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Abstract
Adipose tissue is an endocrine organ, and its homeostatic mechanisms in normal weight,
overweight and obese subjects must be elucidated. We sought to determine the basal adipose
tissue biology of visceral (VIF) and subcutaneous (SQF) fat depots in 8 month old Sinclair
minipigs, an animal that has been shown to be physiologically similar to humans.
Metabolic analysis showed a decrease in LDL, white blood cells (WBC), and lymphocyte
percentages as the minipigs aged from 6 to 8 months (p <0.0001 and = 0.0046 and 0.0165
respectively). There were no significant changes in triglycerides, HDL, VLDL, and neutrophil
percentages. There was a trend in insulin increase (P=0.0722).
Microarray analysis was performed to determine transcriptome differences between VIF
and SQF. When VIF was compared to SQF, expression of a total of 788 transcript ID’s differed:
were 240 up-regulated and 548 down-regulated. Examples included hydroxysteroid 11-beta
dehydrogenase 2, fatty acid synthase, IL-18, and platelet factor 4 which were all up-regulated in
VIF vs. SQF. The down-regulated transcripts included estrogen receptor 1, insulin-like growth
factor binding protein 5, and platelet derived growth factor D.
When SQF was compared to VIF, a total of 598 transcript IDs were up or down-regulated by
more than a 2 fold difference (P<0.05). From this subset of the transcriptome, we found 471
IDs were up-regulated in SQ fat, and 127 were down- regulated. Interestingly, the up-regulated
genes included prostaglandin F2 receptor negative regulator, estrogen receptor 1,
thrombospondin 1, lipoprotein related receptor protein 2, and platelet derived growth factor D.
Down-regulated genes in SQF compared to VIF included IL-18, platelet factor 4, cyclooxygenase,
and fatty acid synthase. We found no significant difference in gene expression between SQF
and VIF TNF alpha, TLR 4, and adiponectin in our study.
Immunofluorensce (IF) assay revealed that SQF expressed more CD 163 positive (alternatively
activated) macrophages than VIF, and little to no CD 68 (classically activated) positive
macrophages. Additionally, VIF expressed more CD 68 positive macrophages compared to SQF.
The data from this study is consistent with the human and rodent literature which states
that VIF is more metabolically active and pro-inflammatory compared to SQF.
iv
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Introduction
Adipose tissue is now widely accepted to be an endocrine organ, secreting many different
cytokines, adipokines, proteins, and other circulating factors important in homeostasis
regulation. Adipose tissue is also a heterogeneous tissue composed of adipocytes (fat cells),
pre-adipocytes (mesechymal stem cells), endothelial cells, and immune cells (macrophages and
neutrophils). The heterogeneous nature of adipose tissue is due in part to its role as a major
regulator of whole body energy homeostasis.
The excessive adiposity in obesity leads to dysregulation of the adipose tissue biology and a
disruption of whole body energy homeostasis. Obesity has been well characterized as a state of
chronic low grade inflammation.
The body is not designed to have a prolonged exposure to immune cells, cytokines,
hormones, and peptides associated with inflammation. Although the levels of these cells and
factors never reach those seen during an acute phase response, chronic low levels of
inflammation caused by obesity can lead to disease if the body is exposed to them over a long
period of time.
In order conduct clinically relevant studies in adipose tissue biology and the metabolic
consequences of obesity, a physiologically relevant model needs to be employed. The
traditional model of choice has been that of the rodent model due to their prolific nature, small
size, well supported analytical tools, and the ability to develop transgenic and knockout models.
A major disadvantage of using rodent models is some of their metabolic and physiologic
characteristics do not always allow for a direct correlation with human metabolism and
physiology. It is therefore necessary to use an intermediate model to bridge the gap between
rodent data and human clinical. We contend that the the Sinclair minipig is ideally suited to be
this model.
The pig is an excellent model for human studies due to its gastrointestinal and
cardiovascular similarities as well as a similar lipid profile and metabolism. Like any animal
model, there are advantages and disadvantages to using a pig including a variety sub-species,
1

domestic and mini, which have different suitability in human studies. One disadvantage in
using the domestic pig is the differential deposition of fat. With a change in consumer
preferences, the domestic pig has been genetically selected to deposit lean mass preferentially
therefore creating an obese domestic pig would require a great deal of feed and housing space.
An alternative would be the miniature “mini” pigs. Minipigs have retained the feral phenotype
and preferentially deposit fat in positive energy balance. Additionally, minipigs are smaller and
therefore require less housing and feed. The Sinclair minipig, on breed of minipig, was
developed in the 1940’s and has been used a human model for studies including osteoporosis,
toxicology, cardiovascular disease, and dermatology.
Based on its previously demonstrated clinical relevance to humans, we propose that the
Sinclair minipig would be a good model to conduct adipose tissue and obesity studies. The
Sinclair minipig adipose tissue has been relatively under characterized. In this study we hope to
characterize the basic biology of subcutaneous (SQF) and visceral (VIF) of the Sinclair minipig
through transcriptome analysis, measures of macrophage infiltration and phenotype, adipocyte
and macrophage number, and analysis of key proteins relevant to adipocyte biology,
inflammation, and metabolic disorders.

2

Chapter I – Literature Review
Section 1: An Overview of Obesity
1.1 What is Obesity?
Obesity is defined as an excess of body fat or adiposity. It is commonly assessed using the
Body Mass Index (BMI), a measure of adult adiposity that is calculated by dividing a person’s
weight (in kg) by their height (in m2)1. An individual is classified as normal weight with a BMI
between 18.5 to 24, overweight with a BMI from 25 to 30, and obese with a BMI of 30 or
greater. A third and fourth category of BMI have been added, morbidly obese and super obese,
to classify a person with a BMI over 40 and 50 respectively 2. Alternately, overweight and
obesity can be classified by grade: 1 (BMI of 25-30), grade 2 (BMI 30-35), and grade 3 (BMI 540) obesity. The BMI was agreed upon as a common method of weight categorization because
it was an evidence-based, practical, less invasive and cost effective method that could be used
clinically by primary care physicians. There are however, other more accurate ways to asses
obesity by directly measuring the amount and distribution of adipose tissue such as waist
circumference, waist to hip ratio, and dual energy X-ray absorptiometry (DXA) scanning3 4.
Classifying people as normal weight or obese relates a person’s risk for developing a
number of co-morbidities associated with a higher weight status. Individuals with a weight
status above 30 are at higher risk for a number of diseases including type 2 diabetes,
cardiovascular disease, osteoarthritis, and certain types of cancer5.
1.2 Obesity – Not Just for the Wealthy Anymore
Historically, obesity was an affliction of the rich, and therefore was an external signal of
social status to strive toward. Until the last century, food supply was often inconsistent to the
majority of the population so the ability to overeat enough to gain weight was an indication of
excess and true social superiority. However, obesity has become more prevalent in those with
a lower socioeconomic status in westernized societies in the 20th and 21st centuries 6. The
3

incidence of obesity has greatly increased in the last 20 years (Figure 1.1); however, the trend
of an increase in sedentary lifestyle, one postulated cause of the rise in obesity, has been noted
since the 1950’s 7. In the United States, 67% of the adult population is overweight or obese and
33% of all adult Americans are obese8.
This trend began primarily in westernized societies, but has spread to become a problem
globally. Currently, the most rapid increases in obesity are occurring in Mexico, China, and
Thailand6. Taking into account the rise in the rate of obesity, the projected life expectancy is
expected to plateau or decline despite advances in medical technology that would otherwise
confer a longer life expectancy9.

40.0

Obesity trends from 1971-2006

35.0
30.0
25.0
Overweight

20.0

Obese

15.0
10.0

Figure 1.1: The increasing rate of obesity in the United States from 1971-2006 based on
NHANES survey data
*Adapted from the CDC “Health, United States 2009” report
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1.3 Early Obesity
Rates of childhood and adolescent obesity have increased coincidentally with adult obesity.
Approximately 30% of the children in the United States are overweight, and as many as 39% are
overweight in western Europe 5. Having a higher than normal BMI, especially for those under
the age of 30, has been shown to reduce life expectancy by as much as 20 years 10.
Additionally, overweight and obese children have lower plasma adiponectin concentrations and
higher circulating concentrations of pro-inflammatory markers such as IL-6, and C-reactive
protein, indicating a metabolically unfavorable profile 11. Moreover, overweight and obese
children are more likely to be overweight and obese in adulthood, and consequently are at an
increased risk for obesity related diseases 5, 11.
The maternal environment is now recognized to be a causative factor in childhood,
adolescent, and adult obesity. A child born to an overweight or obese mother has increased
risk childhood obesity, a higher relative fat mass at birth, and a higher birth weight; all of which
place the child at risk for obesity, the metabolic syndrome, and diabetes in adulthood 12. Given
this information, it is now imperative to begin lifestyle interventions in women of childbearing
age, as one approach to combat the rise in obesity.
1.4 Nature vs. Nurture – Why is Obesity on the Rise?
A significant body of literature suggests that the increase in the availability of energy dense
food along with the increase in a sedentary lifestyle is responsible for the increase in
overweight and obesity; the other suggests that genetic and/or epigenetic changes have lead to
the increase in obesity 13, 14.
Epigenetic changes and genetic polymorphisms have been demonstrated to alter genetic
susceptibility to obesity. It has been postulated that 40-60% of obesity-related phenotypes may
be heritable 15. The Pima Indians of southwestern United States and the Sierra Madre
mountains in Mexico are a well documented example of a genetic predisposition towards
obesity and its co-morbidities.
5

The population had become well adapted to living in an arid, desert environment with the
majority of their food being gathered from the landscape vegetation. It is postulated that the
Pima Indians as well as other indigenous peoples have become so adept at extracting and
storing nutrients from the food they eat that upon consumption of the energy dense food that
is available today, they are at a greater risk for obesity and type 2 diabetes 16. The Pima Indians
that live in the United States are 3-10 times more likely to be obese for males and females
respectively, and 5.5 times more likely to have diabetes compared to the Pima Indian
population that still lives in Mexico 16.
One specific genetic influence leading to the rise in obesity rates are polymorphisms in the
fat mass and obesity associated (FTO) genes 17. The FTO gene is hypothesized to be involved in
appetite control in relation to whole body energy homeostasis 18. Individual genetic differences
confer differing susceptibility to obesity its co-morbidities in conjunction with a sedentary
lifestyle 19.
An entirely genetic explanation for the rise in obesity is an insufficient explanation of the
current obesity rates because allelic frequencies within a population do not change as quickly
as the rate of obesity has increased. The alleles making one susceptible to obesity have been
present for quite some time, so there must be alternative reasons for the rise in obesity rates.
Indeed, the literature suggests that the rise in obesity rates is due to an increasingly sedentary
lifestyle coupled with an increase in the availability and consumption of energy dense food 16, 20.
In contrast to current nutritional trends, hypocaloric diets have been shown to increase both
life expectancy and quality of life (i.e. decrease in degeneration of tissues and disease
processes) in c.elegans, mice, rats, and primates 9, 21, 22.
Given the association between lifestyle, genetics, and obesity, scientists have begun to
explore a third mechanism driving the increased rates of obesity, epigenetics. Epigenetics, as
defined by Jaenich et al, refers to heritable differences in gene expression that are not caused
by changes in the DNA sequence; namely DNA methylation of CpG, histone modifications,
chromatin modifications, and autoregulatory DNA binding proteins expression 23, 24. Epigenetic
changes are normal, and can be advantageous in terms of natural selection. However, in
instances such as obesity, the environmental factors contributing to obesity are thought to
6

change the epigenetic profile predisposing the offspring of obese individuals to obesity 24.
Given all of this information, the causality of obesity is truly an interaction of genes and the
environment necessitating a multidimensional solution.

1.5 Obesity – Is it all a Mental Battle?
The regulation of appetite is essential for the survival of every organism. It is critical for a
organism to properly regulate when it feeds, and what it feeds upon. In mammals and other
animals, appetite and satiety are thought to be controlled by a combination of cues from the
gastrointestinal system, adipose tissue, and the hypothalamus 25. In humans and many other
animals including human, appetite regulation is based upon satiety cues, time of day, and the
time of year 26, 27.
Neuropeptide Y (NPY) is a neuropeptide secreted from the hypothalamus in response to
body cues indicating low nutritional status, and it is essential in appetite regulation 28.
Neuropeptide Y stimulates an increase in appetite, especially in carbohydrate rich foods 29.
Interestingly, NPY secretion is inhibited by leptin, an adipokine whose levels are positively
correlated with adiposity. Paradoxically, overweight and obese patients have been found to
have increased levels of leptin and NPY, but this may be due to a phenomenon called leptin
resistance which will be discussed later in this thesis 30. Additionally, it is theorized that the
obese person has an altered physiological set point, a determinant of the point in which the
body detects critical food intake deficit 31. Therefore during the course of weight loss, the body
preferentially stores nutrients as fat in anticipation of a prolonged decrease in nutrient
availability;, in other words, the body senses starvation rather than healthy weight loss and
releases NPY 32.
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1.6 Obesity as a Risk Factor for Disease
As is often the case, a financial incentive was the first motivation to examine the health
risks of obesity. As early as the 1950’s the life insurance industry recognized obesity as a risk
factor for death and charged higher premiums accordingly 7. Whatever causes the onset of
obesity in an individual (Figure 2.1), the resultant diseases costly both physiologically and
financially. The metabolic syndrome is a group of metabolic and physical abnormalities
including central obesity, elevated triglycerides, reduced HDL cholesterol, elevated VLDL
cholesterol elevated blood pressure, and elevated fasting glucose, which predispose and
individual to the development cardiovascular disease and/or type 2 diabetes (T2D) 33. The
prevalence of the metabolic syndrome in the United States is 24% in some European countries
it is as high as 30.9% 33. In addition to the increased risk for T2D, cardiovascular disease, and
the metabolic syndrome, obesity increases an individual’s risk for gallbladder disease, arthritis,
gout, various gastrointestinal disorders, renal disease, acute pancreatitis, stroke, and even
death 7, 34, 35. Additionally, obesity is a standalone risk factor for colorectal, gallbladder,
prostate, uterine, endometrial, cervical, breast, ovarian, pancreatic, esophageal, and renal
cancers as well as non- Hodgkins lymphoma 33-35. Alarmingly, the highest obesity- related
mortality rates are in those individuals younger than 30 36.
Special attention must be given to obese women of reproductive age, for obesity makes
pregnancy a more precarious endeavor. Maternal obesity is associated with an increased risk
for preterm delivery, preeclampsia, and gestational diabetes, postpartum hemorrhage,
lactation difficulties, cesarean section and delivery complications 12.
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1.7 The Financial Burden of Obesity
The financial burden of obesity, its co-morbidities and related disorders is shared by
employers, the government, and the individual. An overweight or obese person will face real
discrimination from potential employers. Studies have shown an employer is less likely to hire
an overweight or obese person with similar qualifications to a normal weight individual 37.
Furthermore, an individual with a higher weight status is statistically more likely to file a
worker’s compensation claim, be absent more often, and have lower work productivity due to
an obesity related disease 38, 39. Finally, an overweight or obese individual, on average, earns 16% less than a comparable normal employee 40. An equally important financial ramification is
the increase in healthcare costs associated with obesity and related co-morbid conditions. If the
rate of obesity continues to increase as it is projected, the healthcare costs for obesity and
obesity related diseases will to double ever 10 years 41. Overall, the cost of healthcare for
obesity related diseases is lower than initial projections due to the increased mortality of these
individuals; however, their average annual cost is estimated at $140 billion a year 42. A
simultaneously alarming and potentially large contributing factor to the cost of obesity is the
rise in childhood obesity; a trend which has resulted in a tripling of pediatric healthcare costs of
obesity since 1979 43.
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1.8 From Problem to Solutions – Potential Obesity Treatments
Now that obesity has been established as a serious problem of the 21st century, solutions
and intervention targets must be identified. There are multiple life stages where programs
could intervene to prevent or treat obesity.
First, diet and behavior modification needs to be a cornerstone in an intervention. Behavior
interventions aimed at reducing caloric intake, increasing physical activity, and increasing the
consumption of nutritious foods (and possibly supplements such as botanical extracts for fish
oil), are critical and fundamental to reducing or reversing the obesity trend 44-46.
Second, health education to women of reproductive age about the importance of the fetal
environment is imperative; educating potential mothers about the benefits of weight loss to
both themselves and their unborn child is critical 47, 48.
Finally, governmental policy needs to be changed to promote positive health behavior. The
relative low cost and high availability of energy dense, processed, nutrient poor food products
contribute to the problem. Potential solutions include taxes on sugary foods and sweetened
beverages, subsidies for healthier foods, incentives for quality supermarkets in low income
areas, and mandates for healthier food choices in schools 14.
There are many potential interventions for obesity ranging from governmental policy to
personal education that can be used to facilitate a healthier, leaner population.
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Section 2: Adipose Tissue – An Endocrine Organ
2.1 Adipose Tissue – a Composition
2.1.1 Adipocytes
Adipocytes are the major cellular component (60%) of adipose tissue (Figure 1.3), and the
major mechanism of the balance between lipid storage and release to maintain nutritional
homeostasis 49, 50. Moreover, adipocyte dysfunction is a major mechanism leading to the onset
of the metabolic syndrome.
The adipocyte is responsible for the secretion of pro-inflammatory and anti-inflammatory
cytokines and adipokines including leptin, TNFα, IL-6 and adiponectin. In obesity, the adipocyte
becomes a pro-inflammatory cell; a net result of many physiological processes 51. As the
adipocyte expands due to over nutrition (hypertrophy), there is an increase in lipolysis, proinflammatory cytokine secretion (IL-6 and TNFα), immune cell infiltration, and a decrease in the
secretion of anti-inflammatory adipokines and cytokines (adiponectin and IL-10) 52, 53. When
the hypertrophic adipocyte becomes overly lipid laden, the extracellular matrix that surrounds
it is unable to compensate by expansion leading to a hypoxic state, an increase in proinflammatory cytokine release, and eventually cell death. This leads to macrophages and other
immune cells of into adipose tissue, and a further increase in pro-inflammatory cytokine
secretion 52, 54. Therefore, the adipocyte (as well as the tissue that surrounds it) contributes
significantly to disease pathogenesis which leading to the metabolic dysfunction associated
with obesity 53.

2.1.2 Pre-Adipocytes
Pre-adipocytes are pluripotent mesenchymal stem cells that have the ability to differentiate
into bone, cartilage, and adipocytes depending on the factors present 55, 56. Pre-adipocyte
proliferation or hyperplasia is a mechanism by which the adipose tissue allows for plasticity
within itself to compensate for an increase in lipid accumulation. The ability to compensate for
excessive lipid accumulation confers protection to the individual from developing the metabolic
12

diseases associated with adipocyte hypertrophy in obesity 57, 58. The major feature of these
metabolically normal obese subjects is the ability to compensate for the increased fat mass in
by increasing the number of pre-adipocytes rather than enlarging the mature adipocytes 52.
The ability of the pre-adipocytes to differentiate is a major potentiator of metabolically
favorable obesity. Ominously, pre-adipocytes have been shown to change their phenotype to
one that resembles a macrophage in response to an increase in inflammation in the adipose
tissue 58. Therefore, pre-adipoctye biology plays an important role in the development of
obesity as well as obesity associated immune dysfunction.

2.1.3 Macrophages
The third major cell population in adipose tissue is resident macrophages, a common
feature in most other tissues in the body. The number of adipose tissue macrophages (ATM) is
directly correlated with the amount of adipose tissue present in an individual. There are two
major macrophage phenotypes expressed in adipose tissue; classically activated macrophages
(M1) and alternatively activated macrophages (M2); the predominant phenotype present
depends on the depot as well as the metabolic status of the individual 58, 59.
The pro-inflammatory M1 macrophages are stimulated by bacteria lipopolysaccharide (LPS)
as well as saturated fatty acids 60. The pro-inflammatory nature of M1 macrophages is
considered to be a major contributor to the pathogenesis of the metabolic syndrome due to the
release of pro-inflammatory cytokines such as TNF alpha, IL-6, nitric oxide, and reactive oxygen
species61 60, 62. These macrophages are found in greater number both in obese subjects and in
VIF relative to SQF 63. In addition, the M1 macrophages have been shown to surround dead and
dying adipocytes forming “crown like structures” 64-66.
The M2 macrophages are considered to be anti-inflammatory and are induced by
monounsaturated fatty acids, peroxisome proliferator activated receptor gamma and delta, IL4, IL-13, and release the anti-inflammatory cytokine IL-10 67, 68. These macrophages are the
predominant phenotype in lean individuals, and have been directly correlated with increased
sensitivity to insulin, oxidative phosphorylation, and fatty acid beta oxidation 60.
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2.1.4 Other Cell Types
Total white blood cells count is positively correlated with BMI 69. Further, endothelial cells
and T-lymphocytes are also present in adipose tissue69, 70 . Additionally, neutrophils are
components of the innate immune system, often present in the initial stages of an
inflammatory response, and are considered part of an acute phase response 71 . Interestingly,
neutrophils have been found to infiltrate VIF as early as one day after high fat feeding in
rodents, providing additional evidence that saturated fatty acids are inflammatory mediators 72.
Adipose tissue secretes IL-8, a chemokine that is necessary and sufficient to recruit and
maintain neutrophil infiltration 70, 72.
Endothelial cells become important in neutrophil recruitment because secretion of IL-8
from the endothelial cells allows for adherence and migration of the neutrophils into host
tissues.
T-lymphocyte phenotype is influenced by the macrophage population and cytokine profile
in the adipose tissue. In obesity there is a change in lymphocyte phenotypes from T-regulatory
(T-reg) and Th2 (induced by M2 macrophages) to Th1 (induced by M1 macrophages), or from an
anti to pro inflammatory state 59. In general, the obese state causes a change in the physiology
of the adipose tissue as well as the whole body due in part to the change in the cellular
composition of the adipose tissue, its remodeling, and the corresponding change in secreted
factors.
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2.2 Why Do We Need Fat? – The Role of Adipose Tissue
With the dramatic rise in obesity rates over the last 30 years, it would be prudent to ask
why we need adipose tissue. Additionally, if an excess of adipose tissue seems to be the
problem, a logical solution would be to remove it entirely, and thus, remove the problem.
Superficially, this sounds like a logical solution; however, adipose tissue is more than a storage
mechanism in our body. Adipose tissue is, in fact, considered an endocrine organ and a major
homeostatic mechanism in animals 73. In fact, removal of the adipose tissue by liposuction
results in a an increase in adipose tissue mass, especially visceral, long term74. Both excess
adiposity (obesity) as well as lipodystrophy lead to metabolic disorders 75, 76
As an endocrine organ, adipose tissue secretes cytokines, adipokines, and other peptides
with autocrine, paracrine, and endocrine function. Some of these cytokines and peptides are
found in other tissues (TNFα, IL-6,angiotensinogen. etc), others are adipose tissue specific
(adiponectin)77.
Adipose tissue is used as an internal barometer of sorts for other physiologic and metabolic
processes; a role that is intuitive when one considers that the location and consumption of food
is a primary focus of life. Thus, many physiologic processes are directly and indirectly
influenced by nutrition status as indicated by the afore mentioned adipose tissue secretions 78.
Numerous studies have shown that nutrition status as indicated by adipose tissue influences
processes as diverse as reproduction, satiety, immune function, and insulin sensitivity 77-79.
Once the almost ubiquitous nature of adipose secretions is considered, the ramifications of its
dysregulation (obesity or lipodystrophy) are understandably far reaching.
In addition to its endocrine and metabolic roles, adipose tissue is a storage depot as well as
a means for thermoregulation. To complicate matters further, there are two types of adipose
tissue, brown and white, with different physiologic properties and metabolic profiles 78. Adding
a final layer of complexity, white adipose tissue has been characterized as having different
metabolic and endocrine functions depending if the depot is subcutaneous or visceral 80. In
exploring causative elements of obesity, it is critical to explore the crux of the problem, the
adipose tissue
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2.3 If it’s Brown, Lay it Down – The Brown Fat Paradox
The classification of obesity indicates the degree of adiposity, and more specifically a
qualitative measurement of the amount of white adipose tissue (WAT) present in the body.
However, there is another type of adipose tissue, brown adipose tissue (BAT), present at
varying quantities and stages of life in many mammalian species 81.
Brown adipose tissue is biochemically and morphologically different than WAT, releasing
energy in the form of heat rather than just storing it in the form of triglycerides. Additionally, it
is more closely related to skeletal muscle than the other type of adipose tissue WAT 82 . Brown
adipose tissue is affectionately named for its darker appearance due to the large number of
mitochondria present; it functions primarily to generate heat via non-shivering thermogenesis
83, 84

. Heat generation is accomplished by what is termed “proton leakage” or “proton

conductance” (Figure 1.4) 84, a process that is specific to BAT 81. A mitochondrial specific
protein, uncoupling protein 1 (UCP-1) facilitates proton movement back into the inner
mitochondrial membrane; however, instead of generating the normal ATP, energy is released
as heat 84-86. It is noteworthy to mention that pigs do not have brown fat. It is estimated that
UCP-1 expression was lost approximately 20 million years ago87. Moreover, there is limited
evidence for the presence of brown fat in adult human beings.
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Figure 1.4: Thermogenesis via proton uncoupling in brown adipose tissue (adapted from 84)
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2.4 A Tale of Two Depots – Subcutaneous Fat
Until recently, white adipose tissue was thought to be an inert storage depot, a
physiological savings account to keep us nourished in times of famine and save energy in times
of excess. Adipose tissue has in fact been discovered to be quite metabolically active, though
specific effects on the body are determined by depot location, proximity to organs and
vasculature, the amount of adiposity in the body, type of food consumed, and immune cell
population 88. In addition to the above conditions of function, there are metabolic and
physiologic differences based on the location of the fat depots. Subcutaneous fat generally has
favorable effects on obesity related complications by secreting anti-inflammatory adipokines
such as adiponectin, but excess subcutaneous fat has also been linked with up-regulations of
pro-inflammatory markers such as NFκB 89. Further, studies have demonstrated that there are
gender and age differences in relation to the deposition of VIF and SQF 90, 91.
In general, women preferentially store fat subcutaneously rather than viscerally until
menopause, when storage tendencies switch to visceral 92. Interestingly, weight loss in SQF is
harder to achieve due to its decreased sensitivity to lipolysis 93.
Previously, it was thought that the adipose tissue closest to the vital organs, VIF, was the most
metabolically active, and hence responsible for many, if not most, of the negative health risks
associated with obesity 94. Evidence now suggests errors in another paradigm related to
obesity and white adipose tissue; SQF may play a more active role in obesity complications than
previously believed. Studies have demonstrated metabolic and histological differences between
deep and superficial SQF 95. The metabolic and histological differences associated with the
different sub layers of subcutaneous fat may account for the reported discrepancies in various
studies involving SQF. Deep SQF arises from the mesenchyme and accumulates faster than
superficial SQF 96.
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It has been thought that the regional differences in SQF arise from potential differences in
function. The superficial layer is hypothesized to be deposited for thermoregulation, whereas
the deep layer is hypothesized may function in a more metabolic capacity that is comparable to
visceral fat 96. To further complicate matters, the different subcutaneous sub layers have
differing correlations to insulin resistance, cardiovascular disease, and therapeutic treatments.
The debate continues as to whether, is visceral or abdominal adiposity is more closely
associated with the metabolic consequences of obesity 95, 97.
2.5 A Tale of Two Depots – Visceral Fat
Visceral fat has often been characterized as the more metabolically active WAT depot to its
high synthesis and secretion of pro-inflammatory cytokines (TNFα, IL-6, PAI-1, MCP-1), low
levels of anti-inflammatory cytokines and adipokines (IL-10 and adiponectin), and high
correlation with the incidence of T2D, insulin resistance, hypertriglyceridemia and
cardiovascular disease 94, 98. However, there is some debate as to whether abdominal or
visceral adiposity specifically is responsible for the negative metabolic effects associated with
overweight and obesity. Abdominal obesity includes distinct regions of deep subcutaneous
adipose tissue as well as visceral 76. Moreover, waist to hip ratio as well has waist
circumference has been shown to correlate more accurately with the metabolic consequences
of overweight and obesity than has BMI 99, 100. For simplicity, the remainder of this section will
focus on visceral adiposity and its metabolic consequences.
One major contributor to obesity related complications is the release of non-esterfied fatty
acids (NEFA) 101. Visceral fat has been shown to release more NEFA, a relationship that is
directly correlated with weight status. Paradoxically, there is an increase in VIF lipolysis, with a
concomitant increase in lipogenic activity that further serves to increase the level of NEFA in
the body. The NEFA’s released from VIF are directly released into hepatic portal circulation
leading to an increase of NEFA’s in general circulation 89. Increases in circulating NEFA’s may
lead to increased hepatic and skeletal muscle steatosis, potential contributors to insulin
resistance, and increasing the risk for T2D 102.
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Both SQF and VIF can be infiltrated by immune cells in overweight and obese states,
however, the quantity and phenotype of immune cell infiltration is generally pro-inflammatory
69, 103

. Additionally, some environmental and metabolic factors lead to an increase in the

expansion of VIF; these include age, low levels of estrogen, lack of physical activity, increases in
circulating NPY, and a high fat and/or high sugar diet 29.

Section 3: Adipose Tissue Secretions – Adipokines
3.1 What are Adipokines?
By definition, adipokines are cytokines secreted specifically from adipose tissue. Although a
number have been identified in recent years (resistin, visfatin, adipsin, adiponectin, and leptin)
104-106

, we will focus here on leptin and adiponectin the most well characterized, well known,

and metabolically relevant adipokines.
3.2 Adiponectin
Adiponectin is the most abundantly expressed adipokine in white adipose tissue,
concentrations of adiponectin will decrease as adiposity (as measured by waist – to-hip ratio)
increase 106. Adiponectin exerts a receptor-mediated insulin sensitizing effect on the body.
More specifically, it decreases glucose production in the liver while simultaneously increasing
adipose and muscle glucose uptake and as well as increasing muscle fatty acid oxidation, via an
AMPK-mediated mechanism, resulting in up-regulation of the genes coding for acyl Co A
oxidase and uncoupling protein 2 105, 106. Another benefit of adiponectin is its ability to
attenuate the activity of NFκB (discussed in detail later) via degradation of IκBα and inhibition
of TNFα, the NFκB inhibitor 107. Finally, adiponectin has been shown to be anti-atherogenic by
being positively correlated with HDL cholesterol, inhibiting the expression vascular adhesion
molecules, suppressing the conversion of macrophages to foam cells, and generally modulating
the endothelial inflammatory response 106-108.
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3.2 Leptin
Leptin, an adipokine released exclusively from white adipose tissue, is responsible for
satiety in mammals ranging from humans to cats 104. The notion of an adipose tissue specific
factor that regulated satiety was first postulated by Kennedy in 1953 when he noted that
“hyperphagic” mice ate large amounts of food, and preferentially chose to consume high fat oil
over their chow when compared to lean mice 109. However, it was not until the early to mid
1990’s that the discovery of the ob gene in adipose tissue, and its secreted product leptin, were
discovered to be one of the major satiety mechanisms of the body 110, 111.
The mice that Kennedy was studying, eventually named ob/ob mice for their genotype at
the leptin locus, were severely obese, extremely hyperphagic, and had underdeveloped
reproductive tracts, rendering them infertile. This set of phenotypes and related ob gene
mutations have been observed in humans as well 112. After administration of leptin, the
abnormal phenotype of affected mice and humans was completely reversed 113. Leptin
supplementation was briefly thought to be the panacea cure for obesity, however, it was soon
discovered that the majority of obese subjects had higher rather than lower levels of circulating
leptin compared to their lean counterparts. In fact, levels of circulating leptin are positively
correlated with BMI, leading to the concept of leptin resistance 114. Further work has
elucidated that leptin is demonstrated a highly metabolically active protein, having a pivotal
role in reproduction, hematopoiesis, lipid metabolism, insulin sensitivity, inflammation, and
energy balance 114-116.
Section 4: Adipose Tissue Secretions – Cytokines
4.1 Introduction to Obesity Related Cytokines
Circulating concentrations of adipokines and other cytokines are modulated by adipose
tissue obesity. Many of the cytokines altered in the obese state are pro-inflammatory in
nature, and are more often associated with protecting the body against illness or injury11.
Conventionally, there is negative feedback mechanisms activated when the immune system is
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engaged in repairing injuries and combat pathogens in order to prevent harm befalling the
body. In obesity, these negative feedback mechanisms are not activated leading to overall
chronic inflammation. This is because the levels of pro-inflammatory cytokines are
substantially lower than those in an acute immune response, but higher than normal values.
There is also a decrease in anti-inflammatory cytokines with a net result of an environment ripe
for the development of diseases such as cardiovascular disease and T2D 117, 118
4.2 Tumor Necrosis Factor alpha
Tumor necrosis factor alpha (TNFα) was first discovered in cancer patients in the late 1800’s
physician William Coley. He noted that some cancer patients underwent spontaneous tumor
regression during an infective illness 119 He subsequently attempted to use killed bacteria
cultures (known as Coley’s toxins) as a treatment for cancer 120. Following these trials it was
discovered that is was not the bacteria, but rather a factor in blood stimulated the presence of
bacteria, TNFα, that produced the anti-cancer, pro-inflammatory effect 120. As an activator of
NFκB (a central transcription factor of pro-inflammatory cytokines) TNFα has been implicated
as a major contributor in the inflammatory pathway 121. Tumor necrosis factor alpha has been
demonstrated to be a major mediator of insulin resistance in obesity due to its ability to
increase the amount of circulating pro-inflammatory cytokines, decrease adiponectin trigger
enhanced lipolysis, inhibit lipoprotein lipase, and its ability to impair insulin receptor function
and insulin signaling122, 123. Adipocyte derived TNFα release in proportional the amount of
abdominal adipose tissue. There are two known receptors for TNFα (TNFR1 and TNFR2) 122, 124.
Once TNFα is bound, these receptors have the ability to solubilize, the soluble form of TNFR2
has been found to be a good measure of insulin resistance and obesity 124.
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4.3 Interleukins 1, 6, and 10
Interleukin 1, 6, and 10 are primarily secretory components of the innate immune system.
IL-1 and IL-6 are secreted from macrophages and are an important part of the proinflammatory response of the body. Their secretion by adipose tissue in obesity is due in large
part to the increased infiltration of macrophages 117.
Along with TNFα IL- 6 is a major mediator of the acute phase pro-inflammatory response of
the body, and is one of the cytokines produced by NFκB activation 118, 125. Levels of IL-6 have
been correlated with insulin resistance, and plasma ceramide levels 126.
There are two isoforms of IL- 1 (as mentioned above is pro-inflammatory), IL-1α and IL-1β.
Interleukin1β is associated with obesity related macrophage infiltration and its ability to induce
an inflammatory response in adipocytes 127, 128.
Interleukin-10 differs from IL-1β and IL-6 in that it is generally considered to be antiinflammatory 125. Adiponectin has been shown to increase synthesis in IL-10. In obesity,
circulating levels of IL-10 are decreased due in part to low levels of adiponectin 129. Indeed,
weight loss increases levels of both adiponectin and IL-10 117.
4.4 Nuclear Factor kappa B
Nuclear Factor kappa B (NFκB) is a nuclear transcription factor, induced by receptors such
as toll-like receptor (TLR) 4, which is responsible for the modulation of a number of proinflammatory cytokines such as TNFα and IL-6 (Figure 1.5) 130. Its role is pivotal in the innate
immune system because it is considered to be one of the first mechanisms in the immune
response 131.
Nuclear Factor kappa B is activated by the removal kappa B inhibitor complex, IκB, which is
dissociated via phosphorylation by IkB kinase complex (Ikk) 132, 133. Activated IKK is triggered by
initial immune system activity such as TLR binding and high levels of circulating proinflammatory cytokines, leading to the recruitment of immune cells that will combat an
immune challenge.
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In obesity, the up-regulation of NFκB is a major mechanism by which adipose tissue
increases the amount of pro-inflammatory cytokines in the body 121, 134. The up-regulation of
NFκB is due in part to low levels of adiponectin, a known TNFα and NFκB suppressor, as well as
an increase in M1 macrophages that secrete pro-inflammatory cytokines 135, 136. It is therefore
not surprising that dysregulation of NFκB is a major mediator of several inflammatory disease
states, including obesity, asthma, some cancers, and inflammatory bowel disease 137, 138.
Section 5: Adipose Tissue Hormone Receptors and Cell Signaling
5.1 Introduction
As mentioned above, adipose tissue is a very metabolically active organ, but its secretions are
not its only mechanism of endocrine function. Adipose tissue also expresses a number of
receptors that have local as well as global implications in whole body physiology and
homeostasis. The major receptors in adipose tissue are estrogen receptors alpha and beta, tolllike receptors 2 and 4, and peroxisome proliferation agonist receptors.
5.2 Estrogen Receptors alpha and beta
Steroid hormones, predominantly estrogen but also testosterone and potentially
progesterone, have been implicated as potential mediators of the sexual dimorphic properties
of adipose tissue 139. Estrogen and its receptors has been subject of a great amount of research
given its importance in reproduction in humans and animals. Moreover, an observation that
many post-menopausal women assume a more masculine pattern abdominal weight gain has
generated a large amount of interest in the estrogen-obesity relationship 140.
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Figure 1.5: The relationship between TLR’s, NFκB, and adipokine secretion patterns in obesity.
Adipocyte TLR 2 and 4 binding increases NFκB activity which leading to an increase in proinflammatory (TNFα, IL-6, andIL-1b) and decrease in anti-inflammatory (IL-10 and adiponectin)
cytokine and adipokine signaling upon the binding of LPS, saturated fatty acids (SFA), and
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Estrogen has been shown to be a modulator of the immune system 141. The concentration
of circulating estrogen (specifically estradiol or E2) is the major physiologic mediator in immune
function and adipose tissue physiology 141. Intriguingly, both immune cells (macrophages,
neutrophils, T-cells, and B-cells) as well as adipocytes express estrogen receptors 141, 142. To
further complicate matters, two known estrogen receptors, ER α and ER β have have different
metabolic effects in adipose tissue 141, 143. Evidence suggests that the ratio of ERα to ERβ
estrogen receptors may play a significant role in both the development of obesity as well as
some of the metabolic consequences associated with it 144. Estrogen Receptor α has been
shown to confer insulin sensitivity in the face of high fat feeding in rodents 145.

5.3 PPAR gamma
The peroxisome is an organelle responsible for the degradation of fatty acids via beta
oxidation 146. Peroxisome Proliferation Agonist Receptors (PPAR’s), so named for their
discovery via the use of peroxisome proliferator pharmaceutics, are important in cell
proliferation, metabolism, and nutrient sensing 146, 147. These receptors, specifically PPARγ,
have a major role in adipocyte biology 148.
Peroxisome proliferation agonist receptors γ is a major transcription factor in the terminal
differentiation of adipocytes through mechanisms not completely known, improves insulin
sensitively while simultaneously increasing adipose mass, especially subcutaneously 148 147. This
latter function may be due in part to the known adipogenic and lipogenic effects of PPARγ.
One hypothesis of PPARγ’s insulin sensitizing action is down-regulation of pro-inflammatory
cytokines such as TNFα while simultaneously increasing levels of anti-inflammatory and insulin
sensitizing adiponectin 149, 150. Another potential benefit of PPARγ is its ability to facilitate the
remodeling of the adipose tissue extra cellular matrix thus allowing for the accommodation of
the excess lipid without causing adipocyte hypertrophy 151. Increasing adipose tissue mass by
increasing the number rather than the size may confer resistance to the onset of the metabolic
syndrome (as seen in the 20% of the obese population with a normal metabolic profile).
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Polymorphisms in the PPARγ gene have been discovered which to confer resistance to T2D 152.
Allowing this expansion of adipose tissue via the increased differentiation of adipocytes into
pre-adipocytes is a compensatory mechanism for an increased lipid influx 153, 154. The class of
anti-diabetes drug, thiazolidinediones improves insulin sensitivity and glucose homeostasis by
acting as PPAR agonists 155.
5.4 Toll Like Receptors 2 and 4
Toll-like receptors (TLR) are a major mechanism of pathogen recognition for the innate
immune system 156. It is therefore not surprising that the adipocytes in adipose tissue, an
immunologically active endocrine organ, have been found to express toll-like receptors 1-9, two
of these TLR 2 and 4 appear to be most predominant in adipocytes157. The ultimate
downstream effect of these TLRs is to increase the production of pro-inflammatory cytokines
via activation of NFkB upon stimulation of adipocytes with LPS or saturated fatty acids (SFA)
{Akira, 2000 #602;Tsukumo, 2007 #758}.
One may raise the question of the relevance of LPS stimulation to obesity, but studies have
shown that endogenous LPS levels are higher in obese individuals. This may be due in part to
the increase in synthesis of LPS by commensal bacteria as well as a decreased uptake of LPS in
the liver (due to ectopic lipid deposition) 158. Therefore, TLR 2 and 4 are also potential
mediators of the low grade inflammation in obesity.

Section 6 – Adipose Tissue and the Immune System
6.1 Introduction to the Immune System
The immune system is responsible for the protection of the body from infection and injury
that could lead to the disruption of normal body function. Inflammation, as defined by
Baumann and Gauldie , is a series of reactions to prevent tissue damage, rid the body of
pathogens, and activate repair mechanisms in the body 159. Inflammation is characterized by
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the influx of immune cells as well as an increase in the circulation of pro-inflammatory
cytokines (which serve as chemotactic cues), and the generation of antioxidative molecules
(superoxides, radical oxygen species, nitric oxide) which are designed to kill pathogens and
repair wounds 160.
Inflammation itself is a disruption of homeostasis and itself can lead to disease, sepsis and
death if unregulated 161. The original nature of inflammation was to be acute and ephemeral,
however, in some disease states such as asthma, inflammatory bowel disease, and obesity, the
inflammation is chronic, but low grade 137, 138.

6.2 Acute vs. Chronic Inflammation
A distinction must be made between acute and chronic inflammation. Acute inflammation
is characterized by a drastic increase in pro-inflammatory molecules such as TNFα and IL-6 as
well as an infiltration of phagocytic and immune cells types 162. The simultaneous increase in
immune cells as well as pro-inflammatory cytokines leads to the 5 classic symptoms of
inflammation -heat, redness, swelling, pain, and finally loss of function 163, 164. Due to the
potential for systemic damage, the inflammatory process is tightly regulated. The high levels of
pro-inflammatory cytokines trigger a glucocorticoid (cortisol) mediated down-regulation of
these cytokines 164. Without cortisol, the pro-inflammatory cytokines would continue to
circulate eventually leading to septic shock 161.
Chronic inflammation is usually considered to be low grade, meaning the levels of proinflammatory cytokines do not achieve the high levels in present in acute inflammation 165. In
chronic inflammation glucocortiocids do not effectively suppress the cytokine levels (lower than
that of acute inflammation) and can result in disease over time 166, 167. Obesity is considered a
chronic low grade inflammatory state.
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6.3 Atherosclerosis
Atherosclerosis is an insidious inflammatory disease resulting in the buildup of plaques
derived from the combination of oxidized low density lipoprotein (LDL) and macrophages that
adhere to walls of arteries 168, 169. The development of atheromatous plaques place the
individual at risk for heart attack and stroke because these plaques can cause either expansion
or narrowing of the arteries, and vessel damage leading to clot formation 170. The formation of
clots is a major risk factor and cause of heart attack and stroke.
The development of atherosclerosis begins as early as adolescence, and can remain
problematic throughout the life of the individual despite changes in diet and activity level. 171.
However, lifestyle changes greatly reduce the risk of vascular disease 172.
Obese individuals are found to have high levels of LDL and low levels of high density
lipoprotein (HDL) which scavenges the LDL sequestering it to the liver where it is broken down
and excreted 173. Obesity has been shown to be a major risk factor for the development of
atherosclerosis in children, adolescents, and adults 174, 175. Insulin resistance, hyperinsulinemia,
hypercholesterolemia, an increase in adipose derived pro- thrombotic factors, and abdominal
adiposity all place a person at risk for developing atherosclerosis 169, 175.
6.4 Insulin Resistance
Insulin is a hormone secreted from the pancreatic β cells that is responsible for glucose
uptake in peripheral tissues including adipose tissue, skeletal muscle, and the liver 102, 176.
Insulin is also responsible for decreasing lipolysis and hence the circulating levels of nonesterfied fatty acids (NEFA) 177. Insulin resistance, as defined by Schenk et al, is an inadequate
response by insulin target tissues to the physiologic effects of circulating insulin 102. Insulin
resistance is a major metabolic outcome of dysregulation of adipose tissue (both obesity and
lipodystrophy) 178. Additionally, insulin resistance is shown to be in part due to a simultaneous
increased secretion of pro-inflammatory cytokines, such as TNFα, and decreased secretion of
insulin sensitizing and anti-inflammatory adipokines such as adiponectin 178, 179A causal link
between VIF and insulin resistance has been observed 180. The correlation between VIF and
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insulin resistance is due in part to a higher rate of secretion and release of NEFA and proinflammatory cytokine release by VIF 181. Moreover, insulin resistance has been causally linked
to hypertension and T2D 182
Section 7: Models of Human Obesity Studies
7.1 Introduction
Ideally, one must study the organism in question in order to best ascertain the mechanistic
and physiologic properties of a disease, illness, or injury. However, using the organism of
interest in some studies may be impractical for a number of reasons including ethical issues ,
limited number of subjects, safety and mortality concerns 183. Therefore it is necessary to use a
model exhibiting similarities to the subject/organism, disease, or other physiologic process of
interest.
7.2 Rodent Models
Rodent models have been the model of choice for human studies due to their small size,
prolific nature, relative ease of handling, and the ability to create transgenic and knockout
species 184, 185. The scope of this review will discuss the five most commonly used rodent models
for human obesity.

7.2.1 ob/ob Mouse
Cloning of the ob gene and subsequent studies of the ob/ob mouse genotype discovery
initiated an intensive effort to elucidate the effects of what seemed to be the panacea cure for
obesity, leptin 186-188. The ob gene mutation in the ob/ob mouse (also reported in humans)
resulted in leptin deficiency in this model. Obesity, reproductive, and other metabolic
dysfunctions in this model were completely reversed by central or peripheral injections of
leptin

189

. Subsequent studies by Farooqi et al have demonstrated that administration of

recombinant leptin to leptin-deficient humans also reversed both metabolic and reproductive
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dysfunctions, as in the ob/ob mouse 190, 191. The caveat of this discovery is most obese people
are leptin resistant with high circulating levels of leptin compared to normal weight individuals
112, 189

. However, the ob/ob mouse turned out to be a good model to study obesity 192. They are

characterized by extreme hyperphagia, morbid obesity, high levels of lipogenesis,
hyperglycemia as well as hyperinsulinemia 193. Further, Johnson et al demonstrated that their
obesity is due to an adipoctye hyperplasia rather than hypertrophy 194. Given that mutations
in the ob gene were also discovered in humans, these models are very relevant to those who
are genetically leptin-deficient. Further, cloning of leptin and its receptors have significantly
contributed to understanding energy balance and other neuroendocrine regulations.

7.2.2 db/db Mouse
The db/db mouse is another leptin related obesity model; however, it lacks the leptin
receptor activity rather than having leptin itself 195, 196. The db/db mouse is primarily
characterized by morbidly obesity (though less than the ob/ob mouse) hyperphagia, insulin
resistantance, and diabetes 193, 197. These mice have a bit more clinical relevance in that they
secrete very high amounts of leptin, a trait that is more physiologically relevant to many obese
individuals.

7.2.3 fa/fa Zucker Rat
A rodent alternative to using mice as a human model is using rats. They are advantageous
because they are larger (a particular advantage if adipose tissue collection is an endpoint). The
fa/fa rat is a rat model of obesity characterized by insulin resistance, hyperphagia,
hyperinsulinemia, hypertension, and hyperlipidemia 198. This phenotype is result of a mutation
in the leptin receptor rendering the rat leptin resistant 184.
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7.2.5 Agouti Mouse
The agouti gene, the first cloned obesity gene, was originally described as a gene regulating
coat color in mice 49, 199. However, it was found that mutations in this gene led to an obese
phenotype (along with a yellow coat color) 200. These mice are hyperphagic, hyperglycemic,
insulin resistant, obese and are susceptible to certain cancers. The agouti gene signals through
melanocortin receptors but studies have also found a related protein (agouti-related protein,
agrp) interferes with leptin signaling and modulates appetite regulation which ultimately leads
to obesity 200, 201.

7.2.4 Diet Induced Obesity
The C57 BL/6J (Black 6 or B6) mouse is a commonly used mouse model for diet-induced
obesity. The black 6 mouse is lean when fed a low fat, chow diet; obesity is induced induced
into obesity through high fat feeding 202. This type of obesity has a great deal of clinical
relevance because it allows for studying the onset of obesity mimicking many of the
environmental conditions present in the obesogenic environment we live in today. This is
particular advantage because many scientists believe that the environment (rather than or in
addition to genetics) is primarily responsible for the staggering rise in obesity we are currently
experiencing 14. However, not all obesity related disease processes are represented in this
mouse. For example, studying the cardiovascular effects seen in high fat feeding requires a
genetically modified mouse such as an Apo E or LDL receptor knockout203, 204, a difference in
physiology that may lead to a decreases it overall clinical relevance to studying human
cardiovascular disease obesity relationship.
7.3 Porcine Models
Overall, the rodent model is good for initial studies, but there are differences in their
physiology that make direct application to some aspects of human physiology difficult 205.
Additionally, the rodent models listed above (with the exception of B6) are single gene
mutations, and obesity is hypothesized to be a polygenic abnormality, something that is not
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adequately represented in many rodent obesity models 184. Additionally, some genetic and
physiological properties of mice and rats, are quite dissimilar to humans and sometimes result
in an inability to directly correlate study data to human treatment 206. Therefore it is important
to have an intermediate model to study human disease in general and obesity specifically.
The pig has been an important means of elucidating physiology for hundreds of years, and
was one of the first means by which the mechanisms of circulation were expounded 207.
Moreover, the physiology of pigs is similar to that of humans allowing for a more direct and
relevant physiological comparison; transgenic and knockout species are available for study as
well 206, 208. The physiologic similarities of the gastrointestinal and cardiovascular systems as
well as lipid metabolism and clearance are specific advantages of using pigs to study obesity
and adipose tissue biology 209-211. Further, pigs are omnivores as are humans resulting in similar
nutrient digestion and absorption characteristics; a substantial benefit in a nutritional study. 212.
There are, numerous breeds of pigs available to choose from for human studies.

7.3.1 Domestic Pig
The domestic pig, reared primarily for consumption, has historically been the model of
choice for human applied medical studies 213, 214. Their large size paired with the physiological
similarities mentioned above allowed for elegant macro scale studies. This was especially
important before the development of microscopy and other techniques that allowed for
examination of nutrient metabolism microscopically 207. However, their size and genetic
selection for preferential deposition of lean mass (due to changing consumer preferences over
time) have made them less than ideal for obesity studies 213.

7.3.2 Miniature (mini) pigs
Minipigs are classified into two weight groups (by weight) 35kg- 55kg and 70kg- 90kg 215.
One major advantage to using minipigs is their retention of feral qualities. This is a distinct
advantage due to their retention of what is termed a “thrifty genotype”216. In other words,
they are able to deposit fat in times of plenty, and be efficient with energy expenditure and
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nutrient storage in times of food scarcity 217. This genotype, once advantageous, may now
predispose an organism, human or porcine, to obesity 216, 217. Therefore, using the minipig
allows for a more accurate representation of the human genotype. There are multiple breeds
of minipigs, but the Gottingen, Yucatan, Ossabaw, and Sinclair are the four most relevant for
obesity and adipose tissue studies. Here we will focus on the Sinclair minipig, as it was used for
our studies 205, 218.

Section 8: The Sinclair Minipig as a Model for Human Obesity
8.1 Introduction to Porcine Models
When selecting a swine model, it is important to consider the type of study being
performed, the amount of handling required, and the facilities available. It is our contention
that the Sinclair minipig is preferable to the domestic pig as an experimental model for adipose
tissue and obesity studies because of its small size, docile nature, and propensity to gain weight
rapidly.

8.2 Logistical Considerations
There are several advantages to using the Sinclair minipig, including its size, ease of
manipulation, and cost of feed. It is approximately 35 kg when it is full grown (compared with
the domestic pig’s 200-350kg) 215. The size of the pig has especially important bearing when
considering an obesity study which necessitates feeding more that the maintenance amount of
food daily. Additionally, corn and soybean prices must be taken into consideration as they are
the basis of the pig diet. In 2008, corn was at record high prices; therefore it was particularly
advantageous at this time especially to use pigs that were smaller 219. Additionally, use of the
Sinclair minipig, bred for docility and tolerance of handling, requires less chemical restraint,

35

especially for minor procedures 215. Finally, the ease of handling may permit a greater number
of tests to be performed.
8.3 Genetics and Physiology
The Sinclair minipig is a hybrid of 4 feral breeds, the Guinea Hog from Alabama, wild boars
from Catalina Island, California, the Piney Woods pig from Louisiana, and the Ras-n-Lansa pig
from Guam, and a Yorkshire boar220.
The breed is propagated using a least related breeding program, and are an inbred strain.
This is beneficial for 2 reasons; first, the retention of the feral genotype, and second, a decrease
in genetic variability and a resultant increase in reproducibility between replicates and
experiments.
In contrast, domestic pigs are not inbred to promote hybrid vigor and have therefore been
selected to deposit lean mass in preference to fat to accommodate a change in consumer
preferences 221. This confers another advantage to the use of the Sinclair minipig due to
inbreeding preferential deposition of fat.

Section 9: Conclusion
Obesity is a multifaceted and multidimensional problem, requiring a multidimensional
approach for a solution. The physiological and genetic basis for obesity must continue to be
studied in order to dissect environment-gene interactions and to better determine the optimal
treatment strategies for the obese population, human and animal. Moreover, the porcine
model of obesity, specifically the minipig model may offer an intermediate model of study
between rodents and humans. A combination between policy changes, lifestyle changes and
elucidation of mechanisms is the only way to combat this plague of our modern society.
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Chapter II: The Sinclair Minipig Study
Introduction
Obesity has become a burgeoning heath problem in the last fifteen to twenty years, with
rates in America above 30% 222. Dysfunction of white adipose tissue (WAT) leads to the
metabolic consequences associated with obesity 15, 93. There are two major WAT depot visceral
(VIF) and subcutaneous (SQF) which correspondingly alter their metabolism to accommodate a
change in nutritional status 76. Evidence has suggested that VIF is more metabolically active in
the chronically overfed, obese person 223.
This study was conducted to elucidate and characterize the basic biology of the VIF and SQF
in 8-month old Sinclair minipigs. The minipigs included in this study were fed standard porcine
diets; however these pigs were part of a more comprehensive nutritional study that is included
in the appendix. Following a two week acclimation, we measured changes in metabolic
markers including HDL, LDL, VLDL, triglycerides, insulin, and immune cell populations over time.
In addition, we obtained gene expression data from VIF and SQF using quantitative real time
PCR and Affymetrix microarray. Further, we determined histological and immunological
differences between the two depots via adipocyte and macrophage cell counts.
Immunofluorescence (IF) studies were employed to determine the differences in macrophage
subtype (CD 68 or CD 163 positive) infiltration, and to compare macrophage subtype and
infiltration rates of the domestic pig and Sinclair minipig. We compared the number of
adipocytes and macrophages between visceral and subcutaneous adipose depots. Finally, we
determined differences in protein expression differences via western blot in an attempt to both
validate the gene expression data and to determine if up or down-regulation in genes
translated to higher or lower levels of protein synthesis.
We expected to see differences in metabolic markers, gene expression, cell number and
macrophage phenotype and infiltration between VIF and SQF.
This study sought to add further evidence that adipose tissue is a multifunctional endocrine
organ, and that is function is highly conserved. Further, our intent was also to establish the
Sinclair minipigs as a model for human obesity and adipose tissue studies. Limited studies have
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used this model to dissect adipose tissue biology. Finally, we hope to add evidence to support
the theory that the composition of fat as well as its location in the body has a direct relation to
the health and well being of the individual as well as the prevention or onset of multiple
diseases.
Section 1: Materials and Methods
1.1 In Vivo Data and Tissue Collection
1.1.1 Animals
Twelve 6 month old Sinclair minipigs boars were purchased for Sinclair Bio Resources, LLC
(Columbia, MO). Upon arrival, they were randomly placed in individual pens in two separate
climate and light controlled rooms. The pigs were allowed to acclimate to their surrounding for
2 weeks, and were then fed approximately 350g of a standard diet (50% above maintenance)
twice daily for 8 weeks (see Table 2.1 a and b). The pigs were weighed every 2 weeks for the
duration of the study. At the end of the 8 week stud, the pigs were sacrificed using barbiturate
overdose, and SQF, VIF, liver, spleen, thymus, hypothalamus, and semi tendonous muscle were
collected.
It should be noted that the pigs discussed were control pigs for a larger study aimed at
determining the effects of dietary supplements on acute immune challenges (for detailed
materials, methods, and results see appendix 2). Only pigs from the control cohort (nonsupplemented or immune challenged pigs) were used in the experiments for this thesis. All
protocols were approved by the University Animal Care and Use Committee.
1.1.2 Blood Collection
A fasted blood sample was drawn from each pig at the beginning and the end of the study
to assess circulating levels of insulin, glucose, triglycerides, LDL, HDL, VLDL, and to determine
the number of circulating white blood cells (WBC) as well as neutrophil and lymphocyte
percentages.
38

Table 2.1: Sinclair minipig diet composition

(a)

(b)

Ingredient

Percentage in Diet

Corn

66.5%

Soybean Meal

31%

Vitamin Mix

2.5%

Water

11.64%

Crude Protein

18.19%

Crude Fiber

3.36%

Ether Extract
(crude fat)

2.48%

Ash

3.06%

Carbohydrate

58.76%

Table 2.1 a illustrates the general diet composition 205 of the minipig diet. The bulk of the diet
is composed of carbohydrates in the form of corn, and the soybean meal is used as a protein
source.
Table 2.1 b illustrates a breakdown of the specific macronutrient composition of the diet
(water, protein, fiber, fat, ash, and carbohydrate).

1.2 Ex-Vivo Data Analysis
1.2.1 Blood Analysis
The minipig blood was analyzed using the Coulter method as well as a spun hematocrit and
manual differential cell count at VetPath laboratories (Tulsa, OK). The metabolic parameters
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were analyzed as a completely randomized design with repeated measures (the beginning and
end of the study), then analyzed using SAS 9.2.

1.2.2 Multiplex Cytokine Analysis
Circulating levels of cytokines in plasma samples were measured using SearchLight®
Proteome Arrays (Aushon BioSystems, Billerica, MA), a quantitative multiplexed sandwich ELISA
containing 6 different capture antibodies spotted on the bottom of a 96-well polystyrene
microtiter plate. Each antibody captures a specific protein present in the standards and
samples added to the plate.
Briefly, samples were incubated for three hours on the array plates that were pre-spotted
with capture antibodies specific for each protein biomarker. Plates were decanted and washed
three times before adding a cocktail of biotinylated detection antibodies to each well. After
incubating with detection antibodies for 30 minutes, plates were washed three times and
incubated for 30 minutes with streptavidin-horseradish peroxidase. All incubations were done
at room temperature with shaking at 200 rpm. Plates were again washed before adding a
chemiluminescent substrate. The luminescent signals produced from the HRP-catalyzed
oxidation of the substrate were measured by imaging the plate using the SearchLight Imaging
System which is a cooled charge-coupled device (CCD) camera. The data was then analyzed
using SearchLight Array Analyst software. The amount of luminescent signal produced is
proportional to the amount of each protein present in the original standard or sample. Cytokine
concentrations were extrapolated from the standard curve.

1.2.3 Tissue Homogenization
Sections of SQF or VIF adipose tissue were collected and cut into 1cm3 pieces within 15
minutes after sacrificed by barbiturate overdose. The tissue was then placed in 5mL RNA later
(Qiagen, Valencia, CA) and stored in -20°C until processing. The tissue sections were
homogenized with the tissuemiser homogenizer (Fisher, Pittsburg, PA) in 5 mL tri reagent
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(Invitrogen Carlsbad,CA) at 25-35 Hz, then aliquoted into five 1mL aliquots and stored in -80°C
for further processing.

1.2.4 RNA Extraction
Adipose tissue homogenate was thawed on ice, and then incubated at room temperature
for 5 minutes. Following the incubation, 200µL chloroform was added to the 1mL of
homogenate, vortexed for 10 seconds, incubated at room temperature for 2-3 minutes, and
then centrifuged for 15 minutes at 12,000g and 4°C. The aqueous phase generated from
centrifuging was transferred to another tube where an equal volume 70% of ethanol was
added. The sample was inverted 5 times, added to a column from the qiagen minilipid kit
(Qiagen, Valencia, CA), incubated for 4 minutes at room temperature, and centrifuged for 15
seconds at 8,000g and 4°C. This process was repeated until all the aqueous phase/ethanol
combination was processed through the column. Once all of the aqueous phase/ethanol was
through the colulum, 700µL of Buffer RW1 was added to the column, and then centrifuged for
15 seconds at 8,000g and 10-15°C. Next, 500µL Buffer RPE was then added to column,
centrifuged 15 seconds at 8,000g and 10-15°C. An additional 500µL Buffer RPE was added to
the column, centrifuged 1 minute at 8,000g and 10-15°C. Finally, 30µL RNAse free water was
added to column, incubated for 1 minute, then centrifuged for 1 minute at 8,000g and 10-15°C.
It is noteworthy to mention the difficulty in extracting RNA from the minipig SQF and VIF.
After numerous attempts at modifying a few different techniques, using a modified qiagen lipid
mini kit was the most successful. Different constancies of the adipose tissue due in part to
degree of marbling may have hindered and hence added variation to the success in extracting
RNA from the adipose tissue depots among minipigs. One future suggestion would be to flash
freeze the tissue in liquid nitrogen after sacrifice, powder it, then extract the RNA from the
powdered tissue using the previously described method.
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1.2.5 RNA Repurification (for microarray analysis only)
The RNA sample volume was brought up to a final volume of 100µL use 70µL RNAse free
water, then 2.5 volumes of 100% molecular grade ethanol and 0.1 volumes of 3M Sodium
Acetate (pH 5.5) were added to the sample, then the sample was placed in -80°C. The sample
was removed from the freezer, centrifuged for 20 minutes at 4⁰C and 13,000 rpm. The
supernatant was carefully removed to avoid disturbing the pellet which was then washed with
75% molecular grade ethanol, then centrifuged for 5 min at 4⁰C at 13,000 rpm, and the ethanol
was removed. The pellet was then dried with a speed vac for 2 minute, and then the pellet was
resuspended in 15µL RNAse free water and stored at -20⁰C for 1hr. Prior to using the RNA for
microarray analysis, total RNA concentration was quantified via nanodrop (Thermo Scientific,
Wilming, DE).

1.2.6 Microarray Analysis (Affymetrix)
For microarray analysis RNA from 3 of the 4 minipigs from the study was submitted. One
hundred nanograms of repurified RNA was amplified, then cDNA was generated using
TargetAmp 1 round Biotin RNA amplification kit 105 (Epicentre, Madison, WI). The RNA was
then processed using the Affymetrix microarray system. Briefly, the cDNA was in vitro
transcribed with biotinylated UTPs and CTPs. The biotin – labeled RNA was fragmented with
heat and Mg2+ and hybridized on the Affymetrix porcine GeneChip for 16 hours at 45°C and 60
rpm. The chips were washed with low and high stringency buffers on the Affymetrix GeneChip
fluidics station 450 (Affymetrix, Santa Clara, CA). The chips were then stained with
streptavidin/phycoerythrin, scanned, and quantified.
The data was normalized using guanine cytosine robust multi-array analysis (GCRMA). The
transcripts of significance were determined using the false discovery rate (FDR) with a step-up p
value of 0.05 or less.
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1.2.7 Microarray Annotation
A limited list of the annotated probe set ID’s were publically available; 224that list was
imported into the unannotated list for further analysis. The remainder of the probe set IDs
were annotated by hand using the Affymetrix or NCBI website as detailed in appendix 1.

1.2.8 Gene Ontology and Pathway Analysis
Analysis of the transcriptome was performed using database for annotation, visualization
and integrated discovery (DAVID) bioinformatic resources 6.7 (NIH, Bethesda, MD) on a human
background; a porcine background is currently unavailable. Significance of the pathway was
determined using the FDR with an expression analysis systematic explorer (EASE) level of 0.05.

1.2.9 Quantitative Real-Time PCR
In order to prepare the RNA sample for PCR analysis, the DNAses were removed from the
RNA using the Turbo Free DNAse kit (Ambion, Carlsbad, CA). Briefly, DNAse enzyme and 10x
buffer were added to the RNA incubated at 37⁰C while shaking for 30 minutes, then inactivated
with an activating agent. Next, cDNA was synthesized using high capacity reverse transcriptase
kit (Applied Biosystems, Fosters City, CA). Briefly, a mastermix was generated combining 10X
buffer, 100mM dNTP Mix, 10X random primers, reverse transcriptase, and added to the RNA.
The mixture was run with the following settings: 25°C for 10 minutes, 37° C for 120 minutes,
85° C for 5 minutes, 4° C indefinitely. Finally, the cDNA was combined with taqman (Applied
Biosystems Carlsbad, CA) master mix, primers, probes, and water. The samples were then run
on the I-Cycler thermal cycler (Biorad, Hercules, CA).
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1.2.10 qRT – PCR Analysis
The relative gene expression of the SQF and VIF was determined using the delta delta CT
method 225. The data was statistically analyzed using a randomized block design blocking on pig
with a split plot treatment design to compare SQF and VIF. Analysis was performed using SAS
9.2.

1.2.11 Histological Slide Preparation –Frozen Tissue Sectioning
Freshly harvested tissue was immediately submerged in liquid nitrogen, and then placed in 80⁰C for storage. The tissue was removed from -80⁰C storage, and placed on dry ice until it
was ready for processing. A layer of tissue tek optimal cutting temperature compound (Sakura
Finetek, Torrance, CA) was placed on the cryostat base and allowed to freeze (turning white).
Once the tissue tek was nearly frozen, the flash frozen tissue was placed in the center of the
tissue tek on the base. Another layer of tissue tek was added on top, slightly smaller in
circumference than the previous layer, and allowed to freeze. This process was repeated until
the tissue was completely covered. The tissue was then cut on the cryostat micron HM 505 N
into 20 micron sections. Each section was placed on a positively charged slide (AmLabs,
Bradenton, FL), labeled, and placed in -80⁰C until further processing. The remaining tissue
mounted in tissue tek was stored in -80⁰C.

1.2.12 Immunofluorescence
Permeability Protocol
The frozen tissue slides were removed from the -80⁰C and were brought to room
temperature. A circle was drawn around the sample with a diamond pen. The tissue was then
rinsed 6 times with 1mL 1 x PBS. The tissue was incubated for 30 minutes in 1mL of 4%
Paraformaldehyde, rinsed 6 times with 1X PBS (5 minute incubation and 2mL each wash). The
tissue was blocked in 200 µL blocking solution, 0.25% Triton X 100 and 1% goat serum (Sigma
St. Louis, MO) in PBS, for 1 hour at room temperature. The tissue was incubated overnight in a
humidified chamber with 500µL of 1:500 dilution of primary antibody made with the block
44

solution from above (CD 163, Santa Cruz sc-33715 Santa Cruz, CA or CD 68, Abcam ab955). The
tissue was then rinsed 6 times with 1X PBS (5 minute incubation and 2mL each wash), then
incubated for 1 hour in the dark with a 1:1000 dilution of the secondary antibody (Alexa
Fluorfor 488 goat anti - mouse; Invitrogen Eugene, OR). Once all rinses were complete, excess
moisture around the tissue was dried with a kim wipe, and tissue was covered with a coverslip
containing 1 drop of prolong gold with DAPI (Invitrogen, Carlsbad, CA), and stored at 4⁰C
overnight. The coverslip edges were then sealed using clear nail polish, allowed to sit at 4⁰C for
30 minutes, and then imaged using the Nikon Eclipse Ti microscope with the PF 20X
magnification (oil setting).

General Protocol
The frozen tissue slides were removed from the -80⁰C and were brought to room
temperature. A circle was drawn around the sample with a diamond pen. The tissue was then
rinsed 4 times with 1mL 1X PBS (1mL each wash). The tissue was incubated for 15 minutes in
1mL of 4% Paraformaldehyde. The slides were rinsed 5 times with 1mL 1X PBS. The tissue was
incubated for 45 minutes with 1mL of a 1:500 dilution primary antibody (mouse macrophage
(Calprotectin), Santa Cruz sc-71533 Santa Cruz, CA). The tissue was then rinsed 5 times with 1X
PBS (1mL each wash), then incubated in the dark for 30 minutes with a 1:1000 dilution
secondary antibody (Alexa Fluorfor 488 goat anti - mouse; Invitrogen Eugene, OR). After the
incubation, the tissue was rinsed 5 times with 1X PBS (1mL each wash). After the incubation,
excess moisture around the tissue was dried with a kim wipe, and tissue was covered with a
coverslip containing 1 drop of prolong gold (Invitrogen, Carlsbad, CA) and stored at 4⁰C
overnight. The coverslip edges were then sealed using clear nail polish, allowed to sit at 4⁰C for
30 minutes, and then imaged using the Nikon Eclipse Ti microscope with the PF 20X
magnification (oil setting).
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1.2.13 Histological Slide Preparation -Paraffin Embedding
Sections of SQF or VIF adipose tissue were collected and cut into 1cm3 pieces within 15
minutes after euthanasia and placed in 10% formalin for 24 hours, then into 70% ethanol until
processing. The paraffin embedding slide preparation was performed at Neuroscience
Associates (Knoxville,TN). Briefly, the tissue was dehydrated from 70% Ethanol, and 95% was
added and once again the tissue was dehydrated. Finally, absolute ethanol was added and the
tissue was dehydrated once again. The tissue was cleared in xylene, infiltrated with paraffin,
embedded in Paraplast embedding medium, sliced into 3 micron sections, routinely stained
with hematoxylin and eosin (H &E) and mounted, or mounted without stain, then coverslipped.

1.2.13 Adipocyte Number
In order to compare the number of adipocytes in VIF and SQF, representative photos were
taken of H & E stained slide, and 8x10 printouts were generated for each pig and each depot.
Three 3”x3” boxes were drawn, and all cells that were at least 90% included in the box were
counted. The average number of adipocytes of the 3 boxes was averaged for each pig, and
then all values from each depot were averaged with their corresponding treatment group. The
data was analyzed using a completely randomized design with a split plot treatment design.
Statistical analysis was performed using SAS 9.2.

1.2.14 Macrophage Number
The same representative images used in the adipocyte hand count were uploaded into
Nikon NIS-Elements AR software. An algorithm was applied to enhance the contrast of the
macrophages in relation to the surrounding adipocytes. Statistical analysis was performed
using SAS 9.2 for a completely randomized design with a split plot treatment design.
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1.2.15 Protein Extraction
Initially after harvest, the tissues were placed in RNA later, and subsequently homogenized
in TRI reagent. The advantage of using TRI reagent is the ability to extract RNA, DNA, and
proteins from the same sample. Therefore, our initial attempt to extract proteins was from the
TRI reagent homogenate. However, these attempts were unsuccessful due to either low or
contaminated and protein yield. We then tried to extract the protein by homogenizing the
tissue in RIPA buffer (see appendix 1 for details), and then extracting the protein. The protein
yield was better than the TRI reagent extract, but still low. The final attempt to extract the
protein once again used the RIPA buffer as the homogenizing medium, but this time the tissue
was powdered in liquid nitrogen before homogenizing. This variation yielded acceptable levels
of quality protein. Powdering the tissue before homogenization and extraction may allow for a
greater penetration of the lysis buffer as well as disruption of the connective tissue from the
adipose tissue, allowing for a greater ability to extract the proteins.
Tissue was flash frozen in liquid nitrogen then pulverized by hand in liquid nitrogen using a
ceramic mortar and pestle. The samples were collected and stored at - 80°C until further
processing. The tissue samples were removed from - 80°C, and then 600mg-1g of tissue was
weighed out and used for protein extraction. Next, 300-500µL of modified RIPA buffer was
added to the powdered tissue (based on weight), and homogenized at 5 rpm for 30-45 seconds.
The tissue was then homogenized between 21,200-25,600 rpm with Powergen 125 (Fisher
Pittsburg, PA) homogenizer until all the tissue was uniformly broken down (30-45 seconds).
The tissue was incubated for 15 minutes on ice and was then, centrifuged for 15 minutes at 4⁰C
and 10,000g. The supernatant was extracted, and the sample was again centrifuged for 15
minutes at 4⁰C and 10,000g, the supernatant extracted, and stored at -80⁰C until further
processing using western blot.

47

1.2.15 Protein Quantification
The amount of total protein was quantified using the Pierce Coomassie Assay Kit (Pierce,
Rockford, IL) Briefly, 5µL of albumin standard (Pierce, Rockford, IL) or sample was added to a
96 well plate, the 250 µL of Coomassie assay buffer (Pierce, Rockford, IL) was added to each
well. The plate was mixed for 30 seconds, incubated for 10 minutes in the dark, and
absorbance was measured at 595 nm. The total protein concentration was extrapolated from
the standard curve.

1.2.16 Western Blot
Equal quantities of 1X sample buffer were combined with 40 µg of protein (Biorad,
Hercules, CA), boiled for 5 minutes, and placed on ice to cool. The samples were loaded into a
10% Tris HCl premade gel (Biorad, Hercules, CA), placed in the running container containing an
appropriate amount running buffer. The gel was run for 30 minutes at 100V and 1 hour at 115
volts. The gel was then transferred to a nitrocellulose membrane (Biorad, Hercules, CA)
containing an appropriate amount of transfer buffer, and run at 80 V for 1.5 hours. To ensure
proper transfer, the membrane was stained with 5mL ponceau stain (Sigma, St. Louis, MO) for 5
minutes, and then rinsed with tris buffered saline (Biorad, Hercules, CA) with 0.01% tween
(Fisher Scientific Fair Lawn, NJ) (TBST). The gel was stained with coomassie blue (Thermo
Scientific/Pierce, Rockford, IL) for 5 minutes and destained for 1 to 2 hours using coomassie
destain (Thermo Scientific/Pierce, Rockford, IL). The membrane was then blocked overnight
(approximately 18 hours) in a 5% solution of nonfat dry milk (Great Value, Bentonville AR) and
TBST. The following day, the membrane was washed 3 times, 5 minutes each time with TBST
and then incubated with the primary antibody (see appendix 1) in a 3% solution of nonfat dry
milk for 1 hour. The membrane was washed 1 time in TBST for 5 minutes, and then incubated
for 1 hour with the secondary antibody (see appendix 1). The membrane was then washed 3
times with TBST, then tris buffered saline (Biorad, Hercules, CA) (TBS), 5 minutes each time.
The proteins were stained by incubating with DAB metal substrate kit (Thermo Scientific/Pierce,
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Rockford, IL) for 15 minutes, ECL (GE Healthcare, Buckinghamshire, UK) or supersignal west pico
(Thermo Scientific/Pierce, Rockford, IL) chemiluminescent substrate for 5 minutes. The
membranes incubated with the DAB metal substrate protocol were imaged via a commercial
scanner. The membranes incubated using either the ECL or supersignal west pico protocols
were imaged using the versadoc (Biorad, Hercules, CA).

Section 2: Results
2.1 Body Weight
The minipigs gained weight rapidly for the first 6 weeks of the study (p<0.0001), but lost
weight between weeks 6 to 8 (not significant) as demonstrated by Figure 2.1, indicating a
plateau of weight gain before the completion of the study.

Sinclair Minipig Weights
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Figure 2.1: The change in Sinclair minipig weights during the course of the 8 week study
49

2.2 Metabolic Parameters
2.2.1 Plasma Lipids
Figure 2.2 illustrates the lipoprotein component of the lipid profile of the minipigs from the
beginning to the end of the study. The triglycerides increased and the HDL decreased during
the course of the study, but these changes did not reach statistical significance (p=0.4671 and
0.5074 respectively). Although the VLDL did not change significantly during the course of the
study (p=0.8005), there was a statistically significant decrease in LDL from the beginning to the
end of the study (p<0.001).

Plasma Lipids
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Figure 2.2: Plasma Lipids; Circulating triglycerides (TRI), High Density Lipoprotein (HDL), Low
Density Lipoproteins (LDL), and Very Low Density Lipoproteins (VLDL)
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2.2.2 Plasma Insulin
The insulin levels in the minipigs showed a trend of increasing, though not significantly
(p=0.0722), from the beginning to the end of the study as demonstrated by Figure 2.3.

Plasma Insulin
p = 0.0722
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Figure 2.3: Plasma Insulin levels from the beginning to the end of the study in the Sinclair
minipig

2.2.3 Total White Blood Cell Count
Figure 2.4 highlights a significant drop in the total numbers of white blood cells that
occurred from the beginning of the study to the end (p=0.0046). It should be noted that some
of the WBC counts at the beginning of the study were above the normal range.
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Figure 2.4: Total white blood cell count from the beginning to the end of the study in the
Sinclair minipig

2.2.4 White Blood Cell Populations
Figure 2.5 highlights the percentages of segmented neutrophils and lymphocytes in the
total white blood cell populations during the course of the study. The segmented neutrophil
population did not have a statistical change in the duration of the study (p=0.3809), but the
lymphocyte population showed a decrease during the study (p=0.0165).
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Figure 2.5: Change in percentages of white blood cell populations from the beginning to the
end of the study in the Sinclair minipig

2.3 Serum Cytokines
Table 2.2 shows levels of circulating cytokines in the plasma. There is little data on the
circulating levels of cytokines in the Sinclair minipig, so these parameters were important to
measure for future studies.

Table 2.2: Levels of circulating cytokines at the end of the study
Concentration
Cytokine
(pg/mL)
Function
IL-1 β
89.8 +/- 60.2
Pro-Inflammatory
IL-8
2.4 +/- 0.79
Pro-Inflammatory
IFN γ
38.0 +/- 29.2
Pro-Inflammatory
TNF α
23.9 +/- 15.4
Pro-Inflammatory
IL-4
20.2 +/- 11.2
Anti-Inflammatory
IL-10
24.1 +/- 16.7
Anti-Inflammatory
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2.4 Microarray Results
2.4.1 Transcriptome Details
In advance of pathway analysis, the details of both the transcriptome are provided for
reference. The Affymextrix porcine gene chip had 23,937 total probesets coding for 20,201
genes. It should be noted that the design of the chip has multiple probesets for the same gene
to ensure the maximum chance of gene identification. When comparing VIF to SQF we found
that 788 total transcripts changed, 240 were up-regulated and 548 were down-regulated (Table
2.3 and Figure 2.6). When SQF was compared to VIF, 598 transcripts changed, 471 were upregulated and 127 were down regulated (Table 2.4 and Figure 2.6).

Table 2.3: Transcriptome details for the VIF vs. SQF comparison
Total Probesets

23,937

Total Transcriptome

23,256

Total Genes

20,201

Transcripts Changed

788

Up-Regulated

240

Down-Regulated

548

Table 2.4: Transcriptome details for the SQF vs. VIF comparison
Total Probesets

23,937

Total Transcriptome

23,256

Total Genes

20,201

Transcripts Changed

598

Up-Regulated

471

Down-Regulated

127
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In total, 508 transcripts between the two comparisons were the same. However, there
were 212 differentially expressed transcripts when VIF was compared with SQF compared to
only 32 when SQF was compared to VIF. It should be noted that the number of similarly and
differentially expressed transcripts does not take into account differences in regulation (up or
down). In other words, the transcripts may change in both depots, but it may be up-regulated
in one and down-regulated in the other, which was the case (appendix 1 tables A1 and A2.

212

508

32
SQF vs. VIF Saline

VIF vs. SQF Saline

Figure 2.6: Venn diagram illustrating the transcripts distribution between the 2 microarray
comparisons made: VIF compared to SQF and SQF compared to VIF
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2.4.2 Cluster Analysis
In a microarray analysis, a cluster analysis is an important tool in determining the global
changes in the tissue that is being analyzed. Figure 2.7 is a hierarchical cluster analysis of the
individual pigs by depot. The lines on the left side of the figure shows the relationships
between the individual probeset IDs, the numbers on the bottom of the figure show the
individual minipig identification numbers, and the specific depot is indicated at the top of the
figure. The blue color pattern indicates a down-regulation, the red color pattern indicates an
up-regulation, and the grey color pattern indicates no change in SQF compared to VIF.
Individual pigs, as identified by number, are indicated at the bottom of the figure. The cluster
analysis demonstrates that, with relatively few exceptions, there is great similarity between
minipigs lending confidence to the validity of the microarray analysis. Moreover, there are
regions of similarity, but also distinct differences in the clustering patterns of the two depots.
Figure 2.8 is hierarchical cluster analysis averaging the clustering of the 3 pigs used for the
microarray analysis. Once again, the cluster analysis demonstrates there are distinctly different
patterns of gene expression between VIF and SQF. There are, however, many regions of
similarity as well. This pattern of similar expression between VIF and SQF is to be expected
because the depots are of similar composition.
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Low Expression

High Expression

Figure 2.7: Hierarchical cluster analysis evaluating individual minipigs and both adipose
tissue depots
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Figure 2.8: Hierarchical cluster analysis evaluating the two adipose tissue depots
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2.4.3 Pathway Analysis and Gene Ontology
Tables 2.5 and 2.6 highlight pathways of interest with the number of genes in both
microarray comparisons, VIF vs. SQF and SQF vs. VIF respectively. The specific genes and
pathways represented by these two tables can be found in appendix 1. It was interesting to
note that similar pathways changed in both comparisons (response to hypoxia and lymphocyte
mediated immunity) but the genes in that pathway were up-regulated in one comparison and
down-regulated in another. The VIF vs. SQF comparison showed the genes in pathways
involved in lipid biosynthesis, leukocyte chemotaxis, and response to hypoxia to be almost
universally up-regulated. The SQF vs. VIF comparison showed pathways involved in the acute
phase response, cholesterol storage, and cell differentiation to be altered. Unlike, the VIF vs.
SQF comparison, gene in this comparison were both up and down-regulated.

Table 2.5: Pathways of Interest in the VIF vs. SQF comparison
Number of
Genes

Pathway
Lipid Biosynthetic Process
Positive Regulation of Inflammatory Response to Antigenic
Stimulus
Response to Hypoxia
Immune Response
Response to Steroid Hormone Stimulus
Lymphocyte Mediated Immunity
Regulation of Cell Death
Response to Corticosteroid Stimulus
Regulation of Cytokine Production
Wnt Receptor Signaling Pathway
Hormone Metabolic Process
Substrate Adhesion-Dependent Cell Spreading
Regulation of Insulin-Like Growth Factor Receptor Signaling
Pathway
Positive Regulation of Leukocyte Chemotaxis
Estrogen Metabolic Process
Tissue Development
Lipid Metabolic Process
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16
3
8
17
8
18
5
7
6
5
3
3
3
3
19
19

Table 2.6: Pathways of Interest in the SQF vs. VIF comparison
Pathway
Protein Processing
Response to Hypoxia
Protein Maturation
Posttranscriptional Regulation of Gene Expression
Lipoprotein Transport
Regulation of Cholesterol Storage
Vasculature Development
B Cell Mediated Immunity
Adaptive Immune Response
Acute Inflammatory Response
Blood Vessel Development
Lymphocyte Mediated Immunity
Response to Hypoxia
Cell Morphogenesis Involved in Differentiation
Blood Vessel Morphogenesis
Retinoic Acid Metabolism Process
Oxidation Reduction
Positive Regulation of Foam Cell Differentiation
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Number of
Genes
10
12
11
12
3
3
20
9
10
11
18
9
12
42
12
3
24
3

2.4.4 Genes of Interest
After evaluating the genes in the pathways in tables 2.5 and 2.6, we further investigated
specific target genes of interest. Tables 2.7 and 2.8 highlight the metabolic differences
between the two depots. Estrogen receptors 1, the gene that codes for ERα, and platelet
derived growth factor D, an angiogenic gene, were down-regulated in VIF but up-regulated
in SQF. A noteworthy gene change in VIF was the down regulation of insulin-like growth
factor binding protein 5, a marker of insulin sensitivity. In SQF the mechanism to decrease
the pro-inflammatory prostaglandin F2α, prostaglandin F2 receptor negative regulator was
up-regulated.

Table 2.7: Genes of interest down-regulated in VIF compared to SQF
Gene Name
Gene Abbreviation
Fold Change
Estrogen Receptor 1
Insulin-Like Growth Factor
Binding Protein 5
Platelet Derived Growth
Factor D

Gene Function

ESR 1

-2.2

ER α

IGFBP5

-3.4

PDGFD

-2.5

Binds IGF-1
Blood Vessel
Generation

Table 2.8: Genes of interest up-regulated in SQF compared to VIF
Gene Name
Gene Abbreviation
Fold Change
Estrogen Receptor 1
ESR 1
2
Prostaglandin F2 Receptor
Negative Regulator
PTGFNR
2
Platelet Derived Growth
Factor D
PDGFD
2
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Gene Function
ER α
Decrease
PGF2α
Blood Vessel
Generation

Tables 2.9 and 2.10 further highlight the metabolic differences between the two adipose
tissue depots. Genes coding for fatty acid synthase (lipogenic), interleukin 18, and platelet
factor 4 (pro-inflammatory) were up-regulated in VIF but down-regulated in SQF. Moreover,
hydroxysteroid 11-beta dehydrogenase 2, an important regulator in glucocorticoid synthesis,
was up-regulated in VIF. The pro-inflammatory prostaglandin endoperoxidase synthathe 1,
otherwise known as COX 1, was down-regulated in SQF.
Table 2.9: Genes of interest up-regulated in VIF compared to SQF
Gene Name
Gene Abbreviation
Fold Change

Gene Function
Converts
cortisone to
cortisol

Hydroxysteroid (11-beta)
Dehydrogenase 2

HSD11B2

3.4

Fatty Acid Synthase

FASN

3.4

Interleukin 18

IL18

4.5

Lipogenesis
Th1 and IFNγ
stimulation

6.5

Neutrophil
chemoattractant,
inflammation

Platelet Factor 4

PF4

Table 2.10: Genes of interest down-regulated in SQF compared to VIF
Gene Name
Gene Abbreviation
Fold Change

Gene Function

Prostaglandin
Endoperoxidase Synthase
1

COX 1

-2

Eicosanoid
synthesis from
AA

Fatty Acid Synthase

FASN

-8

Interleukin 18

IL18

-4.5

Lipogenesis
Th1 and IFNγ
stimulation

-6.5

Neutrophil
chemoattractant,
inflammation

Platelet Factor 4

PF4
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2.5 Quantitative Real Time PCR
The gene expression of adiponectin, TNFα, and TLR 4 in the minipigs (Figure 2.9) did not
yield any statistically significant differences (p=0.06, 0.8264, and 0.4599 respectively) due to
large variations in the pigs. However, adiponectin did show a trend of lower levels in the SQF vs
VIF.
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Figure 2.9: Relative gene expression between SQF and VIF
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2.6 Immunofluorescence
2.6.1 Calprotectin
The calprotectin molecule was the initial protein selected for immunostaing in the Sinclair
minipig using both deparafinized (see appendix 1 for deparaffinization protocol) and frozen
sections, based upon previous studies demonstrating its efficacy in the domestic pig. We
found, however, that the molecule did not show consistent positive staining in the minipig (MP)
VIF, and no staining in the SQF (Figure 2.11). In order to determine if the inconsistent staining
was due to procedural error or a lack of antibody specificity, we used frozen sections of SQF,
VIF, liver and spleen collected from a domestic pig (DP), and positive staining was detected
(Figure 2.12). We assessed protein binding through western blot using the same antibody and
determined that the calprotectin was indeed detectable in minipig protein using the same
antibody (Figure 2.10). This led us to the conclusion that the there were specificity problems
with this antibody in the minipig.

Mouse

MP VIF

MP SQF Liver

Spleen DP SQF DP VIF Ladder
37kD
25kD
15kD
10kD

Figure 2.10: Western blot of calprotectin heterodimer heavy (24 kD) and light (12 kD) bands
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(b) MP VIF

(a) MP SQF

(c) Isotypic control (DP VIF)

(d) Negative control (DP VIF)

Figure 2.11: Immunofluorescence using calprotectin as a marker of immune cell infiltration in
the (a) SQF and (b) VIF of the Sinclair minipig with a (c) isotypic positive control (IC) and a (d)
negative control (NC)
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(a) DP SQF

(b) DP VIF

(c) Liver

(d) Spleen

Figure 2.12: Immunofluorescence using calprotectin as a marker of immune cell infiltration in
domestic pig (a) SQF, (b) VIF, (c) liver, and (d) spleen
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2.6.2 CD 163
Due to the inconclusive finding from calprotencin staining, we conducted
immunofluorescence staining using CD 163, a maker of alternatively activated (M2)
macrophages. From this staining we determined that SQF in both the minipig and domestic pig
had a greater abundance of the alternatively activated macrophages than VIF (Figures 2.13 and
2.14). Additionally, alternatively activated macrophages were found to be present in the liver,
spleen, and lymph node of the domestic pig (Figure 2.15).

2.6.3 CD 68
CD 68 was used to determine the population of classically activated (M1) macrophages. VIF
of both the minipig and the domestic pig had a greater abundance of classically activated
macrophages than SQF (Figures 2.16 and 2.17). Macrophages with this phenotype were found
in the liver, spleen, and lymph node of the domestic pig as well (Figure 2.18).
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(a) MP SQF

(b) MP VIF

(c) MP SQF

(d) MP VIF

Figure 2.13: Immunofluorescence using CD 163 as a marker for alternatively activated
macrophages in the Sinclair minipig (a,c) SQF and (b,d) VIF.
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(a) DP SQF

(b) DP VIF

(c) IC (DP VIF)

(d) NC (DP VIF)

Figure 2.14: Immunofluorescence using CD 163 as a marker of alternatively activated
macrophages in domestic pig (a) SQF and (b) VIF with a (c) isotypic positive control (IC) and a (d)
negative control (NC)

69

(a) Liver

(b) Lymph Node

(c) Spleen
Figure 2.15: Immunofluorescence using CD 163 as a marker for alternatively activated
macrophages in domestic pig (a) liver, (b) lymph node, and (c) spleen
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(a) MP SQF

(b) MP VIF

(c) MP SQF

(d) MP VIF

Figure 2.16: Immunofluorescence using CD 68 as a marker of classically activated macrophages
in the Sinclair minipig (a,c) SQF and (b,d) VIF
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(a) DP SQF

(b) DP VIF

(c) IC (DP VIF)

(d) NC (DP VIF)

Figure 2.17: Immunofluorescence using CD 68 as a marker of classically activated macrophages
in domestic minipig (a) SQF and (b) VIF with a(c) isotypic positive control (IC) and a (d) negative
control (NC)
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(a) Liver

(b) Lymph Node

(c) Spleen

Figure 2.18: Immunofluorescence using CD 68 as a marker for classically activated macrophages
in domestic pig (a) liver, (b) lymph node, and (c) spleen
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2.7 Histology
2.7.1 H and E Stained Slides
Figure 2.19 is a representative image of the histological section used for the adipocyte and
macrophage cell counts. The adipocytes are white with a dark border, the small dark dots are
macrophages, and the long dark streaks are connective tissue.

Figure 2.19: H and E stained VIF in the Sinclair minipig
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2.7.2 Adipocyte Count
A hand count of the adipocytes (Figure 2.20) revealed that SQF had a greater number of
adipocytes than VIF (p= 0.0024).
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Figure 2.20: Average number of adipocytes in each depot in the Sinclair minipig
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2.7.3 Macrophage Count
Figure 2.21 demonstrates that there was not a statistically significant difference in the
number of macrophages present between SQF and VIF.

Adipose Tissue Macrophage Count
Macrophages per mm2

300

p=ns

250
200

SQF

150

VIF

100
50
0

Figure 2.21: Average macrophages per mm2 in both depots in the Sinclair minipig
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2.8 Western Blot
The western blots (Figure 2.22) revealed that there were some specificity differences
between domestic pigs, minipigs, and mice. Fatty acid synthase (FAS) was the only protein that
showed binding in the domestic and minipig. The antibodies used were all mouse derived and
had previously been validated for use in the mouse in our lab. For complete antibody details
see appendix 1.

(a)

250kD
100kD
50kD

Ladder DP SQF DP VIF DP SPL DP LIV MP VIF MP SQF Mouse

25kD
15kD

Mouse DP SQF DP VIF DP SPL DP LIV MP VIF MP SQF Ladder
250kD

(b)

100kD
50kD

Mouse adipocyte

MP VIF MP SQF Ladder
250kD
100kD

(c)

75kD
37kD

Figure 2.22: Western blot of (a) fatty acid synthase, (b) PPARγ, and (c) vitronectin,
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Section 3: Discussion

3.1 Bodyweight
It is necessary to reiterate that the study presented here was part of a larger study that
sought to look at the effects of PUFA and LPS on the obese Sinclair minipig.
The study was initially designed with the intention to feed the minipigs 150% of their daily
maintenance based on the average weight of the minipigs. However, the amount of diet fed
was not re-assed throughout the study, based on the bi-weekly weight change, and was
therefore not 150% of daily intake. Given the minipigs rapid weight gain from weeks 0-6 of and
plateau from weeks 6-8, it is likely that the minipigs were not overfed after the 6th week of the
study. It is important to note, however, that the final weight of the minipigs was consistent
with the average species weight information supplied by Sinclair Bio Resources 226.
There may be one other explanation week 8 weight plateaus, the end of juvenile
exponential growth phase. The intent at the beginning of the study was to use boars that had
already reached sexual maturity to be more physiologically similar to humans. There is
anecdotal and metabolic evidence to suggest that the minipigs were not sexually mature upon
arrival, and did not reach sexual maturity until week 4. This may have resulted in a decrease in
weight at the end of the study.
The average weights of the minipigs were beginning to achieve an overweight to
moderately obese state by the 6th week of the study. Therefore the subsequent comparisons of
the VIF and SQF should reflect some deviation from normal adipose tissue biology and
physiology.
Although the 8th week of study reflected the restrictive nature of the diet, every data point
preceding it indicated that the pigs were overweight to moderately obese. Therefore the
results, though not reflecting overt obesity, provide important baseline are an interesting
comparisons of the VIF and SQF depot differences in the Sinclair minipig (a comparison that has
yet to be published).
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3.2 Circulating Metabolic Parameters
The lipid data gave a contradictory profile of the minipigs. The decrease in triglycerides
from the beginning to the end of the study is consistent with data in young pigs suggesting that
there is a preference to allocate dietary recourses to growth and not fat 210. The decrease in
LDL was contradictory to our hypothesis in which we expected it to increase. This may once
again be due more to the age of our minipigs and the fact they were not overfed to obesity 227.
The decrease in HDL that occurred by the end of the study, thought not significant, is
consistent with the literature which states that in a component of the metabolic syndrome,
dyslipidemia, is characterized in part by a decrease in circulating HDL 175.
The total WBC count yielded different than expected results as well. At the beginning of the
study the minipigs had comparatively high levels of WBC than at the end of the study. In fact,
some of the minipigs were higher than normal. This may partially be an age effect as well as
the WBC values in younger animals may higher than those in older animal 228.
This phenomena be due to the continuous assault of novel pathogens and the need to
generate a tremendous amount of antibodies in a relatively short amount of time 228. This
study suggests that the Sinclair minipig follows this pattern also. The percentages of segments
and lymphocytes follow this same pattern.
Serum cytokines were measured via multiplex in order to gain a global understanding of the
pro-inflammatory and anti-inflammatory cytokine profile in the minipigs at the end of the
study. The anti-inflammatory cytokines IL-4 and IL-10 as well as the pro-inflammatory cytokines
Interferon gamma (IFNγ), Interleukin 1 beta (IL-1β), and TNFα were measured using multiplex
technology. Interleukin-4 is considered to be anti-inflammatory because it leads to the Th2
phenotype as well as being responsible for the regulation of M2 macrophages 60, 229. This
phenotype is considered to be anti-inflammatory because the Th2 cells are primarily
responsible for B-cell and hence antibody response as well. Additionally, M2 macrophages
secrete IL-4 229.

Therefore, we expected our minipigs to have relatively lower circulating

levels IL-4 and IL-10 as well as higher circulating IFNγ, IL-1β, and TNFα. Measurement of these
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cytokine parameters have not been measured in the minipigs that are metabolically normal,
and warrant further investigation.
3.3 Microarray
Microarray is a very useful technique to determine whole changes in the genome and
allows for investigators to see global changes in gene expression, a great benefit if one seeks to
elucidate new mechanisms of change or characterize something unknown. Most, if not all
models of used for scientific study have been characterized by microarray in some capacity.
However, the Sinclair minipig, a very important model of many diseases has been woefully
under characterized in general, and more specifically by microarray. Moreover, there is scant
data on porcine adipose tissue in general, and comparing VIF and SQF then SQF and VIF
specifically 230, 231 .
The VIF was compared to SQF to determine the pathways associated with it. This was done
by comparing the results to the VIF against the SQF. Genes associated with lipid biosynthesis,
hypoxic response, immune response, wnt signaling pathway, regulation of insulin-like growth
factor receptor signaling, and estrogen metabolic process. Specifically, there was an upregulation in inflammatory and lipogenic genes such as FASN, IL-18 and hydroxysteroid 11-beta
dehydrogenase 2(HSD11B2), as well as a down-regulation in genes associated with insulin
sensitivity and low adiposity such as ESR1 and insulin like growth factor binding protein 5
(IGFBP5). This metabolic profile suggests that VIF is more pro-inflammatory and lipogenic in
nature when compared with SQF due to the up-regulation of pro-inflammatory and lipogenic
genes such as IL-18 and FASN respectively as well as a down regulation of anti-inflammatory
genes such as ESR1 144, 232.
As reviewed earlier, SQF may be more metabolically favorable than VIF, but deep SQF,
especially abdominal, has been documented to have a metabolic profile similar to VIF, whereas
superficial SQF has been demonstrated to posses the protective metabolic profile associated
with SQF. The microarray data generally supports the literature suggesting that SQF may be
protective of the metabolic consequences of obesity 233. We found that genes associated with
low adiposity like ESR1 (coding for ERα) were up-regulated in SQF compared with VIF. As
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reviewed earlier, higher levels of ERα are directly correlated with lower adiposity and insulin
sensitivity 143. Additionally, anti-inflammatory genes such as Prostaglandin F2 receptor negative
regulator (PTGFNR) are increased in SQF compared with VIF indicating a lower capacity for
inflammation due to its ability to down-regulate PGF2α, a well characterized pro-inflammatory
cytokine, and inhibitor of adipocyte differentiation 234. Additionally, lipogenic genes such as
FASN were down regulated. Finally, pro-inflammatory genes such as PF4 and IL-18 were downregulated. Taken together, the differential expression of these genes in SQF compared with VIF
offer a picture of the protective effect of SQF as compared with VIF.
In addition to the specific genes that changed, there were many pathways that changed in
SQF compared with VIF. These included genes associated with the pathways of hypoxia,
cholesterol transport and metabolism, innate immunity, acute inflammation, B-cell
differentiation. The majority of the genes in these pathways were down-regulated; a
potentially significant finding with regards to the hypoxia, cholesterol transport and
metabolism pathways because metabolic processes associated with these pathways is
hypothesized to lead to some of the metabolic consequences associated with obesity 42, 235.
The changes in gene expression in these numerous pathways reiterate the far reaching and
diverse effects of adipose tissue and its secreted factors. The microarray data further
demonstrates how far reaching the consequences of overweight and obesity may be, and that
researchers may have only begun to scratch the surface of the mechanism involved in adipose
tissue dysfunction.
3.4 Gene Expression
Unfortunately, the gene expression data were not statistically significant due to large
variations between the individual minipigs. The trends of the gene expression indicate SQF
expressed a more metabolically favorable expression pattern (higher adiponectin, and lower
TNFα), and although not all reached statistical significance, trends are in line with reported
expression of TNFα and TLR4, which are both expressed at higher levels in the VIF when
compared to the SQF 223, 236.
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3.5 Immunofluorescence
Immunofluorescence is a good way to visualize changes in cellularity and protein
concentrations in the adipose tissue 237, 238 The immunofluorescence was initially undertaken
using paraffin embedded tissue mounted on slides using the macrophage marker calprotectin.
The tissue was deparaffinized (see appendix 1 for protocol), which was performed on minipig
samples only (liver, SQF, and VIF), yielded inconsistent results. Though the minipig SQF and VIF
showed inconsistent positive staining, a potential positive staining was obtained in the liver, but
without the expected amount of macrophage (Kupffer cell) population of 3-5%. However,
expert pathologist analysis did indicate that the presumed Kupffer cells were in the anatomical
location (on the periphery of the hepatic blood vessels). This led to two conclusions, either the
antibody was not effective (either due to concentration or specificity), or the protocol to
deparaffinize the adipose tissue was not effective.
In order to differentiate between these two hypotheses, two alterations to the protocol
were made. First, we systematically varied the dilution and incubation times of the antibody
(antibody dilution ranged from 1:200 to 1:500 and incubation times ranged from 1 to 2.5
hours). The best results used the same dilution factor and incubation time; 1:500 and 1 hour
respectively. All other combinations resulted in higher background, but still inconsistent
staining. Second, we used flash frozen rather than paraffin embedded tissue mounted on
slides. However, there was no flash frozen minipig liver to analyze, and therefore from this
point on, we were working with minipig SQF and VIF only. In addition, because our first
immunostaining assays had limited success in the minipig, we began staining domestic pig liver,
spleen, SQF, and VIF obtained from Wampler’s Sausage, a local slaughter house and sausage
factory to assess potential differences in antibody cross-reactivity between the minipig and
domestic pig. We chose to do this because some experiments in our lab comparing the
domestic and Sinclair minipig indicated some lack of homology, this seemed to be confirmed
with the calprotectin IF. Differences in homology is seen in rodents as well 239. There was
positive staining in the domestic pig VIF, liver, and spleen. The results from the minipig SQF and
VIF as well as the domestic pig SQF were not different from the negative control.
82

Fortunately, this antibody was indicated for western blotting as well as IF, and our western
blot analysis confirmed the literature’s reports of calprotectin being a heterodimer or tetramer
240

. The western blot showed 2 bands, one at 24 kD the other at 12 kD (Figure 2.10) for the

mouse, minipig, and domestic pig, however, the minipig showed the faintest bands. This led us
to conclude that the issues with calprotectin binding in the minipig fat were the result of one of
three possibilities; failure of one of the isoforms to bind (one that fluoresces), low affinity of
the antibody for the minipig, or physiologic differences in the minipig that result in less
neutrophil or monocyte infiltration, the two immune cells types calprotectin binds 240.
Therefore we chose to use different antibodies, CD 68 (Figures 2.16 -2.18) and CD 163 (Figures
2.13-2.15) which had the added benefit of being able to differentiate between classically and
alternatively activated macrophages respectively.
Experimental evidence has shown that SQF and VIF have different levels of macrophage
infiltration, and the macrophages that do infiltrate the fat have different phenotypes59. VIF has
been show to have more classically activated M1 macrophages and SQF has more alternatively
activated M2 macrophages, and our IF supported this. The visceral fat showed very few if any
M2 macrophages, but a comparatively greater amount of M1 macrophages. Conversely, SQF
showed a number of M2 macrophages, but showed the presence of a small population of M1
macrophages as well. However, the number of M1 macrophages in SQF was far less than the
number of M2 macrophages 241.
Interestingly, the domestic pig VIF and SQF showed the same pattern of M1 and M2
expression as the minipig, indicating that this feature of adipose tissue may be conserved.
There were more M1 and fewer M2 macrophages present in VIF compared to SQF which is
consistent with the literature. The liver, spleen, and lymph node of the domestic pig showed
the presence of M1 and M2 macrophages as well, with the concentration of M1 macrophages
particularly in the spleen and lymph node.
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3.6 Adipocyte and Macrophage Count
We counted average number of adipocytes in order to classify the cellular characteristics
between SQF and VIF. The first method employed to count adipocytes was a hand count. The
cells were counted using the average count of three 3”x3” squares drawn on a photograph of a
representative section of the H&E stained slides. The results from this count are in line with
reported findings in the literature that the SQF had a greater number of adipocytes that the VIF
242

. We were not able to quantitatively and accurately assess adipocyte size. The greater

number of adipocytes was present despite a general trend of significant connective tissue in the
SQF.
The macrophage count illustrated that the SQF had more immune cells than the VIF. This
initially seemed contradictory to the literature, but IF subsequently revealed the SQF
macrophage population to be primarily composed of M2 macrophages which are generally
considered to be more anti-inflammatory in nature, and mentioned in chapter 1. Therefore,
the higher immune cell count may indicate an anti-inflammatory and potentially protective
phenotype.
3.7 Proteins
We tested several antibodies for proteins we expected to be expressed in minipig and
domestic pig adipose tissues. Several of these including COX1, COX2, PPARγ, vitronectin and
GAPDH (see appendix 1 for details) could not be detected in the domestic pig or minipig. This
was surprising as many of these proteins, especially PPARγ and GAPDH, are relatively conserved
between species 243, 244. Western blots for PPARγ and FAS were run using mouse adipose tissue
as a positive control which was positive each time. However, FAS was expressed in adipose
tissue from domestic and minipigs. The only consistently reactive antibody was calprotectin
(mentioned in the IF section).
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Section 4: Conclusion
Overall, the results from the study indicate that the Sinclair minipig is a good model for
human adipose tissue and obesity studies. The SQF demonstrated an anti- inflammatory and
anti-adipogenic genetic profile. Additionally, VIF demonstrated a general trend of altering gene
expression to promote the recruitment of immune cells (neutrophils and Th1 cells), lipogenesis,
and insulin resistance. Finally, SQF was found to have a greater immune cell population when
compared to VIF; however, the majority of the macrophages present were of the M2 antiinflammatory phenotype. Based on the data, the adipose tissue of the Sinclair minipig is a good
model for human studies.
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Chapter III: Summary of Data
Section 1: Conclusion
Overall, the data demonstrated that the Sinclair minipig is a good model for human adipose
tissue studies. The gene expression data showed the general trend of the SQF showing a
generally protective and in some instances beneficial metabolic profile when compared with
VIF. Although the qRT-PCR data for the selected genes we tested did not result in significant
differences in gene expression between SQF and VIF, several additional candidate genes remain
to be tested. Additionally, SQF had a greater population of the M2, alternatively activated and
anti-inflammatory macrophages compared with VIF. Incidentally, the trend of greater
population of M2 macrophages in the MP SQF was seen in the domestic pig SQF as well.
Finally, the protein data demonstrates that some proteins, even those considered to be fairly
evolutionarily conserved may have differences in the minipig. It is possible that different
antibodies may need to be tested or developed.
The characterization of a species, or in this case sub-species, is critical before its use as a
model. Therefore, the metabolic, gene expression, microarray, immunofluorescence, and
protein data, is a good foundation in understanding the adipose tissue biology of the Sinclair
minipig. Additionally, learning about the Sinclair minipig’s adipose tissue biology has
demonstrated that even among sub-species of pigs, there are many similarities, yet there are
also distinct differences. This trend is seen in other models including rodents.

Section 2: Limitations
A major limitation of the study was unintentional restriction of the diet in the last 2 weeks
of the study. The intent was to feed the minipigs 150% of daily caloric needs for 8 weeks
however, the amount of diet was not increased in proportion to the bi-weekly weighing.
Additionally, the diet fed was a standard pig diet, and not high fat or sugar. This study was a
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pilot study, with 4 pigs per treatment group. Therefore, results showed trends, but not
statistical significance, and power calculations suggest that 6 or more pigs per treatment group
would be the ideal number. Finally, the minipigs should be 8 months of age when beginning
(not towards the end of) the study. Though Sinclair bioresources assured us sexual maturity
was at 6 months of age, we have reason to believe that the minipigs reached puberty after we
received them, around 7 months of age.

Section 3: Future Studies
The next step in the Sinclair minipig adipose tissue/obesity studies is to feed a high fat, high
sugar ad-libitum diet. This would allow for the development of obesity, the metabolic
syndrome, and atherosclerosis while simultaneously eliminating the problem of feed restriction
or feed recalculation/pair feeding based on weight gain. Further, detailed studies on adipose
tissue cellularity (both cell size and number) should be conducted. Finally, assessment of body
compostion using imaging techniques (such as DXA) would confirm adiposity as well as allow
better characterization of these animals.
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Section A1 : Supplemental Materials and Methods
A1.1 Microarray Annotation
www.affymetrix.com --- Net Affix---Net Affix Query--- “Porcine”GeneChip Array---Refine Query--Enter Affymetrix Probeset ID---Details (below ID)--- BLASTn GenBank NR---View Report---GENE
ID---Copy and Paste gene ID and gene name into excel sheet
www.ncbi.nlm.nih.gov/sites/entrez--- search gene---enter gene number (NP_xxxxxx)--- click on
gene abbreviation--- Copy and Paste gen ID and gene name into excel sheet.
A1.2 Immunofluorescene EZ-Dewax Protocol
EZ-DeWax Solution (BioGenex San Ramon, CA) (125mL) was poured into two slide baths.
The slides were immersed in the first bath for five minutes (agitating constantly). The slides
were then transfered to the second bath, and immersed for five minutes (agitating constantly).
The slides were then rinsed 2X’s with 60 mL de-ionized water. Finally, the slides were rinsed
3X’s with OptiMax Wash Buffer (BioGenex San Ramon, CA).

Section A2: Supplemental Results
A2.1 Microarray
A2.1.1 Intensity Ratio (M) vs. Average Intensity (A) Plots
Figure A2.1 shows the distribution of the individual transcripts (represented by a dot) in the
microarray comparison using an M (y-axis) vs. A (x-axis) plot. A normal distribution has the
majority of the dots should be concentrated in the center around zero.
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Figure A2.1: M vs. A plots demonstrating the individual pig comparisons of transcript intensity
when compared with the entire transcriptome; individual pigs are represented by numbers 1719 (VIF) and 20-22 (SQF)

A2.1.2 Pathway Analysis and Gene Ontology
Tables A1 and A2 are the genes with corresponding fold changes in the VIF vs. SQF and SQF
vs. VIF comparisons respectively.
Table A1: Genes differentially expressed in VIF compared to SQF
Gene ID

Gene Name

Lipid Biosynthetic Process
ACLY
ATP citrate lyase
CDP-diacylglycerol synthase (phosphatidate
CDS1
cytidylyltransferase) 1
FCER1A
NANS
C9orf3
CYP39A1
DEGS2
DGAT1
DGAT2
FASN
HSD11B2

Fc fragment of IgE, high affinity I, receptor for; alpha
polypeptide
N-acetylneuraminic acid synthase
chromosome 9 open reading frame 3
cytochrome P450, family 39, subfamily A, polypeptide 1
degenerative spermatocyte homolog 2, lipid desaturase
(Drosophila)
diacylglycerol O-acyltransferase homolog 1 (mouse)
diacylglycerol O-acyltransferase homolog 2 (mouse)
fatty acid synthase
hydroxysteroid (11-beta) dehydrogenase 2
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Fold Change

3.2
3.2
3.4
3.4
2.2
2.1
2.2
2.1
2.3
3.4
3.4

HSD17B12
HSD17B2
IDI1
PTGS1
SMPD1

hydroxysteroid (17-beta) dehydrogenase 12
hydroxysteroid (17-beta) dehydrogenase 2
isopentenyl-diphosphate delta isomerase 1
prostaglandin-endoperoxide synthase 1 (prostaglandin G/H
synthase and cyclooxygenase)
sphingomyelin phosphodiesterase 1, acid lysosomal

2.6
4.8
2.5
2.5
2.4

Postitive Regulation of Inflammatory Response to Antigenic Stimulus
CD24
CD24 molecule; CD24 molecule-like 4
Fc fragment of IgE, high affinity I, receptor for; alpha
FCER1A
polypeptide
Fc fragment of IgE, high affinity I, receptor for; gamma
FCER1G
polypeptide

2.0

Response to Hypoxia
ATP1B1
CD24
ALAS2

ATPase, Na+/K+ transporting, beta 1 polypeptide
CD24 molecule; CD24 molecule-like 4
aminolevulinate, delta-, synthase 2

2.3
4.3
6.9

CASP1
HSD11B2
IL18
PLOD2
RYR2

caspase 1, apoptosis-related cysteine peptidase (interleukin 1,
beta, convertase)
hydroxysteroid (11-beta) dehydrogenase 2
interleukin 18 (interferon-gamma-inducing factor)
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
ryanodine receptor 2 (cardiac)

Immune Response
CD24

CD24 molecule; CD24 molecule-like 4

4.3

FCER1G

Fc fragment of IgE, high affinity I, receptor for; gamma
polypeptide

2.0

FCGR2B
ARHGDIB
VSIG4
CTSS

Fc fragment of IgG, low affinity IIb, receptor (CD32); Fc
fragment of IgG, low affinity IIc, receptor for (CD32)
Rho GDP dissociation inhibitor (GDI) beta
V-set and immunoglobulin domain containing 4
cathepsin S

2.4
2.0
2.4
2.3

CR2
C1QA
C1QB

complement component (3d/Epstein Barr virus) receptor 2
complement component 1, q subcomponent, A chain
complement component 1, q subcomponent, B chain

2.9
3.5
4.0

IGJ
IGHA2

immunoglobulin J polypeptide, linker protein for
immunoglobulin alpha and mu polypeptides
immunoglobulin heavy constant alpha 2 (A2m marker)

2.1
2.3
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4.3
3.4

2.5
3.4
4.5
2.3
-2.1

IGHM

IGLC1
IL18
PF4
TRPM4
TUBB

immunoglobulin heavy constant gamma 1 (G1m marker);
immunoglobulin heavy constant mu; immunoglobulin heavy
variable 3-7; immunoglobulin heavy constant gamma 3 (G3m
marker); immunoglobulin heavy variable 3-11
(gene/pseudogene); immunoglobulin heavy variable 4-31;
immunoglobulin heavy locus

immunoglobulin lambda variable 2-11; immunoglobulin lambda
constant 2 (Kern-Oz- marker); immunoglobulin lambda variable
1-44; immunoglobulin lambda constant 1 (Mcg marker);
immunoglobulin lambda variable 1-40; immunoglobulin lambda
variable 3-21; immunoglobulin lambda locus; immunoglobulin
lambda constant 3 (Kern-Oz+ marker)
interleukin 18 (interferon-gamma-inducing factor)
platelet factor 4
transient receptor potential cation channel, subfamily M,
member 4
tubulin, beta; similar to tubulin, beta 5; tubulin, beta
pseudogene 2; tubulin, beta pseudogene 1

Response to Steroid Hormone Stimulus
CD24
CD24 molecule; CD24 molecule-like 4
GATA3
GATA binding protein 3
COL1A1
collagen, type I, alpha 1
C1QB
complement component 1, q subcomponent, B chain
HSD11B2
hydroxysteroid (11-beta) dehydrogenase 2
KRT19
keratin 19
PTGS1
SDC1

prostaglandin-endoperoxide synthase 1 (prostaglandin G/H
synthase and cyclooxygenase)
syndecan 1

2.1

4.0
4.5
6.5
2.1
2.0

4.3
2.4
-4.9
4.0
3.4
2.1
2.5
2.3

Lymphocyte Mediated Immunity
Fc fragment of IgE, high affinity I, receptor for; gamma
FCER1G
polypeptide

2.0

CR2
C1QA
C1QB

complement component (3d/Epstein Barr virus) receptor 2
complement component 1, q subcomponent, A chain
complement component 1, q subcomponent, B chain

2.9
3.5
4.0

TUBB

tubulin, beta; similar to tubulin, beta 5; tubulin, beta
pseudogene 2; tubulin, beta pseudogene 1

2.0
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Fatty Acid Biosynthetic Process

PTGS1

Fc fragment of IgE, high affinity I, receptor for; alpha
polypeptide
chromosome 9 open reading frame 3
degenerative spermatocyte homolog 2, lipid desaturase
(Drosophila)
fatty acid synthase
prostaglandin-endoperoxide synthase 1 (prostaglandin G/H
synthase and cyclooxygenase)

Regulation of Cell
Death
CD24
CD3G
NQO1
PERP
CDH1

CD24 molecule; CD24 molecule-like 4
CD3g molecule, gamma (CD3-TCR complex)
NAD(P)H dehydrogenase, quinone 1
PERP, TP53 apoptosis effector
cadherin 1, type 1, E-cadherin (epithelial)

CASP1
CYCS
HSPE1

caspase 1, apoptosis-related cysteine peptidase (interleukin 1,
beta, convertase)
cytochrome c, somatic
heat shock 10kDa protein 1 (chaperonin 10)

FCER1A
C9orf3
DEGS2
FASN

HSPB1
IL2RB
PF4
RYR2
SCIN
SMPD1
SFN
TCF7L2
TGM2
TUBB

heat shock 27kDa protein-like 2 pseudogene; heat shock 27kDa
protein 1
interleukin 2 receptor, beta
platelet factor 4
ryanodine receptor 2 (cardiac)
scinderin
sphingomyelin phosphodiesterase 1, acid lysosomal
stratifin
transcription factor 7-like 2 (T-cell specific, HMG-box)
transglutaminase 2 (C polypeptide, protein-glutamine-gammaglutamyltransferase)
tubulin, beta; similar to tubulin, beta 5; tubulin, beta
pseudogene 2; tubulin, beta pseudogene 1

Response to Corticosteroid Stimulus
COL1A1
collagen, type I, alpha 1
C1QB
complement component 1, q subcomponent, B chain
HSD11B2
hydroxysteroid (11-beta) dehydrogenase 2
PTGS1
SDC1

prostaglandin-endoperoxide synthase 1 (prostaglandin G/H
synthase and cyclooxygenase)
syndecan 1
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3.4
2.2
2.2
3.4
2.5

4.3
2.3
2.3
4.0
-2.2
2.5
2.2
2.1
3.0
2.3
6.5
-2.1
2.1
2.4
2.4
6.8
2.3
2.0

-4.9
4.0
3.4
2.5
2.3

Regulation of Cytokine Production
CD24
CD24 molecule; CD24 molecule-like 4
FCER1A
FCER1G
VSIG4
CASP1
IL18
PF4

Fc fragment of IgE, high affinity I, receptor for; alpha
polypeptide
Fc fragment of IgE, high affinity I, receptor for; gamma
polypeptide
V-set and immunoglobulin domain containing 4
caspase 1, apoptosis-related cysteine peptidase (interleukin 1,
beta, convertase)
interleukin 18 (interferon-gamma-inducing factor)
platelet factor 4

Wnt Receptor Signaling Pathway
CD24
CD24 molecule; CD24 molecule-like 4
DKK3
dickkopf homolog 3 (Xenopus laevis)
solute carrier family 9 (sodium/hydrogen exchanger), member
SLC9A3R1
3 regulator 1
TCF7L2
transcription factor 7-like 2 (T-cell specific, HMG-box)

4.3
3.4
2.0
2.4
2.5
4.5
6.5

4.3
3.1
2.6
6.8

WNT5A

wingless-type MMTV integration site family, member 5A

2.1

WNT5B

wingless-type MMTV integration site family, member 5B

2.2

Hormone Metabolic Process
COMT
catechol-O-methyltransferase
FOXA1
forkhead box A1
HSD11B2
hydroxysteroid (11-beta) dehydrogenase 2
RBP1
retinol binding protein 1, cellular

2.1
3.4
3.4
5.3

SULT1E1

8.4

sulfotransferase family 1E, estrogen-preferring, member 1

Substrate Adhesion-Dependent Cell Spreading
ANTXR1
anthrax toxin receptor 1
FN1
fibronectin 1
LAMC1
laminin, gamma 1 (formerly LAMB2)

-2.5
-2.4
-2.5

Regulation of Insulin-Like Growth Factor Receptor Signaling Pathway
ATXN1
ataxin 1

-2.3

CILP
IGFBP5

cartilage intermediate layer protein, nucleotide
pyrophosphohydrolase
insulin-like growth factor binding protein 5
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-3.1
-3.4

Positive Regulation of Leukocyte Chemotaxis
CXCL12
F2RL1
THBS1

chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor
1)
coagulation factor II (thrombin) receptor-like 1
thrombospondin 1

Estrogen Metabolic Process
COMT
catechol-O-methyltransferase
HSD3B1

hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid
delta-isomerase 1

SULT1E1

sulfotransferase family 1E, estrogen-preferring, member 1
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-3.8
2.0
-10.0

2.1
-2.9
8.4

Table A2: Genes differentially expressed in SQF compared to VIF
Gene I D

Gene Name

Vasculature Development
ANPEP
alanyl (membrane) aminopeptidase
AMOT
angiomotin
CAV1
caveolin 1, caveolae protein, 22kDa
CXCL12
chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
COL1A1
collagen, type I, alpha 1
COL1A2
collagen, type I, alpha 2
COL3A1
collagen, type III, alpha 1
IL18
interleukin 18 (interferon-gamma-inducing factor)
JUN
jun oncogene
LOX
lysyl oxidase
matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type
MMP2
IV collagenase)
PRRX1
paired related homeobox 1
PRRX2
paired related homeobox 2
PPAP2B
phosphatidic acid phosphatase type 2B
PDPN
podoplanin
roundabout, axon guidance receptor, homolog 1 (Drosophila); similar
ROBO1
to roundabout 1 isoform b
THBS1
thrombospondin 1
TCF21
transcription factor 21
transglutaminase 2 (C polypeptide, protein-glutamine-gammaTGM2
glutamyltransferase)
ZFP36L1
zinc finger protein 36, C3H type-like 1

Fold Change
-2.7
2.0
3.6
3.8
4.9
4.0
2.1
-4.5
3.1
-2.1
3.6
5.2
2.3
2.7
2.7
2.1
5.5
-2.0
-2.3
2.1

B Cell Mediated Immunity
FCER1G
CR2
C1QA
C1QB
C1S
C2
C4A
C5
CFI

Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide
complement component (3d/Epstein Barr virus) receptor 2
complement component 1, q subcomponent, A chain
complement component 1, q subcomponent, B chain
complement component 1, s subcomponent
complement component 2
complement component 4A (Rodgers blood group)
complement component 5
complement factor I
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-2.0
-2.9
-3.5
-4.0
2.2
-2.1
7.6
2.1
-2.4

Adaptive Immune Response
CER1G
CR2
C1QA
C1QB
C1S
C2
C4A
C5
CFI
IL18

Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide
complement component (3d/Epstein Barr virus) receptor 2
complement component 1, q subcomponent, A chain
complement component 1, q subcomponent, B chain
complement component 1, s subcomponent
complement component 2
complement component 4A (Rodgers blood group)
complement component 5
complement factor I
interleukin 18 (interferon-gamma-inducing factor)

-2.0
-2.9
-3.5
-4.0
2.2
-2.1
7.6
2.1
-2.4
-4.5

Acute Inflammatory Response
SIG4
V-set and immunoglobulin domain containing 4
CR2
complement component (3d/Epstein Barr virus) receptor 2
C1QA
complement component 1, q subcomponent, A chain
C1QB
complement component 1, q subcomponent, B chain
C1S
complement component 1, s subcomponent
C2
complement component 2
C4A
complement component 4A (Rodgers blood group)
C5
complement component 5
CFI
complement factor I
FN1
fibronectin 1
TF
transferrin

-2.4
-2.9
-3.5
-4.0
2.2
-2.1
7.6
2.1
-2.4
2.4
7.9

Blood Vessel Development
ANPEP
alanyl (membrane) aminopeptidase
AMOT
angiomotin
CAV1
caveolin 1, caveolae protein, 22kDa

-2.7
2.0
3.6

CXCL12
COL1A1
COL1A2
COL3A1
IL18
JUN
LOX

3.0
-5.5
4.0
2.1
-4.5
3.1
-2.1

MMP2
PRRX1

chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
collagen, type I, alpha 1
collagen, type I, alpha 2
collagen, type III, alpha 1
interleukin 18 (interferon-gamma-inducing factor)
jun oncogene
lysyl oxidase
matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type
IV collagenase)
paired related homeobox 1
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3.6
5.2

PRRX2
PPAP2B
ROBO1
THBS1
TGM2
ZFP36L1

paired related homeobox 2
phosphatidic acid phosphatase type 2B
roundabout, axon guidance receptor, homolog 1 (Drosophila); similar
to roundabout 1 isoform b
thrombospondin 1
transglutaminase 2 (C polypeptide, protein-glutamine-gammaglutamyltransferase)
zinc finger protein 36, C3H type-like 1

2.3
2.7
2.1
5.5
-2.3
2.1

Lymphocyte Mediated Immunity
FCER1G
CR2
C1QA
C1QB
C1S
C2
C4A
C5
CFI

Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide
complement component (3d/Epstein Barr virus) receptor 2
complement component 1, q subcomponent, A chain
complement component 1, q subcomponent, B chain
complement component 1, s subcomponent
complement component 2
complement component 4A (Rodgers blood group)
complement component 5
complement factor I

Response to Hypoxia
ATP1B1
ATPase, Na+/K+ transporting, beta 1 polypeptide
EP300
E1A binding protein p300
ALAS2
aminolevulinate, delta-, synthase 2
caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta,
CASP1
convertase)
CAV1
caveolin 1, caveolae protein, 22kDa
EGLN1
egl nine homolog 1 (C. elegans)
IL18
interleukin 18 (interferon-gamma-inducing factor)
MMP2
PLOD2
RYR2
THBS1
TF

matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type
IV collagenase)
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
ryanodine receptor 2 (cardiac)
thrombospondin 1
transferrin

Cell Morphogenesis Involved in Differentiation
GRK1
G protein-coupled receptor kinase 1
APP
amyloid beta (A4) precursor protein
ANTXR1
anthrax toxin receptor 1
CHST3
carbohydrate (chondroitin 6) sulfotransferase 3
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-2.0
-2.9
-3.5
-4.0
2.2
-2.1
7.6
2.1
-2.4

-2.3
2.2
-6.9
-2.5
3.6
2.1
-4.5
3.6
-2.3
-3.5
5.5
7.9

-3.0
2.4
2.5
2.3

CXCL12
CLIC5
DST
FN1
GAP43
LAMC1
MAP1B
MYH10
OPHN1
ROBO1

chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
chloride intracellular channel 5
dystonin
fibronectin 1
growth associated protein 43
laminin, gamma 1 (formerly LAMB2)
microtubule-associated protein 1B
myosin, heavy chain 10, non-muscle
oligophrenin 1
roundabout, axon guidance receptor, homolog 1 (Drosophila); similar
to roundabout 1 isoform b

UCHL1

ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase)

CER1G
FCGR2B
GEM
GCH1
ARHGDIB
VSIG4
CTSS

Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide
Fc fragment of IgG, low affinity IIb, receptor (CD32); Fc fragment of
IgG, low affinity IIc, receptor for (CD32)
GTP binding protein overexpressed in skeletal muscle
GTP cyclohydrolase 1
Rho GDP dissociation inhibitor (GDI) beta
V-set and immunoglobulin domain containing 4
cathepsin S

CXCL12

chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)

3.0

COL4A3BP
CR2
C1QA
C1QB
C1S
C2
C4A
C5
CFI

collagen, type IV, alpha 3 (Goodpasture antigen) binding protein
complement component (3d/Epstein Barr virus) receptor 2
complement component 1, q subcomponent, A chain
complement component 1, q subcomponent, B chain
complement component 1, s subcomponent
complement component 2
complement component 4A (Rodgers blood group)
complement component 5
complement factor I

2.1
-2.9
-3.5
-4.0
2.2
-2.1
7.6
2.1
-2.4

IGJ
IGHA2

immunoglobulin J polypeptide, linker protein for immunoglobulin
alpha and mu polypeptides
immunoglobulin heavy constant alpha 2 (A2m marker)

-2.1
-2.3

115

3.0
2.0
2.4
2.4
-3.1
2.3
2.3
3.3
2.4
2.1
2.1
-2.0
-2.4
2.8
2.0
-2.0
-2.4
-2.6

IGHM

immunoglobulin heavy constant gamma 1 (G1m marker);
immunoglobulin heavy constant mu; immunoglobulin heavy variable
3-7; immunoglobulin heavy constant gamma 3 (G3m marker);
immunoglobulin heavy variable 3-11 (gene/pseudogene);
immunoglobulin heavy variable 4-31; immunoglobulin heavy locus

-4.0

IGLC1
IL1RAPL1
IL18
MBP
NFIL3
PF4
THBS1

immunoglobulin lambda variable 2-11; immunoglobulin lambda
constant 2 (Kern-Oz- marker); immunoglobulin lambda variable 1-44;
immunoglobulin lambda constant 1 (Mcg marker); immunoglobulin
lambda variable 1-40; immunoglobulin lambda variable 3-21;
immunoglobulin lambda locus; immunoglobulin lambda constant 3
(Kern-Oz+ marker)
interleukin 1 receptor accessory protein-like 1
interleukin 18 (interferon-gamma-inducing factor)
myelin basic protein
nuclear factor, interleukin 3 regulated
platelet factor 4
thrombospondin 1

-4.0
5.8
-4.5
25.3
3.4
-6.5
5.5

TRPM4

transient receptor potential cation channel, subfamily M, member 4

-2.1

Blood Vessel Morphogenesis
NPEP
alanyl (membrane) aminopeptidase
AMOT
angiomotin
CAV1
caveolin 1, caveolae protein, 22kDa

-2.7
2.0
3.6

CXCL12
IL18
JUN
PRRX1
PRRX2

3.0
-4.5
3.1
5.2
2.3

ROBO1
THBS1

chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1)
interleukin 18 (interferon-gamma-inducing factor)
jun oncogene
paired related homeobox 1
paired related homeobox 2
roundabout, axon guidance receptor, homolog 1 (Drosophila); similar
to roundabout 1 isoform b
thrombospondin 1

TGM2
ZFP36L1

transglutaminase 2 (C polypeptide, protein-glutamine-gammaglutamyltransferase)
zinc finger protein 36, C3H type-like 1

Retinoic Acid Metabolism Process
CRABP2
cellular retinoic acid binding protein 2
CYP26B1
cytochrome P450, family 26, subfamily B, polypeptide 1
RBP1
retinol binding protein 1, cellular
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2.1
5.5
-2.3
2.1

2.2
3.2
-5.6

Oxidation Reduction
COX15
ERO1L
NELL1
CYP2A13
CYP26B1
CYP39A1
CYBRD1
CYCS
DPYD
EGLN1
FASN
GLUD1
GPX7
HSD3B1
HSD11B1
HSD17B12
LOX
LOXL1
LOXL4
MSRB3
PHGDH
PHYHD1
PLOD2
PTGS1
TXN

COX15 homolog, cytochrome c oxidase assembly protein (yeast)
ERO1-like (S. cerevisiae)
NEL-like 1 (chicken)
cytochrome P450, family 2, subfamily A, polypeptide 13
cytochrome P450, family 26, subfamily B, polypeptide 1
cytochrome P450, family 39, subfamily A, polypeptide 1
cytochrome b reductase 1
cytochrome c, somatic
dihydropyrimidine dehydrogenase
egl nine homolog 1 (C. elegans)
fatty acid synthase
glutamate dehydrogenase 1
glutathione peroxidase 7
hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid deltaisomerase 1
hydroxysteroid (11-beta) dehydrogenase 1
hydroxysteroid (17-beta) dehydrogenase 12
lysyl oxidase
lysyl oxidase-like 1
lysyl oxidase-like 4
methionine sulfoxide reductase B3
phosphoglycerate dehydrogenase
phytanoyl-CoA dioxygenase domain containing 1
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase
and cyclooxygenase)
thioredoxin

Positive Regulation of Foam Cell Differentiation
CD36
CD36 molecule (thrombospondin receptor)
MSR1
macrophage scavenger receptor 1
PF4
platelet factor 4
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2.2
2.2
2.2
5.6
3.2
-2.1
2.2
-2.2
-2.5
2.1
-8.5
2.2
2.0
2.9
2.8
-2.6
-2.1
-2.1
2.1
2.5
2.5
-2.0
-2.3
-2.5
-2.1

-5.7
2.3
-6.5

A2.2 Proteins
A2.1.1 Antibodies used for Western Blot and Immunofluorescence

Protein

Ani
mal

Diluti
on

Incuba
tion

Manufact
urer

Cat.
Num
ber

COX 1

goat

1:200

1 hour

Santa
Cruz

sc175
4

COX 2

goat

1:200

1 hour

Santa
Cruz

sc174
7

FAS

rabb
it

1:200

1 hour

Santa
Cruz

sc201
40

PPARγ

rabb
it

1:100

1 hour

Santa
Cruz

sc719
6

GAPDH
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it

1:500

1 hour

Santa
Cruz

sc257
78
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se
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1 hour
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Cruz
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Calprote
ctin
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33
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33

CD 68
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Abcam
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5
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1:500
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Santa
Cruz

sc337
15

Second
ary Ab
donkey
anti
goat
donkey
anti
goat
goat
anti
rabbit
goat
anti
rabbit
goat
anti
rabbit
goat
anti
mouse
goat
anti
mouse
Alexa
Fluor
488
Alexa
Fluor
488
Alexa
Fluor
488
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ber
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1:500

1h50m

Santa
Cruz
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0

West
ern
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Cruz

sc202
0

West
ern
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0
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4
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0
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4
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West
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1:500
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Santa
Cruz

sc200
5

West
ern

1:500
0

1 hour
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sc200
5

West
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1:100
0

1 hour

Invitroge
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01
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1:100
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Invitroge
n
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01

IF

1:100
0

1 hour

Invitroge
n
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01

IF

Figure A1.2: Primary and secondary antibodies used for western blot and immunofluorescence
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A2.2.2 RIPA Buffer Recipie
TRIS-HCl - 50Mm, Ph 7.4
NaCl – 150 mM
IGEPAL(or NP-40) – 1%
SDS - 0.1%
EDTA – 5mM
Na3VO4 – 5mM
NaF – 5mM
DTT – 10mM
Protease Inhibitor 10uL/mL
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Appendix 2- All Treatment Groups of the Sinclair Minipig Study
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Introduction to the Full Study
Once again, the Sinclair minipigs analyzed for this thesis were part of larger study to
compare the effects of PUFA supplementation on the effects of obesity and adipose tissue, and
then to compare these effects in the face of an LPS challenge. The adipose tissue of the Sinclair
minipig has not been well characterized, and we thought it important to do so with the control
group analyzing the rest of the data from the study. Additionally, we sought to corroborate
some of our in vivo data with some in vitro data using cultured primary porcine adipocytes.
Section A1: Materials and Methods
A1.1 Full Study Materials and Methods
A1.1.1 Additional Notes
All of the materials and methods for the analyses below were the same as those described
in chapter 2 unless otherwise mentioned.
A1.1.2 Supplementation Phase
In the supplementation phase (Figure, the minipigs were separated into two feeding groups
and fed for 8 weeks after the two week acclamation period. Eight Sinclair minipigs were fed
350g of the control diet twice daily for 8 weeks, and 4 minipigs were fed 350g PUFA
supplemented (Gromega 365 (JBS United Sheridan, IN)) diet twice daily for 8 weeks (Table A3).
The diets were not isocaloric.
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A1.1.3 Challenge Phase
At the end of the 8 week supplementation phase, 4 pigs fed the control diet and the 4 pigs
fed the PUFA diet were challenged with 15 µg/kg lipopolysaccharide (LPS) with a total injection
volume of 2.5 mL. The 4 designated control pigs were injected with 2.5 mL of saline. Blood
samples were drawn every 20 one hour pre and 4 hours post injection to measure the effect of
LPS on metabolic parameters (Figures A2.1 and A2.2) The following day, the pigs were
challenged at a 5 µg/kg LPS in 2.5mL of saline or 2.5mL of saline alone. Two hours post
injection visceral and subcutaneous adipose tissue, liver, spleen, thymus, hypothalamus, and
semi tendonous muscle were collected.

Table A3: PUFA Diet Composition

(a)

(b)

Ingredient

Percentage in Diet

Corn

60.0%

Soybean Meal

30%

Vitamin Mix

2.5%

PUFA Supplement

7.5%

Water

10.8%

Crude Protein

17.7%

Crude Fiber
Ether Extract
(crude fat)

3.24%

Ash

2.94%

Carbohydrate

53.07%

2.25%
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Section A2: Sinclair Minipig Results
A2.1 Metabolic Parameters

Triglycerides

(a)

Concentration in mg/dL

40

ptime = ns

35

ptreatment = ns

30
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Pre-Study
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Post-Study
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5
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PUFA

LPS

Insulin

ptime = ns

(b)

Concentration in mIU/mL

18
16

ptreatment = ns

14
12
10

Pre-Study

8

Post-Study

6
4
2
0
CONTROL

PUFA

LPS
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Figure A2.1: Circulating (a) Triglycerides and (b) Insulin at the beginning and the end of the
study

HDL
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(b)

Concentration in mg/dL
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ptreatment = ns
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Pre-Study
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5
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LPS

VLDL

ptime =ns

(c)

Concentration in mg/dL

8

ptreatment = ns

7
6
5
4

Pre-Study

3

Post-Study

2
1
0
CONTROL

PUFA

LPS

Figure A2.2: This figure illustrates the differences in (a)HDL, (b) LDL, (c) VLDL from the
beginning and the end of the study
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Table A4: Transcript details for all treatments and all comparisons
Comparison
Total Transcripts ∆
Up-Regulated
SQF LPS vs. Saline
SQF Saline vs. VIF Saline
VIF Saline vs. SQF Saline
SQF PUFA vs. VIF PUFA
VIF PUFA vs. SQF PUFA
SQF LPS vs. VIF LPS
VIF LPS vs. SQF LPS
SQF PUFA vs. LPS
VIF LPS vs. Saline
VIF PUFA vs. LPS

1658
598
788
1317
1461
2008
2166
1993
16
106

Down-Regulated

1117
471
240
881
523
1390
684
745
7
71

541
127
548
436
938
618
1482
1248
9
35

Transcript changes between treatments
VIF PUFA vs. LPS
VIF LPS vs. Saline
SQF PUFA vs. LPS
VIF LPS vs. SQF LPS
SQF LPS vs. VIF LPS
VIF PUFA vs. SQF PUFA
SQF PUFA vs. VIF PUFA
VIF Saline vs. SQF Saline
SQF Saline vs. VIF Saline
SQF LPS vs. Saline

Up-Regulated
Down-Regulated

0

500

1000

1500

Figure A2.3: Transcript details for all treatments and all comparisons
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This figure illustrates the distribution of the transcripts between the three treatment groups
LPS (control diet/ LPS challenge), Saline (control diet/no LPS injection) and PUFA (PUFA
supplemented diet/LPS challenge). Interestingly, each of the comparisons are comparing the
effects of the treatment in SQF and only 108 of the transcripts are differentially expressed
between all 3 treatments

127

Figure A2.4: Venn diagram illustrating the transcript relationship between SQF and VIF among
the three treatment groups: LPS (control diet/ LPS challenge), Saline (control diet/no LPS
injection), and PUFA (PUFA supplemented diet/LPS challenge)
A2.1 Gene Expression

TLR 4
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Relative Expression
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LPS

Adiponectin
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(c)

Relative Expression
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0
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Figure A2.5: Relative gene expression of (a) TLR 4, (b) TNF alpha, and (c) Adiponectin in VIF and
SQF
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A3.1 Metabolic Parameters

Section A3: Results and Discussion

There was no significant difference between circulating triglycerides and VLDL, between the
treatment groups and between the beginning and the end of the study. There was however, a
significant difference between circulating insulin from the beginning and the end of the study
(p< 0.01). This suggests that the minipigs were becoming hyperinsulinemic and possibly insulin
resistant. Additionally, the minipigs that were supplemented with PUFA had lower circulating
LDL than the minipigs that were only fed the control diet (p<0.01), additionally there was a
trend for the PUFA supplemented minipigs to have more circulating HDL that the control fed
pigs (p=0.0626), indicating that PUFA offered protection from dyslipidemia; one defining
characteristic of the metabolic syndrome.
A3.2. Gene Expression
There was no significant difference between the treatment group’s relative expression of
TNF alpha, TLR 4, and adiponectin.
A3.3 Microarray
In general, we found SQF to be more reactive and responsive to LPS, as evidenced by the
SQF LPS vs. VIF LPS comparison having the most transcript changes. There are three potential
explanations for this. The first is that the SQF is the more reactive depot in the face of any
immune challenge because it is more superficial that VIF and therefore more likely to receive an
immune challenge first. Second, ample evidence demonstrates VIF to be more metabolically
active, and therefore the differences between the basal levels of gene expression and those
during an immune challenge may not change. Finally, some of the proteins that the genes code
for may be regulated by post translational modifications and there may not have been a need in
the VIF to up-regulate the genes.
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Appendix 3- Porcine Cell Culture
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Section A1: Cell Culture Materials and Methods
A1.1 Tissue Collection
Porcine subcutaneous adipose tissue (SQF) was collected from Wampler’s Farm Sausage
Company (Lenoir City, TN) from skinless carcasses that had been washed with lactic acid. The
SQF was removed with a scalpel blade 4-6 inches below the shoulder blades in 2” x 2” sections,
and immediately placed into Hanks balanced salt solution (Hanks) (Gibco/Invitrogen, Grand
Island, NY) supplemented with 1% Penicillin/Streptomycin (P/S) (Lonza, Walkersville, MD) and
0.1% Geneticin (Gen) (Gibco/Invitrogen, Grand Island, NY Lot # 507095), and transported back
to the lab at room temperature for further processing.
A1.2 Tissue Culture
One 2”x 2” section of SQF was incubated in hanks with 1% (P/S) and 0.1% (Gen) at 37°C for
4 hours. The tissue was cut into 4 equal size pieces, briefly dipped in 70% ethanol (EtOH), and
rinsed in hanks (without antibiotic). The pieces were then cut into 5mm3 pieces briefly dipped
in 70% ethanol (EtOH), and rinsed in hanks (without antibiotic). After the EtOH wash, 2-3
pieces of SQF were placed into each well (with 5mL DMEM solution) of a 6 well plate. The
tissue was allowed to rest for 3 days with daily media changes. The tissue was then treated
with DMSO (control), EPA (150mM), Genistein (25mM), or EPA(75mM) + Genistein (12.5mM)
for 48 hours. After the treatment the tissues were homogenized in either RIPA buffer (for
protein extraction) or TRI reagent (for RNA extraction) and stored in -80°C.
A1.3 Collagenase Digestion
One 2”x 2”section was incubated in hanks with 1% (P/S) and 0.1% (Gen) at 37°C for 4 hours.
The tissue samples were cut into 4 equal size pieces, briefly dipped in 70% ethanol (EtOH), and
rinsed in hanks (without antibiotic). The pieces were then cut into 5mm3 pieces briefly dipped
in 70% ethanol (EtOH), rinsed in hanks (without antibiotic), then incubated overnight in flasks
with 100mL DMEM solution. The following day collagenase was made fresh using a 1mL
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hanks/1mg type I collagenase (Sigma, St. Louis, MO) ratio, and filter sterilized with a 0.45µm
filter (Millipore, Billerica, MA) The pieces of tissue were emptied into a ceramic flask and
washed two times with 25mL 70% EtOH. After washing, 10-15 pieces of SQF were placed into
35mL of collagenase, place incubated for 2 hours and 15 minutes at rotating incubator at 37°C.
The digested contents were filtered in a funnel with nylon mesh. The supernatant was
centrifuged @ 1700 RPM for 20 min. The stromal vascular fraction (SVF) was placed in a 60mm
cell culture dish containing 7mL DMEM solution (total of 8) and placed in an incubator at 37°C,
5% CO2, and 98% relative humidity.
A1.4 Growth and Differentiation
Pre-adipocytes were maintained at 37°C, 5% CO2, and 98% relative humidity. The media
was changed 5 times weekly for 14 days at which point the cells reached confluence. The preadipocytes were trypsinized with 3mL trypsin (Gibco, Carlsbad, CA) for 3-5 minutes to detach
the pre-adipocytes from the plate and placed into media. The pre-adipocytes were then placed
in DMEM solution, which was then added to 100mm cell culture dish (8-60mm plates were split
into 40-100mm plates. The pre-adipocytes were once again maintained at 37°C, 5% CO2, and
98% relative humidity.
Differentiation media 1 (see below) was initially used to differentiate the pre-adipocytes,
however approximately 90% of they died. Once the pre-adipocytes grew back to a plate
average of 90% confluence, pre-adipocytes were either differentiated with differentiation
media 2 or 3. The adipocytes differentiated in differentiation media 3 were maintained with 10
nM insulin in the DMEM solution.
A1.5 Freezing cells
Pre-adipocytes were frozen at 3 points during the growth phase; before splitting into
100mm dishes, and before the addition of the first and second differentiation media (from
plates split at these times). The pre-adipocytes were trypsinized for 3-5 minutes to detach the
pre-adipocytes from the plate and placed into media. The pre-adipocytes were then placed in
25mL DMEM solution, which was centrifuged for 5 minutes @ 5000 RPM. The cell pellet was
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placed into 1 mL freeze media (see below), placed in -80°C overnight, then was placed in liquid
nitrogen for long-term storage.
A1.6 Treatment and Harvest
The plates were divided into 4 treatments groups, and after being maintained with
starvation media for 24 hours, were treated with DMSO (control), EPA (150mM), Genistein
(25mM), or EPA(75mM) + Genistein (12.5mM) in DMEM solution for 48 hours. After treatment
the adipocytes were harvested in either RIPA buffer, for proteins, or 1mL Buffer RLT (Quigen )
with 10µL β − Mercaptoethanol (BME)( Sigma, St. Louis, MO) ,for RNA, and stored in -80°C.

A1.7 Media and Buffers
A1.7.1 Dulbecco’s Modified Eagle Medium (High Glucose) Solution
DMEM(Thermo Scientific, Logan, UT)
• 25mM HEPES
• +4.5g/L glucose
• 4.00mM L-Glutamine
• no Sodium Pyruvate
• 0.1µm sterile filtered
10% Fetal Bovine Serum (Atlanta Biological Lawrenceville, GA; Lot H0098)
1% Penicillin/Streptomycin (Lonza, Walkersville, MD Lot multiple)
0.1% Geneticin (Gibco/Invitrogen, Grand Island, NY Lot # 507095)
A1.7.2 Differentiation Media 1
DMEM(Thermo Scientific, Logan, UT)
• 25mM HEPES
• +4.5g/L glucose
• 4.00mM L-Glutamine
• no Sodium Pyruvate
• 0.1µm sterile filtered
10% Fetal Bovine Serum
1% Penicillin/Streptomycin
0.1% Geneticin
0.5mM MIX (isobutylmethylxanthine)(Sigma Aldrich St. Louis, MO)
0.25 µMDexamethasone(Sigma Aldrich St. Louis, MO)
10 nM Insulin(Eli Lilly and Company, Indianapolis, IN
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A1.7.3 Differentiation Media 2
DMEM(Thermo Scientific, Logan, UT)
• 25mM HEPES
• +4.5g/L glucose
• 4.00mM L-Glutamine
• no Sodium Pyruvate
• 0.1µm sterile filtered
10% Fetal Bovine Serum
1% Penicillin/Streptomycin
0.1% Geneticin
500nM Rosiglitizone
10nM Insulin
A1.7.4 Differentiation Media 3
Zenbio human omental differentiation media (Zenbio, Research Triangle Park, NC Lot#’s:
012610 & 030910)

A1.7.5 Freeze Media
DMEM(Thermo Scientific, Logan, UT)
• 25mM HEPES
• +4.5g/L glucose
• 4.00mM L-Glutamine
• no Sodium Pyruvate
• 0.1µm sterile filtered
20% Fetal Bovine Serum
1% Penicillin/Streptomycin
0.1% Geneticin
10% DMSO
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Section 2: Results
In an attempt to corroborate our in-vivo and ex-vivo data, we sought to establish a porcine
cell line. Adipose tissue from domestic pigs was digested using type 1 collagenase and the
resultant pre-adipocytes were grown to confluence (Figure A3.1). In an attempt to optimize
pre-adipocyte differentiation into adipocytes, 3 different differentiation media were used.
Differentiation media 1 was unsuccessful and resulted in the death of most of the preadipocytes (Figure A3.2). Differentiation media 2 resulted in approximately 50-75%
differentiation, but it took approximately 14 days (Figure A3.3). Differentiation media 3 was
the most successful resulting in 80-90% differentiation (Figure A3.4).
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(a)

(b)

(c)

(d) (Confluence)

Figure A3.1: Porcine pre-adipocyte growth days (a) 6, (b) 9, (c) 12, (d) 14 after
collagenase digestion

137

(a)

(b)

(c)
Figure A3.2: Porcine pre-adipocytes days (a) 3, (b) 5, and (c) 7 post differentiation using 0.5 Mm
MIX (isobutylmethylxanthine), 0.25 µM Dexamethasone, and 10 nM Insulin
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(a)

(b)

(c)
Figure A3.3: Porcine pre-adipocytes days (a) 2, (b) 4, and (c) 6 post differentiation with 10nM
Insulin and 500mM Rosiglitizone
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(a)

(b)

(c)
Figure A3.4: Porcine pre-adipocytes days (a) 3, (b) 5, and (c) 8 post differentiation Zenbio
human omental adipocyte differentiation medium
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Section A3: Discussion
The primary porcine pre-adipocytes grew slower than 3T3-L1 mouse, taking approximately
2 weeks to reach confluence. Additionally, there was some sort of cell growth present in the
first pre-adipocyte culture after collagenase digestion which gradually went away as the preadipocytes grew. These cells were not able to be identified, and did not appear in subsequent
generations of cells. As mentioned above, differentiation media 1 caused a massive preadipocyte detachment and death which is hypothesized to have been caused by either the MIX
or the dexamethasone. This differentiation media was first used because of its success in
differentiating 3T3-L1 pre-adipocytes, a major cell line used both in obesity studies and in our
lab and others 245-248. The pre-adipocytes differentiated in differentiation media 2 resulted in
better and more rapid differentiation than that those pre-adipocytes that were differentiated in
differentiation media 3. Treatment of the adipocytes with their respective treatments resulted
in a massive detachment of the adipocytes, especially those treated with EPA. Subsequent
investigation of the problems revealed that the EPA may not have been reconstituted properly,
and may be one reason for the detachment and death. The protein and RNA data has not been
processed to date.

141

Vita
Suzanne Lauren Booker was born in Delaware, Ohio, on February 26, 1982. She was raised
by her mother, and enjoyed the company of a younger brother and sister for the duration of
her childhood. She attended preschool and elementary school at Cincinnati Country Day School
in Cincinnati, Ohio. Middle school, junior high, and senior high school were completed in the
Pickerington school system in Pickerington, Ohio. After graduation, she attended the University
of Cincinnati, completing her Bachelor of Science degree in Biology and receiving a business
certificate in 2005. After graduation, she began working at a small animal veterinary hospital
while continuing to work at the Cincinnati Zoo and Botanical Garden. In 2008, she enrolled at
the University of Tennessee, and earned a Master of Science degree in Animal Science in 2010.

142

