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ABSTRACT

An animal model to study complications resultingnfr childhood obesity is
lacking. Our objective was to develop a porcinedeiofor studying mechanisms
underlying diet-induced childhood obesity. Pre-gdl female pigs, age 35 d, were fed
a high-energy diet (HED; n = 12), containing talland refined sugars, or a control corn-
based diet (n = 11) for 16 wk. Initially, HED pigslf-regulated energy intake similar to
controls, but, by wk 5, consumed moRe<(0.001) energy per kg body weight. At wk 15
and 22, pigs were subjected to an oral glucoseaiote test (OGTT); blood glucose
increasedR® < 0.05) in control pigs and returned to baselinel within 60 min. HED
pigs were hyperglycemic at time 0, and blood glecdsl not return to baselin® =
0.01), even 3 h post-challenge. During OGTT, ghecarea under the curve was higher
and insulin area under the curve was lower in HE@s gompared to controld (=
0.001). Pigs given 6 wk of dietary interventiomnsuming a control diet, marginally
improved glucose area under the curve and LDL-dtetel although insulin area under
the curve was unaffected. Chronic HED intake iaseel(P < 0.05) subcutaneous,
intramuscular, and perirenal fat deposition, amtiged hyperglycemia, hypoinsulinemia,
and low-density lipoprotein hypercholesterolemiawbver, a 6 wk dietary intervention
partially recovered a normal physiology. Theseadatggest pre-pubertal pigs fed HED

are a viable animal model for studying childhooésity.
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Introduction

The incidence of childhood obesity, simply defiress excess accumulation of fat
during the period of life between infancy and pijpenas been increasing during recent
decades and has now reached epidemic proportianany developed countries [1].
The Center for Disease Control and Prevention dsfobesity as at, or above, thd'95
percentile of body mass index (BMI) for age; ovegheis defined as between the"85
and 98' percentile of BMI for age [2, 3]. As many as 78%obese children grow up to
become obese adults [4-6], making this pandemeériatss public health concern while
simultaneously increasing cost of health careh@lgh the highest incidence of
childhood obesity has been observed in developedtdes, the incidence is increasing
in developing countries as highly processed, endagse foods become more readily
available. Childhood obesity is prevalent in thelile East, Central and Eastern Europe,
and the United States [7]. One review estimatetasy as 25% of children in the
United States are overweight and 11% are obeseJ¥grweight and obesity are
associated with many health maladies including Hypdemia, hypoinsulinemia,
hyperglycemia, hypertension, as well as potenbakequences for reproductive health
and capability [1]. Additionally, an increasediotence of psychological disorders, such
as depression, have been observed in obese chifjren

Studying causative mechanisms underlying developwferhildhood obesity in
humans is challenging. Certainly there are ethlaoakerns, but studying childhood
obesity is further complicated by normal body grewSurvey based data from humans
and epidemiological studies, primarily in rodefitsm the basis for current data

regarding obesity. Survey based data rely onubgest’s ability to recall food



consumed in a given period which may result in uhdeover-reporting. Rodent models
are invaluable for studying human disease, yetthes limitations. Perhaps the single
most limiting factor to using rodents as a childth@besity model is the time frame
available for study. There is limited utility todent models of childhood obesity
because of the short childhood period. A domestimal model which closely
resembles human physiology is needed to study taeesaechanisms underlying

childhood obesity.

Pigs as a Biomedical Model

For nearly four decades, pigs have been used asiaral model for studying
human diseases including cardiovascular diseas&j@alcers, alcoholism, dentition,
stress physiology, behavior, malnutrition, obesitfgctious diseases, and toxicology [9].
Pigs have become a valuable biomedical model tmtystg human disease due, in large
part, to demonstrated similarities to humans irardg to anatomy of heart and coronary
arteries, mature body size, skeletal muscle fitzer and fiber type, physiology, and
metabolism [9-12]. Pigs naturally consume omniwuardiets, similar to those consumed
by humans, and pigs exhibit a strong taste preteréor sucrose [9, 13].

Evolution of the pig has resulted in a diverseetgrof size, shape, and general
characteristics of modern swine breeds [9]. Mopnarieties have been developed in
response to the use of swine as biomedical modéisipigs, developed from feral herds
as well as those selected from naturally occummgature swine, offer the advantages
of small mature size, lower feed cost, and lessespaquirements compared to

conventional pig breeds [14]. However, age at bakpuberty varies widely and is



highly dependent on the strain of minipig. Minipidisplay significant gender
differences in the development of obesity, with &&s having more potential for fat
accumulation than male counterparts [15], compartbthe situation in humans, in
which females generally have a higher percentadpady fat [16-18]. Generally, male
humans have more visceral fat compared to theiaferwounterparts [17]. Thus, female
pigs may be more prone to development of metalml@irments, such as insulin
resistance and higher plasma lipid concentratiassociated with central obesity [19-21].

Contemporary swine breeds fulfill an important rolgoorcine biomedical
models. Such pigs are readily available from & bbsources and can be maintained in a
variety of research settings. Importantly, in gri@ltural setting, commercial pigs are
not used in maintaining the breeding herd and tamsgo into the food supply, thereby
recovering some of the production costs. Pigsla@sraedical model have been vetted by
decades of agriculturally-based research. A wedltutritional, physiological, and
metabolic research from an agricultural perspedtiviner our understanding of the pig
and offer insight into precise mechanisms for ferttheveloping an animal model of
childhood obesity.

The childhood period in pigs can be defined ag#reod of life from weaning to
puberty. Typically, commercial type pigs are wehae3 wk and reach puberty at 6-7
months of age, equating to a childhood period pkaxmately 22 wks. Pigs readily
develop atherogenic lesions after only a few wedlsnsuming a diet high in
cholesterol and fat [14]. A unique feature of pggheir ability to regulate energy intake.
Studies have demonstrated that pigs regulate ematiaie based on caloric needs and

energy density of the diet, and pigs will reguliateke of other nutrients, including



protein and amino acids, when given a choice betwiests [22-24]. The exact
mechanism of intake regulation is not known, howggentinued insult of this
mechanism may result in its breakdown and subsedosof intake regulation.

One consideration when using swine as a biomedhodlel is the common
production practice of castration. Pigs are uguabtrated within 28 d of birth. The
procedure of castration is beneficial in swine pieitbn settings because it eliminates
boar odor, decreases fighting behavior, and allonxeng of castrated males and intact
females [9, 25]. Additionally, castrated maleseyally exhibit a higher propensity for
fat deposition compared to intact pigs. Castrar@chals are perhaps a less direct
comparison to humans due to gender perception. edMerycastration does not negate the
similarities between humans and pigs. A simpleeadicomparison to humans may be

made using intact male and female swine as biorakaiodels.

Development of Obesity

Although the exact mechanisms contributing to dewelent of obesity are not
known, two main theories have developed regardsgnset. The first theory suggests
development and onset of obesity is thermodynammature [1, 26-28]. When energy
intake exceeds expenditure for an individual, gault is fat deposition. This theory is
supported by increased energy consumption, witaouncrease in level of physical
activity, and the concomitant increase in the plerv@e of obesity. The second theory
proposes that type of calorie consumed may be mgrertant than total calorie intake

[1, 26-28]. This theory is supported by paralfereases in obesity and consumption of



refined sugars and oils. Metabolic impairmentsatigy over time and arise when readily
available food is rich in energy [29].

Childhood obesity is of particular concern dueatstihg consequences persisting
into adulthood. Excessive weight gain during teaqu between infancy and puberty is
likely the foundation for chronic health maladiekigh rob citizens of long, healthy, and
prosperous lives. Childhood is a period of growthich is accompanied by a gradual
decline in the rate of deposition of protein, waterd bone while rate of fat deposition is
increased [9]. With maternal influences removethatend of infancy or at weaning,
childhood growth is most susceptible to externahimaation including environment and
nutrition [9].

Obese children have been shown to exhibit mangepto-inflammatory, pro-
atherogenic changes associated with vascular @seaslulthood including insulin
resistance, hepatic steatosis, elevated LDL clev@stdecreased HDL cholesterol, and
decreased adiponectin levels [30-39]. Perhaps aoosterning is that these risk factors
are relatively stable in adolescents if BMI is uaieched and persists into adulthood [40,
41]. Although atherosclerosis may not be eviderdhese or diabetic children, the
predisposition to developing it is likely underwagll before adulthood and is likely
enhanced by obesity during childhood [42].

Increased energy intake in addition to increasekeof fats and sugars may lead
to development and progression of obesity [1, Z6-P&rhaps more detrimental are the
secondary effects of obesity including diabeteditas) hypertension, impaired glucose
tolerance, and insulin resistance which can mamifiezddition to obesity. Of particular

concern with childhood obesity is the potential iealth maladies to persist into



adulthood, robbing our citizenry of prosperousdivétudying causative mechanisms
underlying development and progression of obesign animal model may yield clues

useful to developing childhood obesity interventstrategies.

Childhood Eating Behavior and Patterns

Environmental factors strongly influence eatingdebr. Such factors include a
changing food supply, increased reliance on foodpgred and consumed away from
home, food advertising, marketing and promotiom pncing [43]. Increasingly, both
parents in a family work and time at home is limité/Vith limited time to spend at home
and preparing meals, type of food consumed is fsogmitly impacted. Increased reliance
on highly processed and convenience foods havéiedsn alterations to the glycemic
load and nutritional composition of the diet. kased reliance on foods consumed away
from home, which are generally of greater porti@e &ind contain more energy than
meals prepared at home, is evidenced by surveyestuthich show decreased
percentage of energy intake from foods consuméorae and an increased percentage
of energy intake from foods consumed from restasrand fast food outlets in
adolescents (ages 12-18 y) [44]. Generally, fast fmeals are designed to be quickly
prepared and consumed, but are also higher imthtarbohydrates compared to meals
prepared at home. With as much as 75% of childeparting eating at a fast food
restaurant at least once per week, those who expesting at a fast food restaurant at
least three times per week consume, on averade%3®ore energy than those who did
not eat at a fast food restaurant [45]. Thus]iketihood of fast food consumption

increases with the age of the child [46].



Examination of overall at home and away from home¢ guality for American
children age 2-19 y revealed that 26% of total sm@ald snacks were consumed away
from home and provide 32% of total daily energy][4&way from home meals and
snacks are higher in fat and sodium, and loweran, ifiber, and calcium compared to at
home meals [47, 48]. Additionally, portion sizes/é increased in recent decades,
mirrored by an increase in per capita availabdityadded sugars and fats [46, 49-51].
Studies from the US, Europe, and Australia havestsubred the tendency for
adolescents to consume more than recommended snmvékeft drinks, confectionery
foods, and fast foods, and lower than recommenaa#te of fruits, vegetables, and
whole grains [52-56] based on a balanced diet.ci8ng behavior and increased soft
drink consumption are associated with increasedrfdtsugar consumption [51]. These

observations underscore the decreased qualityilofen’s diets in recent decades [46].

Adipose Growth

During early postnatal growth, adipose tissue ghowtrapid with adipocytes
increasing in size primarily through accretionraglycerol, stored in the fat droplet.
Adipose tissue growth is the result of the storaigenergy in the body as fat.
Subcutaneous fat is the most prominent fat deppigs, regardless of stage of growth
[9]. Individual layers of subcutaneous fat areastsable, though the layers grow at
different rates and respond to nutritional reswoitdifferently [9]. In market pigs,
subcutaneous fat may represent as much as 70%aafssaadipose tissue [9]. In addition

to the subcutaneous depot, fat can also be degasifeerirenal, and mesentery depots,



although generally less fat is stored in those tiepbNutritional intake and environmental
factors strongly influence fat deposition in vasalepots.

Commercial pigs are typically fed low-fat (5%), higarbohydrate diets [9].
Excess energy intake from commercial swine dietg le@&d to a state of obesity as pigs
can synthesize long chain fatty acdsnovo from carbohydrates [9]. In humans, fatty
acid synthesis occurs in the liver whereas thecyie is the major site of synthesis in
pigs [9]. Additionally, pigs fed diets low in peah will deposit more fat compared to

pigs fed adequate levels of protein [9, 57].

Lipoprotein Profile in Pigs

Lipoproteins, proteins with a lipid attached, argortant in transporting lipids in
the bloodstream. Of major importance in pigs ae/Nlow-density lipoproteins (VLDL)
containing 60% of serum triacyglycerol, low-dendipoprotein (LDL) containing 40-
70% of serum cholesterol, and high-density-lipogimo{HDL) containing 20-35% of
serum cholesterol [9]. The lipoprotein profilanfuenced by the lipid and protein
composition of the diet [58, 59] and age [60, 6lldrge amounts of triglycerol are
transported in a very-low-density particle, thelohyicron, following consumption of a
meal with substantial amounts of fat. Insulin stiates hepatic VLDL production in
humans and rats [62-64]. Obese swine have highsm@a insulin concentrations [65,
66], and corresponding elevated VLDL-triglyceridecentrations compared to lean
swine [67]. Human and pig lipoprotein profiles amnilar with both having more HDL

than LDL. Apolipoprotein B-100, a major proteinlddL, is produced exclusively by



the liver in both humans and pigs. Importantlghhconcentrations of triglycerides and

low concentrations of HDL cholesterol are strongdpctors of insulin resistance [68].

Hypercholesterolemia

Cholesterol, a naturally occurring sterol in aninisgues, is synthesized in the
liver, adipose tissue, intestine, and central nes\&ystem. It serves many purposes in
the body including serving as a protective agerskin and myelin sheaths of nerve cells,
as a detoxifying agent in the bloodstream, anceaysor of many steroids. Deposits of
cholesterol form when present in excess, hypersheielemia, and in certain
pathological conditions. A balance is maintaingdjusting endogenous synthesis to
dietary cholesterol intake [69]. Dietary saturaftat$ produce hypercholesterolemia and
polyunsaturated fats have a hypocholesterolemeceiih many species [58]. Saturated
fat from the diet increases LDL cholesterol concaidns in most species [58]. Pigs fed
tallow have higher concentrations of plasma LDL &Rl cholesterol, as well as more
total lipids in the liver compared to pigs fed segh oil [58]. Saturated fats are known to
increase plasma concentration of total cholestaralrange of laboratory animals,

humans, and pigs [70-73].

Cardiovascular Disease

Adult diseases may have origins in childhood ad sarprisingly, excess weight
gain is often a precursor to a variety of physiataband psychological aberrations
which ultimately predispose individuals to morbydand mortality [74]. Evidence

suggests that foundations of adult vascular disaastid in childhood and are
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accelerated by the co-existence of disease sudialbstes, hypertension, obesity, and
hyperlipidemia [75]. Hypertension is more commoahcountered in obese children
compared with normal weight children, and elevdtledd pressure during adolescence
is seemingly a predictor of endothelial dysfunctiomadulthood [30]. Hypertension is
another indicator of arterial compliance, and awith hypertension have lower arterial
compliance compared to matched controls [76-7&ro€@d elasticity was found to be
lower in children considered to be at increasediogascular risk due to the presence of
elevated blood pressure and total cholesterol cozdpa a control group [79]. In
adults, arterial stiffness is increased with thespnce of obesity, diabetes, and
hypertension, and although limited, data from aleildsupport the same consequence.
Increased adiposity leads to increased stiffnessrgér arteries, regardless of age.
Early intervention, including weight loss, lifestyinanagement, and
pharmacologic interventions, may reduce many iaskdrs of vascular disease [75]. By
intervening during early stages of obesity onsegative health effects of obesity may be
completely reversed. Weight loss during early bnsebesity will prevent additional
metabolic and physiologic dysfunction. Nutritios#lategies implemented during
childhood may have lasting impacts on food consumidadulthood. Such intervention
strategies may include matching energy intake apémditure and minimizing refined
oil and sugar consumption, thereby decreasing gnetgke. Such nutritional
intervention strategies decrease incidence of gbbsth in childhood and adulthood.
Lifestyle management, including exercise and di@hagement, is another crucial
component of controlling the incidence of obesifycombination of increased physical

activity and diet management, to consume healtheals lower in fat and refined
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products, will result in an energy intake whichmsre closely matched with expenditure.
Pharmacologic interventions for obesity are notwell understood although a variety of
options may be available. Possible pharmacolagerventions may include leptin or
other appetite suppressants which increases tisatsam of satiety. Other possible
pharmacologic interventions include use of compasuntdich inhibit absorption of fat
from dietary sources. Although pharmacologic wm@tion strategies may be a viable
option in severely obese individuals, more useftérvention strategies for children
include weight loss, lifestyle management, andagietmanagement. Encouraging better,
healthier lifestyle habits at a young age decreask®f obesity and transcend
generations, thus preventing obesity for futureegations. Several cardiovascular risk
factors are known components of metabolic syndr[@8e35], discussed in a later

section.

Body Mass Index

Body mass index (BMI) was created as a measureaustiing, calculated as mass
(kg) divided by height squared {86, 87]. BMI has evolved to become a convenient
calculation of body fat, and is routinely used limical settings, along with waist
circumference and skin fold thickness, to diagrasesity and overweight [1]. BMI is
advantageous in clinical settings because it asadnd noninvasive method to estimate
body fat. Although BMI is seemingly useful for fdifentiating obesity in adults, its
usefulness in children may be limited becausedisdwt take into account the changes to
body shape with the progression of normal growth HAs children grow, target BMI for

normal weight changes with age and as the populégecomes more obese.
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Body mass index fails to differentiate between fiatiscle, and bone which may
exaggerate obesity in large, muscular children Frther complicating the use of BMI
as an indicator of obesity and overweight are ifferénces in maturation pattern
between genders and different ethnic groups [1{hchgh BMI is currently the clinical
standard for diagnosing obesity, perhaps a sureagfatisceral or central adiposity
would be a more reliable indicator in children. ig¢&ircumference may be a suitable
alternative to the abstract nature of variablesl tisecalculate BMI. Waist circumference
specifically targets central obesity, a risk fadtortype Il diabetes and coronary heart
disease [1, 88]. Itis an easily obtained, obyectheasurement which may allow

clinicians to predict obesity and metabolic syndeamchildren with increased accuracy.

Glucose Tolerance

Glucose metabolism is essential for supplying enegells and is tightly
controlled to maintain homeostatic blood glucosecemtrations throughout the day.
Carbohydrates can either be stored as glycogeonwected to fat, most energy stored in
the body is stored as fat [89, 90]. Glycogen stonay later be broken down to liberate
glucose, the ultimate energy source for most ¢88s90]. Only monosaccharides can be
absorbed from the gastrointestinal tract (GIT); ti-, and polysaccharides must be
hydrolyzed by digestive enzymes for absorptiondcuo [89, 90]. A variety of digestive
enzymes aid in hydrolysis of more complex carboatel, examples include amylase
and sucrase. Proximal portions of the small imestduodenum and jejunum, exhibit the

greatest capacity to absorb monosaccharides frer®th; few monosaccharides are
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absorbed in the distal small intestine, ileum, kttld, if any, absorption occurs in the
stomach [89, 90].

Two families of glucose transporters exist. Sodglocose co-transporters
(SGLT) actively transport glucose across the imasimucosal cell during absorption
from the lumen and across the kidney tubule [89, 8Y coupling sodium with glucose,
this family of co-transporters is able to transgducose against its concentration
gradient while transporting sodium down its concaiin gradient, maintained by
membrane-bound potassium ATPase [89, 90]. Faorktglucose transporters comprise
the second family of glucose transporters. Thasiliaactively transports glucose down a
concentration gradient and are present in nedripyanmalian cells [89, 90]. Thirteen
glucose transporters (GLUT) have been identifiedhewith different kinetic properties,
substrate specificities, and expression profil€s §®].

Normal metabolism begins with consumption of a nvdach may consist of
mono-, di-, tri-, or polysaccharides. Blood gluedsvels increase following meal
consumption as carbohydrates are broken down orietituent monosaccharides for
absorption from the small intestine [89, 90]. Msaccharides may be converted to
glucose in the intestinal mucosa cells and gluepgears unchanged in the portal vein
following absorption [89, 90]. GLUT1 is the gluesansporter for erythrocytes and is
responsible for the basal glucose uptake whichasustespiration in cells [89, 90].
GLUT1 is also present in endothelial cells of bartissues such as the blood-brain
barrier [89, 90]. Expression levels of GLUT1 amereased when glucose concentrations
in the blood are reduced and expression is deadasmcreased concentrations of

glucose in the blood [89, 90]. As blood glucosesls increase beyond the normal
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physiological range of four to six mmol/L [9], GL@QTransports glucose into pancreatic
B-cells, stimulating insulin release [89, 90]. Imsuhen acts to stimulate glucose uptake
and utilization in muscle and adipose tissue va@vLUT4 transporter [89, 90]. Glucose
can then be utilized by cells for normal physiotajifunction or can be converted to
glycogen via glycogenesis and stored in liver ancte tissues [89, 90]. Glycogen
formation requires input of two molecules of adenedriphosphate (ATP) per glucose
molecule, adding one unit of glucose at a timeotenfa long chain of glycogen [89, 90].
Due to insulin stimulated glucose uptake, bloodtgie levels return to homeostatic
levels within a few hours following a meal. Corsay, in fasted or food-deprived
states, blood glucose levels are diminished ancbglgn stores can be broken down to
liberate glucose (glycogenolysis) [89, 90]. Glumaga hormone produced by pancreatic
a-cells, plays an important role in glycogenoly€l8,[90]. Glucagon mobilizes stores of
glucose and fatty acids for oxidation [89, 90].

In abnormal metabolic states, glucose metabolissigisficantly altered. One
metabolic defect, common to diabetes, is inadequatduction of insulin, inadequate
sensitivity to insulin, or both [89, 90]. In addn to stimulating glucose uptake and
utilization by various cells in the body, insulils@ stimulates protein synthesis,
decreases protein catabolism, and indirectly stiesllipogenesis and inhibits lipolysis
[89, 90]. Insulin is essential for normal glucesetabolism, thus in states of
hypoinsulinemia or insulin resistance, hyperglyaeamd impaired glucose tolerance
result [89, 90]. Chronic hyperglycemia and hypalmemia can lead to additional health

maladies, chief among them manifestation of theabwic disease, diabetes mellitus. In
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addition, in hyperglycemic states, the action efcglgon is unnecessary and glycogen
stores are not mobilized.

Several factors affect circulating glucose levatduding food intake,
metabolism, rate of digestion, and level of phylsazdivity. Lack of insulin production
or reduced receptor sensitivity to insulin may tesuan inability to lower blood glucose
concentrations in response to a meal. Insulirstasce, characterized by the inability of
the GLUT4 transporter to translocate to the celimbene for glucose uptake in skeletal
muscle and adipose tissue, also results in actétgperglycemia. In a study of 55 obese
children aged 4-10 y, and 112 obese children adgetBly, 25% and 21%, respectively,
had impaired glucose tolerance, with blood gluams®entrations remaining elevated
during glucose tolerance testing [91].

Glucose and fructose occur primarily as monosaadésin fruits, vegetables,
high-fructose corn syrup, and honey [92]. Frucieseehexomer of glucose, both are of
the molecular formula §H,.0g, yet differ in structure [89, 90]. Carbon numlies the
anomeric carbon, the carbon comprising the carbfumgtion, in glucose whereas
carbon number two is the anomeric carbon in frief{89, 90]. Ana,p-glycosidic bond
joins fructose and glucose in sucrose, a disaat®d92]. High-fructose corn syrup
incorporation into a variety of food products isn@asing. In the United States, high
fructose corn syrup is produced by enzymaticallyvesting some of the glucose in corn
syrup to fructose, yielding a higher concentratbfructose in the resulting syrup.
Incorporating high fructose corn syrup into food®is the advantages of lower cost in
addition to flavor enhancement, depression of fregpoint and osmotic pressure, and

moisture retention [42]. Although there is muchbagnity in studies which have
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evaluated the effects of consuming large amountsiofose [42, 93-95], consumers
have expressed both surprise and concern in thenconase of high-fructose corn syrup
in a variety of products.

Mechanisms of fructose absorption are not yet cetapy known. Fructose
uptake can occur against the concentration gradigggesting a possible active transport
mechanism [89, 90]. Fructose transport occurspaddently of the active sodium-
dependent glucose transport, and rate of uptadlevwger than that of glucose, because
dietary fructose cannot pass through the liver 89, Fructose may also be absorbed
via facilitated transport, involving a specificrisporter, in the absence of glucose [89,
90]. It has been suggested that GLUT5 may funam®a fructose transporter [96].
Facilitative fructose transport can only occur dawroncentration gradient. Fructose is
efficiently trapped and phosphorylated by the Ij\m¥cause there is no rate limiting step
in its metabolism, resulting in very little circtilag fructose, and ensuring a downhill
concentration gradient [89, 90]. Simultaneousamconsumption of fructose and glucose
accelerates fructose absorption and increasesithehbld for malabsorption symptoms
[89, 90].

Although high fructose corn syrup incorporatioroiftod products offers
numerous advantages, consequences of its consungpéainclear. No rate limiting
steps have been identified in fructose metabolibos, fructose is most likely stored as
liver glycogen, however, it may also be catabolifwgcenergy or used fate novo
adipogenesis [89, 90]. However, rate limiting stepglucose metabolism allow the
monosaccharide to enter the portal blood streamgtake and utilization in skeletal

muscle and adipose tissue [89, 90].
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Insulin

Discovered in the early twentieth century, insusinvell known for its role in
glucose metabolism and in the disease diabetegusellAfter a carbohydrate-rich meal,
blood glucose concentrations increase in respandegéstion and absorption of glucose
[89]. GLUT2 transports glucose into pancrefticells, stimulating insulin release and
increasing circulating insulin [89, 90]. Insulimen stimulates glucose uptake and
utilization in liver, muscle, and adipose tissueig removing glucose from the blood [89,
90]. The action of insulin allows tight regulatiohblood glucose levels throughout the
day. Individuals with insufficient insulin produah are unable to remove glucose from
circulation, resulting in hyperglycemia and losgytifcose in urine [89, 90]. Insufficient
insulin production may be a result of pancreptwell failure leading to uncontrolled
glucose production, lipolysis, ketogenesis, antinaitely, death [89, 90]. Failure of
insulin secretion, failure of biological actioniakulin, or both can lead to a diabetic state
[97].

An increase the concentration of insulin necesganccupy binding sites has
been observed in obese swine with increasing agf@abody weight [98]. Obese swine
are observed to have approximately two-fold higilasma insulin concentration as
compared to lean swine, suggesting that bindingigffmay be influenced by plasma
insulin concentration [66]. Porcine studies ofuoed obesity have underscored the role
of insulin in regulating glucose homeostasis. Awistering streptozotocin, a naturally
occurring compound which is partially toxic to itisyproducingp-cells of the pancreas,

to pigs results in hyperglycemia, characteristia dfiabetic state [99, 100]. Diabetic pigs
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have lowered adipose tissue lipogenic capacitycwvindicates insulin is important for
fat lipogenesis in adipose [101]. Although repdrinsulin responses have varied [102-
105], at least one study has demonstrated thatrimgoéinemia stimulates glucose
incorporation into adipose tissue lipids [106].

Impaired insulin sensitivity or insulin resistanbg,decreased production, or
failure of GLUT4 transporters to be translocateth®mplasma membrane, in skeletal
muscle and the liver, is directly responsible fevelopment of type |l diabetes [107]. A
strong association between insulin resistanceyraf GLUT4 transporters to
translocate to the plasma membrane [108], andaserkrisk for myocardial infarction
and stroke has been established in epidemiologiadies [109, 110]. Insulin resistance
and the compensatory hyperinsulinemia may predespasents to hypertension,
hyperlipidemia, and diabetes, and may be an undgrbause of cardiovascular disease
[111]. Detection of porcine insulin resistancamportant because the model replicates
many features of human insulin resistance suclypsrimsulinemia, hyperglycemia,
hypertension, and low plasma adiponectin level2[1Thus, early metabolic alterations
in large animal models may be reflective of dieftined obesity in humans [113].

Blood glucose, blood pressure, and BMI measuremmeatsbe less sensitive, but
more specific, predictors of insulin resistance paned to individual components of
metabolic syndrome [114]. An inverse relationgbgbween intra-abdominal fat afid
cell function was recently evaluated in a humarocostudy [115]. Whether decreased
production, decreased tissue sensitivity to insulira combination of the two is the
mechanism, insulin plays a crucial role in develeptprogression, and treatment of

diabetes mellitus. The amino acid sequence ofim@ihighly conserved across species,
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allowing humans to use insulin from porcine andibesources [97]. Porcine-derived
insulin has been used to treat diabetes in humaos $922 and other recombinant forms

of insulin are becoming more available [97].

Diabetes Mellitus

Diabetes mellitus is a complex disease manifesyddyperglycemia and has
become a world wide epidemic. Data collected i@72ihdicate a prevalence of 7.8% in
the population [116]. Diabetes may arise from limsdeficiency, insulin resistance, or
some combination of the three [117]. Basal plasmalin concentration has been shown
to positively correlate to degree of obesity [148% insulin resistance [119]. Diabetes is
believed to accelerate atherosclerosis, increasgence of myocardial infarction, and
increase risk of stroke [97]. Two forms predomeadentified as type | and type II
diabetes. The defining characteristic of both @imthe inability of insulin to reduce
blood glucose concentrations [89, 90].

Type | diabetes, an autoimmune disease affect@agdmcreas, is called insulin-
dependent or juvenile onset diabetes [89]. Intype of diabetes, insulin is either absent
or present in very low concentrations [97]Basells fail to produce and secrete insulin
[90]. Symptoms include polyuria, polydipsia, weaks, fatigue, and polyphagia
accompanied by weight loss [97]. Glucose is pouotiljzed in the absence of insulin,
creating a state in which energy demands remaithgdbody is unable to capture
circulating glucose [97]. Thus, energy stores icu@ to be broken down despite the

presence of ample circulating glucose [97]. Treatfor type | diabetes is primarily
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accomplished by careful monitoring of glucose, daetd exogenous insulin therapy to
replace missing endogenous insulin [97].

B-cell depletion applies to juvenile diabetics [12@1] and may also apply to
maturity-onset diabetics who have been reportétat@ reduced islet frequency and
volume and reduced pancreas insulin content [125]-1 such patient$-cells are
degranulated, indicative of a decrease in the numibkeinctionalB-cells working near
capacity [122]. Some suggest that diabetics egpee reducefl-cell sensitivity to
glucose [126, 127]; others suggest glucose seitgitbvnormal with diminished insulin
secretory response [128]. New juvenile diabetresgnting with ketosis or diabetic
acidosis have approximately one-third the basaméainsulin concentrations of normal
subjects [129]. Such a reduction of insulin effemtess may be due to obesity.

Type |l diabetes is known as noninsulin-dependeaiolt onset diabetes [89],
however, this type of diabetes is being observeterfrequently in younger patients,
including children. Type Il diabetes is the masitnenon metabolic disease worldwide
and obesity is thought to be a contributing fagi®8]. This form of diabetes is
characterized by the failure of insulin, althougbhgent, to stimulate translocation of
GLUT4 transporters to the plasma membrane of cadlsermed insulin resistance [108].
This is generally considered to be a milder forndiabetes in comparison to type |
diabetes because it is highly dependent upon theedef biological failure [97]. Insulin
resistance, characteristic of type Il diabetegjltesn increased glucose output by the
liver, even when dietary glucose is present, leatrhyperglycemia [108]. Symptoms
of type Il diabetes include polyuria, polydipsi&jioed vision, fatigue, and frequent or

slow-healing infections as a consequence of hypeeghia [108]. Potential roles of
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obesity in type Il diabetes reflects the abundasfaasulin receptors in adipose tissue
[97]. At the onset of type Il diabetes, hypertygridemia, low HDL cholesterol, and
moderately high LDL cholesterol commonly accomparsulin resistance and relative
failure of B-cells [75]. Hyperinsulinemia is a key featuretygfe 1l diabetes [130, 131], in
addition to hyperlipidemia [111, 132, 133], obe$it34-137], and hypertension [136-
138].

If left untreated, type Il diabetes can progrestype | diabetes. Treatment for
type Il diabetes generally includes weight losst chianagement, and insulin therapy
[97]. Insulin therapy is more complex with typellbetes because therapy is dependent
upon the remaining functionficells and the degree of insulin insensitivitytloe ability

to translocate GLUT4 transporters to the membranglficose uptake [97].

Metabolic Syndrome

Near the end of the 2@entury, a cluster of risk factors for cardiovdaculisease
were described, notably the simultaneous preseinaeesity, type Il diabetes,
hyperlipidemia, and hypertension [139, 140]. Tdlsstering of risk factors would later
become known as the metabolic syndrome [141-14%Iwik diagnosed by the presence
of three of these characteristics [142, 143]. Melia syndrome seemingly contributes to
increased intima-media thickness, or thickeningregrial walls, with increasing
characteristics of metabolic syndrome present [148bspective studies which followed
children for more than three decades have providieder support that childhood obesity
and presence of risk factors have negative effattgascular health in adulthood [147,

148].
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The National Cholesterol Education Program’s Adudatment Panel defined
metabolic syndrome in its third report (ATP IIlT.he ATP Il defined metabolic
syndrome as any three or more of the followingeciat waist circumference (greater
than 102 cm in men and 88 cm in women), serunmytregides greater than or equal to
1.7 mmol/L, blood pressure greater than or equaB@W85 mmHg, HDL cholesterol (less
than 1.0 mmol/L in men and 1.3 mmol/L in women)] aerum glucose greater than or
equal to 6.1 mmol/L [149, 150]. In comparison, Yierld Health Organization (WHO)
defines metabolic syndrome with slightly differgr@rameters. In addition to one of the
following: diabetes, impaired fasting glucose, inn@a glucose tolerance, or insulin
resistance, a patient must also fulfill two of thkowing criteria: waist: hip ratio (greater
than 0.90 in men and 0.85 in women), serum trigiges of at least 1.7 mmol/L or
elevated HDL cholesterol (greater than 0.9 mma¥imen and 1.0 mmol/L in women),
blood pressure of at least 140/90 mmHg, a urindoyrain excretion rate greater than 20
pa/min or albumin:creatinine ratio of at least 3§/gn[145].

Some criteria of metabolic syndrome, such as veaistimference and HDL
cholesterol, have specific gender-related threshoelthich implies the outcomes and risk
factor levels differ between genders. Although s@uggest different thresholds should
be considered, no evidence has been found to suggader, race, or ethnicity threshold
differences as they relate to cardiovascular desges4]. Irrespective of how defined,
individuals with metabolic syndrome have a highsk of cardiovascular disease than
individuals without the syndrome [151], unsurprgdinas individual components of

metabolic syndrome are known to be major cardiavascisk factors [80-85].
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A likely shortcoming of both the ATP IIl and WHO fd@tions of metabolic
syndrome is that each component is of equal weygiitsome components clearly have
more predictive power for cardiovascular diseas@ ththers [114]. Additionally, neither
the WHO or ATP Ill consider age, level of physieativity, or familial history of
cardiovascular disease in defining metabolic symdr¢114]. The definitions of
metabolic syndrome by the WHO and ATP IIl underedbe controversy in defining the
syndrome as it is a cluster of factors which inseethe risk of cardiovascular disease.
Another important consideration in the definitidmeetabolic syndrome is the potential
for additive consequences of the components. Whidd suggest the possibility for
metabolic syndrome to be of more severe consequbaoghe sum of its component
characteristics. Variations in defining metabgiymdrome have been demonstrated to
lead to as much as a 24% discrepancy in the pres@lef metabolic syndrome,

depending on sex and ethnicity of the populati&i]l

Hepatobiliary Injury

Bilirubin is a major end product of normal red lbdlocell turnover and is produced
by Kupffer cells lining the lobule sinusoid [9].rdt Kupffer cells, bilirubin is
transported to the hepatocyte for conjugation, semreted into bile [9]. Hepatocytes
continuously secrete bile, although it is needdg ortermittently for fat digestion [9].
Conjugated bilirubin can be converted into othem® and excreted from the body,
giving the characteristic colors to feces and uf#je Previous studies have
demonstrated that secretion rate of bile acidess®s dramatically in response to

increased dietary fat content [152]. Bile acidshi@ pig are hydrophilic and, therefore,
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spontaneously form cholesterol-supersaturated dmslés the pattern in humans [9].
Studies suggest that an increased expression & beygenase, the enzyme which
breaks hemoglobin down into bilirubin, may be assed with enhanced insulin
sensitivity and glucose metabolism [153, 154].etastingly, a growing body of literature
suggests that higher levels of total bilirubin €eag a powerful antioxidant and anti-
inflammatory agent [155-165] and may protect agasosonary heart disease [166, 167].
Aspartate aminotransferase (AST) and alanine amansfterase (ALT) are
commonly measured clinical indicators of liver liedf]. Aspartate aminotransferase
catalyzes the reversible transfer oftaamino group between aspartate and glutamate
and is important in amino acid metabolism. Alaran@notransferase catalyzes two parts
of the alanine cycle involving transfer of an amgroup. Alkaline phosphatase (ALK)
is a dephosphorylation enzyme important in amind atetabolism and indicative of
several types of hepatic injury and bone growth [Biliary obstruction stimulates
synthesis of ALK within canalicular membranes proal to the obstruction [168].
Elevated ALK activity in the serum has been asdediavith obstructive liver disease for
nearly four decades [169]. Two theories have easbhegarding elevated ALK levels.
The “retention” hypothesis formed on the basis ¢thdamaged liver is unable to clear
phosphatases made in other tissues, resultingiaased levels of alkaline phosphatase
[170]. The “regurgitation” hypothesis is basedtlba assumption that elevated serum
phosphatase originates in the liver [171] and gsuted by several recent studies [172-
174], despite little evidence that the human lieecretes serum ALK into bile.
However, liver biopsies obtained from obstructiaerdice patients contain greatly

increased levels of ALK compared with livers ob&rfrom normal patients [168].
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Increased serumglutmayl transferase (GGT), involved in the tramsif amino
acids across the cell membrane, has been previassbciated with liver diseases, and
predicts morbidity and mortality independently ot alcohol intake and liver disease
[176, 177]. Moderate increases within a normal G&lge may be an early marker of
oxidative stress and thus explain the strong aggsoniof GGT with many cardiovascular
risk factors and disease [178]. Increases in Gf@Tpeedictors of hypertension, incident
cases of type Il diabetes, and coronary heart sisealependent of alcohol intake or
liver disease [176, 177, 179-182]. Additionallgyeral studies have linked increased
levels of GGT with metabolic syndrome [177, 1793[L8Waist circumference is a major
determinant of circulating GGT levels [183] and nteeya marker of hepatic steatosis
with or without hepatic insulin resistance [1845].8

The incidence of non-alcoholic fatty liver diseédSAFLD) is increasing in
children and adults due to the increasing incideriagesity and type Il diabetes [186,
187]. Non-alcoholic fatty liver disease is oftessaciated with metabolic syndrome and
is considered to be the hepatic manifestation ®@fisease [188-190]. NAFLD is a result
of ectopic, or abnormal, fat storage, an issue gimgras central to the pathogenesis of
metabolic syndrome [191]. Molecular mechanismdilggto development of hepatic
steatosis in the pathogenesis of NAFLD include anéd lipolysis, increased
lipogenesis, and decreased beta-oxidation [19&kréstingly, it is commonly accepted
that a second “hit” is required above baselinetetesfor NAFLD progression to occur
[193, 194]. This second “hit” is described as &isig in addition to oxidative stress in

the liver [193, 194].
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Summary

Childhood obesity represents a severe public healticern due to the potential
chronic health effects for the individual as welliacreasing costs of health care.
Development of childhood obesity is not yet weltlarstood but is likely due to excess
energy intake, type of calorie consumed, or perlaapsmbination. Excessive adipose
tissue gain leads to severe chronic health issugsding diabetes mellitus and
cardiovascular disease. Causative mechanismslyimgechildhood obesity
development and progression are not easily studiedmans due to ethical concerns,
thus development of a translational animal modeldasranted.

Childhood is a dynamic period of growth and compasal changes. Once
maternal influence has been removed, children as susceptible to external factors
such as environment and nutritional manipulatilmtreased reliance on highly
processed, energy-dense, nutrient-poor foods coedanmvay from home has resulted in
increased intake of fats and refined sugars asagehicreased body fat. Effects of
childhood obesity may be reversed with well-tim&dtggic interventions. As causative
mechanisms of obesity are discovered, intervergitategies can be developed and
implemented successfully.

Animal models have a distinct niche for studyingsative mechanisms
underlying childhood obesity. Pigs have been @ased biomedical model for decades
and offer great potential for modeling childhoocesity. Simulating the development of
diet-induced obesity using a high-fat, high-sugat oh pigs will provide valuable clues
to understanding the development of childhood dap@s well as providing additional

clues to reverse and prevent manifestation ofdisisase.
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CHAPTER I

Dietary manipulation causes childhood obesity-tkaracteristics in pigs
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Abstract

A translational animal model to study complicatiaresulting from childhood
obesity is lacking. Our objective was to developp@rcine model for studying
mechanisms underlying diet-induced childhood ogedire-pubertal female pigs, age 35
d, were fed a high-energy diet (HED; n = 12), contay tallow and refined sugars, or a
control corn-based diet (n = 11) for 16 wk. IdlyaHED pigs self-regulated energy
intake similar to controls, but, by wk 5, consunmedre P < 0.001) energy per kg body
weight. At wk 15 and 22, pigs were subjected toeal glucose tolerance test (OGTT);
blood glucose increase® & 0.05) in control pigs and returned to baselinele within
60 min. HED pigs were hyperglycemic at time 0, d&habd glucose did not return to
baseline P = 0.01), even 3 h post-challenge. During OGTT,cgbe area under the
curve was higher and insulin area under the curag wer in HED pigs compared to
controls P = 0.001). Pigs given 6 wk of dietary interventiorarginally improved
glucose area under the curve and blood metabalitesugh insulin area under the curve
was unaffected. Chronic HED intake increafiéck 0.05) subcutaneous, intramuscular,
and perirenal fat deposition, and induced hypemgtyi@, hypoinsulinemia, and low-
density lipoprotein hypercholesterolemia; howewef wk dietary intervention partially
recovered a healthy physiology. These data suggespubertal pigs fed HED are a

viable translational large animal model for studyatildhood obesity.

Keywords: adiposity, hyperglycemia, hypoinsulinepigpercholesterolemia, diabetes,

metabolic syndrome
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Introduction

Childhood obesity, defined simply as excess actation of body fat [1, 2] from
infancy to puberty, represents a growing publidthe@oncern with increasing incidence.
The American Heart Association currently estimdt@s 3 children in the United States
are overweight or obese [3, 4]. Childhood obesityeases risk for chronic health
maladies including hypertension, increased blo@ssure, sleep apnea, irregular heart
rhythms, stroke, and diabetes [3-10]. Suspectmding causes of childhood obesity
include excessive caloric intake and increasedwuopson of saturated and trans fats
and cholesterol [3, 4, 9]; however, hypothesedirgdo childhood obesity have not been
tested mainly due to ethical concerns. As sucim@mmodels are desperately needed to
conduct studies on induction and development o$itypduring pre-pubertal growth so
that nutritional interventions may be developed tastied to reverse childhood obesity
and the associated physiological aberrations. ,Téstablishment of an animal model to
further our understanding of biological mechanismd consequences of childhood
obesity is clearly warranted.

The pig is a well-regarded translational modelskdying obesity and metabolic
syndrome because of similarities to humans in cegr whole body metabolism,
cardiovascular system, and digestive system [11-2Bsabaw pigs fed a high-fat and
high-calorie diet develop characteristics of metigbgyndrome, including insulin
resistance, glucose intolerance, dyslipidemia,yprtension [12, 14, 18, 19, 23-25].
Miniature pigs have increased cholesterol andyicgiides as a result of consuming a
high fat diet, with females exhibiting a greatespense than males [13]. However,

previous studies using these models were conduathdigs at least 5 months of age
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[18, 24], which is the end of the pre-pubertal loitdhood period. Pig childhood, defined
as the period of life between weaning and pubd&abts approximately 22 wk and growth
during pig childhood is comparable to childhoodvgitoin humans. Therefore, our
objective was to induce obesity and alter glucossrance in commercially bred pigs
during the childhood period. We also tested tHelig of nutritional intervention of

childhood obesity.

Materials and Methods

Animals and housing

The Virginia Tech Institutional Animal Care and USemmittee approved all
experimental procedures; this study was conduct@g¢ordance with the Federation of
Animal Science Societies’ Guide for the Care and bfsAgricultural Animals in
Research and Teaching. Female pigs (Premium @sri€R0, Murphy-Brown,
Waverly, VA) obtained from a commercial swine faf\averly, VA) were weaned at
21 d of age and transported to Virginia Tech. Rgee individually housed in 0.6 x 0.9
m double-deck pens as previously described [26aB8d]offered a basal diet (Table 1)
which met or exceeded nutrient recommendations [P&}s were given ad libitum
access to food and water, unless otherwise indicad 35 d of age, pigs were weighed
and randomly assigned to either control (CON) oDHEeatments (CON: 12.88 + 0.57;
HED: 13.45 £ 0.55 kg BWR = 0.45); trial commencement was defined as wk OwlA

3, pigs were moved to 1.22 x 1.22 m pens for theareder of the study.

Diets and experimental procedures
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Control (n = 11) and HED (n = 12) diets were foratall and fed in phases based
on nutritional requirements of pigs. HED was fotated with a reduction in
standardized ileal digestible amino acid contdntstmore energy was diverted to fat
accumulation rather than lean deposition. Diesphaas determined according to mean
body weight (BW) within treatment (Table 1). Fatidappearance, BW, and ultrasound
measures were collected weekly. CON and HED avete fed for 16 consecutive wk.

A group of HED pigs was selected for a 6 wk diefatgrvention (INT, n =7) to

simulate recovery from chronic HED consumptionet®ry intervention was
accomplished by replacing the HED with a contreltdor 6 wk. At the end of respective
treatment periods, pigs were euthanized by elettsitinning followed by
exsanguinationLongissimus muscle samples were collected immediately follgwin
exsanguination; liver samples were collected follmpevisceration. Samples for
proximate analysis were snap frozen in liquid mj&no and stored at -80°C. Halved
carcasses were chilled at 4°C for 24 h. The csestional area of tHengissimus dorsi
muscle (LMA) and the subcutaneous fat thicknes®wetermined by cutting
perpendicular to the long axis of the carcass betvie 18 and 11" ribs [29]. Perirenal

fat was manually dissected and weighed.

Ultrasound

Depths of subcutaneous (USubQ) fat aondgissimus muscle at the last rib were
collected weekly using a portable real-time ulttasbscanner (Aloka SSD-500v, Aloka
Co., LTD., Wallingford, CT) with a 7.5MHz (wk 1 f0) or a 5MHz (wk 8 onward)

transducer (all from Aloka Co., LTD., Wallingfor@T). Vegetable oil was used as the
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ultrasound medium. Ultrasonic measurements were tasestimate changes in body

adiposity and lean content in individual pigs thgbaut treatment.

Oral glucose tolerance test (OGTT) and clinicalrabteristics

Pigs were subjected to OGTT at wk 16 (CON and H&m) 22 (INT) of study.
Pigs were food-deprived 12 h and then offered aouwsmof CON diet equal to 1% BW
mixed with a 40% D-glucose solution for an offermf2 g glucose per kg BW. Animals
were physically restrained and jugular venipunchlo®d samples were collected in
lithium-heparinized vacutainers (BD, Franklin LakBg) 0.5 h before and at 0.5, 1, 2,
and 3 h post offering. Blood samples were immetijainalyzed for glucose (YSI 2300
STAT Plus, YSI Inc., Yellow Springs, OH), then agfioiged (3,000 x g, 15 min, 4°C).
Resulting plasma was collected and frozen at -80%@ analyses. Plasma insulin
(Porcine ELISA, ALPCO Diagnostics, Salem, NH), Idensity lipoprotein (LDL), high
density lipoprotein (HDL), triglyceride (TG), aspate aminotransferase (AST), alanine
aminotransferase (ALT), bilirubiry;glutamyl transferase (GGT), and alkaline
phosphatase (ALK) were determined using commeycaadailable kits (all from Teco
Diagnostics, Anaheim, CA) according to manufactumstructions.

The insulin ELISA, a sandwich type immunoassaysuseuse antibodies
specific for insulin which are immobilized to theamoplate as the solid phase. Samples
are sandwiched between the solid phase and thagaie} a horseradish peroxidase
enzyme labeled monoclonal antibody. The plathes incubated, washed to remove
unbound conjugate, substrate is added and theiplateubated a second time during

which a blue color develops as a result of sulsstedicting with bound conjugate. Stop
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solution is added which stops the reaction and gbsithe color from blue to yellow,
allowing optical density to be measured at 450 i@olor intensity is directly
proportional to the amount of insulin in the sampliesulin resistance was estimated
using homeostatic model assessment (HOMA-IR) amahiifative insulin sensitivity
check index (QUICKI) as previously described [30]. 3Pancreati@-cell function was
estimated using HOMA-B [31] with the formula [fasgiinsulin (mU/L) x 20] + [fasting
glucose (mmol/L) - 2.0], which accounts for lowasting glucose levels in pigs
compared to humans.

Low density lipoprotein cholesterol was deterministhg a two part, liquid stable
reagent. A detergent reagent was added to samptdubilize non-LDL lipoprotein
particles. Cholesterol is released and consumathblesterol esterase and cholesterol
oxidase in a non-color forming reaction. A secdetkrgent then solubilizes the
remaining LDL particles with a coupler to allow ooformation. Color produced is
proportional to amount of LDL cholesterol presenthie sample. The intra-assay
coefficient of variation for LDL was 4.75%. Higleusity lipoprotein cholesterol was
determined using a two-reagent format. The feagent stabilizes LDL, very low
density lipoprotein, and chylomicrons while the@®tt reagent contains modified
enzyme which selectively react the cholesterol DiLHparticles. The intra-assay
coefficient of variation was 11.87%. Triglyceridssay involves hydrolysis of
triglycerides by lipase, yielding glycerol and fa#icids. Glycerol concentration can then
be determined by enzymatic assay coupled with €ringlaction, terminating in the

formation of a quinoneimine dye. The amount of iyened, determined by absorption
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at 520 nm, is proportional to the concentratio Gfin the sample. The intra-assay
coefficient of variation for TG was 5.76%.

Asparate aminotransferase catalyzes the reactiaspartate and oxoglutarate to
yield oxalacetate and glutamate. The assay udezanium salt which selectively reacts
with oxalacetate to produce a photometrically mestse color complex. The intra-assay
coefficient of variation was 3.51% for AST. Alariaminotransferase catalyzes the
reaction of alanine angtketoglutarate to form pyruvate and glutamate.ulgte then
reacts with 2, 4-dinitrophemyl-hydrazine (2, 4-DNi#te) to form 2, 4-DNPH-one.
Addition of sodium hydroxide dissolves the compderd allows measurement of 2, 4-
DNPH-one at 505 nm. The intra-assay coefficientasfation for ALT was 5.12%. The
bilirubin assay measures the intensity of colodpied by the reaction of bilirubin with
diazotized sulfanilic acid producing azobilirubiAzobilirubin has a maximum
absorbance at 560 nm in dimethyl sulfoxide solve&lor intensity is proportional to
the amount of bilirubin in the sample. The bilimlassay has an intra-assay coefficient
of variation of 11.30%JI-glutamyl transferase catalyzes the transferggutamyl
group fromy-glutamyl-p-nitroanilide. Rate of liberation ofrptroaniline is related to the
GGT activity in the sample and is quantitated byasuging the increase in absorbance at
405 nm. The intra-assay coefficient of variatiossvé.30% for the assay. Alkaline
phosphatase acts on AMP-buffered sodium thymolpsithanonophosphate. Addition
of an alkaline reagent stops enzymatic activity simultaneously develops a
photometrically measurable blue chromogen. Thaiassay coefficient of variation for

this assay was 16.02%.
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Proximate analysis

Moisture and extractable lipid contentlaingissimus muscle and liver samples
were determined according to Novakofski et al. [@2h modifications. Briefly, 2 g of
frozen muscle was ground, weighed, and enclosdded filter paper. After freeze-
drying to determine moisture content, lipid wagasted in a Soxhlet apparatus using
chloroform: methanol (87:13) for 12 h. Samplesenwdtied and weighed to determine

extractable lipid content.

Statistics

Pig was considered the experimental unit. Datanabty was tested using the
univariate procedure of SAS (Ver. 9.1.3, SAS Instift Cary, NC); all data were
normally distributed. The mixed procedure of SAifthwepeated measures using time
(week) and treatments as fixed effects and pig.tpes, and room as random effects for
randomized complete-block design [33] was useéddbthe effect of diet on tissue
adiposity and plasma metabolites. BW was usedcasariate for compositional
parameters; glucose intake during OGTT was usedcasariate for plasma glucose and
insulin analyses. Glucose and insulin total ame@euthe curve (AUC) during OGTT
were calculated using a SAS macro [34]. Leastrjoeeans were compared using a
test and Tukey adjustment in SAS. Data are predeatt least squared means + pooled
SE. Statistical significance was determined &s0.05; tendency for statistical

significance was determined Bs< 0.10.

Results
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Growth and carcass characteristics

Ratio of metabolizable energy (ME): standardizedlidigestible amino acid
(AA) was modified in HED to alter nutrient partitiong to divert more energy toward
lipid accretion. Average growth rate of HED pigasa81% lowerR < 0.001) than CON
(Figure 1A), in agreement with our ME:AA reductioBecause of the increased energy
density, HED pigs consumed le$5< 0.0001) food daily than controls. Initially, IBE
self-regulated energy intake (ME/kg BW) similary@ON @ = 0.83), but, by wk 5,
HED pigs consumed mor® & 0.001) metabolizable energy per kg body weiggyre
1B). Over treatment duration, HED pigs consume@%6more P < 0.001) calories per
kg BW than CON pigs (Figure 1B inset).

Ultrasonic subcutaneous (USubQ) fat depth and rewdspth were determined
over treatment duration to provide an index ofaflal muscle compositional changes.
Proportional muscle growth, depthladngissimus muscle per kg of BW, was not
different between treatments (Figure 2A). Howepeoportional fat deposition, USubQ
fat depth at the last rib per unit of BW, was irased P < 0.05) for HED pigs (Figure
2B). Moreover, by wk 6 HED pigs deposited twicenasch P < 0.001) USubQ fat per
unit of lean compared to CON pigs (Figure 2C).

Final body weight and empty BW of CON were gre@ffex 0.01) than HED pigs
(Table 2). Carcass SubQ fat at th&' i was 87% thickerR < 0.05) in HED than
controls. A 21% reductiorP(< 0.01) in SubQ carcass fat was measured in INT
compared to HED pigs. Visceral fat tended to lmegdasedR < 0.10) in INT compared
to HED, and was higheP(< 0.001) in HED than CON pigs. In HED, LMA waslueed

(P <0.001) compared to controls.
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Proximate moisture content was higher(0.001) inLongissimus muscle of
CON compared to HED pigs (Table 2). Fat contertapigissimus muscle was higheP(
< 0.05) in HED compared to controls. With dietartervention, fat content of
Longissimus muscle was reduced by 40% in INT compared to HEJ3.pLiver moisture
and fat content were not different among treatments

Carcass fat content was greater in HED pigs toatrals (P < 0.001), while
those HED pigs switched back to a control diet (INid not differ (P < 0.001) from

controls but were indeed numerically higher.

Clinical characteristics

At wk 16, fasting glucose was 16.5% higher (Fig#g and fasting insulin was
47.4% lower (Figure 4A) in HED compared to CON pigs< 0.001). Consequently,
HOMA-IR and HOMA-B were lower whereas QUICKI wagiher @ < 0.001) in HED
pigs compared to controls (Table 3). A 6 wk in&rtion period did not alter fasting
glucose, insulin, HOMA-IR, HOMA-B, or QUICKI in imrvention pigs compared to
HED; hence these measurements remained differ@mt @ON pigs P < 0.001).

Fasting LDL levels at wk 16 were 35.7% higher{0.003) in HED compared to
CON, and INT pigs had reduceld € 0.01) fasting LDL concentrations by 32%
following the 6 wk dietary intervention. Similarlglasma TG levels tended to be
increasedl < 0.06) in HED compared to CON pigs. Dietary imémtion tended to
reduce P < 0.07) plasma TG levels in intervention pigs cangol to HED; values were
not different P = 0.87) from controls. No differences in plasnialLl HDL, or TG were

discernable among CON and INT treatments follovimgrvention.
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Plasma ALT was elevated 43.6% <€ 0.03) in intervention pigs compared to
CON and HED pigs at wk 16 (Table 3). Plasma GG¥ higher P < 0.03) in HED and
intervention pigs compared to controls. Plasma Adrid bilirubin levels were highelP (
< 0.05) in HED relative to CON pigs. Plasma ALKaéés in intervention pigs returned to
levels similar to CON following dietary interventio AST levels were not different

among any treatments.

Oral glucose tolerance test

Pigs were subjected to an OGTT at wk 16 (CON aB®Hand 22 (INT).
Baseline blood glucose was 20% highek(0.05) in HED compared to CON pigs
(Figure 3A). In response to offering a glucoseubph parallel increas® € 0.05) in
blood glucose was observed from baseline to 30im@ON, HED, and INT pigs. CON
blood glucose returned to baseline levels by 60 (fix 0.05), whereas blood glucose
from HED and INT pigs remained elevaté&< 0.05). Further, 3 h after a sugar bolus,
blood glucose levels in HED pigs had not returreedaseline and remained elevated near
peak levels. Conversely, INT pigs returned to asdlood glucose by 3 h. Glucose
AUC was higherP < 0.004) for HED (44%) and INT (29%) pigs compateaontrols
(Figure 3B). More importantly, glucose total AUGrohg OGTT tended to be reduce? (
< 0.09) in those pigs receiving dietary intervent{tNT) compared to HED pigs.

CON pigs exhibited a 78% increase< 0.001) in plasma insulin within 30 min
of receiving the glucose bolus (Figure 4A). Intast, HED and INT pigs failed to
mount an insulin response to the glucose bolue ABWC for plasma insulin was lower

(P < 0.005) for HED (-65%) and INT (-60%) pigs comgaito controls (Figure 4B).
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Consistently, dietary intervention did not imprd¥e= 0.84) insulin total AUC compared

to HED pigs.

Discussion

The incidence of childhood obesity is of great pubkalth concern, especially in
developed countries. An estimated 25% of all ¢kibdn the United States are
overweight and 11% are obese [35]. Others estithatencidence of overweight or risk
of becoming overweight is closer to 30% for childeged 6-19 years [36]. Further,
many adulthood diseases have preadolescent ovidfiege excess weight gain is the
precursor or “trigger point” of a variety of phykigical issues which ultimately increase
the risk of morbidity and mortality during adulttb{87]. The epidemic proportions of
childhood obesity underscore the need for morermédion regarding the causative
mechanisms, development, and consequences ofiskissé which robs the world’s
citizenry of future health and prosperity. Infotioa regarding this rapidly growing
disease is relatively scant, partially due to #uklof an effective model. To that end, we
describe herein the similarities between adolesgigstfed an abnormally high energy
diet and children becoming obese prior to sexualrtg.

Childhood obesity is quite simply defined as exaaliposity created in an
individual prior to puberty [38, 39]. Given sexumhturity occurs in most modern-day
pigs around 22 wks of age [40, 41], dietary marapahs to pigs as reported herein
equate nicely with the pre-pubertal stage of humaisesity, on the other hand, is
defined as those individuals with a body mass in@l) in the 95" percentile of their

contemporaries. BMI is calculated as mass (kgipdiv by height squared @n
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Equating human BMI values to pigs is rather diffiddecause such an equivalent
calculation does not currently exist for pigs. Biéasurements arose within the health
sciences discipline as a quick estimate of musglaidhas evolved to become a measure
of body fatness [42, 43]. Given the huge amoumnaniation in body types among
humans and the rather abstract nature of the Jasiaised to calculate BMI, such an
index has limited usefulness in pigs. In contrdms, highly integrated nature of the swine
industry mandates regular, accurate methods ofrdateg whole body composition so
that lean deposition can be modeled and inputshedtaccordingly. Using these
approaches to ascertain the weight of variousdssajusted for carcass weight, feeding
of a high energy diet dramatically alters body cosipon.

Pigs have proven a valuable model for the studshdfihood obesity [44-46].
Herein, we show HED increases indices of adipaaity results in an estimated 23%
increase in body fat composition based on predictguations for fat-free lean [47] and
bone [48]. This is a conservative estimate, astteal difference in body fat is likely
underestimated because differences in perirenaenteric, and intramuscular fat were
not considered. Moreover, the aforementioned éopustvere designed for heavier body
weights, which may have biased the HED pigs bectnesewere smaller.

We readily acknowledge diets used in this studyeviretentionally balanced and
fed deficient in protein and this results in a wadcumented and studied reduction in
lean body growth, yet repartitions dietary nuttsetoward fat deposition [40, 49-51].
This concept was clearly illustrated by the faeit thigs fed the HED grew slower and
weighed less at the end of the study. This obWoepresents a limitation to using this

approach to create obese pigs as this is quiterdiff from what occurs with most obese
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children. Not only do obese children grow fasteraonveight basis, they tend to be taller
than contemporaries, up to age fourteen [52]. ee children tend to over-consume
and thus, a diet deficient in protein rarely ocaanrdeveloped countries. Even though
our treated pigs grew slower and were smaller, wissne weights were adjusted for
body weight, muscle growth of pigs fed the highrggeliet was similar to controls, but
fat was arguably greater. This disparity in a glevelated composition was further
exacerbated when the major indicator of fatneds;iganeous fat, was adjusted for the
major indicator of muscularity, the depth of thagissimus muscle. Again, the relative
contribution of each to total body weight was waslifferent based solely on the fact that
we fed a high energy diet to young, growing pigbese data show that feeding a high
energy diet to pre-pubertal pigs for 16 wk createisnals with greater adiposity.
Because this approach reduced whole body growtltaneot rule out the
possibility of an altered endocrine status or tiotnal physiology, which drives
adiposity; however, many obesigenic or atherogdmts routinely fed to mini-pig and
Ossabaw models are deficient in protein [6-8, 1118622, 24]. These dietary
shortcomings are created experimentally by simgtireg fat, sugar, or other high
energy ingredients to regular pig chow [6-8, 111&%22, 24]. This approach to diet
formulation effectively results in a dilution ofelprotein and amino acid component
below the effective lean growth needs of the anirdaain, changing the ratio of
metabolizable energy to amino acid is known widkehpughout the animal agriculture
sector for dramatically altering the composition@ight gain in growing pigs [6-8, 11-

16, 18-22, 24, 40, 53]. Even so, animals feddthdiets grew and accreted lean tissue,
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albeit in different proportions and rates comparcethose pigs fed diets finely adjusted to
support maximized lean muscle gain.

Increased adiposity alone is not sufficient to mkefobesity. Development of
secondary health maladies associated with obesitthe other hand, strongly argues the
value of the HED pig as a model of childhood olyesihdicators of childhood obesity
include: dyslipidemia, an inability to regulate ttbglucose, and insulin resistance, all of
which were exhibited by the pigs fed a high enetigy in this study. Similarly,
childhood obesity is also associated with metalmjimdrome, a cluster of factors which
increase the risk of chronic health maladies. keiia syndrome is characterized by
hypertension and coronary artery disease in adadionsulin resistance, impaired
glucose tolerance, central obesity, and dyslipidgii2, 18, 19, 54]. Presence of at least
three of these criteria constitutes metabolic symdr [18, 19]. Herein, we show that
chronic feeding of a HED to pre-pubertal pigs resid central obesity, as shown by
greater visceral adipose tissue, dyslipidemia, ireplaglucose tolerance, and insulin
resistance, or 4 of 6 criteria of metabolic syndeoall created in a pre-pubertal animal.
Thus, the process of feeding a diet high in fat sunghrs to pre-pubertal pigs for 16 wk
induces development of an animal with a physiolggyptomatic of metabolic
syndrome and childhood obesity.

The underlying cause of childhood obesity is thaughesult from an imbalance
between total calories consumed versus caloriesradqul [55]; however, others suggest
the type of calorie consumed is as important asatad calories [56, 57]. Western diets
consist largely of highly processed foods whicherergy-dense yet nutrient-deplete

[58]. Additionally, dairy products, cereals, amdimed sugars and oils constitute
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approximately 72% of the total daily energy consdrg people in the United States

[59]. Total per capita consumption of refined sgdaas increased in the past 3 decades
both domestically and abroad [60, 61] arguing tipe tof energy may be causing
increased incidence of obesity. Furthermore, ighbcessed foods possess higher
glycemic loads and contain altered fatty acid amgnonutrient composition, as well as
micronutrient density [58]. To that end, a typivééstern diet derives 36.2% of energy
from refined sugars and oils [58], similar to thelusion of 35% refined sugar in the

HED in this study. This is in stark contrast te tigpical commercial pig diet that
contains less than 5% fat. The reason for thisqudarly high carbohydrate diet is most
likely a reflection of the availability of carbohsate-rich feedstuffs, though nutritionally-
based justifications cannot be ruled out. Evematyrally-selected and feral domestic
pigs consume a diet closer in composition to tbasamed by humans simply because of
the natural vegetation in their omnivorous digdne of the more notable examples of the
aforementioned is the Ossabaw pig which has evdlvedcommodate seasonal changes
and availability of food sources. The diet of tw@sgs on Ossabaw Island traditionally
consists of acorns that are high in fat, and tloeesthese pigs deposit significant amounts
of body and visceral fat when acorns are widelylalke in the fall. Curiously, when
provided an ad libitum access under more intensimeragement conditions, like most
commercial pigs, Ossabaw pigs deposit higher ansaafrtbtal body lipids and contain
less muscle mass [18, 19, 21, 62], similar to tlb&ady-manipulated pigs reported herein.
Adult Ossabaw pigs develop 5 of 6 criteria of thetabolic syndrome when fed a high

fat diet [12, 18, 19]. As a result, these pigsehbeen used extensively for studying

obesity in humans, particularly given their predsiion to developing insulin resistance
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in response to high fat diets [18]. Commerciabded a high energy diet may prove
more accessible to many investigators interestediitying childhood obesity.
Moreover, defining the dietary energy componentstmesponsible for those criteria
used to define childhood obesity and the metalsyiirome will require more detailed
and complex studies.

Liver panel results also strongly argue we createdbese state in pigs fed a
high-energy diet in this study. Specifically, edéad levels of ALT, ALK, bilirubin, and
GGT reflect liver steatosis in our pre-pubertalspigimilar panels have been used to
assess liver steatosis in 4 d-old-piglets giverem@ral nutrition [63], however, diet-
induced liver steatosis in pre-pubertal pigs iyuo knowledge, a novel finding.

In an attempt to reverse the effects of this ciéticed metabolic syndrome, a 6
wk dietary reversion-treatment was added to a sud§deED pigs. Curiously, re-feeding
a control diet for 6 wk failed to reduce fastingdui glucose levels to that of control pigs.
Although levels of LDL-cholesterol, TG, ALK, andlibiubin levels returned to normal,
glucose AUC was only marginally improved and insw@rea under the curve was
unaffected. Failure to recapitulate glucose hortaests with this intervention further
argues the authenticity of our proposed model apgparts the notion that dietary
intervention may be more useful when used in coatimn with weight loss. To that
end, dietary management often consists of redutigt@ry energy to create a negative
energy balance. Despite the fact that a 6 wketgron failed to re-establish glucose
and insulin homeostases, improvement in key measimmetabolic stress was observed,

suggesting a longer intervention may indeed leaftdl recovery of a healthy
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physiological state. Defining such strategies gisive pig has great promise for children
and mankind.

An intriguing observation made during our attentptfeed young pigs a diet
based on the Western lifestyle is that pigs singplysumed less of the high calorie feed.
Though detailed data regarding eating behavior weteollected, observational data
alone suggested this reduced consumption was nesté of issues with palatability. In
fact, pigs enjoyed the diet, which is consisterthwie fact that pigs have a palate for
sweet foods [64]. Likewise, pigs have the abildyself-regulate energy intake based on
metabolic needs [49-51], a phenomenon not oveltlyaus in humans but anecdotally
obvious to many. Regardless, this reduction iakiatstrongly argues the existence of an
as yet unknown biological mechanism, especialjyvwenile pigs, that is capable of
gauging dietary energy intake. However, this pofntutrient intake regulation, after
considerable dietary energy assault, fails ancharease in caloric consumption ensues,
often exceeding requirements. Components of ypsthmetical whole-body energy-
sensing mechanism are not known but deserve sdexgiah. Leptin and insulin, for
example, act on the hypothalamus to regulate ertmaignce and hepatic
gluconeogenesis, and therefore, appear to comtsthfy hyperglycemia in diabetes [65,
66]. As such, low levels of circulating insulimour pigs potentially mean low levels of
hypothalamic insulin signaling, which may contriéti® documented fasting
hyperglycemia and a dysregulated energy intakentifying and better defining the
existence of such a mechanism in pigs may provadigable clues to controlling food
intake in children and encourage healthier eatadgth, potentially preventing excess

weight gain that leads to childhood obesity. Ustiarding the roles of leptin and insulin
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in controlling satiety may provide useful cluescontrolling food intake. Whatever the
case, a model for studying the existence of anggr@ensing mechanism that controls
food intake is of great value to society.

Taken together, data presented herein demonstratiedf first time that feeding a
high-energy and low protein diet results in obesigulin resistance, metabolic
syndrome, and hepatobiliary disorder in commeimiatpubertal pigs. Feeding high fat
diets is an area of intense interest to the notrdi sciences. This area of research offers
tremendous possibilities for understanding mecmasignderlying childhood obesity as
well as development of nutritional interventiorasggies to treat this malady. The

findings herein strongly suggest pigs are a viatdelel for studying childhood obesity.
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Table 1: Formulation and estimated compositionasitml (CON) and high energy (HED) diets

for pigs.
Diet

Basal'  Phasel Phase 2 Phase 3 Phase 4°

6-9kg 10-29 kg 30-59 kg 60-89 kg >90kg
Ingredient CON HED CON HED CON HED CON
Corn, g/kg 694.4 698.5 243.1 782.0 307.1 830.2 350.2 884.0
SBM, g/kg 240.0 240.0 230.0 195.0 170.0 150.0 130.0 100.0
Soy Oil, g/kg 10.0 10.0 - - - - - -
Fishmeal, g/kg 30.0 30.0 - - - - - -
L-lysine:HCI, g/kg 1.0 1.0 - 1.2 - 0.8 - 0.8
Monocalcium phosphate, g/kg 6.5 6.5 9.7 75 85 5.7 7.0 0.7
Limestone, g/kg 88 85 11.7 10.0 10.0 95 9.0 10.7
Vitamin premix, g/kg 0.8 1.2 1.2 0.8 0.8 0.8 0.8 0.8
Mineral premix, g/kg 05 0.8 0.8 05 0.6 05 05 0.5
Salt, g/kg 3.0 35 35 30 30 25 25 2.5
Antibiotic, g/kg 50 - - - - - - -
Beef tallow, g/kg - - 150.0 - 150.0 - 150.0 -
Sucrose, g/kg - - 200.0 - 200.0 - 200.0 -
D-fructose, g/kg - - 150.0 - 150.0 - 150.0 -
Nutrient Composition
Crude protein, % 19.1419.18 12.94 15.87 10.62 14.09 9.08 12.16
Fat, % 469 4.71 16.34 3.63 1641 3.69 16.46 3.75
Ca, % 069 0.68 0.68 058 058 052 0.50 0.46
Available P, % 029 029 025 0.22 0.22 0.18 0.18 0.07
Lysine, % 1.01 1.01 067 0.78 052 064 0.42 0.51
Methionine, % 0.30 0.30 0.18 0.24 0.15 0.22 0.13 0.20
Threonine, % 0.62 0.62 043 050 035 0.44 0.29 0.37
Tryptophan, % 0.19 0.19 0.15 0.15 0.11 0.13 0.09 0.10
Arginine, % 1.12 112 0.83 090 066 0.76 0.54 0.62
Isoleucine, % 0.69 069 050 055 040 048 0.33 0.39
Valine, % 0.78 0.78 054 063 044 056 0.37 0.48

! Diet given during the acclimation period prior ketbeginning of dietary treatments.
2Only CON Phase 4 diet was fed. Diet phase was b@setterage body weight within
treatment. Intervention pigs consumed CON Phatiet4or 6 wk.

®Provided an average of the following per kg of diéamin A, 2,640 1U; vitamin B, 363 1U;

vitamin E, DL«, 11 IU; vitamin E, De, 4 IU.

*Provided an average of the following per kg of di¢h,2.20 mg; Zn, 7.22 mg; Fe, 7.22 mg;

Se, 120 ppm; Cu, 4,409 ppm; |, 198 ppm.

64



Table 2: Effect of chronic dietary treatment oncesss characteristits

Treatment
Characteristic Control HED? INT® SE* P-value
Body weight, kg 1080 760 99.0 5.3 0.001
Subcutaneous fat depth at thé"xib (SubQ$, cm 1.5 29 2.3 0.12 0.001
Longissimus muscle area (LMA) cnf 432 332 31.8 1.3 0.001
Perirenal fat, kg 0.36 3.03 4.18 0.34 0.001
Longissimus muscle Proximate moisture, % 73.3 70.4 73.7 054 0.01
Longissimus muscle Proximate fat, % 2%91 8.9°F 5.06 1.43 0.001
Liver Proximate moisture, % 729 73.7 724 0.20 0.01
Liver Proximate fat, % 7.62 7.70 8.78®.91 0.39

'Data are least-square means per treatment, CONLInEHED, n =5; INT, n = 7.
’High-energy diet.

®Intervention pigs after a 6-wk period of controdticonsumption.

*Pooled SE of treatment groups.

®Data are body weight-corrected.

ab9vleans in a row without a common superscript diffes, 0.05.

*¥“Means in a row without a common superscript differ 0.10.
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Table 3: Effect of chronic dietary treatment onspia metabolités

Treatment

Characteristic Control HED? INT? SE*  P-value
QUICKI 0516 0563 0.568 0.013 0.01
HOMA-IR 0.243 0.154 0.154 0.019 0.003
HOMA-B 47 .4 17.2 18.9 452  0.001
LDL-cholesterol, mmol/L 750 101.8 76.6 3.43 0.001
HDL-cholesterol, mmol/L 48.2 54.2 50.5 2.26 0.15
Triglycerides, mmol/L 592 67.8 58.3 3.30 0.09
Alanine aminotransferase, U/L 242 217 34.8 1.93 0.005
Alkaline phosphatase, U/L 133 26.9 15.8 1.86 0.003
Aspartate aminotransferase, U/L25.5 24.3 22.5 2.20 0.69
v-Glutamyl transferase, U/L 16.0 22.F 25.0 1.54 0.02
Bilirubin, mg/L 17.9 324 15.0 4.30 0.06

'Data are least-square means per treatment, CONLInIHED, n = 12; INT, n = 7.
’High-energy diet.

3Intervention pigs after a 6-wk period of controbdéonsumption.

“*Pooled SE of treatment groups.

abYeans in a row without a common superscript djffec 0.01.

">Means in a row without a common superscript diffes, 0.05.

*Y“Means in a row without a common superscript differ, 0.10.
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Figure 1: Changes in body weight (A) and metabblz&nergy intake per kg body

weight (B) of control (CON, n=11) and high energgtdHED, n=12) pigs during a 16
wk dietary treatment. Data are mean + SEM. *Diffeéreom control at P < 0.05.
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Figure 2: Growth traits of control (CON, n=11) amdh energy diet (HED, n=12) pigs
during a 16 wk dietary treatment. Adjusted ultrasdongissimus muscle depth (A),
adjusted ultrasonic subcutaneous (USubQ) fat d@jtHat to lean ratio (C). USubQ fat
andlongissimus muscle depth are adjusted by body weight. Datanaan + SEM.
*Different from control at P < 0.05.
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Figure 3: Blood glucose (A) and area under thee@AUC, B) levels in control (CON,
n=11) and high energy diet (HED, n=12) pigs duiongl glucose tolerance test following
16 wk dietary treatment. Pigs were challenged waittoral bolus of 2 g glucose/kg body
weight following a 12 h fast. Challenge was repddbllowing 6 wk of dietary
intervention (INT, n=7). Data are mean + SER/:Different from control at P < 0.05.
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weight following a 12 h fast. Challenge was repddbllowing 6 wk of dietary
intervention (INT, n=7). Data are mean + SER/Different from control at P < 0.05.
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CHAPTER llI
Summary and Future Research

78



Summary

The objective of this research was to develop aipemmodel for studying
mechanisms underlying diet-induced childhood ogesithe mechanisms contributing to
obesity development are not well defined, althotighlikely an imbalance of energy
intake and expenditure accompanied by increasa#lerdf fats and sugars [1-4].
Increased consumption of fat and refined sugardtees increased weight gain when
energy intake exceeds expenditure. Previous studidiet-induced obesity in pigs have
resulted in insulin resistance, glucose intoleradgslipidemia, and hypertension [4-10]
using Ossabaw and miniature pigs. We hypotheshzgtch 16 wk energy insult in pre-
pubertal female pigs would result in obese pigémetabolic and physiological
aberrations including impaired glucose toleranaiasulin resistance.

Hyperglycemia and insulin resistance in HED pigsnbined with increased
adiposity, suggest a state of obesity and induaifanetabolic syndrome. Hepatobiliary
injury, as evidenced by the liver panel, furthederscores the effects of chronic high-
energy consumption. Marginal glucose toleranceavgments, together with recovered
LDL cholesterol, triglycerides, and alkaline phoafaise concentrations, suggest a 6 wk
dietary intervention partially recovers a healtlimygiology. Interestingly, some
parameters, most notably insulin resistance, weadfected by dietary intervention. Six
weeks is a relatively short period of interventaond the body may require additional
time in order to recover from a chronic energy Insiihis also suggests that a longer
intervention period may result in full recoveryahealthy physiology.

These findings provide insight regarding the depelent and progression of

childhood obesity. First, consumption of a high-Fagh-sugar diet results in excess
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weight gain due to fat accumulation, impaired gkectolerance, insulin resistance,
dyslipidemia, and hypercholesterolemia. The higargy diet formulated herein is
similar to Western diets in which 36.2% of energynes from refined sugars and oils
[11]. Weight loss and diet management are commprdgcribed to overweight and
obese patients, unsurprisingly as diet is perha@single most important factor of excess
weight gain. Second, a relatively short intervemgperiod results in marginal
improvements of physiology. This suggests theotsfef childhood obesity may be
reversed before foundations for adult health makéilly manifest. With proper timing
and intervention strategies, childhood obesity #n@dconsequences associated with the

disease may be reversed or prevented.

Future Research

Measurement of the abdominal circumference atithkilical level has been
shown to be a predictive biometric measure of arhotiretroperitoneal, visceral, and
subcutaneous fat in pigs of different strains agesd7, 12], and has been shown to be
more predictive of metabolic disorders than bodgsnadex (BMI) in humans [13].
Creating a measure similar to BMI in pigs wouldallfor a more direct comparison of
numerical estimates of obesity although a target Bivige would have to be developed
for normal weight, overweight, and obese pigs. aVeircumference measurements are a
quick, accurate predictor of obesity and associatethbolic disorders and can be
performed in pigs with relative ease. This mayrfahe basis for an objective

guantitative determination of obesity in live anlsmand can be evaluated multiple times
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as the pig grows, thus reflecting changes assakwith childhood growth and obesity
intervention.

Current definitions of metabolic syndrome are aganbus and rationale behind
sex-dependent thresholds is unclear. Includingedes in the definition of metabolic
syndrome does not offer additional information itite development and progression of
the syndrome. Insulin resistance is a componetiieometabolic syndrome although it is
uncertain if it is the origin of the syndrome [14Additionally, there is no clear basis for
inclusion or exclusion of other risk factors asdiavascular disease is variable and
dependent upon the specific risk factors presefit [Interestingly, cardiovascular
disease associated with metabolic syndrome doeseeot to be more severe than the
sum of its components and treatment of the syndiemet different from treatments for
individual components [14]. These observationserthk value of clinical diagnosis
unclear; however, clinicians should not rely on rezjuire a diagnosis of metabolic
syndrome to encourage a healthy lifestyle plaruiticlg weight management, or loss,
and exercise. Metabolic syndrome has been ugefirawing attention to the fact that
some cardiovascular risk factors tend to clustgraitients and that presence of one risk
factor should prompt the search for additionaldex{14]. Patient cooperation with
weight loss and lifestyle management may be imptovphysicians could accurately
predict that a certain amount of weight loss wanlgdrove the patient’s health as
evidenced by lower basal plasma glucose and impnewés in insulin sensitivity without
introducing insulin therapy.

In the current study, pigs aged 5 wk were selegezl/ious studies have selected

pigs aged at least 5 months [7, 9]. Selecting aigsyounger age, at 1-2 d post-
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farrowing, is a potential area for future resear€esting fetal imprinting from sows fed
a high fat diet is another area of interest gaimitigntion. These areas are of particular
interest to determine if offspring from sows fedlnenergy diets have a higher
propensity to consume high energy diets and beaiase later in life. It has been
demonstrated that animals exposed to mismatchetional environments in prenatal
and postnatal environments develop obesity, adipdtypertrophy, insulin resistance,
elevated blood pressure, endothelial dysfunctiod,atered cardiovascular function [15-
19]. Preliminary data from animal models of ma&éwbesity suggests that overfeeding
during the pre-weaning period leads to impairec¢gbe tolerance, hypertension,
hyperinsulinemia, and dyslipidemia [21-24]. Addrtally, gestational diabetes and
maternal obesity are becoming prevalent in Westeaieties and may perpetuate a
transgenerational cyclic pattern of metabolic dgsfion [20]. Testing the next
generation of piglets would determine if effectbfonic high energy diet consumption
are transgenerational.

Clearly, diet composition has a key role in deveiept of obesity. Pigs fed diets
high in fat, sugar, or other high-energy, non-protegredients have consistently resulted
in increased obesity, insulin resistance, and noditabyndrome [5-9, 25-34]. Often,
combinations of two or more dietary ingredientsénhbeen evaluated such as fat, sucrose,
and fructose. Creating diets which will test ef§eaf each dietary component or
ingredient would provide insight as to whether pn@blem of diet-induced obesity is a
single ingredient or interaction of multiple ingrexts. Another area of future dietary
research may be protein supplementation in combimatith a high energy diet.

Previous studies, ours included, have formulatetsdvith a combination of high
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sucrose, fructose, and fat which has resultedgmifscant alterations to the ME:AA ratio
of diets and therefore alters growth rate of pigs.

Thomas et al. concluded female miniature pigsrgavdigh fat diet developed a
greater magnitude of increased cholesterol antytegdes than males [29]. Designing a
study which incorporates both male and female dampggs to test effects of chronic
high energy diet consumption may offer additiomsight into development of obesity
and potential differences in development and psjom due to sex. Using intact males
and females in biomedical models is a more peneelptappealing comparison to
humans.

Catheters would allow for glucose challenge withimal stress to the pig.
Multiple catheters could be placed in a single ahita test glucose tolerance in various
blood vessels in the body simultaneously. Additignantravenous (IV) glucose testing
may be advantageous compared to oral glucose naletasting because IV glucose is
administered quickly in a single bolus and by-padke digestive system. This elicits a
quicker insulin response in pigs.

Behavioral questions of obesity merit further istgation. Time spent
consuming food could be evaluated and would offsight into eating behaviors
associated with obesity. Offering both a contral &ED to piglets from sows given
HED to determine if piglets develop taste prefeesns another area for additional
research. Both diets could be offered to weangsl @ well to evaluate food preferences
post-weaning. Finally, pigs fed a high-energy thebur study developed a skin irritation
which was not observed in control pigs. We attidolthe irritation to increased fat

intake, an equivalent to acne. This observationteirther consideration to determine
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what the irritation is, how it manifests, if it wioludevelop in another group of pigs, and if
it has translational application to human medicine.

Finally, treatment period could be adjusted towalpigs to reach puberty. This
would allow for the study of effects of HED intakem birth to adulthood including
evaluation of metabolic and physiological chang@&sports on how obesity affects onset
of puberty have been conflicting [35, 36]. Allowipigs fed a high energy diet to reach
puberty may provide a more definitive explanatisrt@how obesity influences puberty

and reproductive capabilities.
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Appendix A. Structures of glucose and fructose

H-C=0 CHOH
H—lJ—OH |C:O
HO—éZ—H HO—|C-H
H—lc—OH H—|C-OH
HO—éZ—H H—lC-OH
H—lJ—OH leDH
Glucose Fructose

Structures are presented as Fischer projections.
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Appendix B. Oral glucose tolerance test protocol

Procedure:

Pigs were food-deprived overnight (12 h).

A fasting blood sample (time 0) was collected. &bblood samples, pigs were
physically restrained using a snare and jugulaipeercture blood samples were
collected into lithium-heparinized vacutainers.

An amount of control diet equal to 1% of body weiglas mixed with a 40% D-
glucose solution for an offering of 2 g glucose kgbody weight. Pigs were
given a 30 min period to consume the glucose mextur

At 30 min post-offering, glucose mixture was remibaad the refused portion
was weighed. A second blood sample was collectexd (80 min).

Additional blood samples were collected at 60, 181, and 240 min post-
offering of the glucose bolus.

All samples were immediately analyzed for glucoégi(2300 STAT Plus, YSI
Inc, Yellow Springs, OH) then centrifuged and stba¢ -80°C.
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Appendix C. Proximate analysis protocol using Sekhpparatus

Sample collection and preparation:

CollectLongissimus dors muscle samples immediately following
exsanguination. Samples were cubed, frozen indigitrogen, and stored at
-80°C.

Prepare filter paper packets using two filter pagelded into thirds, then
folded into thirds again. This allows one end @& gaper to fit into the other,
creating a sealed packet.

Secure packets with a paperclip and dry overnighth) in a 105°C oven.
Transfer packets to a desiccator, allow to cod,\@righ. Record weight as
“empty weight”. Samples should be stored in a dedar under vacuum for
all subsequent steps.

Remove samples from -80°C and keep on dry ice guhie grinding process.
Grind each sample to a powder form using a liquiicogen-cooled mortar
and pestle. Weigh approximately 2 g of ground sanmib prepared filter
paper packets, label using a pencil. Record weiglitvet weight”. Place
filter packets containing ground tissue in a destimcand return to the -80°C.
Freeze-dry samples and weigh (record as “freezavdrght”).

Oven dry samples at 105°C overnight (12 h), weigbord as “oven dry
weight”.

Lipid extraction procedure:

Vapors are harmful, extraction and subsequent stemsid be performed
under a ventilated hood.

Place 500 mL flasks with boiling beads and appratety 300 mL of
chloroform:methanol (87:13) in heating blocks. Rlaamples in Soxhlet and
connect other pieces of the apparatus.

Turn on heating unit and water cooling system. wltbe apparatus to cycle
for 12 h. Turn off heating unit and allow systenttml.

Turn off cooling system and remove samples. All@mples to air dry at
room temperature overnight.

Dry samples in 105°C oven for 12 hours. Transferas to a desiccator
under vacuum and allow to cool.

Weigh samples, record weight as “extracted weight”.

% lipid DM basis = (freeze-dried sample, g) — (agted 105°C dried sample, ¢)100

(freeze-dried sample, Q)

% moisture = (wet weight, g) — (dry weight, g)100

(wet weight, g) + (paper + clip, g)
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Compound: Formula: Mol. Wt. (g): Concentration: Percentage:

Chloroform CHCI 119.38 99.9% 87.00

Methanol CHOH 32.04 99.9% 13.00

Extraction solution 100.00
Notes:

Simplification of how the Soxhlet works: Cholorofior methanol is heated to
boiling in the solvent reservoir. Vapors rise amnd cooled by the water in the
condenser. Re-condensed choloroform: methanads drtp the sample
reservoir, extracts lipid from the samples, anaugmatically siphoned back
into the solvent reservoir. The process then lseggain, however, the lipid
remains in the solvent reservoir and “clean” choflorm: methanol enters the
sample reservoir.

Use care when working with the Soxhlet apparatusiasnade completely of
glass.

Choloroform: methanol is extremely flammable andora are harmful, use
caution and perform all steps under ventilated hood

Oven drying steps prior to lipid extraction in tBexhlet apparatus are used to
extract moisture, thus we assume weight differepcesand post-extraction
are due to lipid being removed.

Do not allow flasks to boil down. Contents of flesk may ignite.
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Appendix D. Freeze-dry procedure

Freeze drying of samples is often a preparatony fetespecific analyses. There are
certain analytes that can be damaged or lost wign drying. When collecting samples,
it is important to have prior knowledge concernihg eventual analysis to ensure proper
sample handling.

Instructionsfor Labconco Freezone 12 with stopperingtray dryer:

1.

oo

o~

9.

Freeze samples for at least 24 h prior to placirthe freeze dryer. Grass, silage,
or other feed samples should be frozen in a clofbaper bag; liquid samples
should be frozen in a plastic container covereth witeesecloth. Muscle samples
should be frozen in filter paper or other apprderstorage mediums.

Capacity of the freeze dryer is limited, prepamagi@s accordingly. Greater
surface area to volume ratio means faster drymg.ti

Place frozen samples in the freeze dryer and thesdoor. Check that the cover
on the condensing chamber is in place.

Check the oil level of the vacuum pump and addf oikcessary. Periodically
during each run cycle check the oil level of thewan pump; it may be
necessary to add oil during a cycle.

Turn on the lower portion of the unit and set fotaanatic operation.

Close the vacuum release valve on the upper poofitime unit. Turn unit on, set
to auto mode, select the appropriate program, eund’.* Appropriate program is
dependent upon the type of sample.

Check that samples are completely dry once theedya$ completed.

Remove samples and turn off both the upper andrlparions of the unit.

Open the cooling chamber and allow ice to melturRearm water over the coils
if rapid defrosting is required.

Open the drain plug and allow water to drain ouhefcondensing chamber.

10.Thoroughly dry the inside of the chamber priordplacing the lid.

Pre-set programsfor Labconco Freezone 12 with stoppering try dryer:

Program 1 — Forage and Silage

Segment 1 — Ramp at 1.5°C/min to -34°C, hold 5 h
Segment 2 — Ramp at 2.5°C/min to -10°C, hold 60 mi
Segment 3 — Ramp at 2.5°C/min to 10°C, hold 48 h

Program 2 — Ruminal Fluid

Segment 1 — Ramp at 1°C/min to -25°C, hold 5 h
Segment 2 — Ramp at 1°C/min to -15°C, hold 24 h
Segment 3 — Ramp at 1°C/min to 0°C, hold 10 h

Program 3 — Adipose tissue, muscle tissue, andsfeca

Segment 1 — Ramp at 0.5°C/min to -34°C, hold 10 h
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Segment 2 — Ramp at 1.5°C/min to -10C, hold 48 h
Segment 3 — Ramp at 1.5°C/min to 25°C, hold 10 h
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