlers and should be used in 

further studies for extensive sample collection. 

 The method used for termination as described in Chapter 3, captive bullet 

and exsanguination, was typical for farm situations (SOP: SH-7 Euthanasia by 

Captive Bolt Stunning and Exsanguination V0.01). The restraint period prior to the 

captive bullet procedure was experiences as quite negative for both piglets and 



 

 
56 

handlers and was therefore modified for all future studies in this thesis. For 

production purposes and many research studies, pharmaceutical euthanization 

agents cannot be used as they interfere with tissue analysis and consumption. Due 

to piglets undergoing surgical lymph cannulation prior to ending, it was minimally 

invasive and less traumatic to use isoflurane gas followed by exsanguination and 

removal of organs during necropsy (SOPs: SOP1-Mesenteric Lymphatic Duct 

Surgery Swine Model V0.10, SS-2 Endotracheal Intubation of Pigs for Inhaled Gas 

Anaesthesia V0.01 and Non-Recovery Mesenteric Lymphatic Collection in a Swine 

Model V0.01). The gas method was done to avoid unnecessary suffering, and is a 

good example of procedural and ethical refinement made possible by this thesis. 

 Given the advances in swine procedural methods we established during 

these studies, we have contributed to the development and use of swine as an animal 

model in biomedical research. With these methods, we were able to develop a 

model of early insulin resistance in swine, as well as ask a variety of questions 

surrounding fundamental nutritional alterations impacting the observed 

characteristics. The documentation of both the model and the SOPs developed 

during this thesis has contributed significantly to research at the SRTC knowing 

that the ethical handling and quality of life has been held at the highest regard.  
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CHAPTER 3. Development of a low birth weight swine model to study 

metabolic complications in intestinal lipid metabolism 

 

A version of this Chapter is being prepared as publication:  

Diane, A., Fontaine, M., Singh, V., Willing, B., Vine, D. and Proctor, S. Low birth 

weight Landrace-Large White x Duroc swine fed a high-fat, high-carbohydrate diet 

develop insulin resistance, postprandial dyslipidemia and preferential muscular 

steatosis. 

 

 

3.1 Personal contribution 

 I initially arrived in Edmonton as a co-op student in late 2014 from the 

University of Victoria and began assisting in a technical capacity with this study. 

In the following 8 months as a technician I was involved by assisting in socializing, 

weekly weights, feed production, surgical assistance, as well as during dissection 

and tissue collection. I contributed to the analysis of the samples by running 

biochemical assays and protein analysis prior to starting graduate studies. When my 

MSc program began, I continued to work on the analysis of this project through 

gene expression analysis, HPLC lipid profiling and continued biochemical analysis. 

I presented the data from this study at the International Diabetes Foundation’s 

World Diabetes Congress in November 2015, was a main contributor (2nd author). 
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3.2 Abstract 

 Low birth weight (LBW) and postnatal nutrition are risk factors for adult 

metabolic diseases. However, the interaction between LBW and diet on intestinal 

lipid absorption and secretion leading to adult metabolic disease are not known. 

The present study aimed to determine the impact of LBW on intestinal lipid 

metabolism as well as on glucose and insulin metabolism under both control and 

high-fat, high-carbohydrate (increased fructose) (HFHC) diets in a swine model. 

For this study, 5-week-old LBW (defined as body weight lower than 95% of CI of 

the mean) and normal birth weight (NBW, body weight within 95% of CI) 

Landrace-Large White x Duroc cross production pigs were randomly assigned to 

control or HFHC diet. After 6 weeks of diet intervention, a combined 2-step 

modified oral glucose tolerance and fat challenge test (MOGTT) was performed. 

Lymph was sampled at 13 weeks of age followed by exsanguination under 

anesthetic and tissue collection. Both at birth and 13 weeks, LBW offspring were 

lower in weight (p-value<0.0001) and gained less weight on average per day (p-

value<0.0001). A diet effect was observed for HFHC diet increasing average daily 

weight gain (p-value=0.0143). Both a HFHC diet and LBW were observed to 

increase fractional growth rate (diet effect, p-value=0.0021; birth weight effect, p-

value=0.0002). On a control diet, LBW pigs had a trend towards lower circulating 

plasma insulin (p-value=0.07), yet similar glucose (p-value=0.33) as measured by 

area under the curve (AUC) following a MOGTT compared NBW pigs on a control 

diet. This suggests LBW-control fed piglets had a trend towards increased insulin 

sensitivity. In contrast, when fed a HFHC diet for 6 weeks post-weaning, LBW 
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swine had a higher plasma insulin excursion (p-value<0.01) at time point 15min 

and greater glucose in circulation (p-value<0.05) at time points 15, 30 and 60min 

compared to NBW pigs on the same diet. Results suggest that LBW swine fed a 

HFHC diet were developing early insulin resistance. However, despite differences 

in insulin status between birthweights, LBW pigs on both control and HFHC diets 

displayed a trend towards increased secretion of triglyceride (TG) into mesenteric 

lymphatics (birth weight effect, p-value=0.052). In addition, HFHC diet fed LBW 

swine developed fasting (p-value=0.03) and postprandial (at 240min, p-value<0.05) 

plasma hypertriglyceridemia, as well as preferential storage of TG in muscle (p-

value=0.0072) and increased hepatic fibrosis (p-value=0.0017) as compared to all 

other groups. Interestingly, no significant differences were observed in intestinal 

hormones (glucagon-like peptide 1 or 2) or any birth weight or birth weight/diet 

interaction effects on select genes in the jejunum. In conclusion, low birth weight 

swine have an upregulated capacity for TG absorption/secretion. High-fat, high-

carbohydrate feeding in LBW swine leads to early insulin resistance, a complicated 

dyslipidemic profile, as well as preferential muscular steatosis. 

 

3.3 Introduction 

 The metabolic syndrome (MetS), defined by a cluster of conditions 

including hypertension, central obesity, dyslipidemia and hyperglycemia, is a major 

and growing health concern in both western and developing countries (West 1980; 

Eckel et al. 2005; Grundy 2004; Zhou et al. 2016; Suarez-Ortegón & Aguilar-de 

Plata 2016). MetS is associated with risk factors such as type 2 diabetes and 
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cardiovascular disease. Genetic background, excessive food consumption, 

sedentary life style, and decreased physical activity are the main predisposing 

factors for the disease. Epidemiological studies, after the 1944 Dutch Hunger 

Winter (Schulz 2010), have revealed a relationship between low birth weight 

(LBW) [a possible consequence of intrauterine growth restriction (IUGR)] and the 

predisposition to obesity and diabetes in adulthood (Barker 2001a; Gluckman & 

Hanson 2004; McMillen et al. 2009; Visentin et al. 2014). Their findings led to the 

concept of the developmental origins of adult health and disease (DOHaD) (D. J. 

Barker et al. 1993a; D. J. . Barker et al. 1993b). Globally, abnormalities in fetal 

growth cost billions per year in neonatal intensive care fees. The subsequent 

financial costs due to long-term metabolic disease risk associated with a LBW 

offspring are inestimable (Hack et al. 1993; Schmidt 2003). Several experimental 

studies have replicated IUGR (leading to LBW) using rodent models via a number 

of approaches: maternal diet restriction during gestation, administration of 

dexamethasone or by temporary uterine artery ligature to create placental 

insufficiency (McMillen 2005). These experimental approaches have enabled the 

field to investigate molecular and cellular mechanisms of fetal programming of 

chronic diseases in adulthood. While rodents are a useful model for multivariable 

experiments, they display several important differences in metabolism and 

physiology compared to humans (Davis et al. 2013). For example, in the normal 

mouse, atheroprotective high-density lipoprotein (HDL) dominates the lipoprotein 

profile, whereas in humans low density lipoprotein (LDL) is most abundant 

(Kennedy et al. 2010). Therefore, rodents do not readily and simultaneously exhibit 
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all the clinical features of MetS, limiting translation (Spurlock & Gabler 2008). 

Unlike rodents, swine possess many anatomical and physiological similarities to 

humans. Organ size, gastrointestinal physiology, and metabolic features of swine 

are biologically more akin to humans (Guilloteau et al. 2010). Furthermore, swine 

exhibit severe naturally occurring IUGR, due primarily to their large litter size that 

can exceed the uterine capacity (Wu et al. 2006). In swine, production trends to 

increase litter sizes have resulted in an increase in piglets born LBW (approximately 

8%), making it a valuable pre-clinical model to study fetal programming of chronic 

diseases in adulthood (Quiniou et al. 2002).  

 Interestingly, studies have demonstrated that LBW per se is not the 

preceptor to adult metabolic disorders. Nutritional and environmental factors have 

also been shown to be particularly influential (Plagemann et al. 2009; Shepherd et 

al. 1997). The “thrifty gene hypothesis” stipulates that a sub-optimal in utero 

environment leads to fetal adaptations to ensure short-term survival. Metabolic 

disorders such as obesity and type 2 diabetes manifest when the postnatal 

environment does not reflect that in utero (Varvarigou 2010; Vaag et al. 2012; 

Halliday 2009). These multifactorial lifestyle factors support the role of the 

postnatal environment (diet) contributing to development of adult chronic disease.  

 Recently, postprandial hypertriglyceridemia (a consequence of increased 

intestinal lipoprotein secretion and reduced clearance of dietary-TG) has been 

linked to the development and exacerbation of cardiovascular diseases associated 

with MetS (Hyson et al. 2003; Bansal et al. 2007; Jackson et al. 2012). Furthermore, 

evidence has demonstrated that insulin resistance (IR) is associated with 
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overproduction and secretion of intestinal-derived lipids, contributing to 

postprandial atherogenic dyslipidemia (Duez et al. 2006; Vine et al. 2007; Adeli & 

Lewis 2008). However, the effects of LBW and underlying mechanisms on 

intestinal lipid absorption leading to adult metabolic diseases are not well known. 

To advance this field, we hypothesized that LBW pigs fed a high-fat, high-

carbohydrate (HFHC) diet would develop metabolic complications more readily than 

their NBW littermates on the same diet. We further proposed this to be due to an 

upregulation in pathways associated with lipid metabolism in the intestine and result in 

increased lipid secretion contributing to impaired post-prandial dyslipidemia. 

 The objective of this study was to develop a model of LBW swine using a 

HFHC diet to induce metabolic abnormalities associated with early IR. We also 

aimed to identify if a dietary intervention was necessary to observe altered intestinal 

lipid absorption and whole body glucose and insulin metabolism in Landrace-Large 

White x Duroc cross production swine. 

 

3.4 Materials and methods   

3.4.1 Animals  

 Piglets were obtained from the biosecure Swine Research and Technology 

Center (SRTC), Departments of Agriculture, Food and Nutritional Science, 

University of Alberta, Canada. All procedures were approved by the University’s 

Animal Care and Use Committee – Livestock (ACUC) following guidelines from 

the Canadian Council on Animal Care (CCAC). Piglets used in the study were the 

product of a cross breed between a Duroc boar and Large White/Landrace sows. 
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All food, water, temperature and routine care were provided from trained farm staff 

in coherence with animal ethics guidelines. From the time of birth, piglets were 

weighed weekly, food intake was measured daily (once housed individually) and 

each piglet was socialized at minimum of twice weekly to ensure a low stress 

response during experimental collection. 

 

3.4.2 Study design 

 Newborn piglets (n=16) were selected and weighed within 24 hours of full-

term birth from a total of 4 sows (sow #1: NBW n=4, LBW n=4; sow#2: NBW n=4, 

LBW n=4; sow#3: NBW n=4, LBW n=4; sow#4: NBW n=4, LBW n=4). This was 

separated into two sequential pilot studies with 8 piglets at a time in each study. At 

5 weeks of age, LBW (n=8) and NBW (n=8) selected piglets were gradually 

switched onto either phase 2 control diet (control) or high-fat, high-carbohydrate 

diet (HFHC) and switched to phase 3 control and HFHC diet 1 week later. The 

block design yielded four experimental groups: LBW-Control, LBW-HFHC, 

NBW-Control and NBW-HFHC (n=4 per group). At 12 weeks of age, pigs 

underwent an adapted 2-step modified oral glucose tolerance and fat challenge test 

(MOGTT) collecting samples via the ear vein using capillary tubes. Pigs were 

anesthetized at 13 weeks of age and lymph sampled followed by exsanguination 

and tissue collection (Figure 3-1). 
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Figure 3-1. Study design to investigate the development of a diet induced swine 

model to induce early insulin resistance. 

 

3.4.3 Low and normal birth weight selection  

 A mean litter weight and standard deviation was determined to find a 95% 

confidence interval (CI), categorizing piglets as LBW (less than the 95% CI) or 

NBW (within or above the 95% CI). An unpaired t-test was used to ensure a 

significance difference in weight between the two groups. Only males were selected 

and castrated after birth to remove hormonal fluctuations as a variable in the study 

design. Body anthropometric measurements were taken, which include crown-

rump length (CR), snout-crown length (SC) and abdominal circumference (AC). 

Piglets suckled for 3 weeks before being weaned onto a standard control diet and 

moved into individually housed pens in a metabolic research room where they 

resided until study end. 

 

3.4.4 Growth and feed consumption analysis 

 Pigs were weighed weekly. Feed intake was measured through weighted 

additions, weekly weigh-backs and estimated wastage by observation of qualified 
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farm staff. From the weights, average daily weight gain (ADG) was calculated as 

total change in weight from birth to termination divided by days alive. Fractional 

growth rate (FGR) was calculated by the weight (kg) gained divided by the days 

alive from weaning until termination and further divided by the birth weight (kg). 

 

3.4.5 Diet 

 The diets (detailed in Table 3-1) were formulated to meet or exceed the 

nutrient requirements of growing-finishing pigs (National Research Council (U.S.) 

2012). At 6 weeks of age, the pigs were housed individually in metabolic pens with 

woven wire flooring in an environmentally controlled room and were given ad 

libitum access to both water and food.  
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Table 3-1. Ingredients of control and high-fat, high-carbohydrate diets. Phase 2 diet 

was fed as creep-feed during suckling and post-weaning for 1 week. Phase 3 diet 

was fed ad libitum from completion of Phase 2 until termination. Feed was 

gradually changed between diet phases. 

Ingredient, g/kg Control 

Phase 2 

HFHC 

Phase 2 

Control 

Phase 3 

HFHC 

Phase 3 

Oats 100.00  . 59.0  . 

Wheat  463.8  259.4 599.7  229.4 

Wheat DDG  30.0  . 50.0  . 

High lactose whey  125.0  . .  . 

Soybean meal  168.0  250.0 123.0  230.0 

Corn  .  . 94.0  . 

Fructose .  178.0 .  178.0 

Fishmeal  37.5  70.0 .  120.0 

Fat (lard) 40.0  178.1 25.0 178.1 

Flaxseed oil  . 1.9 . 1.9 

Cholesterol . 10.0 . 10.0 

Limestone  15.0  8.6 15.0  8.6 

Trace mineral swine pre-mix‡ . 6.0 . 6.0 

Vitamin swine pre-mix§ . 6.0 . 6.0 

Salt (NaCl) 0.5  5.0 4.7  5.0 

L-Lysine  5.2  9.4 8.3  9.4 

Methionine 2.0 5.0 2.7 5.0 

L-Threonine  2.2  4.7 3.3  4.7 

L-Tryptophan 0.1  0.9 0.4  0.9 

Vitamin E – 5 KIU/kg premix a 1.0  . 0.5  . 

Dicalcium phosphate . 7.0  4.3 7.0 

Copper Sulfate  .  . 0.4  . 

Othersɸ 9.8 . 9.8 . 

‡ Provided the following per kg of diet: Zn, 100 mg as ZnSO4; Fe, 80 mg as FeSO4; 

Cu, 50 mg as CuSO4; Mn, 25 mg as MnSO4; I, 0.5 mg as Ca(IO3)2; and Se, 0.1 mg as 

Na2SeO.  

§ Provided the following per kg of diet: vitamin A, 8,250 IU; vitamin D3, 825 IU; 

vitamin 666 E, 40 IU; niacin, 35 mg; D-pantothenic acid, 15 mg; riboflavin, 5 mg; 

menadione, 4 mg; folic acid, 2 mg; thiamine, 1 mg; d-biotin, 0.2 mg; and vitamin B12, 

0.025 mg. 

ɸ Provided the following per kg of diet: Vitamin mineral premix, 2.5 g; Bio-mos b, 

2.0 g; Bioplex zinc 15%, 1.70 g; Tetracid 500, 1.0 g; Water for enzyme application, 

0.8 g; Choline, 0.7 g; Maxi-grow flavor c, 0.5 g; Bioplus 2B d, 0.40 g; Superzyme c, 

0.2 g. 

 
a Viterra, Sherwood Park, AB, Canada  
b Alltech, Nicholasville, KY, USA  
c Canadian Biosystems, Calgary, AB, Canada  
d Chr Hansen, Milwaukee, WI, USA  

DDG, dried distillers grain 
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3.4.6 Modified oral glucose tolerance test  

 Piglets were fasted overnight at 11 weeks of age and subject to an adapted 

2-step modified oral glucose tolerance and fat challenge test (MOGTT). Pigs were 

weighed and a fasted (time 0) sample of blood was collected via the ear vein using 

capillary tubes. Pigs then consumed a 25g control diet mixed with 1g/kg body 

weight Devonshire cream (47% milk fat w/w) and 2g/kg body weight 50% glucose 

solution. A second meal was given at the 120min time point containing only 25g 

control diet supplemented with Devonshire cream (1g/kg body weight). Blood was 

collected at timed intervals (15, 30, 60, 120, 180, 240, 300min) into EDTA coated 

tubes and immediately tested for glucose. Plasma was isolated by centrifugation at 

3500g for 10min at 4oC and aliquots stored at -80oC.  

 

3.4.7 Mesenteric lymph duct cannulation and nascent lymph collection   

 At 13 weeks of age (7 weeks of diet), swine were fasted overnight, weighed 

and general anesthetic was induced. Anthropometric measurements were again 

taken as followed at birth. In surgery, a cannula was implanted into the superior 

mesenteric lymph duct and lymph was collected for 1 hour into an EDTA-coated 

VacutainerTM as previously described (Uwiera et al. 2016). Total lymph volume as 

well as lymph flow rate (lymph volume/hr) was recorded and the animal was 

terminated via exsanguination under anesthetic immediately upon completion of 

collection.  
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3.4.8 Sample collection and processing 

 Fasted blood was collected along with tissue samples, including heart, liver, 

kidney, adipose, muscle, intestine (jejunum and ileum) as well as intestinal 

scrapings (jejunum and ileum) and snap frozen in liquid nitrogen prior to storage at 

-80oC. Prior to freezing, all tissue samples were flushed with ice-cold sterile saline. 

Blood and lymph were placed on ice until centrifuged at 3500g for 10min at 4oC, 

aliquoted and stored at -80oC. Fresh lymph was used to determine particle size by 

an automated laser particle sizer (Zetasizer Nano-ZS, Malvern Instruments Ltd., 

Malvern, UK) which interprets size based on Brownian motion using Dynamic 

Light Scattering (DLS). 

 

3.4.9 Plasma and lymph biochemical analysis  

 Plasma and lymph were assessed for lipid profiles using commercially 

available enzymatic colorimetric kits, including triglyceride (TG) (WAKO, 

Chemicals USA Inc., Richman, VA, USA, Cat#461-08992), glucose (WAKO, 

Cat#439-90901), LDL-cholesterol (WAKO, Cat#993-00404/999-00504), HDL-

cholesterol (WAKO, Cat#993-72593/993-72693) and total cholesterol (TC, 

WAKO, Cat#439-17501). Plasma insulin levels were assessed using a 

commercially available porcine-specific enzyme-linked immunosorbent assay 

(ELISA) with a detection limit of 0.007ng/ml and intra-assay coefficient of 

variation (CV%) of 4.0% at 0.255ng/ml (ALPCO, Salem, New Hampshire, USA). 

For lipoprotein cholesterol and TG analysis by fast protein liquid chromatography 

(FPLC) gel filtration technique, fresh plasma was transferred to Agilent autosample 
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vials and sent for analysis to the University of Alberta Lipidomics core facility with 

post-column detection of both cholesterol and TG. 

 

3.4.10 Muscular and hepatic lipid content and liver histology 

 Triglyceride content in liver homogenate was assessed using a 

commercially available enzymatic kit (WAKO, Chemicals USA Inc., Richman, 

VA, USA, Cat#461-08992). For fibrosis, liver was fixed in formalin, embedded in 

a single paraffin block, sectioned, and then stained with Masson’s Trichome Stain, 

as previously described (Russell et al. 1998). The sections were examined blindly 

by an experienced histologist, and fibrosis identified in each of the sections. 

Fibrosis scoring was assessed and characterized as follows: Stage 0, normal with 

no pathologic fibrosis; stage 1, one small focal area of fibrosis; stage 2, one small 

but locally extensive area or several focal areas of fibrosis. No evidence of 

extensive, more scattered areas of fibrosis (Stage 3-5) was observed in the liver of 

these animals. The mean of fibrosis scores was calculated for each group. Muscle 

TG content was assessed by high-pressure liquid chromatography (HPLC). Tissue 

samples were homogenized using a standard buffer of 250mM sucrose, 50mM Tris, 

1mM EDTA with a pH of 7.4 and an added protease inhibitor cocktail tablet (Roche 

Diagnostics, Germany) using a polytron. Lipids were extracted using the modified 

Folch method (Gossert et al. 2011) and quantified by HPLC using 

phosphatidyldimethylethanolamine (PDME) as an internal standard at the Faculty 

of Medicine and Dentistry Lipid Analysis Core as previously described (Lian et al. 

2016).  
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3.4.11 Protein analysis 

Apolipoprotein B48 (ApoB48) quantification 

 Intestinally derived chylomicron (CM) particle concentration was 

determined using an adapted immune-western blot procedure (Vine et al. 2007). 

Lymph and plasma proteins were separated by SDS-PAGE on a 3-8% Tris-acetate 

polyacrylamide NuPage gel (Invitrogen, Camarillo, CA, USA). Separated proteins 

were then transferred to a polyvinylidene fluoride membrane (0.45um, 

ImmobilonTM, Millipore, Billerica, MA, USA). A goat polyclonal antibody 

specific for apoB (Santa Cruz Biotech, CA) was incubated with the membrane, 

which has specificity for both ApoB100 and ApoB48 isoforms. An anti-goat 

secondary antibody tagged with hydrogen peroxidase (Santa Cruz Biotech, CA) 

was used for detection purposes and Enhanced Chemiluminescence (ECL) 

(Amersham Biosciences Little Chalfont, Bucks, UK) intensity was used to quantify 

and compare with a known mass of purified rodent ApoB48 protein. 

 

Glucagon-like peptide (GLP) analysis 

 To assess a potential incretin hormone mechanism, glucagon-like peptides 

(GLP) were analyzed. Total plasma and lymph GLP-1 was assessed by ELISA (# 

MSB281333, MyBioSource, SanDiego, California, USA). Importantly, both 

antibodies from this commercial supplier were developed without significant cross-

reactivity with other GLP analogues. The intra- and inter-assay CVs from the 

ELISA were <8% and <12% respectively and the detection range was 15.6g/ml-

1000pg/ml. Total plasma and lymph GLP-2 was also assessed by ELISA (Cat# 
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MBS939795, MyBioSource, SanDiego, California, USA). Again, there was no 

significant cross-reactivity with other GLP analogues. The intra- and inter-assay 

CVs in this ELISA were <8% and <10% respectively and the detection range was 

2.4g/ml-150pg/ml. 

 

3.4.12 Gene expression analysis – High-throughput Quantitative PCR 

 Using either a 48-by-48 or 96-by-96 microfluidic chip format, large sets of 

samples and genes can be analyzed in a real-time RT-qPCR assay. The high-

throughput procedure uses the Biomark HD (Fluidigm) system. 

 

RNA isolation, cDNA synthesis and pre-amplification 

 Intestinal mucosal scrapings were disrupted using 2ml TRIzol (Invitrogen) 

in 15ml polypropylene tubes (Falcon 2059) and homogenized using a polytron. The 

lysate was centrifuged at 13,000 rpm for 10 minutes at 4oC. The supernatant was 

then extracted using chloroform and incubation at room temperature before 

separation occurred by centrifugation at 13,000 rpm for 15 minutes. 70% ethanol 

was added and the sample was added to an RNeasy column (Qiagen, Toronto, ON, 

Canada) following standard protocol for purification. 

 

RNA quality assessment 

 The concentration and purity of RNA was analysed using a UV 

spectrophotometer (Nanodrop 2000, ThermoFisher Scientific) and Agilent 2100 

Bioanalyzer (Agilent Technologies) with an RNA 6000 Nano kit. RNA quality was 
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determined using the ratio of 28C and 18S ribosomal RNA. The minimum accepted 

260/230 ratio was 1.5 and 260/280 ratio between 1.9-2.1 (ideal is 2). Quality was 

also determined using the RNA Integrity Number (RIN) with values of >9.0 being 

considered of high quality.  

 

cDNA synthesis 

 RNA was reserve-transcribed into cDNA using MultiScribeTM Reverse 

transcriptase (ThermoFisher Scientific), 2ug total RNA and random hexamer 

primers (High-capacity cDNA Reverse Transcription Kit, Applied Biosystems, 

Foster City, CA, USA).  

 

cDNA pre-amplification 

 The Biomark Fluidigm system requires that the sample be pre-amplified 

prior to addition into the chip to get a measurable transcript abundance. Each 

sample was put through a 14-cycle PCR reaction (95oC for 10min followed by 14 

cycles of 95oC for 15s and 60oC for 4min) containing Taqman PreAmp and all 

Taqman primers with one omission of the 18S housekeeper due to its relatively high 

initial concentration. Samples were then diluted 1:5 in IDTE (10 mM Tris, pH 7.5, 

0.1 mM EDTA) before storage at -20oC. Each sample was tested on a 96 well qPCR 

plate after pre-amplification using the GAPDH primer to ensure they passed the 

pre-amplification step. Passing included showing mid-range Ct values and S-

shaped amplification curves. 
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Primer testing 

Primers were obtained as Taqman assays designed and ordered through Applied 

Biosystems, Thermofisher. Prior to running the Fluidigm chip, each Taqman primer 

assay (Supplementary Table A-1, Thermofisher) was pass/fail tested using a 

positive control and RNA sample. Each well contained a sample with master mix 

containing nuclease free dH20 and 2X Universal PCR Master Mix (Thermofisher). 

A StepOne Plus qPCR thermocycler was used and standard curves created to ensure 

an R2 of 0.99 or greater and an efficiency between 90-110%. 

 Genes to be analyzed for expression levels were involved in insulin 

signaling (insulin receptor: INSR; insulin receptor substrate 1: IRS1), 

lipoprotein/chylomicron metabolism (lipoprotein lipase: LPL; Microsomal 

triglyceride transfer protein: MTTP; Diglyceride acyltransferase 1: DGAT1; 

Diglyceride acyltransferase 2: DGAT2; Apolipoprotein B: ApoB; Apolipoprotein 

E: ApoE), insulin-responsive glucose transporters (GLUT4/SLC2A4, 

SGLT1/SLC5A1), insulin-like growth factors (IGF1, IGF2, IGFBP), fatty acid 

biosynthesis (fat-ty acid translocase: CD36; Acetyl-CoA carboxylase 1: ACACA; 

fatty acid synthase: FASN; fatty acid binding protein 2: FABP2; fatty acid binding 

protein 6: FABP6, Glycerol-3-phosphate acyltransferase: GPAT1; Alpha-1,6-

mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase: MGAT2; 

Stearoyl-CoA desaturase: SCD; Peroxisomal acyl-coenzyme A oxidase 1: ACOX1; 

1-acyl-sn-glycerol-3-phosphate acyltransferase beta: AGPAT2), cholesterol 

metabolism (HMG-CoA reductase: HMGCR; Apolipoprotein A-I: ApoA-1; Insulin 

induced gene 1: INSIG1; sterol regulatory element binding transcription factor 1: 
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SREBP1; sterol regulatory element binding transcription factor 2: SREBP2; 

SREBP cleavage-activating protein: SCAP; Low-Density Lipoprotein (LDL) 

Receptor: LDLR), incretins (GLP2R, GCG), Peroxisome proliferator-activated 

receptors (PPARa, PPARg) and a number of cytokines (Tumor necrosis fac-tor 

alpha: TNFa; Interleukin 1 beta: IL1b; Interleukin 6: IL6; Interferon gamma: IFNg). 

Along with the genes of interest, five housekeeping genes (18S, PPIA, GAPDH, 

beta-actin, 36B4) were added to decipher the best gene to normalize the data to, 

which was determined to be 18S. 

 

High-throughput quantitative real-time PCR 

  The high-throughput Fluidigm Dynamic ArrayTM IFC was primed 

using the control line fluid syringes (BioMarkTM) and run on the Priming mode on 

an MX controller (BioMark HD). Assays (in singles), pre-amplified samples (in 

triplicate) along with a standard curve (serially diluted pool of total cDNA from all 

samples), and negative and RNA controls were added to a 48-by-48 Fluidigm chip 

(BioMarkTM) using the reverse pipetting method. The chip was then set to run the 

loading setting using the IFC MX controller. Within 1 hour from loading the chip, 

it was run using the GE 48 x 48 Standard v1 thermocycling setting which runs for 

40 cycles with a denaturation at 95oC for 15 s, and a hybridization and extension at 

60oC for 1 min.  
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Analysis 

 RT-PCR Analysis software v.3.0.2 and Data Collection Software v.3.0.2 

were used for analysis. Means for each sample/target gene were calculated by using 

the Ct threshold and normalizing to -actin, and fold changes were calculated using 

the delta-delta Ct method. 

 

3.4.13 Statistics 

 All analyses were performed using GraphPad Prism version 7.02 for 

Windows, GraphPad Software, La Jolla California USA. Prior to analysis, data was 

estimated to be normally distributed using the Shapiro-Wilk test due to its ability 

to test normality with a lower sample size. Tabular results are presented as mean ± 

SD while graphs are presented as mean ± SEM. Data presented was analyzed by 

two-way ANOVA (birth weight x diet) with repeated measures and multiple 

comparisons tested for using Fisher’s LSD test. All tests and comparisons with p-

value<0.05 were considered statistically significant and trends were mentioned 

when p-value<0.1. 

 

3.5 Results 

3.5.1 Body weight gain and food intake 

 At birth, LBW offspring were significantly lower in weight compared to 

those selected as NBW (birth weight effect, p-value<0.0001) as shown in Table 3-

2. At 13 weeks of age, ending weights for LBW pigs were still significantly lower 

(birth weight effect, p-value<0.0001). Additionally, a diet effect was observed with 
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NBW swine on a HFHC diet showing increased ending weight compared to NBW 

on control diet (p-value=0.0089). Both a diet and birth weight effect was observed 

in the average daily weight gain (ADG), with NBW swine gaining more weight per 

day than LBW with HFHC diet also contributing to increased weight gain (diet 

effect, p-value=0.0143, birth weight effect, p-value<0.0001). NBW swine ate more 

food per day on average compared to LBW groups (birth weight effect, p-

value=0.0017). The HFHC diet resulted in a lower feed conversion ratio (FCR) 

suggesting less feed was necessary to gain 1kg of weight (diet effect, p-

value=0.037). Additionally, fractional growth rate (FGR) was found to be 

significantly impacted by birth weight and diet with LBW and HFHC diet showing 

increased FGR (diet effect, p-value=0.0021, birth weight effect, p-value=0.0002). 

 

Table 3-2. Growth and feed consumption of LBW and NBW swine fed either 

control or high-fat, high-carbohydrate diet for 6 weeks after weaning. 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight. 

Control, control diet; HFHC, high-fat, high-carbohydrate diet; ADG, average daily 

weight gain; ADF, average daily feed intake; FCR, feed conversion ratio; FGR, 

fractional growth rate [(fw-bw)/(d*bw)]; bw, birth weight; fw, final weight; d, days 

alive. a,b,c refer to statistical difference with a p-value<0.05 between different letters. 

 NBW-

Control 
LBW-

Control 
NBW- 

HFHC 
LBW- 

HFHC 
2-way ANOVA effects 

BW Diet Interaction 

n 4 4 4 4    

BW, 

kg 

1.65 ±0.13 
a 

1.13 ±0.10 
b 

1.5 ±0.08 
a 

0.925 ±0.15 
c 

<0.0001

*** 
0.0114* 0.6774 

FW, 

kg 

57 ±2.3 
a 

49 ±17 
b 

62.9 ±1.7 
c 

50.1 ±3.0 
b 

<0.0001

*** 
0.0089** 0.0545 

ADG, 

g/d 

621 ±10 
a 

525 ±22 
b 

672 ±20 
c 

541 ±34 
b 

<0.0001

*** 
0.0143* 0.1572 

ADF, 

kg/d 

1.7 ±0.1 
a 

1.37 ±0.1 
b 

1.69 ±0.1 
a 

1.39 ±0.1 
b 

0.0017 

** 
0.9256 0.8449 

FCR, 

kg 

2.06 ±0.18 
a 

1.94 ±0.32 
ab 

1.78 ±0.21 
b 

1.69 ±0.16 
ab 

0.3544 0.0368* 0.8800 

FGR, 

g  

378 ±34 
a 

470 ±59 
b 

441 ±11 
ab 

592 ±64 
c 

0.0002 

*** 
0.0021** 0.2319 
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(*) refers to significance p<0.05, (**) refers to significance p<0.01, (***) refers to 

significance p<0.001 

 

3.5.2 Fasting plasma glucose, insulin and lipid concentrations 

 Fasting plasma lipid, glucose and insulin levels are presented in Table 3 and 

Figure 2. No differences were observed due to birth weight in any measured 

parameter, with the exception of LBW-HFHC pigs, which swine fed a high-fat diet 

showed an increase in TG concentration compared to NBW-HFHC pigs on the 

same diet (p-value=0.03). Diet effects were observed in glucose (p-value=0.0008), 

cholesterol (p-value=0.01) and LDL (p-value=0.0003) with each being raised in 

pigs fed a high-fat diet. 

   

Table 3-3. Fasting plasma lipid, glucose and insulin levels in LBW and NBW swine 

fed control and HFHC diet for 6 weeks post-weaning 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight. 

Control, control diet; HFHC, high-fat, high-carbohydrate diet. a,b,c refer to statistical 

difference with a p-value<0.05 between different letters. (*) refers to significance 

p<0.05, (**) refers to significance p<0.01, (***) refers to significance p<0.001 

 NBW-

Control 

LBW-

Control 

NBW- 

HFHC 

LBW- 

HFHC  

2-way ANOVA effects 

BW Diet Interaction 
Insulin, 

uIU/ml 
1.86 ±0.8 
a 

1.65 ±0.5 
a 

1.25 ±0.5 
a 

1.93 ±0.9 
a 

0.5118 0.6290 0.2157 

Glucose, 

mmol/l 
3.8 ±0.2 
a 

4.3 ±0.7 
a 

5.33 ±0.5 
b 

5.1 ±0.5 
b 

0.6110 0.0008*** 0.1937 

Cholesterol 

mg/dl 
106 ±5.4 
a 

95.5 ±37.5 
a 

370 ±54.6 
ab 

369 ±141 
b 

0.4676 0.0131* 0.4209 

LDL, 

mg/ml 
45.6 ±24.8 
a 

59.1 ±24.9 
a 

253 ±120 
b 

385 ±176 
b 

0.2031 0.0003*** 0.2949 

TG, mg/dl 19.3 ±7.6 
a 

23.9 ±15.5 
a 

20.7 ±2.2 
a 

36.4 ±6.0 
b 

0.0766* 0.1124 0.1137 
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A 

  
B 

  

Figure 3-2. Fasting plasma lipids triglyceride (A) and cholesterol (B) in lipoprotein 

sub-fractions following diet intervention measured by FPLC. LBW: low birth 

weight, NBW: normal birth weight, HFHC: high-fat, high-carbohydrate diet, 

control: control diet. 
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3.5.3 Postprandial glucose and insulin concentrations 

 Figures 3-3 and 3-4 show plasma concentrations of glucose and insulin in 

response to an adapted 2-step modified oral glucose tolerance and fat challenge test 

(MOGTT) procedure, respectively. When fed a control diet, both NBW and LBW 

swine did not show differences in glucose concentrations postprandially, nor is 

there a difference between birth weights when fed a HFHC diet. However, when 

fed a HFHC diet, both NBW and LBW swine have higher postprandial glucose 

compared to control diet, which can be further emphasized by the area under the 

curve (AUC) for glucose (diet effect, p-value=0.002).  

 Normal birth weight swine, regardless of diet, showed similar postprandial 

insulin curves and AUC (p-value>0.05) (Figure 3-6). Interestingly, LBW swine fed 

a control diet had a trend towards decreased insulin secretion (AUC, NBW-control= 

1992 ±326; LBW-control= 1058 ±17.8, p-value=0.07) with similar glucose (p-

value=0.33), suggesting possible increased insulin sensitivity compared to NBW 

on control diet. In contrast, LBW pigs fed a HFHC diet had a trend towards 

increased plasma insulin AUC (NBW-HFHC = 1824 ±830; LBW-HFHC = 2624 

±689, p-value=0.09) compared to NBW on the same diet. Additionally, LBW pigs 

fed a HFHC diet had a higher plasma insulin excursion (p-value<0.01) at the 15min 

time point and greater glucose in circulation (p-value<0.05) at time points 15, 30 

and 60min compared to NBW pigs on the same diet. A significant increase was 

observed in postprandial insulin and glucose AUC in LBW on a HFHC diet 

compared to control diet (p-value<0.05). Results suggest LBW pigs fed a HFHC 

diet were showing signs of early IR. 
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Figure 3-3. Postprandial glucose response following a modified oral glucose 

challenge. Values are means ± SEM, n=4 NBW-control, n=4 LBW-control, n=4 

NBW-HFHC, n=4 LBW-HFHC. AUC is shown (inset). a,b,c refer to statistical 

difference with a p-value<0.05 between different letters. (*) denotes statistical 

difference between LBW-control and LBW-HFHC (p-value<0.05) 

Figure 3-4. Postprandial insulin response following a modified oral glucose 

challenge. Values are means ± SEM, n=4 NBW-control, n=4 LBW-control, n=4 

NBW-HFHC, n=4 LBW-HFHC. AUC is shown (inset). a,b,c refer to statistical 

difference with a p-value<0.05 between different letters. (**) denotes statistical 

difference between LBW-control and LBW-HFHC (p-value<0.01). 
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3.5.4 Postprandial lipid concentrations 

 No differences were observed in postprandial TG AUC (Figure 3-5) or 

cholesterol (Figures 3-6) concentrations in plasma following a fat tolerance test in 

either birth weight or diet groups. Analyzing the TG response using incremental 

values found a significant increase in TG at the 240min timepoint for LBW-HFHC 

piglets compared to all three other groups (p-value<0.05). 
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A 

  
B 

 

 

Figure 3-5. Postprandial triglyceride (A) and incremental triglyceride (B) response 

following a modified oral glucose and fat challenge. Values are means ± SEM, n=4 

NBW-control (black circles), n=4 LBW-control (black squares), n=4 NBW-HFHC 

(open circles), n=4 LBW-HFHC (open squares). AUC is shown (inset). a,b,c refer to 

statistical difference with a p-value<0.05 between different letters. (*) refers to 

statistical significance (p-value<0.05) between the LBW-HFHC group and all three 

other groups at that timepoint. 
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A 

 

  
B 

  

Figure 3-6. Postprandial cholesterol (A) and incremental cholesterol (B) response 

following a modified oral glucose and fat challenge. Values are means ± SEM, n=2 

NBW-control (black circles), n=2 LBW-control (black squares), n=2 NBW-HFHC 

(open circles), n=2 LBW-HFHC (open squares). (*) refers to significant difference 

(p-value<0.05) at all time points between NBW-control and NBW-HFHC groups. 

(δ) refers to a trending difference (p-value<0.1) at all time points between LBW-

control and LBW-HFHC groups. AUC is shown (inset). a,b,c refer to statistical 

difference with a p-value<0.05 between different letters. 
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3.5.5 Fasting lymph lipoprotein and lipid concentrations 

 LBW pigs exhibited a trend towards greater lymph flow rate than NBW pigs 

(birth weight effect, p-value=0.055). Additionally, HFHC diet feeding was 

observed to decrease lymph flow rate (diet effect, p-value=0.011), as shown in 

Table 3-4. Regardless of diet, lymph TG had a trend towards being greater in LBW 

swine (birth weight effect, p-value=0.052, NBW-control= 162±50.2 mg/dl; LBW-

control= 534±225 mg/dl, p-value=0.063, NBW-HFHC= 228±69.6 mg/dl; LBW-

control= 652±281mg/dl, p-value=0.040). No differences were found using multiple 

comparisons testing between groups for lymph cholesterol, however a diet effect 

was observed (diet effect, p-value=0.0331) with increased cholesterol in the HFHC 

diets using two-way ANOVA. As well, ApoB48 in lymph was higher in LBW 

swine (birth weight effect, p-value=0.013) and significantly greater in LBW-control 

over NBW control (p-value=0.016). No difference was observed in CM secretion 

rate (ApoB48/hr) between birth weights; however, a significant increase was 

observed when fed a HFHC diet (diet effect, p-value=0.04). 
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Table 3-4. Fasting lymph lipoprotein and lipid concentrations  

Values are means ± SD. N=3 for each group due to only 3 pigs undergoing lymph 

cannulation in each group for this study. NBW, normal birth weight; LBW, low 

birth weight; control, control diet; HFHC, high-fat, high-carbohydrate 
a,b,c refer to statistical difference with a p-value <0.05 between different letters. (*) 

refers to significance p<0.05. 
1n=2 due to lymph contaminated with blood. 

 

 

3.5.6 Muscular and hepatic lipid content 

 Hepatic TG content did not significantly differ between the four 

experimental groups. However, muscle TG content increased in LBW pigs fed 

HFHC as compared to LBW pigs fed control diet (p-value=0.0022) and NBW pigs 

fed HFHC diet (p-value=0.0072). Likewise, LBW consumption of HFHC 

following weaning into young adulthood increased hepatic bridging fibrosis as 

compared to NBW pigs fed HFHC diet (p-value=0.0017) and LBW fed control diet 

(p-value=0.0036). Both a birth weight effect (p-value=0.0094) as well as interaction 

between birth weight and diet (p-value=0.0094) were observed in the hepatic 

bridging fibrosis score. As for the hepatic portal fibrosis, only a diet effect was 

observed (p-value=0.048) (Table 3-5). 

 

 

 
NBW-

Control 

LBW-

Control 

NBW- 

HFHC 

LBW- 

HFHC 

2-way ANOVA effects 

BW Diet Interaction 

TG, mg/dl 
162 ±50.2 

1 a 

534 ±225 

ab 

226 ±69.9 

a 

652 ±281 

1b 
0.0916 0.5757 0.4995 

Cholesterol, 

mg/dl 
128 ±32.7 

a 

134 ±33.7 
a 

251 ±66.8 
a 

255 ±144 
a 

0.9068 0.0331* 0.9733 

ApoB48, 

ug/ml 
888 ±273 

a 
1786 ±586 b 

992 ±136 

a 

1436 ±446 

a 

0.0127

* 
0.5741 0.3107 

ApoB48/hr, 

mg/hr 
15.9 ±10.7 

a 

16.6 ±3.69 

a 

51.4 ±22.8 

a 

36.2 ±26.2 

a 
0.5190 0.0372* 0.4801 

TG/ApoB48 

ratio 

0.28 ±0.12 
a 

0.33 ±0.22 
a 

0.23 ±0.06 
a 

0.38 ±0.26 
a 

0.9846 0.9656 0.4491 

Flow rate, 

ml/hr 
68.3 ±32.5 

ab 

107 ±12.1 

a 

21.5 ±6.36 

b 

51.3 ±29 

b 
0.0548 0.0108* 0.7752 
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Table 3-5. Hepatic and muscular lipid content and fibrosis scores. 

Values are means ± SD. N=4 for each group. NBW, normal birth weight; LBW, 

low birth weight; control, control diet; HFHC, high-fat, high-carbohydrate; TG, 

triglyceride. 
a,b,c refer to statistical difference with a p-value <0.05 between different letters. (*) 

refers to significance p<0.05 and (**) refers to significance p<0.01. 
1n=3 due to statistical outlier removal. 

 

 

3.5.7 Fasting glucagon-like peptide concentrations 

 As shown in Table 3-6, no significant differences were observed in GLP1, 

GLP2 or the GLP2/1 ratio in either plasma or lymph in LBW and NBW pigs fed 

control and HFHC diet (p-value>0.05). 

 

Table 3-6. Analysis of glucagon-like peptides (GLP) in NBW and LBW swine fed 

control and HFHC diet for 6 weeks post-weaning 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight; 

control, control diet; HFHC, high-fat, high-carbohydrate. a,b,c refer to statistical 

difference with a p-value<0.05 between different letters. 

 

 

 
NBW-

Control 

LBW-

Control 

NBW-

HFHC 

LBW-

HFHC 

2-way ANOVA effects 

BW Diet Interaction 

Liver TG, 

mg/mg protein 

9.47 ±11 
a 

21.1 ±20 

a 

4.02 ±3.1 

a 

3.52 ±1.5 

a 
0.3088 0.0667 0.3491 

Muscle TG, ug 
112 ±26 

1ab 

66.3 ±50 
1a 

33.7 ±6.1 
1a 

186 ±60 
1b 

0.0618 0.3684 0.0034** 

Hepatic Portal 

Fibrosis 

1.0 ±0 
ab 

1.25 ±0.5 

a 

1.75 ±0.5 

b 

1.5 ±0.6 

ab 
0.2948 0.0489* 0.9999 

Hepatic 

Bridging 

Fibrosis 

1.0 ±0.8 
a 

1.0±0 
a 

0.67 ±0.6 

1a 

2.0 ±1.4 
b 

0.0094*

* 
0.0582 0.0094** 

 NBW-

Control 

LBW-

Control 

NBW-

HFHC 

LBW-

HFHC 

Plasma GLP1, pg/ml 339 ±309a 133 ±40.7a 130 ±51.5a 270 ±334a 

Plasma GLP2, pg/ml 4481 ±723a 1955 ±188b 1760 ±640b 2183 ±995b 

Lymph GLP1, pg/ml 139 ±59.8a 75.6 ±62a 90.1 ±46.9a 174 ±235a 

Lymph GLP2, pg/ml 2009 ±567a 2047 ±267a 1350 ±326a 1227 ±274a 

Plasma GLP2/GLP1 ratio 14.3 ±7.5a 15.4 ±3.5a 14.2 ±4.3a 21.1 ±11.1a 

Lymph GLP2/GLP1 ratio 15 ±2.2a 31.2 ±21.3a 18.3 ±9.6a 35.1 ±33.8a 
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3.5.8 mRNA expression of metabolic genes in the jejunum 

 Two-way ANOVA did not find any birth weight differences in the mRNA 

expression in intestinal mucosal scrapings (Table 3-7). A diet effect was observed 

in SREBP2 (p-value=0.004), INSIG1 (p-value=0.043), HMGCR (p-value=0.011), 

LDLR (p-value=0.034) where HFHC diet feeding decreased gene expression and 

ACACA/ACC1 (p-value=0.024) had an increase on HFHC feeding. Using multiple 

comparisons tests, the only significant difference was observed as an increase in 

SCD expression in LBW swine fed a HFHC diet compared to NBW -HFHC 

 

Table 3-7. Intestinal mucosal scraping gene expression in LBW and NBW pigs fed 

control and HFHC diet, expressed as fold-change relative to -actin 

Transcript NBW-

Control 

LBW-

Control 

NBW- 

HFHC 

LBW- 

HFHC  

Insulin Signalling 

INSR 0.56 ±0.21 0.61 ±0.13 0.57 ±0.14 0.63 ±0.13 

IRS1 0.11 ±0.10 0.17 ±0.04 0.23 ±0.01 0.54 ±0.45 

Lipoprotein Metabolism 

LPL 1.93 ±0.90 2.30 ±1.84 4.24 ±4.61 1.61 ±1.03 

MTTP 1.70 ±0.05 1.49 ±0.76 1.22 ±0.65 1.08 ±0.58 

DGAT1 1.70 ±0.21 1.53 ±0.65 1.53 ±0.40 1.44 ±0.59 

DGAT2 0.51 ±0.32 0.47 ±0.20 0.36 ±0.14 0.87 ±0.56 

ApoB 0.62 ±0.27 0.58 ±0.03 0.39 ±0.10 0.68 ±0.39 

ApoE 0.004 ±0.00 0.005 ±0.00 0.01 ±0.00 0.02 ±0.02 

Insulin-responsive Glucose Transporters 

GLUT4/SLC2A4 0.09 ±0.02 0.08 ±0.03 0.24 ±0.05 0.48 ±0.46 

SGLT1/SLC5A1 1.70 ±0.27 1.43 ±0.81 1.46 ±0.70 1.77 ±0.99 

Insulin-like Growth Factors 

IGF1 0.01 ±0.01 0.02 ±0.01 0.03 ±0.01 0.15 ±0.17 

IGF2 0.01 ±0.00 0.01 ±0.00 0.02 ±0.00 0.06 ±0.06 

Fatty Acid Biosynthesis  

CD36 0.18 ±0.01 0.27 ±0.09 0.38 ±0.25 0.81 ±0.77 

ACACA(ACC1) *D 0.45 ±0.09 a 0.59 ±0.08 ab 0.58 ±0.06 b 0.66 ±0.13 b 

FASN 0.71 ±0.1 0.81 ±0.19 0.94 ±0.10 0.67 ±0.19 

FABP2 1.41 ±0.73 1.43 ±0.74 1.57 ±1.02 1.21 ±0.65 

FABP6 0.03 ±0.00 0.16 ±0.18 0.05 ±0.00 0.22 ±0.23 

GPAT1 0.60 ±0.06 0.74 ±0.07 0.79 ±0.10 0.73 ±0.16 
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Continued... NBW-

Control 

LBW-

Control 

NBW- 

HFHC 

LBW- 

HFHC  

MGAT2 1.23 ±0.45 1.44 ±0.30 1.67 ±0.45 1.13 ±0.20 

SCD 0.28 ±0.14 ab 0.44 ±0.21 ab 0.32 ±0.16 a 0.89 ±0.50 b 

ACOX1 0.92 ±0.38 0.93 ±0.33 0.98 ±0.23 0.84 ±0.22 

AGPAT2 1.77 ±0.34 1.70 ±0.75 1.36 ±0.41 1.42 ±0.73 

Cholesterol Metabolism 

HMGCR *D 2.54 ±1.48 a 1.97 ±0.96 ab 0.76 ±0.25 b 0.61 ±0.02 b 

ApoA-I 0.74 ±0.15 0.62 ±0.28 0.56 ±0.04 1.04 ±0.49 

INSIG1 *D 0.36 ±0.36 0.23 ±0.12 0.06 ±0.03 0.13 ±0.07 

SREBP1 1.25 ±0.39 1.13 ±0.56 0.94 ±0.59 2.27 ±1.62 

SREBP2 *D 1.60 ±0.42 a 1.53 ±0.52 a 0.63 ±0.30 b 0.83 ±0.14 b 

SCAP 0.74 ±0.10 1.00 ±0.15 1.03 ±0.16 0.90 ±0.32 

LDLR *D 1.57 ±1.15 a 0.99 ±0.30 ab 0.77 ±0.10 ab 0.54 ±0.14 b 

Incretins 

GLP2R 0.15 ±0.01 0.29 ±0.11 0.29 ±0.18 0.87 ±0.60 

GCG 1.34 ±1.04 0.94 ±0.22 2.04 ±1.25 1.05 ±0.54 

Peroxisome Proliferator-activated Receptors 

PPARa 0.88 ±0.00 1.14 ±0.44 1.24 ±0.30 0.79 ±0.02 

PPARg 2.12 ±1.52 2.41 ±1.11 1.18 ±0.69 2.03 ±1.22 

Inflammatory Markers  

TNFa 0.39 ±0.16 0.36 ±0.10 057 ±0.10 0.72 ±0.50 

IL1b 0.13 ±0.11 0.48 ±0.46 0.91 ±0.77 0.40 ±0.27 

IL6 0.29 ±0.13 0.17 ±0.07 0.22 ±0.09 0.49 ±0.47 

IFNg 3.35 ±0.51 1.86 ±0.81 1.56 ±0.64 4.47 ±4.20 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight; 

control, control diet; HFHC, high-fat, high-carbohydrate diet. (*D) refers to diet 

effect using two-way ANOVA. a,b,c refer to statistical difference with a p-

value<0.05 between different letters.  

ACACA: Acetyl-CoA carboxylase 1; ACOX1: Peroxisomal acyl-coenzyme A 

oxidase 1; AGPAT2: 1-acyl-sn-glycerol-3-phosphate acyltransferase beta; ApoA-

I: Apolipoprotein A-I; ApoB: Apolipoprotein B; ApoE: Apolipoprotein E; CD36: 

fatty acid translocase; DGAT1: Diglyceride acyltransferase 1; DGAT2: 

Diglyceride acyltransferase 2; FABP2: fatty acid binding protein 2; FABP6: fatty 

acid binding protein 6; FASN: fatty acid synthase; GCG: pro-glucagon; GLP2R: 

glucagon like peptide 2 receptor; GLUT4/SLC2A4: Glucose transporter 4, GPAT1: 

Glycerol-3-phosphate acyltransferase; HMGCR: HMG-CoA reductase; IFNg: 

Interferon gamma; IGF1: insulin-like growth factor 1; IGF2: insulin-like growth 

factor 2; IGFBP: insulin-like growth factor binding protein; IL1b: Interleukin 1 

beta; IL6: Interleukin 6; INSIG1: Insulin induced gene 1; INSR: insulin receptor; 

IRS1: insulin receptor substrate 1; LDLR: Low-Density Lipoprotein (LDL) 

Receptor; LPL: lipoprotein lipase; MGAT2: Alpha-1,6-mannosyl-glycoprotein 2-

beta-N-acetylglucosaminyltransferase; MTTP: Microsomal triglyceride transfer 

protein; PPARa: Peroxisome proliferator-activated receptor alpha; PPARg: 

Peroxisome proliferator-activated receptor gamma; SCAP: SREBP cleavage-

activating protein; SCD: Stearoyl-CoA desaturase;SLC5A1: Sodium/glucose 
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cotransporter 1; SREBP1: sterol regulatory element binding transcription factor 1; 

SREBP2: sterol regulatory element binding transcription factor 2; TNFa: Tumor 

necrosis factor alpha;18S: 18A ribosomal RNA; 36B4: ribosomal phosphoprotein 

P0; ACTB: beta-actin; PPIA: cyclophilin; GAPDH: Glyceraldehyde 3-phosphate 

dehydrogenase 

 

 

3.6 Discussion 

3.6.1 Feed intake and weight gain in low and normal birth weight swine 

 Low birth weight remains a worldwide public health problem, especially in 

the context of its predisposition to chronic diseases in adulthood (Blanc & Wardlaw 

2005). Strategies to manage metabolic complications associated with LBW require 

a better understanding of the underlying mechanisms using translational animal 

models. Swine share high similarity with humans in terms of anatomy and 

physiology (Ferenc et al. 2014; Guilloteau et al. 2010). Of interest to the 

development of metabolic complications, sows also spontaneously produce LBW 

offspring due to production trends increasing litter sizes over the natural uterine 

capacity (Wu et al. 2006). Using the Landrace-Large White x Duroc swine model, 

our results showed that from birth to young adulthood, LBW pigs had lower daily 

body weight gain (ADG) and food intake (ADF) compared to their NBW 

counterparts. These observations are consistent with a recent study reporting that 

LBW pigs exhibit a reduced postnatal growth rate when compared with normal 

littermates (Yan et al. 2017). However, LBW piglets had significantly greater 

fractional growth rate (FGR), a measure of catch-up growth. Previous literature 

found similar results of decreased post-natal weight gain in LBW swine for the first 

month, followed by indistinguishable weight different between LBW and NBW by 

3 months of age due to higher FGR in LBW offspring (Poore & Fowden 2002). Our 
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current results do not show a full catch-up in weight by 13 weeks. A difference 

between the two studies is that Poore and Fowden used pure-bred Large-White 

breed sows, where as our study used Landrace–Large White x Duroc piglets. 

Additionally, the Poore and Fowden weaned piglets at 4-5 weeks of age, while our 

current study weaned at the industry-standard 3 weeks of age. Of interest, early 

research found weaning at 10 (Lucas et al. 1959) or 14 days (Leibbrandt et al. 1975) 

resulted in decreased average weight gain in piglets, although birth weight was not 

taken into account. Future research should identify if the FGR is affected by both 

weaning age and birth weight. 

In addition to birth weight, a HFHC diet increased ADG and FGR. Our data 

also underscore that HFHC diet consumption from weaning into adulthood can 

significantly increase ADG in NBW pigs, and increased FGR in LBW pigs. The 

findings suggest that IUGR leading to low birth weight may allow pigs to 

physiologically and metabolically adapt when fed an “obesogenic” diet, preserving 

an excessive weight gain at least until young adulthood. In contrast, Yan H et al. 

reported increased daily weight gain only in LBW pigs fed high-fat diet (Yan et al. 

2017). The discrepancy is probably due to the duration of the high-fat diet feeding 

between the two studies. Yan et al. fed pigs a high-fat diet for 20 weeks from 

weaning, while the present study fed pigs a HFHC diet for only 6 weeks; suggesting 

that a 6-week-period of HFHC diet feeding may not be enough to see the shift in 

term of excessive weight gain in LBW pigs. Additionally, Yan et al. fed a high-fat 

diet different than the current study, swapping 10% cornstarch in the control diets 

to 10% lard in the high-fat diet (Yan et al. 2017). The HFHC diet fed in our study 
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contains 17.9% lard, 1% cholesterol and 17.8% fructose. The higher fat content and 

additional fructose may be causing both the LBW and NBW offspring fed the 

HFHC diet to increase in weight. Our results suggest that (i) a fundamental change 

in metabolism possibly related to increased energy expenditure and/or (ii) an 

abnormality in absorption of nutrients across the gastrointestinal tract. In future 

studies, whole body energy metabolism measures using indirect calorimetry and 

assessment of energy in stool samples for sign of malabsorption would help to 

elucidate this. 

 

3.6.2 Development of insulin resistant swine on energy dense diet 

 It has been suggested from epidemiological and animal studies that 

accelerated postnatal growth, also called “catch-up” growth increases the 

susceptibility of LBW individuals to develop “obesogenic” diet-induced obesity, 

IR and abnormal lipid metabolism in adulthood (Eriksson et al. 1999; Ong et al. 

2004; J. Wang et al. 2016; Rueda-Clausen et al. 2011). The present study found 

LBW offspring to show a possible trend towards being more insulin sensitive (or at 

least not more resistant) than their NBW littermates when both groups were fed a 

standard control diet. When fed a HFHC diet, LBW piglets were found to trend 

towards being more IR than NBW pigs on the same diet. Interestingly, although 

both LBW groups showed an increase in FGR, suggestive of catch-up growth, 

neither LBW groups caught up in weight to the NBW offspring. Our results suggest 

that insulin and glucose metabolism may be impacted during the period of catch-

up growth, prior to undistinguishable weight differences between groups. Previous 
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studies found LBW offspring to have better glucose tolerance and insulin sensitivity 

in early adulthood than NBW offspring when their body weight is maintained on a 

lower growth trajectory after birth (Packard et al. 1996; Lim et al. 2011). In swine, 

in the first few months of age, LBW piglets fed a standard control diet weighed less 

than their NBW littermate and were found to be more insulin sensitive. By a year 

of age, LBW piglets had caught up in weight to NBW littermates and were now IR 

(Poore & Fowden 2002; Poore & Fowden 2004a). Poore and Fowden hypothesized 

that the post-natal diet was influencing the development of IR through increased 

weight gain in LBW offspring compared to NBW. Our results support this 

hypothesis in that a HFHC diet further increases weight gain post-natally as 

measured by FGR and can in turn possibly induce IR in a younger model. Our 

current study further supports the concept of programming for improved insulin 

regulation in early adulthood when the postnatal environment (diet) resembles that 

in utero (Barker 2001a). However, a mismatch in prenatal and postnatal 

environment is thought to be a major contributing factor to the impaired insulin 

metabolism often observed in LBW individuals. The present study demonstrates 

that LBW leads to the development of early IR in Landrace-Large White x Duroc 

swine following HFHC feeding from weaning into young adulthood. 

 

3.6.3 Impact of energy dense diet to circulating and intestinal lipid 

metabolism 

 During the fasting period, plasma lipid levels primarily reflect hepatic 

VLDL metabolism. Recent data have reported both diet and birth weight as major 
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factors impacting lipid metabolism (Liu et al. 2012). Our results showed that LBW 

pigs have increased fasting plasma VLDL-TG as well as LDL-cholesterol 

compared with NBW pigs. From a cardiovascular risk viewpoint, increased 

cholesterol in the LDL fraction suggests increased risk of atherosclerosis due to the 

high susceptibility of LDL to glycation and oxidation, contributing to plaque 

development (Ravandi et al. 2000). Previous studies have utilized rodent models of 

LBW to identify cardiovascular disease risk, however atheroprotective HDL 

dominates the lipoprotein profile in rodents, preventing adequate translation to 

humans (Bergen & Mersmann 2005; Brown & Panchal 2011; Haa & Barter 1982). 

Thus, the current study adds support for human translation due to swine and humans 

being more closely related physiologically (Ferenc et al. 2014). 

 Overproduction of intestinal apolipoprotein B48-containing lipoproteins is 

one lipid metabolism alteration associated with IR (Duez et al. 2006; Vine et al. 

2007; Adeli & Lewis 2008). One of the most striking findings of this study was that 

LBW had strong trends towards being associated with increased lymph flow rate 

and lymphatic TG, irrespective of diet and insulin status. A significant effect was 

found in that LBW, irrespective of diet, had increased CM number (ApoB48) in 

lymph. Greater intestinal lipid absorption/secretion may contribute to the 

postprandial hypertriglyceridemia at the 240min timepoint observed in LBW-

HFHC pigs in the incremental TG concentrations after an MOGTT. Postprandial 

atherogenic dyslipidemia (a consequence of the intestinal lipoprotein secretion and 

reduced clearance of dietary-TG) has, been linked to the development and 
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exacerbation of cardiovascular diseases (Hyson et al. 2003; Bansal et al. 2007; 

Jackson et al. 2012).  

 We found that a HFHC diet induced ectopic fat deposition preferentially in the 

muscle of LBW pigs, which was consistent with findings of Liu et al. (2012). 

Ectopic fat accumulation is normally attributed to continuous oversupply of FFAs 

and impaired fatty acid oxidation. The increased TG deposition in the muscle of the 

LBW pigs fed HFHC diets could be related to increased lipoprotein lipase (LPL) 

activity in this tissue as a consequence of LBW, potentially contributing to IR in 

these animals. The function of LPL is to provide FFA for tissue utilization and 

storage by hydrolysing TGs in CMs (Jacome-Sosa & Parks 2014). Future research 

should investigate mechanisms of muscular steatosis in LBW offspring via protein 

quantification and gene expression analysis. 

 

3.6.4 Birth weight and diet impact on glucagon-like peptides 

Recent focus has emerged investigating intestinal hormones as a potential 

link between diet and metabolic complications (Baggio & Drucker 2007; Dash et 

al. 2014). However, our results (Table 3-6) did not reflect any differences in either 

plasma or lymph GLP-1, GLP-2 or the ratio between them. Previous research has 

hypothesized that increased GLP-2 in plasma would result in an increase in 

lymphatic TG and ApoB48 secretion due to its ability to release stored ApoB48-

containing particles from the intestine (Dash et al. 2014; Hsieh et al. 2009; Hsieh et 

al. 2015). Additionally, due to the opposing actions of GLP-1 and GLP-2, it has 

been suggested that decreased GLP-1 concentrations, and in turn a higher ratio of 
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GLP-2:GLP-1, could be a cause for intestinal lipid metabolism aberrations due to 

GLP-1 having been shown to decrease apoB and ApoA-IV output from the intestine 

into the lymphatics (Qin 2005). Human clinical trials have also found strong 

correlations between obese and IR patients having decreased active GLP-1 in 

circulation (Ahmed et al. 2017). Although our results did not find differences in 

GLP-1 or GLP-2, this may be due to a low sample size as well as measuring the 

samples in the fasted state. Both peptides are released in response to dietary intake, 

and as such were in low, nearly undetectable quantities in our analysis. Future work 

should investigate both peptides under post-prandial conditions in lymph and 

plasma to explore the limitations of this study. 

  

3.6.5 Diet and birth weight impacting intestinal gene expression  

Gene expression of select gene in the intestinal mucosa of swine was 

analysed to identify potential mechanisms for the metabolic aberrations observed. 

Results from a high-throughput fluidigm chip revealed that birth weight had no 

significant impact on any of the genes analysed using two-way ANOVA. With post-

hoc analysis using multiple comparisons and Fisher’s LSD test, stearoyl-CoA 

desaturase (SCD) was found to be upregulated in LBW swine fed a HFHC diet 

compared to NBW on the same diet. Interestingly, an upregulation in SCD, a key 

enzyme regulating monounsaturated fatty acid (MUFA) synthesis, has been found 

in the liver of mice fed a high-fat diet (Biddinger et al. 2005). In addition, a number 

of studies have found that high-carbohydrate diets substantially increase SCD in 

the liver of mice (Flowers & Ntambi 2009). Fructose, the dietary carbohydrate 
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added to our HFHC diet, is known to induce hepatic lipogenesis more-so than 

glucose and other carbohydrates due to its ability to by-pass regulatory steps 

(Stanikova et al. 2015a). Studies have also identified an upregulation of SCD in the 

intestine of high-fat diet fed mice (de Wit et al. 2008). Our current results support 

these findings and suggest further investigation into the role of SCD in the intestine 

of LBW offspring fed an obesogenic diet. 

Analysis also found effects of the HFHC diet on both birthweight groups. 

Sterol regulatory element binding transcription factor 2 (SREBP2), insulin induced 

gene 1 (INSIG1), LDL receptor (LDLR) and HMG-CoA reductase (HMGCR) were 

all downregulated in swine fed the HFHC diet. Interestingly, all are genes 

associated with cholesterol metabolism and regulation, yet with differing regulation 

of cholesterol synthesis. Downregulation of SREBP2 and HMGCR should result in 

decreased cholesterol synthesis, while downregulation of LDLR and INSIG1 

should increase cholesterol synthesis. The HFHC diet contained increased 

cholesterol, presumably which would inhibit cholesterol synthesis pathways. More 

investigation into our findings is needed. In addition, Acetyl-CoA carboxylase 1 

(ACACA/ACC1) was upregulated in the intestine of HFHC diet fed pigs, thus 

contributing to the increase in fatty acid synthesis in the intestine. Few studies have 

investigated gene expression in the intestine of swine and should be a future 

direction to find mechanisms of interaction between LBW offspring and post-natal 

diet. 

In conclusion, our findings show that LBW leads to increased intestinal lipid 

absorption and/or secretion as well as postprandial and fasting dyslipidemia. In 
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addition, when fed a HFHC diet, LBW swine have increased postprandial insulin 

secretion and preferential muscular lipid deposition.  
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CHAPTER 4. Investigation of early nutritional adaptations of the low birth 

weight phenotype in swine 

 

4.1 Abstract 

 Insulin resistance (IR) has been shown to correlate with an overproduction 

of intestinally derived lipids, leading to dyslipidemia, obesity and type 2 diabetes 

(T2D) (Dash et al. 2015; Xiao & Lewis 2012). Low birth weight (LBW) has been 

associated with increased cardiometabolic risk and predisposition to obesity, T2D 

and cardiovascular diseases (CVD) (Barker, Godfrey, et al. 1993; Breier et al. 2001; 

Godfrey & Barker 2000). As demonstrated in Chapter 3, LBW piglets were shown 

to have an upregulation in intestinal lipid metabolism, irrespective of diet. From the 

results, we speculated that adaptations in intestinal lipid metabolism may occur in-

utero prior to observing whole-body IR and without high-fat, high-carbohydrate 

(HFHC) diet induction. Consequently, the objective of this study was to investigate, 

in the Landrace-Large White x Duroc swine model, adaptations at an earlier period 

of development (6-weeks-old) and if lipid overproduction in LBW swine might be 

independent of nutritional induction. 

 Eight male piglets were selected and castrated at birth (n=4 normal birth 

weight, NBW and n=4 LBW) and allowed to suckle maternal milk with optional 

control diet until weaning at 3 weeks of age. Piglets were then given ad libitum 

access to standard swine control diet until 6 weeks of age, at which time they were 

lymph sampled and euthanized for tissue collection. At birth, LBW piglets weighed 

33% less than their NBW counterparts (p-value=0.0038) and continued to weigh 

less at the final time point (p-value=0.0174). There was no difference in fasting 
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plasma lipid levels of triglycerides (TG), total cholesterol, low-density lipoprotein 

(LDL), glucagon-like peptide (GLP) 1, GLP2, insulin or glucose. However, a 

significant increase in chylomicron (CM) particle size (p-value=0.0029) and 80% 

increase in total lymphatic TG were observed in LBW piglets. Results suggest a 

possible trend towards the upregulation in the packaging of TG into CMs for 

circulation and distribution. These findings suggest that the LBW findings 

previously observed in 13-week swine is not fully developed in the 6-week-old 

piglet and may indeed reply on a nutritional post-weaning induction. In conclusion, 

the LBW swine characteristic of intestinal lipid overproduction may be a post-natal 

adaptation occurring with increased age or dietary intervention.  

 

4.2 Introduction  

 Limited data exists investigating the role of the intestine and lipid 

metabolism during early IR in a model that translates well to the human condition. 

Swine are considered a close non-primate animal model for human translational 

research (Swindle et al. 2012). Determining mechanisms of human disease 

initiation and progression often requires the use of animal models, allowing swine 

to act as an ideal model to study the LBW phenotype and its contribution to IR and 

type 2 diabetes (T2D). 

Swine have a natural capacity for large litter sizes. Selective breeding in 

some production facilities have taken advantage of the uterine capacity of sows to 

increase litter sizes even further (Wu et al. 2006). A result of this practice is an 

increase in within-litter birthweight variation, intrauterine growth restriction 
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(IUGR) and LBW offspring (Foxcroft et al. 2009). As detailed previously, LBW 

increases the risk of non-communicable diseases (NCDs) in adulthood. 

Measurements of insulin and glucose metabolism in Chapter 3, assessed in 

LBW piglets at 13 weeks of age, found LBW swine fed a high-fat, high-

carbohydrate (HFHC) diet had increased postprandial insulin secretion, suggestive 

of early IR, compared to NBW littermates. Importantly, both LBW diet groups had 

a significant increase in lymphatic TG content, as well as apolipoprotein B48 

(ApoB48), a measure of CM particle number, when compared to their NBW 

littermates. Previous research established that during IR conditions, total lymphatic 

TG, CM quantity and lipidation of CMs are increased (Haidari et al. 2002; Hsieh et 

al. 2008). However, a novel finding was that the LBW piglet on a control diet 

resulted in intestinal lipid overproduction. Previously it had been hypothesized that 

post-natal diet was a major contributor to metabolic complication. Our findings 

suggested that a primary adaptation in the LBW phenotype may be the in-utero 

upregulation of pathways associated with lipid absorption and/or secretion in the 

intestine, irrespective of insulin status or post-natal diet. 

Swine are generally weaned at 3 weeks of age in North America, and are no 

longer in direct competition for feed with littermates. At 5 weeks of age their 

digestive tracts are developed (Guilloteau et al. 2010), making 6 weeks of age an 

ideal time to assess lipid metabolism in a fully developed intestine without the 

influence of diet-induced changes. In determining potential mechanisms for 

increased lipid production from the intestine, we measured relative concentrations 

of GLP-2 in relation to GLP-1. Both peptides are secreted from the intestine and 
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act in competing manners. GLP-2 promotes lipid absorption and CM secretion, 

while GLP-1 stimulates insulin secretion, decreasing CM secretion (Hsieh et al. 

2009; Drucker 1998; Qin 2005). 

 We hypothesized that younger, 6-week old swine would show metabolic 

complications as described in Chapter 3 without the influence of dietary 

intervention or perturbed insulin status. The aim of this study was to determine if 

LBW piglets fed a standard control diet post-weaning would show increased 

intestinal lipid production at 6 weeks of age.  

 

4.3 Materials and methods   

4.3.1 Animals  

 Animal care and ethics was as described for Chapter 3. 

 

4.3.2 Study design 

 Piglets were selected at birth as described for Chapter 3, with n=4 NBW and 

n=4 LBW piglets from a total of 3 sows (sow #1: NBW n=2, LBW n=2; sow#2: 

NBW n=2; sow#3: LBW n=2). Diets were as described in Chapter 3, Table 3-1, for 

both standard control phase diets. Piglets were weaned onto phase 2 control diet at 

3 weeks of age and switched to phase 3 control diet 1 week later, continuing until 

the end of the study at 6 weeks of age. At 6 weeks of age, piglets were anesthetized 

and lymph sampled followed by exsanguination and tissue collection (Figure 4-1). 
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Figure 4-1. Study design schematic for low and normal birth weight piglets weaned 

at 3 weeks of age and fed control diet until 6-weeks-old. LBW, low birth weight; 

NBW normal birth weight. 

 

 The current study differs from that of Chapter 3 in that the piglets were only 

fed a standard control diet (no dietary intervention) and were only 6 weeks old 

(Figure 4-2). 

 

Figure 4-2. Results schematic depicting combined results from thesis studies up to 

current study. Each result is a change in reference to NBW on the same diet. IR, 

insulin resistance; TG, total lymphatic triglyceride; MOGTT, modified oral glucose 

tolerance test; LBW, low birth weight; HFHC, high-fat, high-carbohydrate 
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4.3.3 Growth and feed consumption analysis 

 Pigs were weighed weekly. Feed intake was measured through weighted 

additions, weekly weigh-backs and estimated wastage by observation of qualified 

farm staff. From the weights, average daily weight gain (ADG) was calculated as 

total change in weight from birth to termination divided by days alive. Average 

daily feed intake (ADF) was similarly calculated as total feed intake divided by 

days from weaning until termination. The feed conversion ratio (FCR) was 

calculated as the total feed intake (kg) from weaning until termination divided by 

the weight gain (kg) during this same time to get an estimate of the kg feed 

necessary to gain 1kg of weight gain. Fractional growth rate (FGR) was calculated 

by the weight (kg) gained divided by the days alive from weaning until termination 

and further divided by the birth weight (kg).  

 

4.3.4 Mesenteric lymph duct cannulation and nascent lymph collection 

 At 6 weeks of age piglets were sampled for lymph under anesthetic (as 

described for Chapter 3) for 1 hour. Total lymph volume as well as lymph flow rate 

(lymph volume/hr) was recorded. At approximately 30min into the cannulation 

procedure, 1ml of lymph was removed and placed into a tube containing 0.02mM 

sitagliptin (phosphate) (CAS# 654671-78-0, Cayman Chemical Company) for later 

GLP analysis.  
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4.3.5 Sample collection and processing 

 Samples were collected as described for Chapter 3, including blood and 

approximately 4cm diameter pieces of the following tissues: heart, liver, intestinal 

jejunum, mucosal scrapings, kidney, muscle, and subcutaneous fat. In addition, we 

took a further 1ml blood in a tube containing 0.02mM sitagliptin (phosphate) 

(CAS# 654671-78-0, Cayman Chemical Company) for later GLP analysis.  

 

4.3.6 Biochemical analysis  

 Plasma and lymph biochemical analysis was completed as described for 

Chapter 3 and included quantification of TG, total cholesterol, LDL, glucose and 

insulin. Plasma insulin levels were assessed using a commercially available 

porcine-specific enzyme-linked immunosorbent assay with a detection limit of 10 

ug/ml and intra-assay coefficient of variation of 3.9% at 62ug/ml (ELISA, 

Mercodia, Uppsala, Sweden). The new kit was selected due to a lower limit of 

detection. 

 

4.3.7 Protein analysis  

 ApoB48 quantification as well as GLP analysis was completed as described 

for Chapter 3. 
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4.3.8 Statistics 

 All analyses were performed using GraphPad Prism version 7.02 for 

Windows, GraphPad Software, La Jolla California USA. Prior to analysis, data was 

determined to be normally distributed using the Shapiro-Wilk test due to its ability 

to test normality with a lower sample size. For comparisons between LBW and 

NBW, student’s unpaired two-tailed t-tests were used assuming a Gaussian 

distribution with a 95% confidence interval. Outliers were removed if statistically 

out of range using the ROUT method test in Prism with Q=10%. Data in tables are 

expressed as means ± SD and figures are expressed as means ± SEM with a p-

value<0.05 being considered statistically significant and trends were mentioned 

when p-value<0.1. 

 

4.4 Results  

4.4.1 Body Weights and Feed Intake 

 The mean weight of piglets selected for the LBW group were 33% lower 

(p-value=0.0038) than the NBW group. Body weights, average daily gain (ADG) 

and feed intake results are presented in Table 4-1 and schematically shown in Figure 

4-3. The final weights of LBW pigs were still 15% lower than the NBW group (p-

value=0.0174). However, LBW pigs showed a significantly higher (31%) FGR (p-

value=0.0378), a measure of catch-up growth (Poore & Fowden 2002). Despite the 

increased fractional growth rate, there was no difference in the average daily feed 

intake between birth weights. Additionally, a similar value was obtained for the 
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FCR (p-value>0.05) and a decreased ADG in the LBW group (p-value=0.0289) 

compared to NBW. 

 

  

 

Figure 4-3. Body weight changes throughout the study and schematic 

representation of experimental design. Piglets were selected at birth and allowed to 

suckle for 3 weeks before being weaned onto standard control diet until ending. 

Values are means ± SEM, n=4 NBW (black circles), n=4 LBW (black squares). 

 

Table 4-1. Growth and feed consumption of piglets fed control diet until 6 weeks 

of age 

Values are means ± SD, n=4. NBW, normal birth weight; LBW, low birth weight. 

Percent change is for LBW in reference to NBW group. (*) refers to significance 

p<0.05 and (**) refers to significance p<0.01. 

 

 

 NBW LBW Percent 

Change 

Birth weight, kg 1.58 ±0.2 1.05 ±0.2** -33% 
Final weight, kg 12.2 ±0.7 10.4 ±0.8* -15% 
Average daily weight gain (ADG), g/d 252 ±18 216 ±18* -14% 
Average daily feed intake (ADF), g/d 398 ±75 475 ±40 +19% 
Feed conversion ratio (FCR), kg 0.88 ±0.04 1.15 ±0.21 +31% 
Fractional growth, kg(day)-1(birth weight)-1 0.16 ±0.02 0.21 ±0.03* +31% 
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4.4.2 Fasting plasma lipid, glucose and insulin concentrations 

As shown in Table 4-2, there was no significant differences found in fasting plasma 

lipids, glucose or insulin between the LBW and NBW pigs fed control diet until 6 

weeks of age (p-value>0.05). 

 

Table 4-2. Fasting plasma lipid, glucose and insulin concentrations in piglets fed 

control diet until 6 weeks of age 

Values are means ± SD, n=4. NBW, normal birth weight; LBW, low birth weight. 

Percent change is for LBW in reference to NBW group 
1 n=3, smaller sample size is due to hemolyzation of blood samples causing 

irregularity in analysis and therefore removed using the ROUT method outlier test 

with a Q value of 10%. 

 

4.4.3 Fasting lymph lipoprotein and lipid concentrations 

 Table 4-3 shows fasting lymph lipid concentrations and lymph flow rate 

which were not found to be significantly different between groups, however 

lymphatic TG concentration was 80% higher in the LBW group (NBW= 187 ± 40 

mg/dL; LBW= 438 ± 298 mg/dL, p-value=0.1464). CM size was found to be 31% 

larger in LBW (p-value=0.0029). The ratio of TG/ApoB48 can be used as a measure 

of CM lipidation and was also observed to be higher in the LBW compared to NBW 

group (p-value=0.028) along with particle diameter (NBW= 74.9nm ± 5.4nm 

diameter; LBW= 102nm ± 8.1nm diameter, p-value=0.0029). 

 

 NBW LBW Percent Change 

Insulin, uU/ml 2.49 ±1.6 1.49 ±0.21 -40% 

Glucose, mmol/l 3.44 ±0.31 4.0 ±0.7 +16% 

Cholesterol, mg/dL 85.7 ±12.3 76.7 ±9.26 -11% 

LDL, mg/ml 57.1 ±16.5 49.5 ±2.761 -14% 

Triglyceride, mg/dL 54.8 ±15 46.4 ±1.81 -17% 
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Table 4-3. Fasting lymph lipoprotein and lipid concentrations in piglets fed control 

diet until 6 weeks of age 

Values are means ± SD, n=4. NBW, normal birth weight; LBW, low birth weight. 

Percent change is for LBW in reference to NBW group. (*) refers to significance 

p<0.05 and (**) refers to significance p<0.01. 
1 n=3, smaller sample size is due to outlier removal using the ROUT method outlier 

test with a Q value of 10%. 

 

4.4.4 Fasting glucagon-like peptide concentrations 

 As shown in Table 4-4, no significant differences were observed in GLP1, 

GLP2 or the GLP2/1 ratio in either plasma or lymph in LBW compared to NBW 

piglets fed control diet (p-value>0.05).  

 

Table 4-4. Analysis of Glucagon-like peptides (GLP) in piglets fed control diet until 

6 weeks of age 

Values are means ± SD and n=4, except for those indicated. Smaller sample size is 

due to hemolyzation of blood samples causing irregularity in analysis and therefore 

removed using the ROUT method outlier test with a Q value of 10%. NBW, normal 

birth weight; LBW, low birth weight. Percent change is for LBW in reference to 

NBW group 
1 n=2 
2 n=1 

 

 

 

 NBW LBW Percent Change 

Triglyceride, mg/dl 187 ±40 438 ±2981 +80% 

Cholesterol, mg/dl 46.4 ±24.9 52.1 ±4.81 +12% 

ApoB48, ug/ml 5221 ±1818 5185 ±14781 -1% 

TG/ApoB48 0.22 ±0.04 0.5 ±0.2* +79% 

Flow rate, ml/hr 23.6 ±6.9 20.5 ±06.91 -13% 

Particle size, nm 74.9 ±5.4 102 ±8.11** +31% 

 NBW LBW Percent Change 

Plasma GLP1, pg/ml 82.7 ±191 117 ±481 +41% 

Plasma GLP2, pg/ml 1169 ±02 1702 ±1771 +46% 

Lymph GLP1, pg/ml 75.2 ±40 64.8 ±20 -15% 

Lymph GLP2, pg/ml 914 ±133 1167 ±282 +27% 

Plasma GLP2/GLP1 ratio 16.9 ±02 15.6 ±4.91 -8% 

Lymph GLP2/GLP1 ratio 13.8 ±4.6 18.4 ±2.7 +33% 
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4.5 Discussion  

4.5.1 Effects on feed intake and weight gain of low compared to normal birth 

weight swine   

Low birth weight has proven to be a marker of impaired pre-natal health and 

risk of future metabolic complications. Previous literature has shown that LBW pigs 

(defined at less than the 95% confidence interval of the mean) have impaired 

glucose tolerance in adult life (12 months old) (Poore & Fowden 2002). 

Epidemiological research is consistent in that humans born low in weight are 

predisposed for future glucose intolerance, IR and T2D (Nobili et al. 2008; Phillips 

1998). Therefore, identifying LBW offspring and growth parameters is of interest 

to future health outcomes. In the current study, at 6 weeks of age, both the birth 

weight and final weight of LBW piglets was significantly lower than the NBW 

group. No difference was found between the feed intake of LBW versus NBW 

piglet groups. However, LBW pigs had a significantly increased fractional growth 

rate, suggesting that compensatory catch-up growth may be occurring. An 

interesting addition to metabolic complications associated with LBW, was the 

observation from Poore and Fowden regarding rapid post-natal weight gain, 

considered ‘catch-up’ growth, being correlated to glucose intolerance and obesity 

(Poore & Fowden 2002). It is generally considered that catch-up growth may be 

equally important in the development of impaired glucose metabolism in relation 

to birth weight. The current study found LBW piglets showed increased fractional 

growth rate and yet were still smaller in weight at 6 weeks of age. Previous literature 

found that male LBW piglets remained smaller at 1 month of age, yet showed 
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measurements of catch-up growth leading to indistinguishable weight differences 

by 3 months of age (Poore & Fowden 2002). It is therefore predicted that the LBW 

swine in our study would eventually catch-up in weight if given more time. 

However, the fractional growth measurement calculation in our study was greatly 

determined by birth weight, likely due to the young age at termination, and LBW 

piglets continued to show significantly less average daily weight gain throughout 

the study compared to the NBW group. Our results are consistent with production-

based findings that LBW piglets are likely to be lighter at weaning than NBW 

littermates (Douglas, Wellock, et al. 2014). 

Of interest, one of the four LBW piglets naturally gained enough weight to 

catch-up with the NBW group. Catch-up growth in a subset of LBW offspring was 

also found in the literature, even a few cases where LBW swine surpassed the 

weight of NBW littermates when fed the same diet (Douglas, Wellock, et al. 2014). 

Due to the sample size of one, it is not possible to determine if the few LBW 

offspring who naturally catch-up sooner correlate with any of the biochemical 

analyses completed. It is a possibility that this finding simply reflects variability in 

swine or experimental conditions, as cross-fostering was done to ensure small 

piglets were able to grow to their full potential without competition from heavier 

littermates. However, if the predictive adaptive response (PAR) hypothesis 

prevails, that LBW offspring are programmed in-utero to have a lower nutrient 

requirement, then perhaps these offspring have a compensatory mechanism 

allowing greater post-natal growth for a similar diet/post-natal environment. If this 

is the case, these offspring might more readily develop metabolic complications. 
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Future studies using larger sample sizes should investigate if these “rapid-growing” 

LBW offspring have more perturbed metabolic characteristics. 

 

4.5.2 Insulin sensitivity versus resistance in low birth weight swine 

 To date, the mechanisms by which poor in utero growth my lead to impaired 

glucose metabolism have not been fully elucidated. There is evidence from LBW 

animal models that an initial stage of increased whole body insulin sensitivity 

occurs prior to the development of IR in adulthood (Colle et al. 1976). From 

Chapter 3, our data showed that LBW swine given a standard control diet until 12 

weeks of age showed comparable insulin status, or a potential trend towards insulin 

sensitivity, compared to NBW littermates. At 3 months of age, LBW pigs were 

found to be more insulin sensitive as measured by insulin and glucose area under 

the curve (AUC) after a glucose tolerance test (Poore & Fowden 2002). In contrast, 

LBW pigs at 12 months of age were found to have impaired glucose tolerance 

(Poore & Fowden 2002). In the current chapter, our piglets were just 6 weeks of 

age and did not show a significant decrease in fasting glucose or insulin. However, 

a non-significant 51% decrease in fasting insulin was observed in LBW compared 

to NBW littermates. Due to piglet size and available procedural methods at the time, 

we were unable to complete the adapted 2-step glucose tolerance and fat challenge 

test. It has been suggested that a major factor in developing impaired glucose 

tolerance is rapid weight gain postnatally. Likely due to the young age at 

termination, we did not observe the LBW piglets in our study exhibiting rapid 

growth to the point of catching up with NBW littermates. 
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 Mechanisms for glucose intolerance in LBW offspring are poorly 

understood. A hypothesis is that LBW offspring have increased glucose 

transporters (GLUT1 and GLUT4) as well as increased glycogen storage in tissues 

such as the liver, heart and muscle (Thorn et al. 2011). Glycogen synthase kinase 

has been previously reported to be reduced in the liver and muscle of LBW 

offspring, thereby not downregulating glycogen synthesis during normal glucose 

homeostasis (Thorn et al. 2009). In late gestation, muscle glycogen stores have been 

shown to be increased >100% in fetal sheep (Limesand et al. 2007). Collectively, 

these data suggest that increased glucose disposal may be a contributing factor to 

reduce plasma glucose concentrations. Increased glucose disposal may be one such 

mechanism by which LBW offspring are observed to have initial periods of 

increased insulin sensitivity. As the offspring ages and glycogen stores are 

persistently increased, this could also potentially result in obesity and underlie the 

risk of T2D. Future work elucidating pathways altered in this condition should be 

investigated.  

 

4.5.3 Lymphatic lipid content in low birth weight swine 

Chylomicron particle number and estimated TG content can be measured in 

lymph by quantifying the ApoB48 protein and total TG, respectively (Dash et al. 

2015). Data from Chapter 3 showed that LBW piglets had an increase in lymphatic 

TG, ApoB48 and lymph flow rate at 13 weeks of age. In the current study, as shown 

in Tables 4-2 and 4-3, plasma TG, LDL and total cholesterol were not different 

between birth weight groups at 6 weeks of age. However, lymphatic TG 
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concentration was 80% higher (non-statistically significant) in the LBW group, 

suggestive of a trend towards the observed LBW findings previously found at 13 

weeks of age. Chylomicron particle size was estimated using a laser diffraction 

particle sizer, which estimates size based on Brownian motion from scattering 

patterns using a Dynamic Light Scattering (DLS) laser. Additionally, size can be 

estimated from the TG/ApoB48 ratio which reflects the lipid content of the 

particles. Although measuring total lymphatic TG is used as a reflection of the TG 

contained in CMs, there are TG in other lipoprotein particles in lymph and is not 

directly quantifiable using these methods. To overcome this, we used relative 

measurements comparing to a control animal. The TG/ApoB48 ratio and particle 

diameter was significantly increased in the LBW group (Table 4-3). No difference 

was observed in ApoB48 concentration, suggesting that the CM particles being 

formed in enterocytes and secreted into lymph are carrying a greater lipid content. 

We propose this may be an adaptation of the LBW phenotype with the intention to 

increase the intake and deposition of dietary lipids for short-term survival. We 

originally proposed that lymphatic TG and CM quantity would be increased due to 

an in-utero adaptation. Although we saw a potential trend towards increased lymph 

TG, results now suggest a post-natal adaptation is necessary for the development of 

the LBW phenotype.  

 After lipid feeding there is an increase in the number of CMs formed and 

secreted, as well as the lipidation of each particle. Together, this increases the 

amount of lipid transported to peripheral tissues for storage and energy use. During 

conditions of obesity, IR and T2D, patients have been reported to have high levels 
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of CMs in circulation in both the fed and fasted state (Hogue et al. 2007). Increased 

CM production and/or secretion, or decreased clearance, results in a significant 

increase in CVD risk due to increased atherogenic CM-remnants (CM-r) (Proctor 

et al. 2004; Mamo et al. 1998). It has been hypothesized that there is an upregulation 

in the CM assembly proteins, such as diacylglycerol acyltransferase (DGAT), 

microsomal triglyceride transfer protein (MTP) and apolipoprotein A-IV (ApoA-

IV) in insulin resistant and obese patients (Haidari et al. 2002; Casaschi et al. 2005; 

Vergès et al. 2001). Future studies investigating these proteins and their gene 

expression levels in the intestine of LBW offspring are necessary for further 

mechanistic understanding.  

 

4.5.4 Glucagon-like peptide concentrations in fasting plasma and lymph 

 Researchers have shown increasing interest in the effect of intestinally 

secreted GLP peptides altering lipid metabolism, insulin secretion and absorption 

in the intestine (Baggio & Drucker 2007; Drucker 1998; Dash et al. 2014). It has 

been hypothesized that an increase in lymphatic TG and ApoB48 may be due to 

increasing concentrations of GLP-2 in circulation. However, our results (Table 4-

4) did not reflect any significant differences in either plasma or lymph GLP-1, GLP-

2 or the ratio between them. We expected to find LBW offspring having a higher 

GLP2:1 ratio in the lymph. However, a small sample size makes statistical 

significance unachievable. Glucagon-like peptide 2 has been demonstrated to 

release stored ApoB48-containing particles from the intestine, as well as promote 

fatty acid absorption into enterocytes (Dash et al. 2014; Hsieh et al. 2009; Hsieh et 
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al. 2015). In contrast, GLP-1 has been shown to decrease apoB and ApoA-IV output 

from the intestine into the lymphatic (Qin 2005). Data suggests that there is an 

increase in the ratio of GLP-2:GLP-1 in IR and T2D animal models (Meier & 

Nauck 2006). One of the potential differences between our study and that of 

previous literature is that our lymph and plasma samples were collected in the fasted 

state. Both GLP peptides are generally released as a response to feed intake, making 

fasting concentrations low. Our study had few samples with high enough 

concentrations to be detected using the ELISA and statistical analysis cannot be 

completed nor inferences made. We speculate that if we repeated analysis on post-

prandial samples with a greater sample size that we could possibly observe 

increased GLP-2 as previously shown. However, due to a lack of significantly 

increased lymphatic lipid content or dyslipidemia, the current LBW swine might 

also show less of a GLP ratio difference if sample size were increased. Future work 

could investigate both peptide concentrations under postprandial conditions in both 

lymph and plasma in an older age or diet-induced model.  

 Overall, results from this 6-week non-dietary intervention study show weak, 

insignificant results in observing the swine LBW characteristics previously found 

in 13-week-old pigs. We interpret the weak results to be due to a post-natal 

adaptation creating the intestinal alterations shown previously, and that solid feed 

introduction or increased age may contribute to the overall traits of LBW swine. 

Our interpretation from this work is that the insignificant observations do not make 

6-weeks an ideal age for study of intestinal adaptations contributing to the LBW 

predisposition for impaired glucose metabolism and type 2 diabetes. 
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CHAPTER 5. Investigating the impact of the introduction of solid feed on the 

development of the low birth weight phenotype in swine 

 

Caveat: The original aim of this study was to replicate the comparison of LBW 

versus NBW on a control diet for 13 weeks. However, during the suckling period 

sows were unknowingly fed ergot-infected feed. The ergot infected feed resulted in 

a decrease in feed intake of the sows and in turn a decrease in lactation. Through 

observational farm notes it was established that the piglets were essentially weaned 

at 2 weeks of age, eating creep feed due to lack of maternal milk supply. The 

following Chapter is then inferring results based on a wean age of 2 weeks instead 

of the standard 3 weeks. Supplementary data (appendix B) is shown to corroborate 

this finding. 

 

5.1 Abstract  

 Intestinal lipid overproduction has been strongly associated with conditions 

of insulin resistance (IR), such as during obesity and type 2 diabetes (T2D) (Dash 

et al. 2015; Xiao & Lewis 2012). Epidemiological evidence suggests a subset of the 

population with low birth weight (LBW) have a strong predisposition to develop 

T2D and obesity (Barker, Godfrey, et al. 1993; Breier et al. 2001; Godfrey & Barker 

2000). Interestingly, in Chapter 3 we observed that LBW swine had increased 

intestinal absorption/secretion of lipids. Our results suggested that the LBW 

predisposition for increased cardiometabolic risk may involve an intestinal 

adaptation. When investigating the LBW offspring at 6 weeks of age (Chapter 4), 

increased intestinal lipid secretion was not observed without high-fat, high-
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carbohydrate (HFHC) diet intervention. We hypothesized that intestinal lipid 

overproduction may be a post-natal adaptation requiring time and/or dietary 

challenge to fully express.  

 During the weaning period, external stimuli (such as diet) can affect 

intestinal development in both humans and swine. From fetal nutrition, to suckling, 

to weaning, piglets receive a diet fluctuating from carbohydrate-rich to high in fats 

with low carbohydrates and then back to carbohydrate rich, respectively (Girard et 

al. 1992). The fluctuating diet directly impacts insulin and glucagon levels, in turn 

altering numerous cascading pathways and enzymatic activities (Girard et al. 1992). 

Due to the metabolic alterations observed upon solid feed introduction during 

weaning, it makes this transitionary period attractive for research on intestinal 

adaptations. There has not been, to the best of our knowledge, research 

investigating the effects on the intestinal lipid metabolism and metabolic outcomes 

of weaning a LBW piglet at two weeks of age instead of the industry-standard of 

three weeks. Consequently, we hypothesized that weaning a LBW piglet at two 

weeks of age, thereby expanding the time on solid feed, would result in additional 

or more severe traits. 

 Eleven male piglets were selected and weighed at birth (n=5 normal birth 

weight, NBW and n=6 LBW) from a total of 3 sows. The piglets were weaned from 

sows at two weeks of age and placed on a standard control diet for the remainder 

of the study. Low birth weight pigs weighed 40% less than their NBW littermates 

at birth (NBW= 1.7 ± 0.2 kg; LBW= 1.0 ± 0.1 kg, p-value=0.0001). We did not 

observe any difference in fasting plasma lipid levels of triglycerides (TG), total 
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cholesterol, low-density lipoprotein (LDL), insulin or glucose between birth 

weights (p-value>0.05). Postprandial TG, insulin and glucose were also not 

statistically different between birth weight groups (p-value>0.05). In addition, 

fasting lymph measurements of cholesterol, TG, apolipoprotein B48 (ApoB48), 

lymph flow rate and chylomicron (CM) particle size were also not found to be 

significantly different (p-value>0.05). The results, although unexpected, give 

reason to suggest that reducing the age of weaning greatly effects the LBW 

phenotype or has an impact on the control fed pigs. In conclusion, LBW swine 

weaned at 2 weeks of age do not show the same results of intestinal lipid 

overproduction observed at 13 weeks of age when weaned at 3 weeks old, 

suggesting solid feed introduction during weaning impacts the LBW phenotype in 

swine. 

 

5.2 Introduction   

  Humans and swine are sensitive to their nutritional environment around the 

age of weaning. During the weaning process, the intestine must fully adapt from 

maternal milk and colostrum to solid feed. Importantly, this dietary switch signals 

the replacement of fetal-type enterocytes with mature adult-type enterocytes 

(Stanikova et al. 2015b; Wang et al. 2005). During this period, the intestine 

undergoes drastic physiological modifications to digestion, absorption and 

transport of nutrients (Henning 1981). When weaning is a gradual process, cell 

proliferation and apoptotic cell death is in balance. However, in 

commercial/industrial swine production, this process is abrupt and the rate of 
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apoptosis of crypt cells greatly exceeds that of proliferation. Consequently, a 

weaning-lag phenomenon occurs where feed intake and weight gain are initially 

reduced post-weaning (Godlewski et al. 2005).  

 While in utero, a fetus receives nutrition through the placenta. Feed intake 

is rich in carbohydrates for quick energy utilization of the growing fetus. 

Postnatally, the offspring is fed maternal milk through suckling which contains high 

quantities of fats. The alteration in macronutrient intake is associated with an 

equally drastic change in insulin levels (from high in utero to low during suckling) 

(Girard et al. 1977). When solid feed is introduced at weaning, insulin levels again 

rise due to the higher proportion of carbohydrates in the new diet (Girard et al. 

1977). Along with the changing insulin levels, glucagon fluctuates in a reverse 

manner (Beaudry et al. 1977; Girard et al. 1977). The hormonal changes occurring 

can drastically impact regulation of pathways and activity levels of key enzymes, 

such as lipoprotein lipase (LPL), which when in low levels decreases the storage of 

lipids in adipose tissue (Cryer & Jones 1978). 

 Substantial changes in development occur during the weaning period, 

particularly in the intestine. Our previous data suggested that LBW offspring have 

altered intestinal lipid metabolism developed postnatally (Chapter 3 and 4). As 

previously described, LBW offspring show a strong predisposition for metabolic 

complications (Barker, Hales, et al. 1993; Breier et al. 2001; Godfrey & Barker 

2000). Previous research from Chapter 3 showed that LBW swine have increased 

intestinal lipid production and/or secretion. The evidence of altered lipid 
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metabolism suggests that there may be a mechanism for LBW offspring to become 

predisposed to cardiometabolic complications via the intestine. 

 As previously detailed, sows produce a high frequency of LBW offspring 

and are an ideal model to study metabolic alterations impacted by solid feed 

introduction (Wu et al. 2006; Guilloteau et al. 2010). The temporary reduction in 

intestinal absorption may affect lipid and glucose metabolism, altering the LBW 

phenotype (Pluske et al. 1997). Therefore, we hypothesized that weaning a LBW 

piglet at 2 weeks of age, thus increasing time on solid feed, would result in an 

additional or more perturbed metabolic complication, without the need for a high-

fat, high-carbohydrate diet intervention. To the best of our knowledge, there are no 

studies weaning a LBW piglet at 2 weeks of age and investigating the direct 

intestinal and metabolic outcomes using the novel approach of lymph cannulation 

as well as a high-throughput RT qPCR method to assess potential gene expression 

alterations. 

 

5.3 Materials and methods   

5.3.1 Animals  

 Animal care and ethical considerations were as described for Chapter 3. 

 

5.3.2 Study design 

 Newborn piglets (n=6 LBW, n=5 NBW, Landrace-Large White x Duroc) 

were selected and weighed within 24 hours of full-term birth from a total of 2 sows 

as described for Chapter 3 (sow #1:  NBW n=1, LBW n=2; sow#2: NBW n=4, 



 

 
121 

LBW n=4). Piglets were weaned onto phase 2 standard control diet at 2 weeks of 

age and fed phase 3 standard control diet from 4 weeks until the end of the study at 

13 weeks of age. Control diets are as described for Chapter 4. Pigs underwent an 

adapted 2-step modified oral glucose tolerance and fat challenge test (MOGTT) at 

11 weeks of age. Pigs were anesthetized at 13 weeks of age and lymph sampled 

followed by exsanguination and tissue collection (Figure 5-1). 

 

 

Figure 5-1. Study design schematic for piglets weaned at 2 weeks of age and fed 

control diet until 13 weeks old. Each result is a change in reference to NBW on the 

same diet. LBW, low birth weight; NBW normal birth weight; MOGTT, modified 

oral glucose tolerance test. 

 

 The current study differs from that of the two previous studies in that the 

swine were weaned a week prior to standard protocol. Additionally, they were fed 

only a standard control diet until 13 weeks of age. A change in this study was the 

use of a jugular catheter for blood sampling during the MOGTT (Figure 5-2). 
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Figure 5-2. Results schematic depicting combined results from thesis studies up to 

current study. IR, insulin resistance; TG, total lymphatic triglyceride; MOGTT, 

modified oral glucose tolerance test; LBW, low birth weight; HFHC, high-fat, high-

carbohydrate 

 

5.3.3 Growth and feed consumption analysis 

 Swine and feed weights were measured and growth/consumption 

calculations were as described for Chapter 4, including average daily gain (ADG), 

average daily feed intake (ADF), feed conversion ratio (FCR) and fractional growth 

rate (FGR).  

 

5.3.4 Jugular catheter  

 At 10 weeks of age the pigs were fasted overnight and general anesthetic 

was induced with isoflurane. Under sterile conditions, a catheter was implanted into 

the left jugular vein allowing for blood collection through a pouch on the back of 

each swine containing the catheter tubing. After surgery, each pig was given 

medication intramuscularly to decrease pain and infection as per standard farm 
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protocol. Each catheter was flushed once daily with 1.5ml to 3ml (100 IU/mL) 

heparin in saline solution depending on catheter length. 

 

5.3.5 Modified oral glucose tolerance test 

 Piglets were fasted overnight at 11 weeks of age for a combined 2-step 

modified oral glucose tolerance and fat challenge test (MOGTT) and lipid post-

prandial tolerance test. Although blood sampling was from the jugular catheter, 

procedure was as described for Chapter 3. For each sample time, catheters were 

cleared of any heparin/saline solution (approximately 5ml), 2ml of blood was drawn 

for collection, the previously removed 5ml was injected back into the line and 

followed by 2ml of heparin/saline solution to fill the line and prevent clotting. 

 

5.3.6 Mesenteric lymph duct cannulation and nascent lymph collection 

 Lymph sampling was as described for Chapter 3 for 1 hour. Total lymph 

volume as well as lymph flow rate (lymph volume/hr) was calculated and recorded. 

 

5.3.7 Sample collection and processing 

 Samples were collected as described for Chapter 3, including blood and 

portions of the following tissues: heart, liver, intestinal jejunum, mucosal scrapings, 

kidney, muscle, and subcutaneous fat. 
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5.3.8 Biochemical analysis  

 Plasma and lymph biochemical analysis was as described for Chapter 3 and 

includes quantification of TG, total cholesterol, LDL, glucose and insulin in fasting 

samples as well as TG, insulin and glucose in postprandial plasma samples. 

  

5.3.9 Protein analysis  

 ApoB48 quantification was completed as described for Chapter 3. 

 

5.3.10 Gene expression analysis – High-throughput Quantitative PCR (qPCR) 

 All qPCR methods were as described for Chapter 3. 

 

5.3.11 Muscle, liver and intestinal lipid analysis by High Performance-Liquid 

Chromatography (HPLC) 

 Tissue samples were homogenized using a standard buffer of 250mM 

sucrose, 50mM Tris, 1mM EDTA with a pH of 7.4 and an added protease inhibitor 

cocktail tablet (Roche Diagnostics, Germany) using a polytron. Lipids were 

extracted using the modified Folch method (Gossert et al. 2011) and quantified by 

HPLC using phosphatidyldimethylethanolamine (PDME) as an internal standard at 

the Faculty of Medicine and Dentistry Lipid Analysis Core as previously described 

(Lian et al. 2016).  
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5.3.12 Statistics 

 All analyses were performed using GraphPad Prism version 7.02 for 

Windows, GraphPad Software, La Jolla California USA as described for Chapter 

4. For postprandial data, area under the curve (AUC) and percentage change from 

baseline/incremental AUC (iAUC) using GraphPad Prism. Equations for slopes 

were determined from a linear regression of the postprandial data points for initial 

secretion/appearance phase (0-120min for TG and 0-15min for glucose/insulin) and 

later clearance phase (120-300min for TG and 15-120min for glucose/insulin). Pair-

matched values of each parameter at each time point for the postprandial curve was 

also analysed for significant differences with a p-value<0.05 considered significant 

and trends were mentioned when p-value<0.1. 

 

5.4 Results  

5.4.1 Body weights, growth changes, feed intake and anthropometric 

measurements for pigs fed a control diet until 13 weeks of age 

 The mean weight of the piglets selected for the LBW group were 40% lower 

than the NBW group (NBW= 1.7 ±0.2kg; LBW= 1.0 ±0.1kg, p-value=0.0001). No 

statistical difference was observed in food intake [NBW= 664 ±60; LBW= 663 ± 

128 (g feed /day), p-value>0.05], weight gain or measurement changes from birth 

to ending as shown in Figure 5-3 and Table 5-1.  
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Figure 5-3. Schematic of weight changes for piglets weaned at 2 weeks and fed 

control diet until 13 weeks of age. Values are means ± SEM, n=4 NBW (black 

circles), n=4 LBW (grey squares). 
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Table 5-1. Growth, consumption and measurements of piglets weaned at 2 weeks 

and fed control diet until 13 weeks of age 

Values are means ± SD. NBW, normal birth weight n=6; LBW, low birth weight 

n=5. (*) denotes statistical difference between LBW and NBW (p-value<0.05) 

 

5.4.2 Fasting and postprandial plasma lipid, glucose and insulin 

concentrations 

 No significant difference was found in any fasting or postprandial lipid, 

glucose or insulin parameters comparing LBW to NBW piglets weaned at 2 weeks 

and fed control diet until 13 weeks of age (Table 5-2 and Figures 5-4, 5-5 and 5-6). 

 

 

 

 

 NBW LBW 

At birth:   

Weight, kg 1.7 ±0.2  1.0 ±0.1* 

Snout to crown length, cm 12.3 ±0.6 11.25 ±0.4  

Crown to rump length, cm 27.2 ±0.8 24.3 ±1.6  

Abdominal circumference, cm 27.6 ±1.1 23.8 ±2.3  

   

At 13 weeks:   

Weight, kg 54.3 ±4.5 49.0 ±7.4 

Snout to crown length, cm 22.8 ±0.8 23.2 ±1.0 

Crown to rump length, cm 93.6 ±3.9 94.8 ±3.1 

Abdominal circumference, cm 84.0 ±3.5 81.3 ±4.6 

   

Changes from birth to 13 weeks:   

Average daily weight gain, g/d 577 ± 45 513 ±66 

Average daily weight gain from 8-13 weeks, g/d 827 ±70 772 ±94 

Fractional growth, kg(day)-1(birth weight)-1 0.34 ±0.04 0.51 ±0.04* 

Average daily feed intake (ADF), g/d 664 ±60 663 ±128 

Feed conversion ratio (FCR), kg 1.3 ±0.1 1.4 ±0.1 

Snout to crown length (SC), cm 10.5 ±0.9 11.9 ±1.0  

Crown to rump length (CR), cm 66.4 ±4.7 70.58 ±2.3 

Abdominal circumference (AC), cm 56.4 ±3.6 57.58 ±4.0 
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Table 5-2. Fasting plasma lipid, glucose and insulin concentrations in piglets 

weaned at 2 weeks of age and fed control diet until 13 weeks of age 

Values are means ± SD. NBW, normal birth weight n=5; LBW, low birth weight 

n=6 except where indicated. Smaller sample size is due to hemolyzation of blood 

samples causing irregularity in analysis and therefore removed using the ROUT 

method outlier test with a Q value of 10%. 
1 n=5 

 

 

Figure 5-4. Postprandial glucose response following a modified oral glucose 

tolerance test. Values are means ± SEM, n=4 NBW (black circles), n=4 LBW (grey 

squares). AUC is shown (inset). The slope of the initial phase (between 0-15min) 

was y=0.0138x + 0.254 (r2 = 0.877) for NBW and y=0.00953x + 0.241 (r2 = 0.378) 

for LBW. The slope of the second phase (between 15-120min) was y= -0.00146x + 

0.459 (r2 = 0.247) for NBW and y= -0.00104x + 0.37 (r2 = 0.182) for LBW. 

 

 NBW LBW Percent 

Change 

Insulin, uU/ml 0.26 ±0.13 0.26 ±0.09 0% 

Glucose, mmol/l 4.76 ±0.87 4.36 ±1.051 -8% 

Cholesterol, mg/dl 101.8 ±10.7 105.6 ±11.7 +4% 

LDL, mg/ml 62.1 ±8 59 ±8 -6% 

TG, mg/dl 46 ±5.9 48 ±6.51 +4% 
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Figure 5-5. Postprandial insulin response following a modified oral glucose 

tolerance test. Values are means ± SEM, n=4 NBW (black circles), n=4 LBW (grey 

squares). AUC is shown (inset). The slope of the initial phase (between 0-15min) 

was y=1.01x + 0.257 (r2 = 0.854) for NBW and y=0.861x + 0.257 (r2 = 0.455) for 

LBW. The slope of the second phase (between 15-120min) was y= -0.144x + 17.5 

(r2 = 0.414) for NBW and y= -0.134x + 14.9 (r2 = 0.242) for LBW. 
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Figure 5-6. Postprandial triglyceride response following a modified oral glucose 

and fat challenge. Values are means ± SEM, n=4 NBW (black circles), n=4 LBW 

(grey squares). AUC is shown (inset). The slope of the initial phase (between 0-

120min) was y=0.106x + 49.4 (r2 = 0.692) for NBW and y=0.148x + 32.1 (r2 = 

0.98) for LBW. The slope of the second phase (between 120-300min) was y= 

0.0795x + 50.7 (r2 = 0.598) for NBW and y= 0.0169x + 50 (r2 = 0.103) for LBW. 

 

5.4.3 Fasting lymph lipoprotein and lipid concentrations 

 No significant differences were observed between LBW and NBW lipid 

concentrations or ApoB48 in lymph when weaned at 2 weeks and fed control diet 

as shown in Table 5-3. 
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Table 5-3. Fasting lymph lipoprotein and lipid concentrations in piglets weaned at 

2 weeks of age and fed control diet until 13 weeks of age 

Values are means ± SD. NBW, normal birth weight n=5; LBW, low birth weight 

n=6, except for those indicated. Smaller sample size is due to contamination of 

lymph with blood causing irregularity in analysis and therefore removed using the 

ROUT method outlier test with a Q value of 10%.  
1 n=4  
2 n=5 
3 n=3 

 

 

5.4.4 Tissue lipid concentrations are unchanged in the low birth weight 

offspring 

 Few statistical differences were found between LBW and NBW tissue lipid 

content when weaned at 2 weeks and fed control diet and shown in Table 5-4. 

Phosphatidylserine was significantly decreased in LBW intestine compared to 

NBW (p-value=0.042). Two trends were found in the liver with an increase in LBW 

sphingomyelin (p-value=0.054) and a decrease in LBW phosphatidylinositol (p-

value=0.080). 

 

 

 

 

 NBW LBW Percent 

Change 

TG, mg/dl 432 ±1711 331 ±1132 -23% 

Cholesterol, mg/dl 82.3 ±20.7 89.4 ±15.3 +9% 

ApoB48, ug/ml 2183 ±8493 2616 ±10072 +20% 

ApoB48/hr, mg/hr 745 ±598 810 ±387 +9% 

TG/ApoB48 ratio 0.27 ±0.2 0.13 ±0.042 -52% 

Flow rate, ml/hr 29.4 ±133 27.3 ±102 -7% 

Particle size, nm 91.7 ±11 87 ±10 -5% 
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Table 5-4. Lipid profile of liver, muscle and intestinal tissue samples by HPLC of 

NBW and LBW swine weaned at 2 weeks of age and fed control diet 

Values are means ± SD. NBW, normal birth weight n=5; LBW, low birth weight 

n=6, except for those indicated. Smaller sample size is due to values lacking during 

HPLC likely due to small values. (*) refers to significance p<0.05, (δ) refers to 

trend p<0.1. CE, cholesteryl ester; TG, triglyceride; FC, free cholesterol; FA, fatty 

acyls; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 

phosphatidylserine; PC, phosphatidylcholine; SM, sphingomyelin 
1 n=1, 2 n=2, 3 n=5, 4 n=4 

 

5.4.5 Gene expression from mucosal scraping of low compared to normal 

birth weight piglets at 13 weeks of age when weaned at 2 weeks. 

 As shown in Table 5-5, only three genes of interest were found to be 

significantly different between LBW and NBW piglets weaned at 2 weeks of age 

and fed a control diet until 13 weeks of age. Insulin receptor substrate 1 (IRS1) was 

decreased in LBW piglets (NBW= 0.4 ± 0.04; LBW= 0.26 ± 0.007, p-

value=0.0057). HMG-CoA Reductase (HMGCR) was decreased in LBW piglets 

(NBW= 1.35 ± 0.1; LBW= 0.98 ± 0.1, p-value=0.0018). In addition, sterol 

regulatory element-binding protein 2 (SREBP2) was decreased in LBW (NBW= 

1.26 ± 0.2; LBW= 1.05 ± 0.1, p-value=0.0478). 

 

 Muscle Liver Intestine 

 NBW LBW NBW LBW NBW LBW 
CE 1 na 10.3 ±0.01 16.4 ±0.01 17.6 ±0.01 7.8 ±2.22 4.7 ±2.13 

CE 2 6.7 ±1.7 6.6 ±1.63 15.6 ±0.9 14.9 ±1.1 11.0 ±1.0 11.0 ±1.4 

TG 139.7 ±143 138.8 ±81 246.8 ±239.0 199.7 ±171.5 18.9 ±11.2 15.5 ±7.3 

FC 4.9 ±3.74 4.8 ±3.43 14.0 ±2.1 12.56 ±2.5 21.6 ±2.7 19.5 ±7.03 

FA 7.5 ±6.3 12.8 ±3.8 8.0 ±4.3 6.1 ±3.94 17.0 ±7.64 18.3 ±8.1 

PE 45.0 ±26.0 33.3 ±21.6 101.6 ±16.9 92.8 ±13.7 64.9 ±4.9 55.9 ±18.9 

PI 5.8 ±4.7 4.9 ±5.4 25.3 ±5.0 20.0 ±4.0
 δ

 12.1 ±1.9 11.0 ±3.4 

PS 10.1 ±8.8 9.6 ±5.2 13.3 ±2.6 10.6 ±2.1 14.6 ±2.1 11.9 ±1.8* 

PC 68.0 ±39.3 58.8 ±39.0 192.9 ±29.2 182.6 ±18.5 87.0 ±8.9 78.7 ±23.0 

SM 2.6 ±0.7 2.4 ±0.7 5.7 ±0.34 6.8 ±0.9
 δ

 5.5 ±0.6 5.9±1.6 
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Table 5-5. Intestinal mucosal scraping gene expression in pigs weaned at 2 weeks 

of age and fed control diet until 13 weeks old, expressed as fold-change relative to 

control using -actin as the housekeeping gene.  

Transcript NBW LBW 

Insulin Signalling 

INSR 1.01 ±0.3 0.98 ±0.2 

IRS1 0.40 ±0.041 0.26 ±0.072** 

Lipoprotein Metabolism 

LPL 1.49 ±0.7 1.77 ±1.1 

MTTP 1.66 ±0.6 1.79 ±0.4 

DGAT1 1.85 ±0.8 1.96 ±0.5 

DGAT2 1.05 ±0.5 1.30 ±0.6 

ApoB 1.28 ±0.6 1.49 ±0.5 

ApoE 0.007 ±0.0041 0.006 ±0.004 

Insulin-responsive Glucose Transporters 

GLUT4/SLC2A4 0.15 ±0.041 0.15 ±0.1 

SGLT1/SLC5A1 2.04 ±1.0  2.14 ±0.57 

Insulin-like Growth Factors 

IGF1 0.02 ±0.0061 0.03 ±0.022 

IGF2 0.009 ±0.0021 0.012 ±0.0082 

Fatty Acid Biosynthesis  

CD36 0.55 ±0.11 0.45 ±0.12 

ACACA (ACC1) 0.52 ±0.1 0.50 ±0.1 

FASN 0.54 ±0.041 0.51 ±0.1 

FABP2 2.01 ±0.8 2.64 ±0.9 

FABP6 3.40 ±3.2 1.24 ±1.6 

GPAT1 1.27 ±0.6 1.00 ±0.3 

MGAT2 1.56 ±0.5 1.36 ±0.3 

SCD 0.48 ±0.2 0.41 ±0.32 

ACOX1 0.92 ±0.3 0.93 ±0.2 

AGPAT2 1.57 ±0.6 1.74 ±0.4 

Cholesterol Metabolism 

HMGCR  1.35 ±0.1 0.98 ±0.12** 

ApoA-IV 1.56 ±0.8 1.89 ±0.8 

INSIG1 0.37 ±0.1 0.27 ±0.09 

SREBP1 2.06 ±1.2 2.96 ±0.4 

SREBP2 1.26 ±0.2 1.05 ±0.1* 

SCAP 0.77 ±0.2 0.70 ±0.1 

LDLR 0.96 ±0.2 0.73 ±0.2 

Incretins 

GLP2R 0.29 ±0.081 0.35 ±0.22 

GCG 3.42 ±1.7 3.37 ±1.6 

Peroxisome Proliferator-activated Receptors 

PPARa 1.08 ±0.4 0.97 ±0.2 

PPARg 1.33 ±0.9 1.09 ±0.5 
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Continued… NBW LBW 

Inflammatory Markers 

TNFa 0.60±0.2 0.68 ±0.072 

IL1b 0.30 ±0.2 0.68 ±0.59 

IL6 0.31 ±0.2 0.21 ±0.1 

IFNg 0.98 ±0.3 1.39 ±0.6 

Values are means ± SD. NBW, normal birth weight n=5; LBW, low birth weight 

n=6, except for those indicated. Smaller sample size is due to removal using the 

ROUT method outlier test with a Q value of 10%. Significance determined using a 

student’s t-test. (*) refers to significance p<0.05 and (**) refers to significance 

p<0.01. 1 n=4, 2 n=5 

ACACA: Acetyl-CoA carboxylase 1; ACOX1: Peroxisomal acyl-coenzyme A 

oxidase 1; AGPAT2: 1-acyl-sn-glycerol-3-phosphate acyltransferase beta; ApoA-

IV: Apolipoprotein A-IV; ApoB: Apolipoprotein B; ApoE: Apolipoprotein E; 

CD36: fatty acid translocase; DGAT1: Diglyceride acyltransferase 1; DGAT2: 

Diglyceride acyltransferase 2; FABP2: fatty acid binding protein 2; FABP6: fatty 

acid binding protein 6; FASN: fatty acid synthase; GCG: pro-glucagon; GLP2R: 

glucagon like peptide 2 receptor; GLUT4/SLC2A4: Glucose transporter 4, GPAT1: 

Glycerol-3-phosphate acyltransferase; HMGCR: HMG-CoA reductase; IFNg: 

Interferon gamma; IGF1: insulin-like growth factor 1; IGF2: insulin-like growth 

factor 2; IGFBP: insulin-like growth factor binding protein; IL1b: Interleukin 1 

beta; IL6: Interleukin 6; INSIG1: Insulin induced gene 1; INSR: insulin receptor; 

IRS1: insulin receptor substrate 1; LDLR: Low-Density Lipoprotein (LDL) 

Receptor; LPL: lipoprotein lipase; MGAT2: Alpha-1,6-mannosyl-glycoprotein 2-

beta-N-acetylglucosaminyltransferase; MTTP: Microsomal triglyceride transfer 

protein; PPARa: Peroxisome proliferator-activated receptor alpha; PPARg: 

Peroxisome proliferator-activated receptor gamma; SCAP: SREBP cleavage-

activating protein; SCD: Stearoyl-CoA desaturase;SLC5A1: Sodium/glucose 

cotransporter 1; SREBP1: sterol regulatory element binding transcription factor 1; 

SREBP2: sterol regulatory element binding transcription factor 2; TNFa: Tumor 

necrosis factor alpha;18S: 18A ribosomal RNA; 36B4: ribosomal phosphoprotein 

P0; ACTB: beta-actin; PPIA: cyclophilin; GAPDH: Glyceraldehyde 3-phosphate 

dehydrogenase 

 

5.5 Discussion   

5.5.1 Effects of weaning a week early on growth and feed intake between low 

and normal birth weight swine 

 Our results showed that LBW piglets did not have any differences in weight 

gain, feed intake or anthropometric measurements compared to NBW piglets when 

weaned at 2 weeks of age. Early research in the field of swine development found 
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that piglets weaned at 10 (Lucas et al. 1959) or 14 days (Leibbrandt et al. 1975) had 

slower weight gain compared to those weaned at the standard 21 days. It was 

previously hypothesized this may be due to inadequate development of the young 

piglet’s digestive tract. It was not investigated whether post-weaning weight gain 

was impacted by birth weight in these studies. Our results suggest that birth weight 

does not impact post-weaning weight gain when weaned at 2 weeks of age.  

 Sows’ milk contains approximately 6.3% fat (Rosero et al. 2015), whereas 

the piglet starter diet contains only 3% fat. The change in diet composition also 

includes going from a carbohydrate-poor milk supply to a solid feed rich in 

carbohydrates (Girard et al. 1992). Previously, it was observed in swine that dietary 

fat had increasing digestibility with age post-weaning (Frobish et al. 1969; Eusebio 

et al. 1965). We hypothesize that when weaning onto solid feed at 2 weeks of age, 

less fat is being ingested, digested and absorbed, which may create an environment 

for the LBW piglet similar to in-utero conditions of restricted nutrition. If this was 

the case, LBW piglets weaned early absorbed very little fats for use and storage and 

resulted in a slowed growth rate compared to LBW swine weaned at an older age, 

when fat digestibility was greater. Although our studies did not directly address this 

measurement, it should be a future direction to better understand growth effects 

after weaning with taking birth weight into consideration. An estimated daily 

growth for similar production swine state that between 25kg-55kg total weight, 

daily weight gain was 827 ±23.8 g/d (mean ± SEM) (Smith et al. 1990). In 

comparison, between 8-13 weeks of age (closest estimate between similar weights) 

our swine gained 827 ±70 g/day for NBW and 772 ±94 g/d (mean ±SD) for LBW 
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(Table 5-1). Our results suggest NBW swine are closely following average daily 

weight gain when weaned a week prior. However, LBW offspring may be 

continuously gaining less weight during the same time period, even though feed 

intake was not different between birth weight groups. Remarkably, two LBW 

offspring were found to gain substantially more weight than their LBW littermates, 

matching the absolute end weight of the NBW group. We also found this to be the 

case with one LBW piglet in a past study (Chapter 4) and referenced in the 

literature. Although we cannot test if this “rapid-growing” piglet had significantly 

altered metabolic characteristics than the other LBW offspring due to sample size, 

it gives reason to speculate a different mechanism by which some offspring are able 

to gain weight. The finding could also be due to the increased genetic variability in 

swine compared to other research models.  

 

5.5.2 Effects on lipid and glucose metabolism of low and normal birth weight 

swine weaned at 2 weeks of age 

 Our results showed that LBW piglets weaned a week prior to standard 

protocol and fed an industry-standard diet, showed no differences in any 

biochemical analysis of lipid or glucose metabolism in plasma or lymph compared 

to NBW littermates. The slope of the postprandial data can estimate the secretion 

(initial phase) and clearance (second phase) of the protein analyzed. However, in 

similarity with fasting data, no differences were observed in either phase for TG, 

insulin or glucose (Figures 5-3, 5-4 and 5-5). Our results from Chapter 3 suggested 

that LBW offspring had an upregulation in intestinal lipid metabolism pathways 
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resulting in increased lymphatic TG and CM quantity. When weaning age was 

reduced in the current study, intestinal lipid metabolism was no longer altered 

between birthweights. Weaning has been shown to greatly impact the intestinal 

structure and in turn absorptive abilities, coinciding with the finding that early 

weaning has also been shown to result in decreased post-weaning growth rate 

(Campos et al. 2012; Hampson 1986; Pluske et al. 1997; Leibbrandt et al. 1975; 

Lucas et al. 1959; D’Inca et al. 2010). Weaning can also reduce the permeability of 

the small intestine, reducing uptake of macromolecules in comparison to the 

suckling period (Le Huërou-Luron et al. 2010). In addition, LBW newborn piglets 

were found to have reduced intestinal weight, length, villus height and crypt depth 

in proportion to body weight than that of a NBW littermate (D’Inca et al. 2010; 

Wang et al. 2005; Baserga et al. 2004). Reduced villus height and increased crypt 

depth have also been shown to occur temporarily after weaning. However, if 

weaning is at day 14 versus 21, the time to fully develop is greatly increased 

(Campos et al. 2012; Pluske et al. 1997; Hampson 1986; Cera et al. 1988). The 

decreased feed intake in the early days after weaning has been hypothesized to 

increase intestinal inflammation, thereby contributing to the villi and crypt 

structural changes, considered ‘weaning stress’ (McCracken et al. 1999).  

 We expected to see a more severe intestinal lipid overproduction when 

weaning a week early. In contrast, we did not observe any differnces between birth 

weights, suggesting that weaning a week early may create a condition where the 

intestine is adapting to early weaning stress, resulting in altered nutrient absorption 

in the intestine. A possibility is that the NBW offspring are also adapting to early 
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weaning stress and this effect is merging with the LBW phenotype, resulting in 

insignificant differences. Future work should investigate the intestinal structures 

(villus high, crypt depth, and enterocyte type) of both NBW and LBW swine 

weaned at different ages to assess absorptive capacities. 

 As mentioned previously, maternal milk is rich in fats and low in 

carbohydrates. In contrast, the solid feed piglets are weaned onto contains much 

greater carbohydrate content over fat. The change from fats to sugars in the diet 

correlates with an equal change in increased plasma insulin concentrations (Girard 

et al. 1977). We hypothesized that making that drastic change to solid feed at an 

earlier age might stimulate early IR in the LBW swine previously requiring HFHC 

diet to induce IR (Chapter 3). Similarly, increased early insulin concentrations in 

the plasma should stimulate LPL activity, promoting storage of lipids in adipose, 

contributing to early IR (Cryer & Jones 1978). Interestingly, no difference was 

observed between NBW and LBW offspring with respect to glucose or insulin 

metabolism. Due to the use of different ages of swine, as well as different 

biochemical analysis kits, comparisons to swine weaned at the standard 3 weeks of 

age are not possible. In the future, comparing NBW and LBW swine weaned at 

both 2 and 3 weeks in the same study could result in a better understanding of 

whether the effects observed in our study are due to the LBW phenotype being 

masked by both birth weights showing a weaning stress response. 
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5.5.3 Gene expression in low and normal birth weight swine weaned at 2 

weeks of age 

 To investigate if early weaning in the LBW piglet had an impact on gene 

expression in the intestine, we looked at a range of possible genes in related lipid 

metabolism pathways. Due to a limited number of genes investigated and a small 

sample size, there were not any obvious altered genes contributing to our findings. 

HMGCR, SREBP2 and IRS1 were decreased in the intestinal mucosa of LBW 

piglets compared to NBW, suggesting a possible alteration in cholesterol 

metabolism (Table 5-4). However, we did not observe any differences in fasting 

plasma or lymph cholesterol levels (Tables 5-2 and 5-3), suggesting this is not 

necessarily a contributing factor in this model. Few studies have investigated gene 

expression in the intestine of young swine. In those that have analysed genes, 

insulin-like growth factor 1 (IGF-1) was found to be decreased in the intestinal 

mucosa of LBW swine at birth (Wang et al. 2005). Wang et al. (2005) suggested 

this decrease in IGF-1 as a major contributing factor for the observance of slowed 

gastrointestinal development in LBW offspring. In our study, swine were 13-

weeks-old at time of mucosal sampling which may be the reason for the difference 

in results as our study swine had fully developed gastrointestinal tracts by this time. 

In a study comparing 28-day old piglets, with one group on continued maternal 

suckling and another group weaned at 21-days onto solid feed, jejunal tissue was 

analyzed for gene expression. Piglets weaned at 3 weeks of age had decreased 

expression of genes related to cell proliferation and macronutrient metabolism 

(including apolipoprotein A-IV precursor, fatty acid binding protein and IGF-2 
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precursor) compared to suckling piglets (J. Wang et al. 2008). However, the piglets 

in Wang et al.’s study differed to our current study in that they were of matched 

birth weights and, weaned at 3 weeks, and the intestinal genes analyzed at 4 weeks 

of age.  

 Our study observed LBW swine weaned a week early and fed control diet 

until 13 weeks of age did not have any significant differences in lipid metabolism, 

glucose metabolism or related intestinal genes compared to NBW littermates. Our 

study was, to the best of our knowledge, the first to investigate both birth weight 

and age of weaning in a single study. Further work is necessary to determine the 

effects of weaning on the LBW phenotype in direct comparisons to standard 

weaning age piglets. 
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CHAPTER 6. Impact on low birth weight lipid metabolism by modulating 

the dietary fatty acid profile in a high-fat, high-carbohydrate diet 

 

6.1 Abstract 

 The major trans fat in ruminant-derived meat and dairy products is trans-

11 vaccenic acid [VA; 18:1(n-9)]. Vaccenic acid is a precursor to conjugated 

linoleic acid (CLA), a fatty acid (FA) that has recently been implicated to have 

numerous beneficial health effects in terms of lipid metabolism (Y. Wang et al. 

2008; Wang et al. 2012; Wang et al. 2009; Gebauer et al. 2011). Our laboratory had 

previously shown in the JCR:LA-cp rat model of the metabolic syndrome (MetS), 

that short term (3 week) and long term (16 week) dietary VA supplementation 

resulted in hypo-triglyceridemic effects in both fasted and postprandial states (Y. 

Wang et al. 2008; Wang et al. 2009). It was previously hypothesized that VA may 

be attributed to a reduction in intestinal chylomicron (CM) secretion. We have also 

recently established a large animal model of metabolic dyslipidemia using a diet-

induced swine model of low birth weight (LBW) (Chapter 3). The objective of this 

study was to assess the effects of dietary beef fat enriched in VA included in a high-

fat, high-carbohydrate (HFHC) diet on intestinal lipid metabolism in a LBW swine 

model.  

 Twenty-two male piglets were selected and weighed at birth (n=6 normal 

birth weight, NBW and n=16 LBW) from a total of 6 sows. The piglets were weaned 

from sows at three weeks of age and placed on either control, HFHC or HFHC +VA 

diet for the remainder of the study (n=6 NBW-Control, n=5 LBW-Control, n=5 

LBW-HFHC, n=5 LBW-HFHC+VA). After 6 weeks of diet intervention, a 
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combined 2-step modified oral glucose tolerance and fat challenge test (MOGTT) 

was performed. Lymph was sampled at 10 weeks of age followed by 

exsanguination under anesthetic and tissue collection. 

 Total cholesterol, low-density lipoprotein (LDL), and triglycerides (TG) 

were not significantly changed (p-value>0.05) in the plasma of LBW swine fed a 

HFHC diet with added VA (LBW-HFHC+VA) when compared to the LBW HFHC 

diet group (LBW-HFHC). However, plasma high-density lipoprotein (HDL) was 

significantly increased in the LBW-HFHC+VA group (p-value=0.032). We 

observed a significant increase in CM secretion rate (ApoB48/hr) in LBW fed a 

HFHC diet, regardless of VA content (p-value<0.05). No significant differences 

were observed in fasting or postprandial plasma insulin and glucose concentrations 

(p-value>0.05). However, a reduction was observed in initial phase of postprandial 

insulin secretion in the VA-enriched LBW group, suggesting that VA may 

contribute to increased insulin sensitivity (p-value=0.0039). In conclusion, 6-week 

dietary VA supplementation (1.7 % w/w of diet or 10% of the fat) may show 

improved dyslipidemia and improved insulin sensitivity in metabolically 

challenged LBW swine which show promising translation to future human trials. 

  

6.2 Introduction  

 Trans fats are molecules that contain a long hydrocarbon chain with a 

double bond in the trans configuration. Various forms of trans fats exist, differing 

in fatty acid length and structure. Some trans fats are made synthetically through 

the partial hydrogenation of vegetable oils and have been widely used in industrial 
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food production. Trans fats have received substantial negative attention over the 

past decade regarding undesirable health effects. Industrially produced vegetable 

fats have been demonstrated to increase risk of coronary heart disease through an 

increase in circulating total and LDL cholesterol (Brouwer et al. 2010). By 

association, naturally occurring trans fats derived from ruminant animals have been 

affiliated with the same hypothesis. The structural differences between synthetic 

and natural trans fats have lead to research investigating the specific properties and 

health effects between the two types of molecules. Vaccenic acid (VA), the most 

abundant trans isomer in meat and dairy products, is produced by microorganisms 

in the rumen through the incomplete biohydrogenation of the polyunsaturated fatty 

acids (PUFAs), a-linoleic acid (ALA) and linolenic acid (LA). 

 A similar trans fat, conjugated linoleic acid (CLA), has been investigated 

as a potential dietary supplement after being shown to have insulin sensitizing 

effects and benefits on lipid metabolism through the peroxisome proliferator-

activated receptor alpha (PPARα) signalling pathway (Choi et al. 2004; Wang et al. 

2012). We have recently shown in a rodent model of MetS that not only does VA 

have similar benefits to CLA on lipid metabolism, but likely has a positive effect 

independent of its conversion to CLA (Jacome-Sosa et al. 2014; Field et al. 2009). 

 Our laboratory had shown that dietary VA supplementation in both a short 

term (3 week) and long term (16 week) intervention in the dyslipidemic JCR:LA-

cp rodent model results in a lowering of plasma TG (Y. Wang et al. 2008; Wang et 

al. 2009). Although mechanisms have not been fully elucidated, it has been 
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suggested that a reduction in intestinal CM secretion from VA supplementation 

may have beneficial effects on the lipid profile.  

 We have recently developed a swine model of LBW which follows the 

human condition, resulting in dyslipidemia and markers of pre-diabetes when 

challenged with a HFHC diet (Chapter 3). As previously detailed, LBW swine are 

an ideal model for human translation with researchers describing LBW strongly 

correlates with increased risk for obesity, IR and type 2 diabetes (T2D) (Barker, 

Godfrey, et al. 1993; Breier et al. 2001; Godfrey & Barker 2000; Ferenc et al. 2014; 

Guilloteau et al. 2010) We have also shown in Chapter 3 that LBW swine have 

altered intestinal lipid metabolism. Using the LBW-HFHC diet-induced swine 

model, we could assess the impact dietary VA would have on the previously 

observed LBW swine model. We aimed to assess the actions and potential 

mechanisms of VA dietary supplementation in a large animal swine model. We 

hypothesized that a 6-week HFHC diet supplemented with VA (1.7 % w/w of diet 

or 10% of the fat) would result in an improved lipid metabolism profile. 

  

6.3 Materials and methods   

6.3.1 Animals  

 Animal care and ethical considerations were as described for Chapter 3. 

 

6.3.2 Study design 

 Newborn piglets (n=6 NBW and n=16 LBW) (Landrace-Large White x 

Duroc) were selected and weighed within 24 hours of full-term birth from a total of 
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6 sows as described for Chapter 3 (sow #1: NBW n=1, LBW n=1; sow#2: NBW 

n=2, LBW n=2; sow#3: NBW n=1, LBW n=2; sow#4: NBW n=2, LBW n=4; 

sow#5: NBW n=2, LBW n=5; sow#6: NBW n=2, LBW n=2). Pigs were gradually 

switched onto their treatment group diets (see Table 6-1 and 6-2 for diets) beginning 

at weaning (week 3) with experimental groups as follows (birth weight/diet): 

normal birth weight control (NBW-Control, n=6), low birth weight control (LBW-

Control, n=5), low birth weight high-fat, high-carbohydrate diet (LBW-HFHC, 

n=5) and low birth weight high-fat, high-carbohydrate diet with VA (LBW-

HFHC+VA, n=5). At 8 weeks of age the pigs were fasted overnight and jugular 

catheters were implanted as described for Chapter 5. An adapted 2-step modified 

oral glucose tolerance and fat challenge test (MOGTT) was conducted at 9 weeks 

of age. Pigs were anesthetized at 10 weeks of age, lymph sampled and tissues 

collected after euthanization (Figure 6-1). 

 

Figure 6-1. Study design schematic for low (LBW) and normal birth weight (NBW) 

piglets fed control, HFHC diet, or HFHC diet supplemented with VA for 7 weeks 

post-weaning. LBW, low birth weight; NBW normal birth weight; MOGTT, 

modified oral glucose tolerance test; HFHC, high-fat, high-carbohydrate; VA, 

vaccenic acid. 
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 The current study differs from the three previous in that we introduced a 

dietary intervention including altered fatty acid profiles (Figure 6-2). The diets were 

fed for 7 weeks prior to euthanization.  

 

Figure 6-2. Results schematic depicting combined results from thesis studies up to 

current study. Each result is a change in reference to NBW on the same diet. IR, 

insulin resistance; TG, total lymphatic triglyceride; MOGTT, modified oral glucose 

tolerance test; LBW, low birth weight; HFHC, high-fat, high-carbohydrate 

   

6.3.3 Growth and feed consumption analysis 

 Swine and feed weights were measured and growth/consumption 

calculations were as described for Chapter 4, including average daily gain (ADG), 

average daily feed intake (ADF), feed conversion ratio (FCR) and fractional growth 

rate (FGR). 
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6.3.4 Diet 

 High-fat, high-carbohydrate (HFHC) diets were custom made using fat 

obtained from the Lacombe Research and Development Center, Lacombe, Alberta, 

Canada. Peri-renal fat was collected from steers fed extruded flaxseed (25%) and 

hay (75%) sequentially, as previously described (Vahmani et al. 2017). The control 

peri-renal fat without VA was obtained from a commercial packing plant from 

steers fed a high barley-grain diet. Methods for fat collection and rendering are as 

previously described (Diane, Borthwick, et al. 2016). Fatty acid composition (Table 

6-1) was determined as previously described using an adapted method (Diane, 

Borthwick, et al. 2016; Aldai et al. 2013) 

 The diets were formulated to meet or exceed nutrient requirements of starter 

pigs (National Research Council (U.S.), 1998) (Table 6-2). Pigs were given ad 

libitum access to feed and water.  
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Table 6-1. Fatty acid profiles for major fats in each HFHC diet using % FAME 

composition 

Abbreviation % in control diet % in HFHC diet 
% in HFHC with 

VA diet 

C14:0 0.092 4.14 3.76 

C16:0 15.688 30.41 22.54 

C17:0 0.089 1.30 1.06 

C18:0 1.672 25.62 21.00 

c9-18:1 21.340 27.28 19.94 

t11-18:1 (VA) n.d. 0.76 10.07 

c9-16:1 0.212 1.61 1.13 

c11-18:1 1.765 0.74 0.71 

c9, c12-18:2 52.873 0.95 1.13 

c9, t11-18:2 n.d. 0.2 1.28 

t11, c13- 18:2 n.d. 0.00 0.95 

t11 ,c15-18:2 n.d. 0.09 2.74 

t13-t14- 18:1 n.d. 0.41 1.58 

C18:3n-3 4.200 0.20 1.12 

Minor Fats 2.069 7.24 10.99 

Total 100 100 100 

n.d. is used when the percentage of the specific fat was too low to be determined 
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Table 6-2. Ingredients of control and HFHC diets. Phase 2 diet was fed as creep-

feed during suckling and post-weaning for 1 week. Phase 3 diet was fed ad libitum 

from completion of Phase 2 until termination. Feed was gradually changed between 

diet phases. 

Ingredient, g/kg Control 

Phase 2 

High-fat 

Phase 2 

Control 

Phase 3 

High-fat 

Phase 3 

Oats 100.00  . 59.0  . 

Wheat  463.8  259.4 599.7  229.4 

Wheat DDG  30.0  . 50.0  . 

High lactose whey  125.0  . .  . 

Soybean meal  168.0  250.0 123.0  230.0 

Corn  .  . 94.0  . 

Fructose .  178.0 .  178.0 

Fishmeal  37.5  70.0 .  120.0 

Fat (lard)e 40.0  178.1 25.0 178.1 

Flaxseed oil  . 1.9 . 1.9 

Cholesterol . 10.0 . 10.0 

Limestone  15.0  8.6 15.0  8.6 

Trace mineral swine pre-mix‡ . 6.0 . 6.0 

Vitamin swine pre-mix§ . 6.0 . 6.0 

Salt (NaCl) 0.5  5.0 4.7  5.0 

L-Lysine  5.2  9.4 8.3  9.4 

Methionine 2.0 5.0 2.7 5.0 

L-Threonine  2.2  4.7 3.3  4.7 

L-Tryptophan 0.1  0.9 0.4  0.9 

Vitamin E – 5 KIU/kg premix a 1.0  . 0.5  . 

Dicalcium phosphate . 7.0  4.3 7.0 

Copper Sulfate  .  . 0.4  . 

Othersɸ 9.8 . 9.8 . 

‡ Provided the following per kg of diet: Zn, 100 mg as ZnSO4; Fe, 80 mg as FeSO4; 

Cu, 50 mg as CuSO4; Mn, 25 mg as MnSO4; I, 0.5 mg as Ca(IO3)2; and Se, 0.1 mg as 

Na2SeO.  

§ Provided the following per kg of diet: vitamin A, 8,250 IU; vitamin D3, 825 IU; 

vitamin 666 E, 40 IU; niacin, 35 mg; D-pantothenic acid, 15 mg; riboflavin, 5 mg; 

menadione, 4 mg; folic acid, 2 mg; thiamine, 1 mg; d-biotin, 0.2 mg; and vitamin B12, 

0.025 mg. 

ɸ Provided the following per kg of diet: Vitamin mineral premix, 2.5 g; Bio-mos b, 

2.0 g; Bioplex zinc 15%, 1.70 g; Tetracid 500, 1.0 g; Water for enzyme application, 

0.8 g; Choline, 0.7 g; Maxi-grow flavor c, 0.5 g; Bioplus 2B d, 0.40 g; Superzyme c, 

0.2 g. 
DDG, dried distillers grain 
a Viterra, Sherwood Park, AB, Canada b Alltech, Nicholasville, KY, USA c Canadian 

Biosystems, Calgary, AB, Canada d Chr Hansen, Milwaukee, WI, USA e Lacombe 

Research and Development Center, Lacombe, Alberta, Canada 
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6.3.5 Modified oral glucose tolerance test 

 Methods were as described for Chapter 5 using the jugular catheter sample 

withdrawal and procedural outlined in Chapter 3 with the change of 40% milk fat 

cream used in both meals due to availability of product. Calculations were adjusted 

accordingly. 

 

6.3.6 Mesenteric lymph duct cannulation and nascent lymph collection 

 Lymph sampling was as described for Chapter 3 for 30 minutes. Total 

lymph volume as well as lymph flow rate (lymph volume/hr) was calculated and 

recorded. 

 

6.3.7 Sample collection and processing 

 Samples were collected as described for Chapter 3, including blood and 

portions of the following tissues: heart, liver, intestinal jejunum, mucosal scrapings, 

kidney, muscle, and subcutaneous fat. 

 

6.3.8 Biochemical analysis  

 Plasma and lymph biochemical analysis was as described for Chapter 3 and 

includes quantification of TG, total cholesterol, LDL, glucose and insulin in fasting 

samples as well as TG, insulin and glucose in postprandial plasma samples. 
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6.3.9 Protein analysis  

 ApoB48 quantification was completed as described for Chapter 3. 

 

6.3.10 Muscle, liver and intestinal lipid analysis by High Performance-Liquid 

Chromatography (HPLC) 

 Tissue lipid quantification was as described for Chapter 5. 

 

6.3.11 Statistical analysis 

 Statistical analysis was performed using the GraphPad Prism 7.02 software. 

Data was tested for normal distribution using the Shapiro-Wilk test due to its ability 

to test normality with a lower sample size. One-way ANOVA was used to detect 

differences between NBW and LBW controls, LBW-control and LBW-HFHC, as 

well as LBW-HFHC and LBW-HFHC+VA treatment groups. Multiple 

comparisons were tested for using Fisher’s least significant difference (LSD) post-

hoc analysis. Postprandial glucose, insulin and TG responses were assessed using 

area under the curve (AUC) and percentage change from baseline/incremental 

analysis (iAUC). Equations for slopes were determined from a linear regression of 

the postprandial data points for initial secretion/appearance phase (0-120min for 

TG and 0-30min for glucose/insulin) and later clearance phase (120-300min for TG 

and 30-120min for glucose/insulin). Slopes were then analysed using one-way 

ANOVA and multiple comparisons were tested for using Fisher’s LSD test. Pair-

matched values of each parameter at each time point for the postprandial curve was 

also analysed for significant differences. Results are expressed in graphs as means 
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± SEM and in tables as means ± SD. Significance was set using a level of p-

value<0.05 for all analyses and trends were mentioned when p-value<0.1. 

 

6.4 Results  

6.4.1 Body weights, growth, feed intake and anthropometric measurements 

 No statistical difference was observed in food intake, however LBW groups 

all had a greater fractional growth rate compared to NBW (Table 6-3). Normal birth 

weight piglets did gain more weight over the course of the study; however, this may 

be due to the NBW group being ended following a weekend. Thus, they had extra 

days of feed intake and weight gain. Low birth weight piglets on both HFHC diets 

resulted in less crown-rump growth (body length) than the control diets (Table 6-

3). 
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Table 6-3. Growth, feed consumption and anthropometric measurements of piglets 

fed control, HFHC and HFHC+VA diets until 10 weeks of age 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight. 

Control, control diet; HFHC, high-fat, high-carbohydrate; VA, vaccenic acid; 

ADG, average daily weight gain; ADF, average daily feed intake; FCR, feed 

conversion ratio; FGR, fractional growth rate; SC, snout to crown; CR, crown to 

rump; AC, abdominal circumference; bw, birth weight; fw, final weight. Change 

refers to measurement difference from birth to ending. 
a,b,c refer to statistical difference with a p-value<0.05 between different letters. (*) 

refers to significance p<0.05 and (**) refers to significance p<0.01. 

 

 

6.4.2 Fasting plasma lipid, glucose and insulin concentrations 

 Low birth weight piglets on a HFHC diet were observed to have 

significantly greater concentrations of plasma total cholesterol and LDL-

cholesterol as compared to LBW on a control diet (Table 6-4). The only fasting 

parameter that was changed with addition of VA in the diet was an increase in HDL 

(LBW-HFHC= 45.3 ±14mg/ml; LBW-HFHC+VA= 58.1 ±7.5mg/ml, p-

value=0.032).  

 NBW-

Control 

LBW-

Control 

LBW- 

HFHC 

LBW-

HFHC+VA 

1-way 
ANOVA 

n 6 5 5 6  

Birth weight, kg 1.6 ±0.2a 1.12 ±0.4b 1.14 ±0.2b 1.2 ±0.2b 0.0110* 

Final weight, kg 39.5 ±3.2a 37.8 ±5.3ab 32.9 ±4.8b 35.3 ±2.1ab 0.0610 

ADG, g/d 506 ±8a 495 ±47ab 443 ±67b 471 ±27ab 0.1285 

ADF, g/d 724 ±29a 718 ±125a 638 ±93a 619 ±58a 0.1980 

FCR, kg 1.25 ±0.15a 1.28 ±0.03a 1.09 ±0.05a 1.04 ±0.09a 0.0033** 

FGR,  

(bw-fw)/(d*bw) 

324 ±28a 387 ±62b 393 ±49b 397 ±40b 0.0413* 

Anthropometric Measurements      

Birth SC, cm 10.6 ±1.0a 10.3 ±0.7ab 9.4 ±0.6b 9.95 ±0.5ab 0.0689 

Birth CR, cm 25.5 ±1.4a 24.7 ±1.4a 24.1 ±2.0a 24.3 ±1.0a 0.4339 

Birth AC, cm 26.8 ±1.2a 24.6 ±1.1b 24.2 ±1.4b 24.2 ±0.4b 0.0032** 

End SC, cm 22.8 ±1.0a 22.3 ±1.3ab 21.5 ±0.4b 21.5 ±0.5b 0.0584 

End CR, cm 83.6 ±2.7a 83 ±2.3a 78.7 ±3.0b 78.5 ±1.8b 0.0031** 

End AC, cm 72.1 ±2.8a 70.8 ±2.4ab 67.9 ±4.0b 70.7 ±0.7ab 0.1299 

Change: SC, cm 13.7 ±3.5a 12 ±1.9a 12.1 ±0.7a 11.6 ±0.6a 0.3677 

Change: CR, cm 58.1 ±3.0a 58.3 ±2.0a 54.6 ±4.1b 54.2 ±1.9b 0.0451* 

Change: AC, 

cm 

45.3 ±2.5a 46.2 ±1.9a 43.7 ±47a 45.1 ±2.6a 0.6320 
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Table 6-4. Fasting plasma lipid, glucose and insulin concentrations piglets fed 

control, HFHC and HFHC+VA diets until 10 weeks of age 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight; 

control, control diet; HFHC, high-fat, high-carbohydrate; VA, vaccenic acid. 

Sample size is smaller where indicated due to irregularity in analysis and removal 

using the ROUT method outlier test with a Q value of 10%.  
1 n=4  
a,b,c refer to statistical difference with a p-value<0.05 between different letters. (*) 

refers to significance p<0.05, (**) refers to significance p<0.01 and (***) refers to 

significance p<0.001. 

 

 

6.4.3 Postprandial plasma glucose and insulin response 

 High-fat, high-carbohydrate diet, regardless of VA content, increased 

postprandial glucose concentrations, as shown in Figure 6-3 (p-value<0.05). Both 

HFHC diet groups appear to also have delayed clearance of glucose as can be 

observed in the postprandial curve as a later glucose peak. Figure 6-4 shows the 

postprandial insulin response to a fat challenge. Birth weight did not appear to have 

an impact on insulin response (NBW-control= 845 ±387; LBW-control= 852 ±692, 

p-value=0.99). The HFHC diet significantly increased postprandial insulin 

concentrations (LBW-control= 852 ±692; LBW-HFHC= 2239 ±861, p-

value=0.04). The HFHC+VA diet fed to LBW swine resulted in a possible 

(although not significant) decrease in insulin secretion postprandially (LBW-

 NBW-

Control 

LBW-

Control 

LBW- 

HFHC 

LBW- 

HFHC-+VA 

1-way 

ANOVA 

n 6 5 5 6  

Insulin, 

uU/ml 

0.32 ±0.031a 0.33 ±0.041a 0.32 ±0.041a 0.31 ±0.02a 0.5747 

Glucose, 

mmol/l 

2.71 ±1.68a 2.70 ±0.5a 2.14 ±0.5a 2.73 ±0.2a 0.7247 

Cholesterol, 

mg/dl 

111 ±14.3a 104 ±19.3a 239 ±83.3b 278 ±93.5b 0.0003*** 

LDL, mg/ml 44.4 ±3.0a 43 ±8.5a 89.5 ±25b 98.9 ±25b <0.0001*** 

TG, mg/dl 21.2 ±5.5ab 19.0 ±2.71a 31.2 ±8.4ab 31.4 ±13.5b 0.0781 

HDL, mg/ml 26.6 ±6.5a 37.2 ±6.5ab 45.3 ±14b 58.1 ±7.5c 0.0001*** 
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HFHC= 2239 ±861; LBW-HFHC+VA= 1318 ±1094, p-value=0.14) without any 

observed change in glucose AUC (LBW-HFHC= 1184 ±91.7; LBW-HFHC+VA= 

1173 ±23.1, p-value=0.93).  

 The slope of the glucose and insulin response was calculated between 0-

30min to represent the initial (appearance) phase of the postprandial period and 

between 30-120min to represent the second (clearance) phase of the postprandial 

period. Based on the linear regression, the glucose slope was significantly increased 

in the LBW-HFHC group compared to LBW-control (LBW-control: y=0.136x + 

5.35, LBW-HFHC: y= 0.257x + 4.96, p-value=0.0081) in the initial appearance 

phase. For the postprandial insulin response, during the initial (secretion) phase the 

slope was significantly increased in the LBW-HFHC group compared to LBW-

control (LBW-control: y=0.605x + 2.13, LBW-HFHC: y= 1.06x + 1.8, p-

value=0.0055) as well as decreased in the LBW-HFHC+VA group compared to the 

LBW-HFHC group (LBW-HFHC: y= 1.06x + 1.8, LBW-HFHC+VA: y= 0.58x + 

1.64, p-value=0.0039). During the second (clearance) phase the slope was more 

vertical in the LBW-HFHC group compared to LBW-control (LBW-control: y= -

0.182x + 20.6, LBW-HFHC: y= -0.354x + 44.7, p-value=0.0076) as well as less 

steep in the LBW-HFHC+VA group compared to the LBW-HFHC group (LBW-

HFHC: y= -0.354x + 44.7, LBW-HFHC+VA: y= -0.199x + 25.4, p-value=0.0139). 
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Figure 6-3. Postprandial glucose response following a modified oral glucose 

challenge. Values are means ± SEM, n=6 NBW-control (black circles), n=4 LBW-

control (black squares), n=3 LBW-HFHC (open triangles), n=4 LBW-HFHC +VA 

(open diamonds). AUC is shown (inset). (*) denotes statistical difference between 

LBW-control and LBW-HFHC (p-value<0.05). a,b,c refer to statistical difference 

with a p-value<0.05 between different letters. Equations of the initial phase (0-

30min) are: NBW-control: y= 0.174x + 5.6, LBW-control: y= 0.136x + 5.35, LBW-

HFHC: y= 0.257x + 4.96, LBW-HFHC+VA: y= 0.198x + 4.78. Equations of the 

second phase (30-120min) are: NBW-control: y= -0.0484x + 10.8, LBW-control: 

y= -0.043x + 9.59, LBW-HFHC: y-0.0729x + 15.3, LBW-HFHC+VA: y= -0.0668x 

+ 13.3. 
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Figure 6-4. Postprandial insulin response following a modified oral glucose 

challenge. Values are means ± SEM, n=6 NBW-control (black circles), n=4 LBW-

control (black squares), n=3 LBW-HFHC (open triangles), n=4 LBW-HFHC+VA 

(open diamonds). AUC is shown (inset). (*) denotes statistical difference between 

LBW-control and LBW-HFHC (p-value<0.05) and (ϕ) denotes trend between 

LBW-HFHC and LBW-HFHC+VA (p-value=0.09). a,b,c refer to statistical 

difference with a p-value<0.05 between different letters. Equations of the initial 

phase (0-30min) are: NBW-control: y= 0.551x + 2.08, LBW-control: y=0.605x + 

2.13, LBW-HFHC: y= 1.06x + 1.8, LBW- HFHC+VA: y= 0.58x + 18. Equations 

of the second phase (30-120min) are: NBW-control: y= -0.166x + 19.3, LBW-

control: y= -0.182x + 20.6, LBW-HFHC: y= -0.354x + 44.7, LBW-HFHC+VA: y= 

-0.199x + 25.4. 

 

6.4.4 Postprandial plasma triglyceride response 

 The postprandial response in TG and incremental TG, with measurements 

of total area under the course (AUC) are shown in Figure 6-5. A trend towards a 

decrease in postprandial TG in the LBW-HFHC+VA diet group was observed 

(LBW-HFHC= 23402 ±4513; LBW-HFHC+VA= 14761 ±10516, p-value=0.09). 

When analyzing the incremental curve, there are no significant differences in iAUC 

between control diets or HFHC diet, yet a substantial decrease in TG response when 

LBW swine are fed a HFHC diet enriched in VA (LBW-HFHC= 1450 ±643; LBW-
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HFHC+VA= 255 ±217, p-value=0.005). The slope of the TG response was 

calculated between 0-120min to represent the initial (secretion) phase of the 

postprandial period and between 120-300min to represent the second (clearance) 

phase of the postprandial period. Based on the linear regression, the slope was 

significantly decreased in the LBW-HFHC+VA group compared to LBW-HFHC 

(LBW-HFHC: y=0.0756x + 12.4, LBW-HFHC+VA: y= -0.0168x + 11.5, p-

value=0.0014) in the initial secretion phase. In the second clearance phase, the slope 

was significantly steeper in the LBW-HFHC group compared to LBW-control 

(LBW-control: y=0.00442x + 12.5, LBW-HFHC: y= -0.0555x + 26.5, p-

value=0.0007) as well as less steep and being a positive slope in the LBW-

HFHC+VA group compared to the LBW-HFHC group (LBW-HFHC: y= -0.0555x 

+ 26.5, LBW-HFHC+VA: y= 0.00459x + 8.43, p-value=0.0007). 
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A 

 
B 

 

Figure 6-5. Postprandial triglyceride (A) and incremental (B) response following a 

modified oral glucose and fat challenge (MOGTT). Values are means ± SEM, n=6 

NBW-control (black circles), n=4 LBW-control (black squares), n=3 LBW-HFHC 

(open triangles), n=4 LBW-HFHC+VA (open diamonds). AUC is shown (inset). 

(*) denotes statistical difference between LBW-control and LBW-HFHC (p-

value<0.05) and (δ) denotes statistical difference between LBW-HFHC and LBW-

HFHC+VA (p-value<0.05). a,b,c refer to statistical difference with a p-value<0.05 

between different letters. Equations of the initial phase (0-120min) are: NBW-

control: y= 0.0439x + 3.39, LBW-control: y= 0.0665x + 4.43, LBW-HFHC: 

y=0.0756x + 12.4, LBW-HFHC+VA: y= -0.0168x + 11.5. Equations of the second 

phase (120-300min) are: NBW-control: y= 0.0022x + 7.89, LBW-control: 
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y=0.00442x + 12.5, LBW-HFHC: y= -0.0555x + 26.5 LBW-HFHC+VA: y= 

0.00459x + 8.43. 

 

 

6.4.5 Fasting lymph lipoprotein and lipid concentrations 

 The fasting lymph measurements are shown in Table 6-5. On a control diet, 

LBW swine had a decrease in lymph flow rate (NBW-control= 71.7±6.5ml/hr; 

LBW-control= 52.5±10.0ml/hr, p-value=0.02) coinciding with an decrease in 

lymph TG concentration compared to NBW littermates (NBW-control= 

373±113mg/dl; LBW-control= 168±48mg/dl, p-value=0.01). No difference 

between groups was observed in particle size. High-fat, high-carbohydrate diet, 

irrespective of VA content, increased lymphatic cholesterol levels (p-value<0.05). 

Interestingly, no statistical difference was observed in lymph TG content or 

ApoB48 with dietary intervention. However, LBW swine fed a HFHC diet were 

observed to have a significant increase in ApoB48 particle secretion rate 

(ApoB48/hr) (LBW-control= 11.10 ±5.2ug/ml; LBW-HFHC= 29.16 ±11.4ug/ml, 

p-value=0.013) compared to control diet as shown in Table 6-5. 
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Table 6-5. Fasting lymph lipoprotein and lipid concentrations 

Values are means ± SD. NBW, normal birth weight; LBW, low birth weight; 

control, control diet; HFHC, high-fat, high-carbohydrate; VA, vaccenic acid. 

Sample size is smaller where indicated due to irregularity in analysis and removal 

using the ROUT method outlier test with a Q value of 10%.  
1 n=4, 2 n=5 
a,b,c refer to statistical difference with a p-value<0.05 between different letters. (*) 

refers to significance p<0.05, (**) refers to significance p<0.01, (***) refers to 

significance p<0.001. 

 

6.4.6 Tissue lipid concentrations 

 Table 6-6 shows the lipid profile in three organs: liver, muscle and intestine. 

Generally, a HFHC diet decreased plasma TG, free cholesterol (FC), fatty acids 

(FA), and PLs (PE, PI, PS, PC) in the liver. In the liver of swine fed a HFHC diet 

rich in VA it was observed that many of these lipids returned to levels similar to the 

control diet groups. These results were not observed in the muscle or intestine, with 

relatively no changes between diet and birth weight interventions (p-value>0.05). 

 

 

 

 NBW-

Control 

LBW-

Control 

LBW-

HFHC 

LBW- 

HFHC 

+VA 

1-way 
ANOVA 

n 6 5 5 6  
TG, mg/dl 373 ±113a 168 ±48b 290 ±154ab 272 ±106ab 0.0716 

Cholesterol, 
mg/dl 

42.1 ±8.5a 40.8 ±2.81a 68.6 ±21.3b 84.7 ±13.2b <0.0001*** 

ApoB48, 
ug/ml 

273 ±931a 261 ±881a 431 ±140a 425 ±1792a 0.1379 

ApoB48/hr, 
mg/hr 

19.79 ±7.31ab 11.10 ±5.21a 29.16 ±11.4bc 36.2 ±11.11c 0.0048** 

TG/ApoB48 
ratio 

1.19 ±0.72a 0.60 ±0.1a 0.95 ±0.5a 0.78 ±0.2a 0.3606 

Particle size, 
nm 

83.5 ±2.31a 81.3 ±14.4a 93.7 ±27a 87.9 ±12a 0.6667 

Flow rate, 
ml/hr 

71.7 ±6.5a 52.5 ±10.01b 63.2 ±14.41ab 62.4 ±14.72ab 0.1336 
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Table 6-6. Lipid profile of liver, muscle and intestinal tissue sample of NBW and 

LBW swine fed control, HFHC and HFHC enriched in VA diets 

Values are means ± SD. (*) refer to statistical difference with a p-value <0.05 

between current column and proceeding column. NBW, normal birth weight; LBW, 

low birth weight; control, control diet; HFHC, high-fat, high-carbohydrate; VA, 

vaccenic acid; CE, cholesteryl ester; TG, triglyceride; FC, free cholesterol; FA, 

fatty acyls; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 

phosphatidylserine; PC, phosphatidylcholine; SM, sphingomyelin. Smaller sample 

size where indicated is due to values lacking during HPLC likely due to small 

values. 
1 n=4, 2 n=5, 3 n=3, 4 n=1, 5 n=2 
a,b,c refer to statistical difference with a p-value<0.05 between different letters. (*) 

refers to significance p<0.05. 

(ug) NBW-Control LBW-Control LBW-

HFHC 

LBW-

HFHC+VA 

Liver (n) 5  5 4 6 
CE 1 4.93 ±1.3  3.03 ±1.61 7.69 ±1.51 * 15.43 ±10.9 2 

CE 2 5.58 ±0.7  4.31 ±1.2 2.42 ±0.4 * 4.31 ±1.2 * 

TG 57.54 ±41.5  72.21 ±18.2 17.78 ±7.6 * 39.40 ±26.6  

FC 5.86 ±1.1  5.92 ±1.4 3.85 ±0.6 * 7.49 ±2.6 * 

FA 13.29 ±6.1  23.96 ±21.351 9.91 ±14.81  2.55 ±1.0 3 

PE 30.47 ±4.7  29.70 ±7.3 19.29 ±3.5 * 29.61 ±6.1* 

PI 12.32 ±1.1  13.09 ±3.4 10.23 ±2.1  16.54 ±6.3 

PS 8.85 ±1.3  8.42 ±1.41 5.57 ±0.9 * 6.19 ±0.6 

PC 47.75 ±6.4  49.87 ±10.4 37.72 ±5.3  60.11 ±12.8 * 

SM 2.55 ±0.4  3.69 ±0.9 * 4.05 ±1.8  4.62 ±0.8  

Muscle (n) 6  5 5 6 
CE 1 - - - - 

CE 2 2.02 ±1.6  0.49 ±0.2 2.01 ±1.1 * 1.92 ±1.0 

TG 55.59 ±48.7  38.52 ±55.9 55.00 ±56.5 22.69 ±17.4 

FC 0.62 ±0.0 4 1.10 ±0.4 2.07 ±0.83 1.88 ±0.73 

FA 8.17 ±3.15 2.80 ±3.63 - - 

PE 10.43 ±5.52 5.80 ±1.6 9.39 ±4.91 9.61 ±2.62 

PI 3.40 ±1.61 1.29 ±0.61* 2.60 ±2.61 - 

PS 2.00 ±0.04 1.76 ±0.2 3.48 ±0.6 1* 4.01 ±0.4 

PC 17.10 ±8.6  13.57 ±2.8 15.02 ±7.5 16.19 ±6.4 

SM 2.24 ±1.5  1.16 ±0.3 1.59 ±0.4 1.93 ±0.6 

Intestine (n) 6  5 5 6 
CE 1 3.42 ±2.01 3.34 ±0.6 8.36 ±5.5 7.07 ±6.13 

CE 2 5.09 ±0.3  5.08 ±0.4 8.14 ±5.3 5.59 ±3.6 

TG 44.29 ±41.4  10.44 ±3.6 8.47 ±4.7 37.33 ±41.82 

FC 14.68 ±1.8  13.02 ±1.6 15.29 ±9.8 10.58 ±8.5 

FA 21.50 ±12.3  17.93 ±7.8 7.39 ±5.0 * 15.29 ±17.4 

PE 23.80 ±5.1  21.21 ±2.6 30.08 ±17.5 21.81 ±15.52 

PI 11.62 ±0.9  8.65 ±3.6 12.18 ±6.6 9.08 ±6.52 

PS 11.56 ±1.7  11.18 ±1.4 10.99 ±5.2 7.16 ±4.0 

PC 30.20 ±8.9  26.39 ±5.7 44.64 ±26.9 29.93 ±26.3 

SM 3.24 ±0.52 2.87 ±0.4 3.90 ±2.2 3.33 ±2.0 
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6.5 Discussion   

6.5.1 Growth and feed intake 

 In humans, catch-up growth has a strong correlation with later risk for IR 

and dyslipidemia leading to T2D and cardiovascular disease (CVD) (Deshpande et 

al. 1999; Yajnik et al. 1995). In the 10-week timeframe of this study, LBW swine 

did not gain enough weight to catch-up with their NBW littermates. In the LBW 

groups, no difference was observed in ADG or ADF between diets. The HFHC diet 

enriched in VA did not influence weight gain nor feed intake. When fed a high-fat 

diet for 20 weeks, Yan et al. found that LBW piglets had a higher ADG compared 

to NBW pigs fed the same diet (Yan et al. 2017). However, Yan et al. used a 10% 

fat high-fat diet, whereas our current study included high-fructose and added 

cholesterol to our western-style diet. Without a high-fat diet, LBW pigs were found 

to show catch-up growth to that of an equal weight of NBW littermates by 12 

months of age (Poore & Fowden 2002). We hypothesize that if we had continued 

to feed the HFHC diet to our study piglets for a longer period of time we would 

observe greater weight gain in the LBW pigs, suggestive of catch-up growth. Our 

results did find LBW groups to have increased fractional growth rate compared to 

NBW littermates. An increased FGR in LBW offspring is consistent with previous 

findings in our studies (Chapters 4 and 5) as well as literature (Poore & Fowden 

2002), corroborating our hypothesis that a longer study would result in catch-up 

growth with a HFHC diet. In similarity to previous studies (Chapter 4 and 5), a 

single LBW piglet gained more weight during the study time period, surpassing all 

other LBW offspring and catching up with the mean NBW end weight. These 
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findings have been recognized in the literature and investigation is needed on 

whether these minority “rapid-growing” offspring have altered metabolic traits 

(Douglas, Wellock, et al. 2014).  

Interestingly, a significant difference was observed in body length growth 

(crown-rump length) between diet interventions. A HFHC diet, regardless of VA 

content, was associated with a decreased body length change from birth to ending. 

All groups began with indistinguishable CR lengths, however by 10 weeks of age, 

those on a HFHC diet had approximately 5.5% shorter body lengths than control 

diet. When rats were fed a low carbohydrate, high-fat diet, body length (nose-rump) 

was significantly decreased (Bielohuby et al. 2010). To the best of our knowledge, 

there is no data corroborating this finding in larger animal models and should be 

further investigated.  

 

6.5.2 Insulin metabolism effects of vaccenic acid  

 The current study found that LBW swine fed a HFHC diet had increased 

plasma glucose and insulin following an MOGTT as compared to LBW swine fed 

a control diet. Additionally, the initial glucose appearance phase of the postprandial 

curve had a steeper slope in the LBW-HFHC group compared to LBW-control. A 

more rapid glucose spike suggests delayed insulin-stimulated glucose disposal or a 

delay/deficit in the ability to suppress endogenous glucose production 

postprandially. Figure 6-5 shows that the insulin secretion slope was also increased 

in the HFHC diet fed LBW swine. The ability of glucose to stimulate insulin 

production suggests that the -cells in the pancreas are not impacted/defective. 
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However, the insulin curve is significantly higher in the HFHC diet, suggesting 

these pigs require a greater amount of circulating insulin to stimulate the same 

glucose disposal. Our results show that LBW swine on a HFHC diet were showing 

signs of early IR with delayed glucose clearance. Our results are consistent with the 

overarching concept in literature that a diet rich in fat, fructose and cholesterol will 

result in early onset IR. 

 Low birth weight swine fed a HFHC diet enriched in VA had no difference 

in glucose postprandial AUC. However, a trend towards a decrease was observed 

in insulin AUC. The HFHC diet enriched in VA resulted in a less steep insulin 

secretion slope, similar to the control diets. Overall, we observed a possible insulin 

sensitizing effect upon VA addition. Vaccenic acid has been shown to have insulin 

sensitizing effects, likely through the activation of peroxisome proliferator-

activated receptors (PPARs) (Parodi 2016). Vaccenic acid is a ligand for both 

PPARα and PPARγ which can increase the transcription of insulin signalling genes 

(Wang et al. 2012). Vaccenic acid may also act directly on beta-cell proliferation 

and insulin secretion, increasing insulin sensitivity (X. Wang et al. 2016). Due to 

low sample sizes in each treatment group, further investigation is needed to confirm 

the insulin sensitizing effects observed in this study and to decipher mechanisms 

via possible gene expression alterations.  

 Of interest, the HFHC diet enriched with VA had a 7.87% reduction in 

palmitic acid (C16:0) content, a saturated fatty acid (SFA) historically thought to 

increase IR (Musso et al. 2003). Decreased palmitic acid in the high VA diet may 

be contributing to the increased insulin sensitivity. Again, more research is needed 



 

 
166 

to identify mechanisms through PPAR gene expression analysis and confirm 

findings on a larger scale.  

 A limitation to the current study is that due to litter sizes, swine selection 

and cost, we were unable to have a NBW group of pigs fed either the HFHC or 

HFHC-VA diets. Due to lacking the NBW-HFHC group, we are unable to directly 

compare results from this study to that of Chapter 3 or test for diet or birthweight 

effects through a two-way ANOVA statistical test. We are unable to test if the 

LBW-HFHC group in this study also had increased fasting plasma TG or increased 

postprandial insulin AUC due to birthweight because of lacking the comparison 

with a potential NBW-HFHC group. Although this information would be of 

interest, it was not the primary outcome of the current study and thus these 

inferences cannot be made. 

 

6.5.3 Increased plasma high-density lipoproteins with vaccenic acid enriched 

high-fat, high-carbohydrate diet 

 Low birth weight swine fed a diet rich in fat, cholesterol and fructose 

(HFHC diet) were observed to have higher fasting plasma total cholesterol, LDL 

and TG levels. Literature is consistent with our results finding decreased LDL 

clearance and hypertriglyceridemia with a western-style diet of high-fat, high-

cholesterol and increased sugars such as fructose (Rutledge & Adeli 2007; Grundy 

& Denke 1990). When LBW swine were fed a HFHC diet enriched in VA, they 

were observed to have no difference in cholesterol, LDL or TG concentrations in 

the plasma compared to those on a HFHC diet with low VA content. Our current 
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results do not follow the previous findings from our laboratory that VA resulted in 

a reduction in postprandial TG in a rodent model (Y. Wang et al. 2008; Wang et al. 

2009). The most likely cause for these different findings is the different forms of 

VA fed to the models or the differing models themselves. In the current study, we 

fed swine a diet with fat obtained from peri-renal fat from steers fed extruded 

flaxseed and hay sequentially. The rodent model had been fed a pure form of VA 

supplemented on top of their diet. The two forms of VA added to the diet likely 

have different biological properties and interact with the other dietary ingredients. 

While pure VA fed to the rodents allows for a more controlled study, it is also at a 

much greater cost to obtain pure VA and is less relatable to a true dietary intake. In 

the current study, beef fat enriched in VA was used which may be more translatable 

to human consumption effects. 

Interestingly, adding VA to the HFHC swine diet resulted in an increase in 

fasting plasma HDL. Raising HDL-cholesterol may have a beneficial health effect 

by reducing cardiovascular event risk and improving glycemic control (Barter 

2013). Increased HDL has also been shown in rodents fed butter enriched in cis-9, 

trans-11 CLA (c9,t11 C18:2) (de Almeida et al. 2014). The HFHC diet enriched in 

VA content was also shown to contain a higher percentage of cis-9, trans-11 CLA 

(HFHC=0.2%, HFHC+VA=1.28%) which may be contributing to the increased 

plasma HDL observation. Although myristic acid has been shown to decrease 

plasma HDL, both HFHC diets used in our study contained beef fat with similar 

percentages of myristic acid (C14:0) (HFHC=4.14%, HFHC+VA=3.76%) (Khosla 

et al. 1997). Additionally, oleic acid (cis-9 C18:0) has been known to increase 
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plasma HDL, and yet was substantially lower in the HFHC+VA diet 

(HFHC=27.28%, HFHC+VA=19.94%) (Bermudez et al. 2011). Based on the 

source of VA from beef fat, manipulating concentrations of specific fatty acids is a 

complex procedure. In contrast to the current findings, in a human randomized trial, 

healthy young men fed a diet rich in VA for 5 weeks were observed to have both 

lower total and HDL cholesterol (Tholstrup et al. 2006). Findings from another 

clinical trial with men fed both a CLA and VA supplemented diet found no changes 

in plasma lipids, insulin or glucose (Tricon et al. 2006). The current swine model 

may be an excellent animal model to further study the mechanisms surrounding 

these findings for translation to humans. The present findings suggest that feeding 

LBW swine a HFHC diet with beef fat enriched in VA can increase plasma HDL 

cholesterol, potentially decreasing cardiometabolic risk. 

 

6.5.4 High-fat, high-carbohydrate diet and vaccenic acid effects on lymph 

and tissue lipid content 

 The current study found that LBW swine fed a control diet had decreased 

lymph flow rate as compared to NBW littermates on the same diet. Low birth 

weight swine also had a decrease in total lymph TG compared to NBW when both 

were fed the control diet. Interestingly, the number of CM particles (determined by 

ApoB48 concentration) was indifferent between birth weight groups on a control 

diet. Since the particle size and TG/ApoB48 ratio (estimated measures of TG 

content in CMs) are not different between groups, current findings suggest that 

LBW swine fed a control diet secreted less TG in other lipoproteins (such as HDL) 
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while having no change in CM size and secretion. Due to small sample size and a 

high variance between samples further analysis needs to be done to investigate these 

findings as well as directly measure the HDL fraction in lymph. 

 Neither HFHC diet intervention (with low or high VA content) altered 

lymph flow rate, ApoB48 or TG. Additionally, enriching the HFHC diet in VA had 

no effect on any measured lymph parameters. Current results are contradictory to 

previous findings from our laboratory showing decreased lymph TG and CM 

particle number (ApoB48 concentration) after dietary supplementation with VA 

(1% w/w) in a JCR:LA-cp rodent model of the MetS (Wang et al. 2009). Current 

findings may not be comparable due to the LBW-HFHC swine group not showing 

all the characteristics of MetS, resulting in smaller relative changes upon VA 

addition. Additionally, the diet was previously supplemented with VA in a 

relatively pure form. In contrast, the current trial used beef fat enriched in VA. 

There may be a difference in the bioavailability of each method. 

 In the current study, HFHC diet nor VA enrichment had any significant 

effect on the intestine or muscle tissue lipid content. Interestingly, we did observe 

reductions in CE2, TG, FC, PE and PS in the liver of HFHC fed LBW swine, and 

then a normalization with enrichment of VA back to levels similar to pigs fed the 

control diet. We expected the opposite for lipid concentrations in the livers. We 

have no direct mechanism for why this is occurring and encourage these results to 

be repeated independently. Vaccenic acid has been previously shown in our 

laboratory to decrease hepatic steatosis and non-alcoholic fatty liver disease 

(NAFLD) activity scores in the JCR:LA-cp rodent model of the MetS (Jacome-
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Sosa et al. 2014). In the same study, hepatic TG was decreased by 68% upon VA 

supplementation to obese rats. Hepatic lipid reduction was proposed to be due to a 

posttranscriptional alteration in lipid synthesis in the liver, while a reduction in 

intestinal TG was hypothesized to be due to a downregulation in genes related to 

de novo lipogenesis (Jacome-Sosa et al. 2014). Current findings may be due to 

fluctuations during sample preparation for HPLC or during the lipid extraction. 

Additionally, swine are more genetically diverse than rodents and may need a 

greater sample size to result in accurate and significant differences. Future work 

could include measuring gene expression differences in lipid synthesis pathways of 

the intestine and liver to compare to previous literature, as well as measuring 

hepatic steatosis via liver histology. 

 In conclusion, 6-week HFHC dietary intervention using beef fat enriched 

with VA (1.7 % w/w of diet or 10% of the fat) in LBW swine had a mild insulin 

sensitizing effect with increased plasma HDL cholesterol, potentially creating a 

more beneficial lipid profile and glucose tolerance. Vaccenic acid supplementation 

may show a trend towards decreased postprandial plasma TG. However, lymphatic 

measures of TG, CM particle number (ApoB48 concentration) and particle size 

were unaltered with VA enrichment in a HFHC diet fed to LBW swine. More 

research is needed to confirm the observed insulin sensitizing effects of VA and 

investigate further mechanisms through gene expression analysis in this swine 

model. 
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CHAPTER 7. General Discussion 

 

7.1 Discussion of findings and future directions 

In all 4 studies, newborn piglets (Landrace-Large White x Duroc) were 

selected and weighed within 24 hours of full-term birth and identified as LBW (less 

than the 95% CI) or NBW (within or above the 95% CI). After being assigned 

treatment groups for set amounts of time, piglets were anesthetized, lymph sampled 

and euthanized for tissue collection. Each study was aimed at investigating different 

questions using this model with LBW results schematically represented in Figure 

7-1 and discussed further in this chapter. 

 

 

Figure 7-1 Results schematic depicting combined results from all thesis studies. 

Each result is a change in reference to NBW on the same diet with the exception of 

the final VA study results being in reference to LBW-HFHC (low in VA). IR, 

insulin resistance; TG, total lymphatic triglyceride; MOGTT, modified oral glucose 

tolerance test; LBW, low birth weight; HFHC, high-fat, high-carbohydrate.  
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Review of hypothesis statements 

 In the first study (Chapter 3), we hypothesized that LBW piglets fed a 

HFHC diet would show glucose and lipid metabolic complications more so than 

NBW littermates. As previously described, we found that the LBW-HFHC had 

impaired glucose tolerance and an upregulation in intestinal lipid metabolism 

resulting in increased lymphatic and postprandial TG as compared to the NBW-

HFHC group. Based on this evidence we would accept the hypothesis. Interestingly, 

we also observed the LBW-control group to have a trend towards intestinal lipid 

overproduction and a more insulin sensitive state, which was not our main 

hypothesis. From this finding, we hypothesized in Chapter 4 that we would observe 

lipid overproduction in a 6-week-old LBW control diet fed group. This hypothesis 

was rejected as we found no statistical difference between groups in any 

parameters. In Chapter 5 we altered the age of weaning, hypothesizing that we 

would observe additional or more severe intestinal lipid overproduction in 13-week 

control fed piglets. However, we again rejected this hypothesis as no statistical 

difference was found between groups. Finally, in Chapter 6 we enriched the HFHC 

diet with vaccenic acid (VA) and hypothesized that we would observe a reduction 

in insulin resistance as well as improved lipid metabolism. Although trends were 

observed towards this aim, the hypothesis was rejected due to a lack of significance. 

We propose that an increase in sample size might confer significance in this study 

and that more research is required to elucidate mechanisms of VA action. 
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7.1.1 Low birth weight and catch-up growth in swine  

 Epidemiologists have found a correlation between low birth weight (LBW) 

and future metabolic complications in adulthood, leading to an increased risk for 

non-communicable diseases (NCDs) such as type 2 diabetes (T2D) and 

cardiovascular disease (CVD) (Barker, Hales, et al. 1993; Breier et al. 2001; 

Godfrey & Barker 2000). Some studies emphasize that the increased 

aforementioned health risks are primarily due to a mismatch in postnatal diet from 

in-utero (Gluckman & Hanson 2004). A positive relationship was found between 

an increased growth trajectory from that of a species’ average and adverse health 

outcomes in adulthood (Deshpande et al. 1999; Yajnik et al. 1995). Some studies 

hypothesize that faster post-natal growth, considered “catch-up” growth, is more 

relevant than birth weight, or has an additive effect, when considering future disease 

risk (Isganaitis et al. 2009; Ibáñez et al. 2008). 

 

Absolute weight and growth in swine 

 The studies presented in this thesis show that within the timeframes tested 

(until 6, 10 and 13 weeks of age) the LBW piglets on average do not catch up in 

absolute weight to their normal birth weight (NBW) littermates, irrespective of diet. 

There was also no difference in the feed intake or feed conversion ratio (FCR) 

between birthweight or diet groups in the 10- and 13-week studies. The pork 

industry has identified that LBW offspring have a lower weight at weaning than 

NBW pigs and some studies suggest this continues until slaughtering (Douglas, 
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Edwards, et al. 2014). We confirm that the LBW pigs did not reach comparable 

weights to NBW by the end of our studies and additionally were not showing higher 

daily weight gain.  

 

Fractional growth rate in swine 

 A measure of post-natal growth used in similar research is the fractional 

growth rate (FGR) (Poore & Fowden 2002). The measurement calculation includes 

weight gain per day divided by initial birth weight. The FGR was significantly 

greater in LBW offspring in each study contributing to this thesis. Poore and 

Fowden found that LBW pigs underwent a period of increased FGR in the first 

month of life while continuing to weigh less than NBW littermates at 3 months of 

age (Poore & Fowden 2004b). Human data corroborates this finding in youth and 

young adults (Binkin et al. 1988; Hediger et al. 1998). Poore and Fowden also 

suggested a second period of increased FGR between 3-12 months which would 

result in the full “catch-up” of LBW pigs. At 12 months of age they found 

comparable absolute weight between birth weight groups (Poore & Fowden 2004b). 

Interestingly, LBW swine had greater fat mass at 12 months which is also observed 

in human studies of young adults born LBW (Chandra & Spitzer 2000). We 

hypothesize that the LBW pigs used in the studies in this thesis would have grown 

to match their NBW littermates if given more time for this “catch-up” period to 

develop.  
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A subset of low birth weight swine undergoes rapid growth 

 Of interest, past studies have found that when fed an-industry standard 

control diet, certain LBW pigs gained significantly greater weight over other LBW 

offspring, matching or surpassing the absolute weight of NBW littermates 

(Douglas, Wellock, et al. 2014). In each of the studies in Chapters 4, 5 and 6 we 

found either a single or two LBW pigs gain considerably more weight during the 

study periods and catch-up with the average weight of the NBW group. Initially, 

the sample size in each study did not allow for any further analysis of these “rapid-

growing” LBW offspring to correlate with other study parameters. We 

hypothesized the higher growth to be due to genetic variability in swine. In addition, 

to allow each piglet to grow to their maximum potential without overwhelming 

competition from larger siblings, cross-fostering was done in a limited manner, 

removing the highest birth weight piglets in a litter to another sow if needed. We 

hypothesized this may have allowed a LBW offspring to receive greater milk supply 

than would naturally occur, possibly resulting in the rapid-growth. However, 

researchers have investigated cross-fostering and found that although a slight 

improvement in survival of LBW offspring was found, there was no effect on 

weight gain (Milligan et al. 2001).  

After finding the same outcome in each study of a minority of LBW 

offspring showing rapid-growth, we could further calculate if this finding correlated 

with increased feed intake, glucose intolerance, or any lipid parameters measured. 

Our findings did not suggest any correlation existed, however there was an 
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insufficient sample size to do any statistical testing. We speculate that there may be 

a subset of LBW offspring who are predisposed to “catch-up” growth and may be 

a unique model to study. Further investigation in this area is necessary. 

 

Feed intake in swine and catch-up growth 

 Converting feed intake into energy and weight gain involves numerous 

complex pathways and mechanisms. Although it was not possible to investigate 

every mechanism involved in digestion, metabolism and energy expenditure in the 

current studies, it may be important in understanding the phenomenon of catch-up 

growth. We did not find a difference in the FCR between birth weight groups, 

suggesting both LBW and NBW were utilizing feed in a similar manner resulting 

in added weight. Literature in the past has suggested that catch-up growth (in our 

studies measured as FGR) after prior slowed growth (such as poor in-utero growth) 

could be due to a compensation by the offspring to reduce energy expenditure with 

the purpose of increased energy storage (Cettour-Rose et al. 2005). Although we 

did not observe a difference in the feed efficiency, energy expenditure (heat 

production, physical activity and resting metabolic rate) should be further 

investigated in the LBW swine model. 

 

7.1.2 Low birth weight and diet effects on insulin and glucose metabolism 

 Our combined study hypotheses were that LBW swine would exhibit signs 

of impaired glucose tolerance, a high-fat, high-carbohydrate (HFHC) diet would 

exacerbate these findings, and enriching the diet in vaccenic acid (VA) would have 
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an insulin sensitizing effect. Our studies found that LBW swine fed a HFHC diet 

had increased postprandial insulin compared to NBW swine fed the same diet, 

suggestive of early insulin resistance (IR). However, when fed a control diet, LBW 

swine had a trend towards lower postprandial insulin secretion, possibly suggestive 

of a more insulin sensitive status. Altered insulin metabolism was not observed in 

6-week-old swine or 13-week-old early weaned swine when fed control diet 

compared to NBW offspring, suggesting the LBW phenotype might be postnatally 

induced from solid feed/diet introduction. We also observed modest insulin 

sensitizing effects when enriching the HFHC diet with VA. 

Previous literature suggests maintaining LBW offspring at a lower growth 

rate results in better glucose tolerance in the initial post natal timeframe (Lim et al. 

2011; Packard et al. 1996). However, when under conditions allowing for rapid 

post-natal “catch-up” growth, LBW offspring readily develop IR(Poore & Fowden 

2002; Liu et al. 2012; Liu et al. 2014). Evidence suggests that IR is a leading factor 

in the development of metabolic diseases such as T2D and CVD. During conditions 

of impaired glucose tolerance, there may be a decrease in the synthesis and release 

of insulin, lack of suppression of hepatic glucose production, or a slowed or 

decreased clearance of glucose uptake into tissues (Saltiel & Kahn 2001). During 

initial glucose intolerance, the pancreas can compensate by increasing insulin 

secretion (hyperinsulinemia). However, eventually the pancreas cannot maintain 

production at that rate, leading to IR and type 2 diabetes (T2D) (Khan & Pessin 

2002). Our research found that a HFHC diet could stimulate early IR in LBW swine, 

acting as a model of the metabolic syndrome (MetS) and that VA should be further 
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investigated as a potential insulin sensitizing agent. We found that lymph and 

plasma concentrations of GLP1, GLP2 and the ratio between them did not show a 

significant difference as a potential mechanism. Additionally, intestinal genes 

analysed did not give a clear mechanism for the IR status observed under HFHC 

feeding of LBW offspring. Future studies could also measure glucose tolerance at 

different time point along the developed model to identify whether IR or 

dyslipidemia was occurring first. 

 

7.1.3 Low birth weight and diet effects on lipid metabolism 

Dyslipidemia is a main contributing factor to obesity, IR and T2D. 

Interestingly, our research found that LBW offspring fed a HFHC diet (Chapter 3) 

had increased lymphatic triglyceride (TG) and plasma TG in both the fasting and 

postprandial states compared to NBW offspring on the same diet. The LBW-HFHC 

group also displayed increased hepatic steatosis and preferential deposition of TG 

in the muscle. In Chapter 6 we found a diet effect of increased lymph TG, fasting 

plasma TG and postprandial TG in LBW offspring fed a HFHC diet compared to 

LBW-control and NBW-control groups. We did not find the same increased TG in 

lymph or plasma in LBW offspring fed a control diet, nor in NBW offspring fed a 

HFHC diet in either study. Our results suggest that a HFHC diet is sufficient, and 

necessary, to induce dyslipidemia in LBW swine.  

Our findings also suggest that we may be observing an increase in lipid 

absorption in the intestine of LBW-HFHC fed swine followed by increased 

production and secretion of chylomicrons (CM) into the lymph. We observed the 
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greatest differences in TG between groups in the lymph, a less severe difference in 

plasma, and even less significant difference in the area under the curve of the 

postprandial TG results. Increased chylomicron particle numbers after a meal have 

been strongly associated with progression of coronary artery disease and CVD risk 

(Karpe 1999; Mero et al. 1998). Insulin resistance has been shown to also correlate 

with an increase in production and secretion of chylomicrons with decreased 

clearance (Duez et al. 2006; Haidari et al. 2002). Although mechanisms are not 

fully understood at this time, a hypothesis is that an upregulation of microsomal 

triglyceride transfer protein (MTP)-mediated lipidation of ApoB48 particles can 

allow for the increased chylomicron secretion rates from the intestinal enterocytes 

(Haidari et al. 2002; Lewis et al. 2005). Interestingly, we did not find any significant 

differences in the expression of the MTTP gene in mucosal scrapings. Our findings 

suggest a possible post-translational modification and protein levels should be 

measured to further investigate. Another possible mechanism for the increased 

intestinal lipid production may be increased circulation free fatty acids (FFA) which 

have been shown in animal models and humans to increase lipoprotein production 

from the intestine (Duez et al. 2008; Lewis et al. 2004). 

 Our results confirm that a mismatch in prenatal and postnatal nutrition, 

along with increased fractional growth rate (FGR) may be a contributing factor or 

mechanism by which LBW offspring are predisposed to dyslipidemia, IR, T2D and 

MetS. Our research contributes key findings about the alterations in intestinal lipid 

metabolism occurring in LBW swine and should be considered when designing 

experiments using the large animal swine model.  
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7.1.4 Epigenetics as a potential mechanism for low birth weight phenotype 

In addition to feed efficiency and catch-up growth, LBW offspring are 

particularly susceptible to increased central adiposity (Mook-kanamori et al. 2011). 

An emerging mechanism for maternal diet impacting fetal adaptations is the idea 

of fetal epigenetic programming. Histone modification and DNA methylation of 

the genome can impact gene expression levels and protein abundance (Goldberg et 

al. 2007). Maternal intake of amino acids, such as glycine and serine, B-vitamins 

and methyl donors and cofactors (folic acids, choline and betaine) impact the 

methylation of DNA which can be retained postnatally (Wu et al. 2004). 

Epigenetics could be a mechanism by which maternal diet impacts the developing 

fetus to adapt to short term survival through increased nutritional storage. However, 

when post-natal nutrition is in excess, the altered expression of metabolic pathways 

aids in the prolonged storage of excess fats, leading to metabolic diseases.  

Research on rodent models found that a suboptimal diet during gestation 

leads to epigenetic silencing of the transcription factor hepatocyte nuclear factor 4a 

(Hnf4a), influencing glucose homeostasis and development of T2D (Sandovici et 

al. 2011). The offspring from the nutritionally deprived mothers have normal 

glucose tolerance in young life, but become glucose intolerant in adulthood, similar 

to human models of LBW. Research has also found that intrauterine growth 

restricted (IUGR) offspring have methylation and demethylations of histones, 

reducing the expression of pancreatic and duodenal homeobox 1 transcription factor 

(Pdx1) (Park et al. 2008). The likelihood epigenetic alterations are affecting T2D 
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outcome is of great importance for further investigation (Sandovici et al. 2013). 

Future work could include investigating the role of epigenetics on pathways related 

to intestinal absorption and glucose metabolism. 

 

7.2 Factors impacting results and interpretation 

7.2.1 Variability and genetic diversity of swine 

 Rodents are a valuable tool for biomedical research due to their ease of 

reproductive, surgical and genetic manipulations. Numerous human diseases are 

recapitulated in mice and rats using gene knock-out methods. Once a colony is 

established there is often inbreeding, leading to eventual limited genetic variability 

within the model. Inbreeding may be beneficial in research studies, as less 

variability results in smaller standard deviations between test subjects. However, in 

this respect, rodent research becomes less translatable to humans. Humans have the 

largest variability in environment and genetics. Therefore, research from rodent 

models may show substantial significance and phenotypic effects from certain 

treatments without translating to any difference in human trials.  

 The use of a swine model in this thesis was chosen as research has found 

swine to give results with higher translatability to humans than current rodent 

models. Although individual pigs have greater genetic variability compared to 

rodent models, production trends have influenced genetics and the diversity 

previously observed is being bred out of production swine models. At the Swine 

Research and Technology Center (SRTC), very few boars (adult male pigs) are used 

for reproduction. Through inbreeding, phenotypic selection and culling unwanted 
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pigs, the genetic variability in swine is somewhere between that of rodents and 

humans (Gibson 1996). Utilizing swine over rodent models makes biomedical 

research observations more robust and more likely to translate to humans. However, 

greater variability also makes finding significant differences inconsistent, requiring 

a greater number of test subjects. In the studies completed for this thesis, 

significance was difficult to achieve due to small samples sizes. In a few instances 

we discussed changes between groups that were not statistically significant, but 

rather trends towards a significant change. Studies should be repeated to confirm 

the changes we observed and to add power to the results provided in this thesis.  

 

7.2.2 Sow effect 

 To assess whether there was a difference in results due to litter selection, 

sow effect was used as a factor for two-way ANOVA. For this calculation, the 13-

week-old pigs weaned at 2 weeks of age (Chapter 5) were used due to a greater 

number of piglets selected from fewer sows, allowing for statistical analysis. All 

biochemical, weight, and feed data were analyzed. We did not find any results with 

statistical significance (p-value>0.05) attributed to maternal sow. The sow effect 

analysis was pertinent to allow for accurate considerations of results for all studies. 

The assumption made for all studies was that maternal sow which each piglet 

originated from did not impact results for all discussion and interpretation sections. 

However, it should be noted that due to the small sample size and difficulty in 

selecting low birth weight offspring from as few sows as possible, there may be a 
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limitation of unidentified sow effect in studies. Further research should be 

conducted to confirm our results. 

7.2.3 Limitations in comparing studies 

 The studies contained in this thesis use a definition of LBW as 95% CI (-

2.0 standard deviations) from the mean birth weight of the litter, following previous 

literature methods (Poore & Fowden 2002; Liu et al. 2014). Our method allows for 

every litter to contain LBW and normal birth weight offspring for ease of selection 

and cost-effectiveness. Although this allows for more piglets to be selected from 

fewer litters, it also increases the likelihood of selecting false positives for 

phenotypic LBW offspring. In cases where the litter size is small, there is a greater 

potential for all piglets to have received proper in-utero nutrition and not display 

the traits we wish to utilize. We estimated the advantage of cost and lessened chance 

for an unbeknownst variable in sow effect to outweigh the disadvantages. However, 

utilizing this method creates a limitation in our studies presenting increased 

potential for NBW offspring to have been labeled and categorized as LBW. A result 

of this may be a blunting of any significant results. Other investigators have used a 

definition of <1kg for LBW piglets (Bovey et al. 2014), <30% from the mean heard 

birth weight (Morise et al. 2009), or by -0.7 standard deviations from the mean 

litter weight (Wilkinson et al. 2015). We also defined NBW as ≥ 95% CI of the 

mean litter weight which included all piglets not defined as LBW. However, it is 

well hypothesized that high birth weight is also a predisposing factor for metabolic 

complications (Palatianou et al. 2014). We made the assumption that high birth 

weight offspring would have the same metabolic outcome as NBW offspring. 



 

 
184 

Metabolic consequences should be tested across all birth weights in future studies 

to validate this assumption. 

 A limitation to the comparison of the 4 studies investigated in this thesis are 

the ages between studies, time of year of study, as well as analysis kits used in each. 

Comparing insulin, glucagon-like peptides (GLP1 and GLP2) and postprandial data 

between studies is not advisable due to changes in biochemical assay kits and 

sample collection methods, respectively, as mentioned in each study chapter. Due 

to concerns regarding stress on the animals, minimal and least invasive procedures 

were completed. By not adding additional stress to the lives of the piglets, greater 

data regarding postprandial responses were not available. Additionally, feed 

wastage was estimated through observations by farm staff. By not directly 

measuring feed wastage we introduced error into the feed intake and FCR 

calculations. Finally, due to the small sample size in each study interpretations 

should be further confirmed by more testing. 

  

7.3 Conclusion 

The data presented in this thesis give experimental evidence to suggest 

LBW swine develop impaired intestinal lipid metabolism and early insulin 

resistance when fed a high-fat, high-carbohydrate diet. Our observations are 

consistent with both rodent and human studies and give reason for LBW swine to 

be utilized as a model for human translational research. In research regarding 

cardiovascular disease, type 2 diabetes and the metabolic syndrome, naturally 
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occurring LBW Landrace-Large White x Duroc swine fed a HFHC diet may be a 

useful model for metabolic disease research and translation to humans. 
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APPENDIX “A” 

 Primers used for the high-throughput qPCR gene expression analysis are 

listed in Table A-1. 

Table A-1 Taqman primers used in high-throughput qPCR using the Biomark HD 

(Fluidigm) system  

Gene Assay ID* Gene Assay ID* 

Selected genes   

ACACA Ss03389965_m1 INSIG1 Ss04327689_m1 

ACOX1 Ss03386405_u1 INSR Ss03375345_u1 

AGPAT2 Ss04245409_g1 IRS Ss04327584_m1 

ApoA1 Ss03394891_m1 LDLR Ss03373254_u1 

ApoB Ss03374410_u1 LPL Ss03394611_m1 

ApoE Ss03394681_m1 MGAT2 Ss03648892_g2 

CD36 Ss03388558_m1 MTTP Ss03383189_u1 

DGAT1 Ss03393779_u1 PPARa Ss03380164_u1 

DGAT2 Ss04246213_m1 PPARg Ss03394829_m1 

FABP2 Ss03379450_u1 SCAP Ss03373839_g1 

FABP6 Ss03394379_m1 SCD Ss03392314_m1 

FASN Ss03386194_u1 SGLT1/SLC5A1 Ss03374375_m1 

GCG As03384069_u1 SLC2A4/GLUT4 Ss03373325_g1 

GLP2R Ss04322852_m1 SREBP1 Ss03382914_u1 

GPAT1 Ss03373682_m1 SREBP2 Ss03376492_u1 

HMGCR Ss03390141_m1 TNFa Ss03391318_g1 

IFNg Ss03391054_m1 Housekeeping genes 

IGF1 Ss03394499_m1 18S Hs99999901_s1 

IGF2 Ss03388131_u1 ACTB Ss03376081_u1 

IGFBP1 Ss03374977_u1 PPIA Ss03394782_g1 

IL1b Ss03393804_m1 GAPDH Ss03375629_u1 

IL6 Ss03384604_u1 36B4/LOC100049695 Ss03389091_m1 
*Applied Biosystems (ABI) Thermofisher. ACACA: Acetyl-CoA carboxylase 1; ACOX1: 

Peroxisomal acyl-coenzyme A oxidase 1; AGPAT2: 1-acyl-sn-glycerol-3-phosphate 

acyltransferase beta; ApoA1: Apolipoprotein A1; ApoB: Apolipoprotein B; ApoE: 

Apolipoprotein E; CD36: fatty acid translocase; DGAT1: Diglyceride acyltransferase 1; 

DGAT2: Diglyceride acyltransferase 2; FABP2: fatty acid binding protein 2; FABP6: fatty 

acid binding protein 6; FASN: fatty acid synthase; GCG: pro-glucagon; GLP2R: glucagon 

like peptide 2 receptor; GLUT4/SLC2A4: Glucose transporter 4, GPAT1: Glycerol-3-

phosphate acyltransferase; HMGCR: HMG-CoA reductase; IFNg: Interferon gamma; 

IGF1: insulin-like growth factor 1; IGF2: insulin-like growth factor 2; IGFBP: insulin-like 

growth factor binding protein; IL1b: Interleukin 1 beta; IL6: Interleukin 6; INSIG1: Insulin 

induced gene 1; INSR: insulin receptor; IRS1: insulin receptor substrate 1; LDLR: Low-

Density Lipoprotein (LDL) Receptor; LPL: lipoprotein lipase; MGAT2: Alpha-1,6-

mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase; MTTP: Microsomal 

triglyceride transfer protein; PPARa: Peroxisome proliferator-activated receptor alpha; 

PPARg: Peroxisome proliferator-activated receptor gamma; SCAP: SREBP cleavage-

activating protein; SCD: Stearoyl-CoA desaturase;SLC5A1: Sodium/glucose cotransporter 
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1; SREBP1: sterol regulatory element binding transcription factor 1; SREBP2: sterol 

regulatory element binding transcription factor 2; TNFa: Tumor necrosis factor alpha;18S: 

18A ribosomal RNA; 36B4: ribosomal phosphoprotein P0; ACTB: beta-actin; PPIA: 

cyclophilin; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

 

APPENDIX “B” 

During the study conducted for Chapter 4, we were informed of an issue at 

the swine farm concerning sows unknowingly fed ergot-infected feed during the 

lactation period. Ergot is a fungus from the genus Claviceps which grows on plants 

such as wheat, rye and oats (Scott 2009). The ergot masses are rich in alkaloids, 

thought to be the main cause for concern in animals fed infected feed (Scott 2009). 

In lactating sows, the hormone prolactin is necessary for production and 

maintenance of milk production. Alkaloids impair the regulation of prolactin, 

resulting in decreased or absent lactation (Kopinski et al. 2007). Studies 

investigating lactating sows fed ergot-infected feed established that piglets 

increased consumption of creep-feed despite having a decreased litter weight gain 

prior to weaning (Kopinski et al. 2008). Investigations also found that although 

piglets decreased milk intake, there were not found to be any signs of infectious 

disease or other adverse health effects (Blaney et al. 2000). 

A sample of feed was sent for testing, finding over 200ppb ergot, considered 

too high for consumption. Farm staff made observations corroborating the findings 

of ergot toxicity, including sows looking depressed, lethargic and decreasing feed 

intake. Even when new, ergot-free feed was presented to the sows, they refused for 

a number of days, a common occurrence after a toxicity issue. Due to the toxins 

present in the feed and in turn a decrease in feed consumption, observation from 

farm staff were that lactation was depressed or even fully dried up in sows. To 
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accompany this finding, dramatically increased creep feed intake from the piglets 

was observed.  

Weight data corroborating the assumption in Chapter 4 that piglets were 

weaned at 2 weeks of age are found in Table B-1. When analyzing the growth 

patterns from the piglets in Chapter 4, they were found to have a significantly lower 

weight gain between weeks 2-3, followed by a much greater weight gain between 

weeks 3-4. The weight changes matched the decrease in milk intake and slowed 

weaning onto solid creep-feed, followed by high feed intake post-weaning due to 

already being accustomed to the solid feed.  

 

Table B-1. Growth of piglets from sows fed ergot-infected feed 

Values are means ± SD. NBW, normal birth weight n=6; LBW, low birth weight 

n=5, AWG, average weekly weight gain. Average for breed is measured from 

previous studies as detailed in Chapter 3. Letters and differences between letters 

imply significance (p-value<0.05).  

 Chapter 4 pigs Average for breed 

 NBW LBW NBW LBW 

Weight at birth, kg 1.7 ±0.2 a 1.0 ±0.1 b 1.7 ±0.1 a 1.1 ±0.1 b 

Weight at 2 weeks, kg 5.5 ±0.8 a 4.1 ±0.6 b 5.2 ±0.3 a 3.7 ±0.7 b 

Weight at 3 weeks, kg 7.2 ±1.0 a 5.5 ±1.2 b 7.6 ±0.5 a 6.0 ± 0.7 b 

Weight at 4 weeks, kg 8.9 ±1.1 a 7.2 ±1.1 b 8.4 ±0.3 a 6.5 ±1.3 b 

     

AWG week 1-2, kg 2.1 ±0.3 a 1.9 ±0.3 a 2.1 ±0.3 a 1.6 ±0.4 a 

AWG week 2-3, kg 1.7 ±0.3 a 1.5 ±0.7 a 2.5 ±0.4 b 2.3 ±0.0 b 

AWG week 3-4, kg 1.6 ±0.4 a 1.7 ±0.3 a 0.8 ±0.6 b 0.5 ±0.8 b 


