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ABSTRACT 

We tested the hypothesis that induction of obesity in lean Long Evans Tokushima 

Otsuka (LETO) and obesity-prone Otsuka Long Evans Tokushima Fatty (OLETF) would 

cause the insulin growth factor 2 receptor (IGF2R) and factors it regulates, including 

insulin growth factor 2 (IGF2), transforming growth factor beta (TGFB), and urokinase-

plasminogen receptor (uPAR) to be changed in expression away from a pro-angiogenic 

state. This would arise from an increase in IGF2R and TGFB, and a decrease in IGF2 

and uPAR. LETO and OLETF rats were raised from age 4 to 32 weeks, with each strain 

subdivided into a control diet (CON) and high-fat diet (HFD) group. We also raised a 

cohort of OLETF HFD rats which either underwent weight control interventions (exercise 

training (EX) or calorie restriction (CR)) or did not undergo intervention (sedentary 

(SED)). Interventions began at age 20 weeks and continued until 32 weeks. We found 

significant increases in both body weight and body fat percentage, and in decrease in 

capillarity in both biceps brachii (BB) and vastus lateralis (VL) muscle, in comparing 

non-obese to obese animals (p < 0.05). When examining diet and strain induction of 

obesity, we found significant increases in body weight and body fat percentage from 

control lean animals, but with no significant change in capillarity. We did not observe 

any significant effects on body weight or body fat percentage in EX or CR relative to 
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SED. We observed multiple significant changes in skeletal and adipose feed arteries 

with obesity induction on IGF2R, IGF2, TGFβ, and uPAR. However, most of these 

changes did not occur in accordance with our hypothesis. Overall, we find LETO and 

OLETF rats to be a viable model for examining mechanisms driving changes in tissue 

capillarity in obesity, and that the IGF2R system we proposed does not appear to agree 

with the data. We propose that the IGF2R system is moderated in a static-to-

proangiogenic state during obesity, and decreases in overall capillarity are driven by 

other mechanisms.   
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1. INTRODUCTION

a. Obesity

Obesity has been and is steadily increasing as a health concern in the 

United States, as well as other countries across the world. Many secondary 

health concerns arise from obesity, including metabolic syndrome, cardiovascular 

disease, cancer, diabetes, and others. Obesity has also been shown to affect 

mental health as well, with low self-esteem, difficulty forming social relationships, 

depression, and other issues (1). Mental health in obesity has been identified as 

a major barrier to success in resolving obesity, with patients’ distress making it 

difficult to follow long-term plans(2). The economic impact of obesity is also 

targeted as a significant issue going forward, both in regards to healthcare costs, 

as well as secondary economic losses arising from ill health. 

With the drastic impact of obesity at both personal and societal levels, 

much research has been directed towards determining how to successfully treat 

obesity. The primary avenues used to treat obesity include exercise training and 

calorie restriction (conventionally known as dieting). Surgical interventions are 

also used to treat either the aesthetic or functional consequences of obesity, 

including liposuction and various alterations to the gastrointestinal tract (known 

as bariatric surgery). 

However, physiological changes during obesity may hamper efforts to 

return to good health by way of physical remodeling.  Previous studies in this 

laboratory have illustrated that obesity can induce dyslipidemia, insulin 
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insensitivity, hypertension, impaired vasodilation responsiveness, and increased 

inflammatory agent release from adipose tissue beds in both pig and rat models 

of obesity(3-6). Additionally, previous studies have also looked at cross-talk 

between adipose depot and skeletal muscle in obesity(7). One topic pertinent to 

vascular dysfunction but not studied in great detail previously by this laboratory is 

the decrease in capillarity observed during obesity(8). This decrease is 

hypothesized to be caused by mechanisms acting to block new vessel growth 

resulting in vascular senescence, mechanisms acting to promote the degradation 

of existing vessels, or both.  

In the course of literature review, a proposed mechanism for control of 

vascular senescence came to the forefront as shown in Figure 1, suggesting that 

the insulin growth factor 2 receptor (IGF2R) was responsible for mediating 

senescence by way of degradation of insulin growth factor 2 (IGF2), activation of 

transforming growth factor beta (TGFβ), and degradation of the urokinase-

plasminogen receptor (uPAR)(9). Given previous work in the lab which 

established physiological dysfunction in animals such as the LETO and OLETF 

rats and Ossabaw pigs, the prospect of investigating this mechanism as a 

potential cause of decreased vessel density and subsequent physiological 

dysfunction was compelling.  
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Figure 1. Senescence mechanism coordinated around IGF2R. Adapted from 
Kuilman, Thomas and Daniel S. Peeper. “Senescence-messaging secretome: 

SMS-ing cellular stress.”  Nature Reviews Cancer. 2009. 9(2): 81-94. IGF2R: 
Insulin-like growth factor 2 receptor. IGF2: Insulin-like growth factor 2. uPA: 

urokinase-plasminogen activator. uPAR: urokinase plasminogen activator 
receptor. PLG: plasminogen. PLM: plasmin. L: Latent (TGFβ). TβR: TGFβ 
receptor.  
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b. Obesity and changes in the vasculature 

There are a host of physiological changes in obesity, including decrease in 

capillarity, which invites investigation into underlying mechanisms to understand 

what is changing and how it can be effectively treated. During obesity, the 

adipose tissue beds expand in mass, with a distinction drawn between 

hypertrophy of individual adipocytes and proliferation of adipocytes, with the 

latter being considered more conducive to a healthy phenotype and being less 

likely to be vulnerable to metabolic syndrome(10). Total expansion of adipose 

tissue during obesity development may be constrained by various factors, 

resulting in abnormal deposition of lipids in other body tissues such as the liver, 

skeletal muscle, and near β-cells, resulting in lipotoxicity(11). This lipotoxicity 

may be a local and systemic driver for insulin resistance seen in the development 

of type 2 diabetes.  

Vascular dysfunction is also observed to occur in adipose tissue before 

insulin resistance develops. Decreases in capillarity are upstream of hypoxia and 

inflammation, and while hypoxia initially stimulates vascular remodeling and 

subsequent increases in energy expenditure as a reaction to obesity, hypoxic 

response soon becomes insufficient to overcome the factors affecting capillarity 

in obesity(12, 13).  

Inflammation is observed in adipose tissue during obesity, with M1 

macrophage recruitment increasing and forming clusters around adipocytes, 

resulting in a “crown-like” structure. Immune response and inflammation results 
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in changes to the adipose tissue environmental secretome, resulting in the 

release of pro-inflammatory agents including, but not limited to, leptin, TNF-α, IL-

6, resistin, CCL2, and CXCL5(14). Expansion of particular depots can be 

relevant in this regard, as while both subcutaneous and visceral adipose tissue 

expansion are correlated with health outcomes, visceral adipose tissue 

expansion correlates with more severe health outcomes than subcutaneous 

adipose tissue(15).  

In skeletal muscle, HFD has been shown to decrease the capillary/fiber 

ratio(8). Capillarity has also been shown to decrease with advancing glucose 

intolerance and decreasing insulin sensitivity, suggesting issues with skeletal 

muscle uptake of glucose may be due in part to decreased delivery avenues(16). 

This change is not believed to be due to decreases in VEGF expression, as a 

decrease in capillarity did not display a concomitant change in VEGF expression 

in humans(17). In fact, VEGF is noted to increase as BMI increases, and 

inducing VEGF overexpression can assist with metabolism, though it is not 

known why VEGF action is ineffective at normal physiological levels(18).  

These changes in capillarity in skeletal muscle may have downstream 

effects in terms of functional capacity during obesity and T2D. Obese human 

subjects have been observed to have lower fatigue resistance during strength 

exercises, and in terms of power output, studies have characterized either a 

decrease in strength overall, or higher absolute but lower relative strength 

compared to lean counterparts(19, 20).   
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In addition to changes in density, other pathophysiological changes in the 

vasculature are observed in obesity and type 2 diabetes. Arterial stiffness is 

present and is believed to be due to both diminished NO response as well as 

deposition of noncompliant factors in the vessel wall(21, 22). 

From these studies, we know that capillarity decreases in obesity, and that 

a proposed mechanism, IGF2R coordination of IGF2, TGFβ, and uPAR, may act 

as a driving force behind this decrease. In addition to measuring these factors, 

we must ask if we can treat these changes in obesity by way of common 

interventions. Exercise training is one prospect, as it has been shown in 

numerous studies to increase human capillarity in direct proportion to training, 

although this phenomenon is less consistent in animal models(23-26). 

Capillarization appears to be greatest in fast oxidative glycemic muscle, followed 

by slow oxidative and fast glycemic, respectively, and training seems to promote 

capillarization increase in all fiber types in humans – though for animals, the 

effect is observed mostly in fast oxidative glycemic muscle(25, 27). Exercise 

training also increases arteriolar density, which in conjunction with capillarity and 

changes in vascular resistance are thought to promote increased blood flow 

capacity(28-30).   

  Exercise training is also shown to induce beneficial physiological 

remodeling of the ventricles of the heart as well as improving systolic and 

diastolic function, and reduces arterial stiffness through its influence on the NO 

system(31, 32). Exercise training also promotes muscle and adipose tissue 

health, as well as improving insulin and glucose responsiveness in muscle tissue 
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which can help blunt the insulin insensitivity and diminished glucose uptake 

observed in type 2 diabetes(33). Calorie restriction also promotes weight loss 

which can be beneficial in terms of reducing mechanical stress and inflammation, 

but does not yield the same cardiovascular benefits as exercise training. In 

addition, calorie restriction can result in lean and bone mass loss in addition to 

adipose mass loss(34).  

Of note as a common intervention but not pursued in this study, bariatric 

surgery has been shown to resolve issues with obesity and the metabolic 

syndrome, with improvements in lipid blood profiles, remission of diabetes, and 

significant weight loss, but has its own risks in potential nutritional deficiencies 

leading to secondary complications(35, 36).  

c. Type 2 Diabetes 

In addition to obesity, the animal model we work with, the OLETF rat, 

develops type 2 diabetes at around twenty weeks of age, contingent on ad 

libitum access to food as well as diet quality.  Type 2 diabetes is a chronic 

disease caused by a combination of genetic and lifestyle factors. It is estimated 

to affect approximately 8.5% of adults worldwide, and is predicted to be the 

seventh leading cause of death worldwide by 2030. Lifestyle factors include 

obesity as well as diet, with diet contributing both directly as well as indirectly via 

causing obesity(37-39). Type 2 diabetes arises from insulin insensitivity 

manifested in tissues, which results in decreased glucose uptake. Even with β-

cell activity producing more insulin to overcome insulin insensitivity, glucose 
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levels are difficult to manage by the body’s own physiology, and β-cells are 

observed to diminish over time due to unknown factors, decreasing available 

insulin production and resulting in glucose intolerance(40). This insulin 

insensitivity results in a variety of secondary health complications, with 

cardiovascular disease being the most well-known complication, but also others 

such as blindness and cognitive decline(41, 42).  

Exercise training has been shown to be effective in reducing incidence of 

type 2 diabetes, increasing insulin sensitivity of muscle while concurrently 

lowering resting insulin levels(43). Glucose disposal is also observed to increase 

with exercise training, while glucose production is lowered(44). Overall, exercise 

training helps mitigate the extreme insulin and glucose serum levels and 

response seen in untreated diabetes(45-47).   

Various pharmacological treatments for type 2 diabetes exist, with the 

most commonly used being metformin, which has been shown to have 

therapeutic effects in weight control and reducing cardiovascular mortality(48, 

49). Metformin also promotes beneficial changes in glycaemic control, insulemia, 

and lipids(48). One primary point to note in metformin usage, however, is that it is 

contradicted in patients with liver and kidney problems. Bariatric surgery has also 

shown potential in treating type 2 diabetes with its overall effects on adiposity 

and metabolic syndrome, although treatments vary in efficacy(50).   

In our study, we use the OLETF rat, an animal model that develops 

hyperphagia as a result of CCK-1 receptor deficiency, and which develops type 2 

diabetes at around twenty weeks of age in association with the hyperphagic 
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phenotype, contingent on ab libitum access to food as well as diet 

composition(51). The purpose of this study was to show that IGF2R and TGFΒ 

are elevated in obesity, and IGF2 and uPAR decreased in obesity, and that these 

changes are associated with a decrease in capillarity in obesity.  

d. Vascular remodeling 

To understand the role IGF2R, IGF2, TGFΒ, and uPAR play in assisting 

vascular remodeling, we must briefly review the process of angiogenesis. During 

initiation, the basement membrane of the affected vessel, composed of lamins, 

collagen T4, and perlecan, is disrupted by the presence of VEGF, which in turn is 

generated by cells responding to external stimuli, commonly wounding or 

hypoxia(52, 53). Vascular sprouting initiates, forming a fibrillary network 

composed of fibronectin and T5 collagen, later to be followed by laminin and T4 

collagen(54). 

As the basement membrane continues to degrade, various factors begin 

to extravasate from the bloodstream, including fibrinogen, vitronectin, and 

fibronectin(55). These components form a new temporary ECM with fibrinogen 

converting to fibrin(56). At this stage, the ECM begins to acquire a lumen and 

pericytes. Pericytes stimulate matrix bridging proteins, percalan, laminins, and 

integrins(57). At this stage, morphogenesis ends and the new vessel is 

stabilized, linking to its parent vessel and permitting blood flow.  
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e. The role of IGF2R  

IGF2R is a multifunction type 1 transmembrane receptor that has been 

identified as binding various molecules and internalizing the bound complex into 

the cell for degradation, after which IGF2R is returned to the Golgi apparatus.  

IGF2R has been shown to be associated with disease progression in the 

cardiovascular system, with abnormally elevated expression in myocardial 

infarction scars as well as pathological hypertrophy(58). This may be linked to 

CREO binding to IGF2R inducing SMC switching from a contractile to a 

proliferative phenotype(59). Current literature on IGF2R in obesity indicates that 

obese dams have increased placental IGF2R(60). With the placenta being the 

avenue by which nutrients are delivered to the developing fetus, elevated levels 

of a cardiovascular-disease associated factor could signal dysfunction in nutrient 

delivery. 

IGF2R is also known to be involved in cancer progression. IGF2R loss or 

mutation is known to increase cancer risk through its modulatory effects on 

tumorigenicity or invasiveness(61, 62). IGF2R is also linked to cancer 

progression through its regulatory effects on IGF2, specifically downregulation of 

IGF2R allowing higher levels of IGF2 to remain present and bind IGF1R.  

f. The role of IGF2 

IGF2 helps regulate cell proliferation, growth and migration, and while it is 

especially important in fetal growth and development, it also has been linked to 
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disease in adults, including cancer and cardiovascular disease. It binds to a 

variety of receptors, including IGF2R as well as IGF1R.  

IGF2 can be handled in a variety of different ways as shown in Figure 2. 

Binding to IGF2R leads to IGF2 degradation. After binding to IGF1R, however, 

IGF2 activates the PI3K/Akt pathway, resulting in activation of mTOR and 

CCND1, promoting cell growth, survival, and apoptosis. Various polymorphisms 

have been shown to alter cell proliferation and survival, having been linked 

increased health risk in obese phenotypes, and reoccurrence of tumors and 

increase in angiogenesis in cancer in a giant cell tumor model(63) (64).  

Maternal obesity and diet has been shown to alter IGF2 in the placenta 

and consequently has an impact on the developing fetus(65). Low protein diet 

increases IGF2 expression and protein levels in the placenta, which is believed 

to be a response intended to induce greater angiogenesis in a low-nutrition state 

to better deliver nutrients(66). Overexpression of IGF2 has also been shown to 

result in fetal overgrowth and obesity in young children(67). In obesity at large, 

IGF2 methylation is associated with an increased risk of lipid profile changes and 

metabolic changes(68).  
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Figure 2. IGF2R and IGF2 pathway. Adapted from Khandehar et al. “Molecular 
mechanisms of cancer development in obesity.” Nature Reviews Cancer. 2011. 
11(12): 886-501. IGF1: Insulin-like growth factor 1. IGF2: Insulin-like growth 

factor 2. IGFBP: Insulin-like growth factor binding protein. INSR: Insulin receptor. 
IGF1R: Insulin-like growth factor 1 receptor. IGF2R: Insulin-like growth factor 2 

receptor. IRS: Insulin receptor substrate. GRB2: Growth factor receptor-bound 
protein 2. SOS: Son of sevenless. ERK: Extracellluar-related kinase. ETS: E-26 
transformation specific. AKT: Protein kinase B. mTOR: Mechanistic target of 

rapamycin. BAD: BCL-2 antagonist of cell death. FOXO3: Forkhead box O. 
CCND1: Cyclin D-1. MDM2: E3 ubiquitin-protein ligase Mdm2.  
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g. The role of uPAR

uPAR is a glycoprotein anchored to the membrane of cells, and binds 

uPA. It is a part of the plasminogen activation system, and in concert with MMPs, 

works to reorganize the extracellular matrix (69, 70). uPAR binds uPA resulting in 

the formation of the urokinase-plasminogen activator, facilitating the conversion 

of plasminogen to plasmin as shown in Figure 3. This leads to both direct and 

indirect – via MMP action – degradation of the extracellular matrix and increase 

in endothelial cell mobility. 

In angiogenesis, uPAR has been shown to be involved in ECM 

proteoloysis and remodeling(71). uPAR responds to VEGF-induced angiogenesis 

by breakdown of the ECM, increasing vascular permeability to permit blood-

bourne components involved in the synthesis of new vessels to the extracellular 

compartment, and promotes endothelial cell migration to help form the 

developing vessel(72-74). Angiogenic action is believed to be promoted through 

the Ser88-Arg-Ser-Arg-Tyr92 sequence, and is moderated through PI3K/Akt, 

which also plays a role in adipogenesis(72, 75). 

uPAR has also been shown to be involved in other disease states, 

including cancer. Utilizing a competitive antagonist of uPA/uPAR decreases 

tumor spread, and another study shows that decreasing uPAR induces 

senescence in carcinoma cells, decreasing migration, invasion, and proliferation 

of cancerous cells(76, 77). Silencing of uPAR has been shown to decrease 

movement of mesenchymal and amoeboid cancer cells(74). 
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Figure 3. uPAR pathway. Adapted from Jasti S. Rao. “Molecular mechanisms of 
glioma invasiveness: the role of proteases.” Nature Reviews Cancer. 2003. 3(7): 
489-501. MMP: Matrix metalloproteinase enzyme. PAI1: Plasminogen activator 

inhibitor 1. ECM: Extracellular matrix. JAK: Janus kinase 1. STAT: Signal 
tranducer and activator of transcription protein. AP1: Activator protein-1. MAPK: 

Mitogen-activated protein kinase. For other abbreviations, please refer to Figure 
1 and 2.  
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h. The role of TGFΒ 

TGFβ is a 112 amino-acid long peptide that is a powerful modulator of cell 

growth and under typical circumstances acts as a cell growth inhibitor, modulated 

by the concomitant binding of T1 and T2 receptors, leading to activation of SMAD 

2/3, and subsequent activation of SMAD 4 and the MAPK PI3K/AKT pathways as 

shown in Figure 4(78). Biological output is believed to be dependent on the T1 

receptor, with the T2 receptor serving an auxiliary role in this regard(79, 80).  

Adipose tissue studies have demonstrated TGFβ involvement within the tissue 

bed. mir21 modulates TGFβ during adipogenic differentiation, and activated 

TGFβ can inhibit adipogenesis(81-83). On the other hand, TGFβ can switch roles 

and become a strong cell growth promoter, typically associated with development 

and progression of cancer(84). Genetic and epigenetic TGFβ events can result in 

an endothelial to mesenchymal phenotype switch(85, 86).  

In obesity, TGFβ is also shown to be altered in other components of the 

cardiovascular system outside of vessels. TGFβ has been shown to be elevated 

in the left ventricle as a fibrotic marker in obese animals relative to both control 

diet animals and animals on an obesity reduction plan involving HFD followed by 

control diet feeding(87). mRNA expression was also observed to be increased in 

the airways by diet-induced obesity concomitant with lung inflammation(88). 

Systemic blockade of TGFβ can improve prognosis in obesity and type 2 

diabetes(89).  

.  
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Figure 4. TGFβ pathway. Adapted from Huang et al. “Regulation of TGF-β 

receptor activity.” Cell and Bioscience. 2012. 2:9. JNK: c-Jun N-terminal kinase. 
TRAF: TNF receptor associated factor. PPP2R: Serine-threonine-protein 

phosphatase 2A. For other abbreviations, please refer to Figures 1-3.  
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i. Interactions of the factors IGF2R, IGF2, TGFβ, and uPAR 

The four factors described above have been shown to interact under 

normal physiological conditions. IGF2R is heavily associated with regulation of 

uPAR. IGF2R silencing is shown to increase both uPAR and plasminogen 

activation, and IGF2R is known to bind plasminogen and inhibit uPAR activity by 

way of TACE(90, 91).  

In interacting with other factors, it has been shown that IGF2R expression 

increases uPAR cleavage, although uPAR/IGF2R binding is a low probability 

event overall(90, 92). IGF2R controls cell invasion by regulating αV integrin 

expression and increasing uPAR cleavage. uPAR cleavage then results in a loss 

of urokinase, vitronectin, and integrin sites, hampering vessel formation. uPAR 

also demonstrates a relationship with TGFβ in that experimental decrease in 

upAR decreases TGFβ -related proliferation and invasion of cells.  

As discussed above, IGF2R, IGF2, uPAR, and TGFβ are altered in obesity 

and are involved in either promoting or decreasing angiogenesis. The literature 

indicates that downregulation of IGF2R in cancer can promote tumorigenesis and 

survival by increasing uPAR and TGF2 presence and activity, while also 

decreasing TGFΒ activity(93). Also in cancer, uPAR and IGF2 activity are shown 

to be increased.  

Bringing it all together, we have a proposed mechanism which explains 

decreased capillarization observed in adipose tissue and skeletal muscle, in 

obesity, by promotion of vascular senescence, and we have evidence that the 
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individual components of the mechanism are altered in obesity, although having 

not been examined in concert in the same study and not examined in adult 

OLETF rats.  

j. Aim of the investigation 

As described above, IGF2R and IGF2 have been shown to be altered in 

obesity, but in pregnancy models and focused on dam, placenta and fetus 

expression, as opposed to the adult male rats we plan to study(60, 65, 66). TGFβ 

has also been studied in obesity as well, although not directly in feed arteries for 

adipose tissue or skeletal muscle beds(94). Additionally, IGF2R and IGF2 have 

been shown to alter vessel growth in cancer, albeit in opposite fashion from the 

mechanism we are about to propose, but strengthening our case for investigating 

their role in obesity. Previous research has not examined these four factors 

within a single study, and many of these studies have only characterized 

placental, fetal, and young infant expression and effects of these factors. With 

evidence indicating that an IGF2R-mediated system controlling uPAR, IGF2, and 

TGFβ presence and action exists in cancer, the question arises as to whether 

this system may be present in obesity, but working to downregulate 

angiogenesis.  

It is therefore hypothesized that in obesity concomitant with type 2 

diabetes, that IGF2R expression is increased, TGF2 expression is 

decreased, TGFβ expression is increased, and uPAR expression is 

decreased. It is also hypothesized that as interventions to treat obesity, 
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exercise training and calorie restriction will result in a decrease of IGF2R 

expression, an increase in TGF2 expression, a decrease in TGFβ 

expression, and an increase in uPAR expression.  

This investigation will serve to expand the field by clarifying expression of 

these factors within a single investigation in adult animals. If the hypothesis is 

supported, these factors might serve as a target for therapeutics to resolve the 

pathophysiological capillarity phenotype observed in skeletal muscle and adipose 

tissue in obesity.  

 

 

 

 

 

 

 

 

 

 

 

 



20 
 

 

 

 

 

 

 

Figure 5. Hypothesized schema by which IGF2R coordinates decrease in 

muscle capillarization during obesity. For abbreviations, please refer to Figure 1.  
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2. IGF2R, IGF2, TGFB, AND UPAR IN A RAT MODEL OF

OBESITY 

a. Methods

Animal Cohorts 

All animal protocols were approved by the University of Missouri 

Institutional Animal Care and Use Committee. 

Cohort 1: Male age 4 weeks LETO (n = 20) and OLETF (n = 20) rats were 

procured from Tokushima Research Institute, Otsuka Pharmaceutical, Japan. 

Rats were individually housed on a 12 hour light, 12 hour cycle and provided 

water and standard chow (70% kcal carbohydrate, 20% kcal protein, 10% kcal 

fat, 3.5% sucrose) (D09071604, Research Diets Inc., New Brunswick, N.J., USA) 

ab libitum until age 8 weeks. At age 8 weeks, LETO and OLETF were subdivided 

into two groups and each group was assigned to either maintenance of control 

diet or to a high fat, high sucrose diet (45% kcal fat, 35% kcal carbohydrate, 17% 

sucrose, 1% cholesterol)(D12110704, Research Diets Inc.) from age 8 to 32 

weeks (L-CON, L-HFD, O-CON, O-HFD, n = 10 for all four). Rats were 

anesthetized and sacrificed at age 32 weeks. 

Cohort 2: Male age 4 weeks OLETF (n = 30) rats were procured from 

Tokushima Research Institute, Otsuka Pharmaceutical, Japan. Rats were 

individually housed on a 12 hour light, 12 hour cycle and provided water and 

standard chow (10% kcal fat, 3.5% sucrose) ab libitum until age 8 weeks. At age 
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8 weeks, rats were placed on high fat, high sucrose diet from age 8 to 32 weeks. 

At age 20 weeks, rats were either sacrificed (n = 4) or assigned to a sedentary 

group (O-SED, n - 6), an exercise training group (O-EX, n = 10, treadmill running 

20 m / min, 15% incline, 60 min /day, 5 day / week), or a calorie restriction group 

(O-CR, n = 9, 25% kcal reduction in intake relative to O-SED)(1). All remaining 

rats were sacrificed at age 32 weeks.  

Tissue Sampling and Composition Analysis. 

Prior to sacrifice, body composition was analyzed using a Hologic QDR-

1000/w dual-energy X-ray absorptiometry machine calibrated for rats, and rats 

were weighed to the nearest 0.01g.  

Feed arteries for the biceps brachii, vastus lateralis, and gastrocnemius 

muscles were removed and stored at -80C. Biceps brachii and vastus lateralis 

muscles were removed, flash frozen in liquid nitrogen, wrapped in foil, and stored 

at -80C. Feed artery for retroperitoneal and epididymal fad pats were removed 

and stored at -80C. Retroperitoneal and epididymal fat samples were removed, 

flash frozen in liquid nitrogen, and stored at -80C.  

Protein Quantification 

Nano-Orange protein solution was prepared from Nano-Orange Protein Kit 

(N-6666, Thermo-Fisher, Waltham, MA). 3 uL was used for each sample and 

samples were run in duplicate (6 uL total used). Samples were briefly vortexed 

and spun down, then boiled for five minutes, then sonicated for ten seconds, 
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repeated three times. Preparations were placed in a Fisher 96-well plate and 

read with a Tecan Safire plate reader.  

Western Blot 

Samples were loaded at 10ug protein/lane. Tris-acetate 3-8% gels were 

used (EA03752BOX, Invitrogen, Waltham, MA) and HiMark Prestained Protein 

Standard was used (LC5699, ThermoFisher, Waltham, MA.) Gels were run at 

150V for 1 hr 15 min. Membranes were prepared by washing for five minutes 

with methanol, rinsed twice with ddH2O, shook in ddH2O for fifteen minutes, then 

incubated in transfer buffer. Blot was loaded according to Invitrogen directions 

and run at 34V for one hour. PVDF membrane was incubated in 5% milk (TBST) 

for one hour at room temperature (RT). 10 mL primary antibody solution was 

added and membrane was placed on a shaker overnight at RT. Antibodies are 

listed in Table 1.   

Next-day processing of membranes entailed removal of primary antibody, 

quick rinse with TSBT, four 10 minute rinses of membrane with TSBT, incubation 

with secondary antibody for one hour at RT on shaker, followed by four more 10 

minute TSBT rinses.  

Imaging proceeded with pouring off TSBT and incubating for one minute 

with HRP substrate (WBLUF0500, Millapore, Billerica, MA). Membranes were 

exposed between one and three minutes on a Kodak Image Station 4000R with 

Kodak MI Network as the image capture program.   
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Membranes were stripped with a blot restore kit (2520, Millipore, Bellerica, 

MA), incubated in 5% milk (TBST) for one hour at RT, then incubated overnight 

at RT with 10 mL primary antibody. Next-day procedure proceeded as above. 

Immunohistochemistry 

Slides were prepared by the Veterinary Medical Diagnostic Lab at the 

Veterninary Medical Building of the University of Missouri. Hydrophobic barriers 

were drawn with a barrier pen around samples on slides. Slides were washed 

twice with TBS in five minute intervals, then incubated for two hours in 10% goat 

serum. Antibody was applied and slides were stored at 4C in a fridge overnight.  

The following day, slides were washed with TBS twice in five minute 

intervals, then secondary antibody was applied for one hour. Slides were then 

incubated for seven minutes with chromagen (RAEC810L, Biocare Medical, 

Concord, CA), then quickly rinsed with hematoxylin. Slides were then incubated 

in ddH2O, 70% ethanol, 90% ethanol, and two each of 100% ethanol and xylene 

baths at three minutes apiece, followed by application of xylene mounting 

medium (245-691, Fisher Scientific, Waltham, MA) and slide cover. Slides were 

left to dry for at least one hour. 

Imaging of Slides 

Slides were examined with an Olympus BX60 photomicroscope (Olympus, 

Melville, NY) and photographed at x20 magnification using a Spot Insight digital 

camera (Diagnostic Instruments, Sterling Heights, MI).  

Image Analysis of TGFβ and uPAR 
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TGFβ and uPAR were quantified by using threshold tools in Photoshop 

and adjusting sensitivity settings on a per-image basis to incorporate all stained 

sections.   
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Antibody target Manufacturer Antibody code 

IGF2R Abcam Ab124767 

IGF2 Sigma-Aldrich HPA002037 

TGFβ Abcam Ab66043 

uPAR Santa Cruz 

Biotechnology 

SC-10815 

Goat anti-rabbit 

(secondary) 

Abcam Ab6721 

Alkaline phosphatase Abcam Ab95462 

 

 

 

 

 

 

1. Linden MA, Sheldon RD, Meers GM, Ortinau LC, Morris EM, Booth FW, et al. Aerobic 
exercise training in the treatment of non-alcoholic fatty liver disease related fibrosis. The Journal 
of physiology. 2016;594(18):5271-84. Epub 2016/04/23. doi: 10.1113/jp272235. PubMed PMID: 
27104887; PubMed Central PMCID: PMCPMC5023692. 

Table 1: List of antibodies used. Please refer to figure 1 for abbreviations. 
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b. Results 

Whole-body and tissue-level parameters 

We found that when comparing non-obese (L-CON only) rats to obese (O-

CON, O-HFD, O-SED, O-EX, and O-CR), non-obese rats had significantly lower 

final body weight and body fat percentage at age 32 weeks (Fig. 6)(p < 0.05 for 

both). Examining our two cohorts individually, Cohort 1 (L-CON, L-HFD, O-CON, 

O-HFD) demonstrated general increases in both body weight and body fat 

percentage with induction of obesity by way of either LETO to OLETF, or CON to 

HFD, or by double induction of obesity as with L-CON versus O-HFD (Fig. 7) (p < 

0.05 or p < 0.01). There are four exceptions to this trend in that L-CON versus L-

HFD displays no significant difference in either final body weight or body fat 

percentage, that L-HFD versus O-CON does not display a significant difference 

in terms of final body weight, and that O-CON versus O-HFD does not display a 

significant difference in terms of final body fat percentage. In Cohort 2, we found 

no significant difference between O-SED, O-EX, and O-CR in terms of final body 

weight or final body composition (Fig. 8). 

Examining capillarity in biceps brachii and vastus lateralis muscle (Fig. 9), 

we find that non-obese animals have a significantly high capillarity in both biceps 

brachii and vastus lateralis than their non-obese counterparts(Fig. 10)( p< 0.05 

for both muscles). In Cohort 1, we found only one instance of a significant 

change in capillarity with L-HFD having a higher capillarity than O-CON (Fig. 11) 

(p < 0.05).  
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Figure 6: Average final weight and body fat percentage in non-obese and obese 

animals. (*: p < 0.05) 
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Figure 7: Average final body weight and body fat percentage in Cohort 1, 
representing diet and strain induction of obesity. (*: p < 0.05, **: p < 0.01)  L-

CON: LETO control diet. L-HFD: LETO high-fat diet. O-CON: OLETF control diet. 
O-HFD: OLETF high-fat diet. 

 

 



42 
 

 

Figure 8: Average final body weight and body fat percentage of Cohort 2, 

representing exercise and calorie restriction intervention in obesity. HFD: High 
fat, high sucrose diet only animals, without intervention. EX: Exercise intervention 
high fat, high sucrose diet animals. CR: Calorie restriction high fat, high sucrose 

diet animals.  
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Figure 9: A representative image showing field of view during capillarity 

measurements. Yellow arrow indicates a nucleus, red arrow indicates a capillary.   
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Figure 10: Measurement of capillarity in non-obese versus obese animals, 
expressed as ( # capillaries / # muscle fibers). (*: p < 0.05). BB: Biceps brachii. 

VL: Vastus lateralis. 
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Figure 11: Measurement of capillarity in Cohort 1, expressed as ( # capillaries / # 
muscle fibers). (*: p < 0.05) 
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Western blotting and immunohistochemistry 

We assessed levels of IGF2R, IGF2, TGFβ, and uPAR in terms of non-

obese versus obese rats, as well as in terms of strain and diet induction of 

obesity (Cohort 1) and intervention in obesity (Cohort 2), in both adipose tissue 

feed arteries and skeletal muscle feed arteries. In terms of raw data values from 

Western blotting adipose tissue feed arteries (Fig. 12), we found no significant 

difference between non-obese and obese animals in terms of IGF2R, IGF2, 

TGFβ, or uPAR. When normalizing the data, we find a significant decrease in 

TGFβ in obese animals, but no change in any of the other three factors (Fig. 13) 

(p < 0.05). 

Breaking the raw data for adipose tissue feed arteries down by cohort, we 

find that Cohort 1 displays no significant differences between groups (Fig. 14), 

but when data is normalized (Fig. 15), we find that IGF2 displays significant 

decreases from L-CON to L-HFD (p < 0.01) as well from O-CON to O-HFD (p < 

0.05), and a significant increase in IGF2 from L-HFD to O-HFD (p < 0.05). TGFB 

also shows a significant decrease from L-CON in both O-CON and O-HFD (p < 

0.05 for both), while O-CON shows a significant increase in uPAR relative to L-

HFD. Cohort 2 is not shown here, but no significant difference was found 

between groups in terms of raw data, while normalized data suggested IGF2 was 

significantly decreased in CR relative to SED, and significantly increased in EX 

relative to CR. Also in Cohort 2 normalized data, both TGFB and uPAR was 

significantly decreased in both EX and CR relative to SED.  
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Figure 12: Adipose tissue feed artery raw data values for non-obese versus 

obese animals. 
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Figure 13: Adipose tissue feed artery normalized data values for non-obese 
versus obese animals. (*: p < 0.05) 
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Figure 14: Adipose tissue feed artery raw data values for Cohort 1 
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Figure 15: Adipose tissue feed artery normalized data values for Cohort 1. (*: p < 

0.05, **: p < 0.01) 
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Examining factor expression in skeletal muscle feed arteries, we find no 

significant difference between obese and non-obese rats in terms of raw data 

(Fig. 16) or normalized data (Fig. 17) for any of the four factors. Cohort 1 shows 

a significant increase in TGFB in O-HFD from both L-HFD and O-CON in terms 

of raw data values (Fig. 18) (p < 0.05), while normalized data (Fig. 19) shows a 

significant increase in IGF2R in O-HFD relative to L-HFD (p < 0.05), significant 

increase in IGF2 in O-HFD relative to both L-HFD and O-CON (p< 0.05 for both), 

and significant increase in O-HFD uPAR relative to L-HFD (p < 0.05). Cohort 2 is 

not shown, but no significant difference is found among groups for either raw or 

normalized data, excepting a significant increase in IGF2 in EX relative to SED, 

in terms of raw data. We also performed immunohistochemistry on skeletal 

muscle from animals in Cohort 2 to detect TGFB and uPAR. However, we found 

no significant difference between groups for either TGFB or uPAR as measured 

with IHC.  

Correlational analyses 

To test the hypothesis that obesity and/or body fat percentage are major 

determinants of the major parameters measured in this study, we performed 

multiple correlational analyses, which are described in Table 2. These analyses 

yielded no strong correlations (r2 ≥ 0.80) when examining raw or normalized 

factor data, or capillarity, versus body weight, body fat percentage, or capillarity 

in either biceps brachii or vastus lateralis skeletal muscle. We observed 

correlations of 0.41 in normalized TGFB (adipose feed artery) versus body 
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weight, 0.58 in normalized uPAR (adipose feed artery) versus body weight, and 

0.45 in normalized uPAR (adipose feed artery) versus body fat percentage. 
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Figure 16: Skeletal muscle feed artery raw data values for non-obese versus 

obese animals. 
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Figure 17: Skeletal muscle feed artery normalized data values for non-obese 

versus obese animals. 
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Figure 18: Skeletal muscle feed artery raw data values for Cohort 1.  (*: p < 

0.05). 
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Figure 19: Skeletal muscle feed artery normalized data values. (*: p < 0.05) 
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Table 2: List of correlational comparisons made during data analysis. N.C.: No 

correlation. *: Exception to no correlation status, see text.  
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c. Discussion 

LETO and OLETF rat in modeling weight gain, body composition change, and 

capillarity change in obesity 

In our study, we have shown that obesity can be successfully induced in in 

a cohort of LETO and OLETF rats by way of both strain and diet, reflected in 

increases in both total body weight as well as in body fat percentage. This 

corresponds with previous literature indicating that OLETF rat gains weight 

rapidly owing to hyperphagia, and that diet can cause obesity(1-4). Owing to 

previous literature indicating that obesity is associated with decreases in 

capillarity, we hypothesized that obesity induction would result in a decrease in 

capillarity in skeletal muscle, which was supported by the data in comparing non-

obese versus obese animals(5).  

The biceps brachii is predominantly type IIa and IIb fibers, while the vastus 

lateralis is primarily type IIb fibers with type IIa fibers present in a lesser 

proportion than in the biceps brachii(6, 7). Capillarity is highest in fast oxidative 

glycolytic muscle, followed by slow oxidative and fast glycolytic muscle(8). In 

addition, exercise training in animal models has been shown to have a greater 

effect in increasing capillarity in fast oxidative glycolytic muscle than in the other 

two subtypes(9). However, in our study, in comparing non-obese versus obese 

animals, the vastus lateralis had a higher average capillary to fiber ratio in non-

obese animals than the biceps brachii, and both muscles displayed significant 

decreases in capillarity following obesity induction. This indicates either that the 
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difference between the biceps brachii and vastus lateralis type IIb to other fiber 

types’ ratio is either insufficient to drive differences in lean capillarity, or that our 

rat strains differ from the strains characterized in the literature in terms of fiber 

density in muscle with different fiber types. However, both muscles still displayed 

decreases in capillarization in response to obesity.  

We then examined Cohort 1, which contained several subgroups of 

obesity induction contributing to our generic obesity induction group, including 

induction on the basis of diet and strain. We find no significant differences among 

groups in either the biceps brachii or the vastus lateralis, except for LETO 

animals on HFD having a greater bicep brachii capillarity than OLETF animals on 

HFD. However, density averages display consistent, though non-significant 

differences in the biceps brachii, with LETO rats having a higher average density 

than their OLETF diet counterpart, and HFD animals having a higher densi ty than 

their CON counterparts. In the vastus lateralis as well, induction of obesity by 

diet, strain, or both shows a lower average density than the L-CON group.  

Overall, the data indicates that obesity in our animals used resulted in 

decreases in capillarity across both muscle beds, as summarized in Figure 20. 

Given the decreases in capillarity in our obese rats, it is reasonable to use 

tissues from these rats for investigation of mechanisms controlling vascular 

growth and retraction, including that of IGF2R mediating IGF2 degradation, 

TGFB activation, and uPAR degradation.  
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Figure 20: Schema of changes in capillarization during obesity.  
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Changes in factors during induction of obesity in the OLETF rat 

Previous literature has indicated that IGF2R is increased in obese dams, 

with IGF2 increased in dam placenta and the developing fetus(10, 11). TGFB has 

also been shown to be elevated in obesity, with blockade improving 

prognosis(12, 13). With decreases in capillarity in obesity and the known 

regulation of IGF2, TGFB, and uPAR by IGF2R, we hypothesized that IGF2R 

would be increased in obesity in adult rats, with IGF2 expression decreased, 

TGFB expression increased, and uPAR decreased.   

In the non-obese versus obese animal cohort, as illustrated in Figure 21, 

only TGFB changed in adipose tissue feed arteries, decreasing significantly in 

obese animals as compared to non-obese animals which was directly opposite to 

what we hypothesized. In all other evaluations of raw and normalized data, none 

of the four factors changed at all.  

More differences were observed when evaluating the raw and normalized 

data on the basis of strain or diet-induced obesity, but many of these results did 

not support our hypothesis, as summarized in Figure 22. On the basis of raw 

data values, IGF2 expression increased in skeletal muscle feed artery in O-HFD 

as compared to L-HFD, and in O-HFD as compared to O-CON. In the first set, 

addition of strain-induced obesity increased IGF2 expression, and in the second 

set, addition of diet-induced obesity increased IGF2 expression. We also did not 

find any changes in IGF2R, IGF2, TGFB, or uPAR on the basis of raw data for 

adipose tissue feed arteries.  
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Figure 21: Schema showing changes in factors in terms of raw data and 
normalized data when comparing non-obese to obese animals. White arrows 

indicate changes contrary to hypothesis as well as direction of change.               
A: Adipose feed artery. N.S.: Not significant. 
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Figure 22: Schema showing changes in factors in terms of raw and normalized 
data when comparing induction of obesity on the basis of diet or strain. White 
arrows indicate changes contrary to hypothesis as well as direction of change. 

Black arrows indicate changes in concurrence with hypothesis as well as 
direction of change. A: Adipose feed artery. S: Skeletal muscle feed artery.    

N.S.: Not significant.   
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Examining normalized data in the strain and diet-induced obesity cohort, 

IGF2R increased in skeletal muscle feed arteries in accordance with our 

hypothesis but only on the basis of one of two strain-induced obesity 

comparisons (in O-HFD as compared to L-HFD). Adipose feed artery normalized 

data, by comparison, did not show a significant change in IGF2R between any of 

the groups. IGF2 displayed several changes in expression between groups, with 

adipose tissue feed artery data showing a decrease on the basis of diet-induced 

obesity, as hypothesized, but in strain-induced obesity (O-HFD as compared to 

L-HFD) showing an increase in IGF2 which was not in accordance with the 

hypothesis. In skeletal muscle feed artery data, IGF2 increased with diet (O-HFD 

as compared to O-CON) and strain (O-HFD as compared to L-HFD, which was 

contrary to our hypothesis. TGFB displayed changes in terms of adipose tissue 

feed artery data, decreasing in expression on the basis of strain (O-CON and O-

HFD as compared to L-CON), while uPAR demonstrated an increase on the 

basis of strain-induced obesity (O-HFD as compared to L-HFD. These changes 

in TGFB and uPAR were contrary to our hypothesis as well. 

Our data indicates that our hypothesis that IGF2R is elevated in obesity, 

leading to IGF2 degradation, TGFB activation, and uPAR degradation, is not 

supported. In adipose tissue feed arteries, we observed mixed results with 

respect to IGF2, decreases in TGFB, and no significant changes in IGF2R or 

uPAR. In skeletal muscle feed arteries, we observed one instance of IGF2R 

increase, increases in IGF2 contrary to the hypothesis, no change in TGFB, and 

one instance of uPAR increase contrary to the hypothesis. When staining muscle 
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for TGFB and uPAR, we observed no significant difference in these markers 

across groups undergoing intervention versus without intervention.    

Given these data, we suggest an alternative schema, as seen in Figure 

23, where in tissue feed arteries IGF2 remains increased in an response to 

sustain angiogenesis in adult rats, similar to observations in dam and fetal 

studies, while IGF2R, uPAR, and TGFB remain similar in expression to lean 

individuals, or decreased in the case of TGFB. Overall, the net effect is pro-

angiogenic, with growth factors increased or steady in obesity and with growth-

freezing factors either steady or decreased. Tissue rarefaction, then, is due to 

either another anti-angiogenic mechanism such as the originally hypothesized 

schema in which IGF2R degrades IGF2 and uPAR while activating TGFB, or a 

mechanism promoting increased retraction of capillaries, either of which have 

greater effect and result in net capillarity decrease.  

In summary, we show that the LETO and OLETF rats both exhibit 

decreased capillarity in obesity, similar to other animal and human models. 

Further, results indicate that these capillarity decreases occur in two different 

muscle beds. We also demonstrate that IGF2R, IGF2, TGFB, and uPAR are not 

consistently altered in an anti-angiogenic fashion in obesity induction in LETO or 

OLETF rats. These results suggest that other mechanisms are at work in 

producing the capillarity decrease observed with obesity in LETO and OLETF 

rats.   
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Figure 23: New proposed schema for IGF2R and coordinated factors in obesity 
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3. EFFECTS OF ENDURANCE EXERCISE TRAINING, 

METFORMIN, AND THEIR COMBINATION ON ADIPOSE 

TISSUE LEPTIN AND IL-10 SECRETION IN RATS 

a. Note to the reader on authorship 

This paper was originally authored by Dr. Nathan T. Jenkins, who has granted 

permission for both the text and figures of this paper to be reproduced in this 

dissertation. Figure and table numbering has been changed when necessary to 

follow the numbering scheme of the dissertation. The citation for this paper is as 

follows:  

Jenkins, N.T., et al., Effects of endurance exercise training, metformin, and their 

combination on adipose tissue leptin and IL-10 secretion in OLETF rats. J Appl 

Physiol (1985), 2012. 113(12): p. 1873-83. 

b. Abstract 

Adipose tissue inflammation plays a role in cardiovascular (CV) and metabolic 

diseases associated with obesity, insulin resistance and type 2 diabetes mellitus 

(T2DM). The interactive effects of exercise training and metformin, two first-line 

T2DM treatments, on adipose tissue inflammation are not known. Using the 

hyperphagic, obese, insulin resistant Otsuka Long Evans Tokushima Fatty 

(OLETF) rat model, we tested the hypothesis that treadmill training, metformin, 

and/or their combination reduces the secretion of pro-inflammatory cytokines from 

adipose tissue. Compared to Long Evans Tokushima Otsuka (LETO) control rats 
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(L-Sed), sedentary OLETF (O-Sed) animals secreted significantly greater amounts 

of leptin from retroperitoneal (RP) adipose tissue. Conversely, secretion of 

interleukin (IL)-10 by O-Sed adipose tissue was lower than that of L-Sed. 

Examination of leptin and IL-10 secretion from adipose tissue in OLETF groups 

treated with endurance exercise training (O-EndEx), metformin treatment (O-Met), 

and combined endurance training and metformin (O-E+M) from 20-32 wks of age 

indicated that (i) leptin secretion from adipose tissue was reduced in O-Met and O-

E+M, but not O-EndEx; (ii) adipose tissue IL-10 secretion was increased in O-

EndEx and O-E+M but not in O-Met; and (iii) only the combined treatment (O-E+M) 

displayed both a reduction in leptin secretion and an increase in IL-10 secretion. 

Leptin and IL-10 concentrations in adipose tissue-conditioned buffers were 

correlated with their plasma concentrations as well as with adipocyte diameters 

and total adiposity. Overall, this study indicates that exercise training and 

metformin have additive influences on adipose tissue secretion and plasma 

concentrations of leptin and IL-10. 

 

c. Introduction 

Chronic low-grade systemic inflammation is appreciated as a critical biological 

link between obesity and its association with cardiovascular (CV) and metabolic 

diseases (1). The etiology of this inflammation seems to be initiated by excessive 

lipid accumulation and expansion of adipocytes, resulting in the activation of 

cellular stress pathways, which in turn signal the recruitment and activation of 

immune cells into adipose tissue (2). These cells are primarily responsible for the 
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increased circulating concentrations of a number of pro-inflammatory cytokines 

and the systemic pro-inflammatory state that is recognized as a hallmark of obesity 

and the metabolic syndrome (3). Indeed, inflamed adipose tissue is implicated in 

the pathogenesis of insulin resistance, type 2 diabetes mellitus (T2DM), 

endothelial dysfunction, and atherosclerosis (4).  

The current standard of care for patients upon diagnosis of T2DM is 

pharmacologic treatment with metformin, a prescription for weight loss, and advice 

to become physically active (5). These therapies are well-established as effective 

glucose-lowering and insulin-sensitizing approaches when prescribed in isolation 

to insulin-resistant patient populations (6, 7), and there is some evidence to 

indicate that the inflammatory component of these pathologies can be ameliorated 

by exercise or metformin treatment when prescribed individually (8-12). The 

combined treatments, however, have received less attention. Exercise and 

metformin produced additive effects on GLUT4 protein expression in skeletal 

muscle of high fat, high sucrose diet-fed Zucker diabetic fatty rats, suggesting a 

possible metabolic benefit of the combined therapies (13). On the other hand, 

recent data from pre-diabetic humans indicate that exercise combined with 

metformin therapy may not necessarily produce favorable influences on certain 

metabolic syndrome parameters (7, 14). In fact, the typically-observed insulin 

sensitization effect of exercise training may be blunted with metformin co-therapy 

(7). It is unclear why the combined therapies did not produce beneficial effects, 

but, interestingly, the inflammatory marker C-reactive protein was reduced by both 

treatments individually but not by the combined therapies (14), raising the 
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hypothesis that inflammation may have played a role. However, the combined 

effects of exercise training and metformin on systemic inflammatory markers or on 

the inflammatory phenotype of particular sources of systemic inflammation (e.g. 

adipose tissue) have, to our knowledge, never been examined.  

The aim of the present investigation was to test the hypothesis that exercise 

training, metformin, and their combination decrease secretion of inflammatory 

markers by adipose tissue and as a result normalize plasma concentrations of a 

panel of cytokines with known roles in insulin resistance and CV disease. The 

seven cytokines chosen for investigation have established roles in (i) immunity and 

inflammatory responses [i.e., leptin, interleukin(IL)-6), IL-1β, and tumor necrosis 

factor (TNF)-α], (ii) recruiting immune cells into inflamed tissue [i.e., IL-12p70, 

monocyte chemoattractant protein (MCP-1), and Regulated upon Activation, 

Normal T-cell Expressed, and Secreted (RANTES)], and (iii) anti-inflammatory 

effects via repression of pro-inflammatory cytokine activity and signaling (i.e., IL-

10). Using the hyperphagic, obese, insulin resistant, type 2 diabetic Otsuka Long 

Evans Tokushima Fatty (OLETF) rat model, we tested the hypothesis that 

endurance exercise treadmill training, metformin, and/or their combination would 

favorably influence the secretion of these cytokines from adipose tissue. We also 

hypothesized that treatment effects on adipose tissue cytokine secretion would be 

related to effects on circulating cytokine levels, adipocyte diameter, and body 

composition.  
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 d. Methods 

Animals and experimental design 

Male Long Evans Tokushima Otsuka (LETO; n = 10) and OLETF rats (n = 48) 

were obtained at four weeks of age (Tokushima Research Institute, Otsuka 

Pharmaceutical; Tokushima, Japan). The OLETF rat, characterized by a mutated 

cholestykinin-1 receptor which results in a hyperphagic phenotype, is an 

established model of obesity, insulin resistance, and T2DM (15). Animals were 

individually housed in a temperature-controlled (21°C) environment with 0600-

1800 light and 1800-0600 dark cycles. At age 19 weeks, all OLETFs were exposed 

to 15 m/min treadmill running for 5 min/d to allow for acclimation to the running 

stimulus. The OLETF rats were then randomly assigned to one of four groups (n = 

12/group): 1) sedentary (O-Sed), 2) endurance exercise (O-EndEx), 3) metformin 

treatment (O-Met), or 4) endurance exercise and metformin combined (O-E+M). 

Sedentary LETO (L-Sed) animals were used as healthy, non-hyperphagic controls. 

Treatments began at 20 weeks of age, as our group has documented that the 

OLETF rat becomes hyperglycemic and hyperinsulinemic at this age and elevated 

HbA1c (16-19). EndEx treatment initially consisted of treadmill running at a speed 

of 15 m/min on a 15% incline for 5 min/d. Duration and speed were gradually 

increased by 2-3 min/day and 1-2 m/min per wk such that by wk 4 the animals 

were running at a speed of 20 m/min on a 15% incline for 60 min/d, 5 d/wk. This 

training volume was maintained for the remainder of the experiment until animals 

were sacrificed. Metformin (Bosche Scientific) was administered in drinking water 

(150 mg/kg/d during first week, 300 mg/kg/d thereafter) (20). All groups were given 



74 
 

ad libitum access to standard chow with a macronutrient composition of 56% 

carbohydrate, 17% fat, and 27% protein (Formulab 5008, Purina Mills, St Louis, 

MO). Rats were anesthetized at 30-32 weeks of age with an intraperitoneal 

injection of sodium pentobarpital (100 mg/kg). Tissues were then harvested and 

the animals were killed by exsanguination. The last exercise bout for O-EndEx and 

O-E+M animals was performed ~18 hours prior to sacrifice. Food was removed 

from the cages 12 hours prior to sacrifice, and water (including metformin-treated 

water for O-Met and O-E+M groups) was removed on the morning of the 

experiment (~1 hour prior to sacrifice). All protocols were approved by the 

University of Missouri Animal Care and Use Committee.  

Body weight, body composition, and food intake  

Body weights and food intakes were monitored and recorded on a weekly 

basis. Weekly food intakes were averaged across the period of the intervention 

(age 20-30 wks). Body composition was assessed by dual energy x-ray 

absorptiometry (DXA; Hologic QDR-1000, calibrated for rodents) on the day of 

sacrifice. Omental and retroperitoneal (RP) adipose tissue depots were then 

removed and weighed to the nearest 0.01 g.  

Blood parameters 

Whole blood was collected on the day of euthanasia for analysis of glycosylated 

hemoglobin (HbA1c) by the boronate-affinity HPLC method (Primus Diagnostics, 

Kansas City, MO) in the Diabetes Diagnostics Lab at the University of Missouri. 

Serum samples were prepared by centrifugation and stored at -80°C until analysis. 

Glucose, triglyceride (TG), and non-esterified fatty acids (NEFA) assays were 
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performed by a commercial laboratory (Comparative Clinical Pathology Services, 

Columbia, MO) on an Olympus AU680 automated chemistry analyzer (Beckman-

Coulter, Brea, CA) using commercially available assays according to 

manufacturer’s guidelines. Plasma insulin concentrations were determined using 

a commercially available, rat-specific ELISA (Alpco Diagnostics, Salem, NH). 

Samples were run in duplicate and manufacturer’s controls and calibrators were 

used according to assay instructions.  

Immunohistochemistry 

Formalin-fixed RP adipose tissue samples were processed through paraffin 

embedment, sectioned at five microns, stained with hematoxylin and eosin for 

morphometric determinations. Sections were examined using an Olympus BX60 

photomicroscope (Olympus, Melville, NY) and photographed at 10x magnification 

using with a Spot Insight digital camera (Diagnostic Instruments, Inc., Sterling 

Heights, MI). For each sample, no less than five fields of view were selected for 

the analysis. The diameters of at least 100 adipocytes were measured using Image 

Pro imaging software (MediaCybernetics Inc., Bethesda, MD, USA). The average 

value of these 100 individually-measured adipocyte diameters was calculated for 

each rat. In addition, the distribution of cells of discrete size categories was 

examined as described previously (16, 21). A single blinded operator performed 

all imaging and adipocyte diameter measurements.   

Preparation of Adipose Tissue-Conditioned Buffers 

At sacrifice, RP adipose tissue depots were harvested for preparation of 

adipose-conditioned buffer as described previously (22), with minor modifications. 
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Briefly, one of the two RP fat pads were incubated in filter-sterilized physiological 

saline solution (pH 7.4; 6 g tissue/mL PSS) for 60 min at 37°C in a shaking water 

bath. In pilot experiments of 30, 60, and 120 min adipose tissue incubations, the 

60 min incubation protocol produced optimal results for the purposes of the present 

study. PSS contained (in mM): 25 MOPS, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 

0.02 EDTA, 145 NaCl, 4.7 KCl, 2.0 CaCl2, and 1.17 MgSO4. Following incubation, 

the tissue was discarded and the conditioned buffers were aliquoted and stored at 

-80°C for future analysis. Our modified approach of using 6 g tissue/mL PSS 

instead of 3 g tissue/mL PSS as described by Payne et al. (22) was chosen in light 

of the fact that their adipose tissue conditioned medium contained concentrations 

of cytokines that were at or near the lower limit of detection of the assay. Thus, 

with a more concentrated conditioned media preparation we expected to observe 

concentrations of cytokines that were well within the normal limits of the multiplex 

assay that we employed [and importantly, also used by Payne et al. (22)]. 

Additionally, an alternative approach would have been to use a fixed amount of 

adipose tissue for the conditioned buffers, rather than the whole RP fat pad and 

adjusting the volume of sterile PSS added to achieve the desired concentration of 

6 g/mL. However, this approach would have required cutting and handling the 

tissue, which might have been problematic given observations from our group 

indicating that mincing/cutting of adipose tissue induces substantial (~200 fold) 

expression of inflammatory genes such as TNF-α (J.M. Company and F.W. Booth, 

unpublished data). Thus, all samples were handled with minimal cutting of the 

tissue beyond that required for the dissection and were rapidly weighed and placed 



77 
 

in sterile PSS. It was ensured that buffer volumes were sufficient to cover the entire 

sample. Finally, the use of a strong buffering agent (i.e., high concentration of 

MOPS) was employed to prevent unwanted confounding effects of hypoxia and 

any consequent metabolic acidosis.  

Cytokine Concentrations in Conditioned Buffers and Plasma  

Adipose tissue-conditioned buffers and plasma samples were assayed in 

duplicate for concentrations of leptin, IL-1β, IL-6, IL-10, IL-12p70, MCP-1, TNF-α, 

and RANTES using a multiplex cytokine assay (Millipore Milliplex, cat no. 

RCYTOMAG-80K; Billerica, MA, USA) on a MAGPIX instrument (Luminex 

Technologies; Luminex Corp., Austin, TX, USA) according to the manufacturer’s 

instructions.  

Statistics  

One-way analysis of variance (ANOVA) was used to test for differences among 

groups in body weights, food intakes, % body fat, fat pad weights, adipocyte 

diameters, and cytokine concentrations in adipose tissue-conditioned buffers and 

plasma. Fisher’s Least Significant Difference (LSD) post hoc comparisons were 

performed in the event of a significant omnibus ANOVA. All analyses were 

performed using SPSS version 19 (IBM, Chicago, IL, USA). Data are presented as 

means ± SEM, and P ≤ 0.05 was used as the criterion for statistical significance.  

e. Results 

Body weight, body composition, and food intake 

Mean body weights, percent body fat, fat pad masses, and food intake were all 

significantly greater in the O-Sed group compared to L-Sed (Fig 1A-G, P < 0.05). 
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O-EndEx, O-Met, and O-E+M groups had 15%, 6%, and 21% lower body weights 

than the O-Sed group, respectively (all P < 0.05 vs. O-Sed and P < 0.05 vs. each 

other; Fig 1A). The food intake data (Fig 1B) displayed similar patterns to the body 

weights, as EndEx, O-Met, and O-E+M had 12%, 7%, and 22% lower mean food 

intakes during wk 20-32 than the O-Sed animals, respectively (all P < 0.05 vs. O-

Sed and P < 0.05 vs. each other; Fig 1B). When these food intake values were 

normalized to grams of body weight, OLETF groups remained significantly 

elevated compared to L-Sed, consistent with their hyperphagic phenotype (P < 

0.05, Fig 1C). However, there were no differences among OLETF groups in 

normalized food intake (P > 0.05). O-EndEx and O-E+M, but not O-Met, had 

significantly lower % body fat than O-Sed (P < 0.05; Fig 1D). Similarly, O-Met RP 

mass was not significantly different from that of O-Sed (P > 0.05), whereas O-

EndEx and O-E+M had 41% and 50% lower RP mass than O-Sed, respectively (P 

< 0.05; Fig 1E). O-EndEx, O-Met, and O-E+M had 55%, 25%, and 67% lower 

omental fat pad mass than O-Sed (all P < 0.05; Fig 1F). O-EndEx and O-E+M 

omental fat masses were not different from each other, but were significantly lower 

than O-Met (P < 0.05). Importantly, omental fat mass was not significantly different 

between O-E+M and L-Sed (P > 0.05). Epididymal fat mass also lower in O-EndEx 

and O-E+M groups compared to O-Sed (P < 0.05), but again the difference 

between O-Met and O-Sed was not significant (P > 0.05; Fig 1G). Epididymal fat 

mass of O-E+M was lower than that of O-EndEx and O-Met, but greater than that 

of L-Sed (all P < 0.05). 
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Figure 24: Effects of endurance exercise training, metformin, and their 
combination on (A) body weight, (B) food intake, (C) food intake normalized to 
body weight, (D) % body fat, and retroperitoneal (E), omental (F), and epididymal 

(G) fat pad masses. L-Sed, sedentary LETO; O-Sed, sedentary OLETF; O-EndEx, 
endurance-trained OLETF; O-Met, metformin-treated OLETF; O-E+M, combined 

endurance-trained and metformin-treated OLETF. Data with unlike letters are 
significantly different from each other (P < 0.05).   
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Blood parameters 

Blood parameters are presented in Table 1. HbA1c levels were lower (P = 1.1 

x 10-14) in L-Sed than O-Sed. Analysis of intervention effects indicated that O-

EndEx, O-Met, and O-E+M had lower HbA1c levels than O-Sed (all P < 0.05), 

although only O-E+M levels were restored to levels of L-Sed such that the pairwise 

comparison between the two groups was not statistically significant (see exact P-

values in footnote of Table 1). Serum glucose, insulin, TG, and NEFA levels were 

all significantly greater in O-Sed than in L-Sed (all P < 0.05). In O-Met these 

parameters were not different from levels in O-Sed, whereas O-EndEx and O-E+M 

levels were significantly lower than O-Sed (P < 0.05). Further, insulin levels were 

completely normalized in O-EndEx rats to L-Sed levels, while lucose, insulin and 

TG were all completely normalized in O-E+M (although the P-values for TG 

approached statistical significance; see footnote of Table 1).  
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Table 3. Blood Parameters 

    L-Sed   O-Sed   O-EndEx   O-Met   O-E+M 

Glucose (mg/dl)   152 ± 4a   300 ± 12b   236 ± 22c   283 ± 21b   189 ± 9a 

Insulin (ng/ml)   3.1 ± 0.4a   8.2 ± 2.1b   4.4 ± 0.5a   7.1 ± 1.0b   4.3 ±0.3a 

HbA1c (%)   4.9 ± 0.04a   7.0 ± 0.13b   5.4 ± 0.03c   5.3 ± 0.06c   
5.0 ± 
0.04a,c 

TG (mg/dl)   44 ± 3a   360 ± 40b   121 ± 15a*   337 ± 46b   125 ± 26a* 

NEFA (mmol/l)   
0.28 ± 
0.02a   

0.92 ± 
0.06b   

0.57 ± 
0.05c   

0.89 ± 
0.06b   

0.53 ± 
0.07c 

Data are means ± SEM. Values with like letters are significantly different from each other.  
P-values for HbA1c vs L-Sed were as follows: O-EndEx: P = 0.01; O-Met: P = 0.05; O-E+M: 
P = 0.52 
*P = 0.08 and 0.07 for O-EndEx vs. L-Sed and O-E+M vs. L-Sed comparisons, respectively. 
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Adipocyte Diameters  

The O-Sed group had significantly more adipocytes of larger sizes, i.e. the RP 

adipocyte diameter distribution curve of the O-Sed group was shifted to the right, 

relative to the L-Sed group (Fig 2A). Among the OLETF intervention groups, only 

the O-E+M rats displayed an adipocyte diameter distribution that resembled that 

of the L-Sed (Fig 2A). Analysis of adipocyte diameter summary data (Fig 2B) 

indicated that O-Sed had significantly larger average adipocyte diameters 

compared to L-Sed (P < 0.05), and O-E+M average adipocyte diameters were 

significantly smaller than those of O-Sed and not significantly different from L-Sed 

(P > 0.05; Fig 2B). O-EndEx adipocyte diameters did not differ from other 

intervention groups. 
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Figure 25. Distribution of retroperitoneal adipocyte diameters (A) and summary 

data (B) among groups (L-Sed, sedentary LETO; O-Sed, sedentary OLETF; O-
EndEx, endurance-trained OLETF; O-Met, metformin-treated OLETF; O-E+M, 
combined endurance-trained and metformin-treated OLETF). Data with unlike 

letters are significantly different from each other (P < 0.05). 
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Retroperitoneal Adipose Tissue Cytokine Secretion and Plasma Cytokine 
Concentrations.  

RP Adipose tissue-secreted leptin (Fig 3A) was greater in O-Sed than L-Sed 

(2.6-fold, P < 0.05), while that in O-EndEx, O-Met, and O-E+M were lower than O-

Sed by 18% (trend: P = 0.07), 33% (P < 0.05), and 50% (P < 0.05), respectively. 

IL-10 secretion was 43% lower in O-Sed than L-Sed (P < 0.05; Fig 3B). O-EndEx 

and O-E+M had IL-10 secretion levels that were ~130-140% greater than O-Sed 

levels (P = 0.02 and P = 0.03, respectively) and not different from L-Sed levels (P 

= 0.75 and P = 0.94, respectively), while O-Met IL-10 secretion was not different 

from O-Sed, O-EndEx, or O-E+M groups (Fig 3B). As there were substantial 

differences among groups in RP mass, it is possible that the contribution of this 

depot to systemic (plasma) levels of leptin and IL-10 were linked to differences in 

RP mass. Thus, to account for differences in fat pad weights, we calculated 

secretion levels from the whole fat pad as the product of leptin and IL-10 

concentrations in the conditioned buffer (pg/mL) × RP mass (g). O-Sed levels of 

leptin secretion from the whole RP pad were ~17-fold higher than those of the L-

Sed group (P < 0.05), while O-EndEx, O-Met, and O-E+M had 57%, 45%, and 77% 

lower levels than O-Sed (all P < 0.05; Fig 3C). O-Sed levels of IL-10 secretion from 

the whole RP pad were ~3-fold greater than those of the L-Sed group (P < 0.05), 

whereas there were no significant differences among O-Sed and the intervention 

groups (P > 0.05; Fig 3D).  

Plasma leptin levels were 9-fold higher in O-Sed compared to L-Sed (P < 0.05), 

whereas O-EndEx and O-E+M had 65% and 75% lower plasma leptin levels 

compared to O-Sed, respectively (P < 0.05; Fig 3E). Plasma IL-10 levels were 



85 
 

greater in all OLETF groups than L-Sed (P < 0.05), and although the mean IL-10 

levels were highest in O-EndEx, the differences among OLETF groups were not 

statistically significant (Fig 3F). 
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Figure 26. Effects of endurance exercise training, metformin, and their 

combination on leptin secretion from retroperitoneal (RP) adipose tissue (A), IL-10 
secretion from RP adipose tissue (B), leptin secretion × RP mass (C), IL-10 

secretion × RP mass (D), plasma leptin concentrations (E), and plasma IL-10 
concentrations (F). L-Sed, sedentary LETO; O-Sed, sedentary OLETF; O-EndEx, 
endurance-trained OLETF; O-Met, metformin-treated OLETF; O-E+M, combined 

endurance-trained and metformin-treated OLETF. Data with unlike letters are 
significantly different from each other (P < 0.05).   
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To investigate the functional implications of the effects of the endurance 

exercise training, metformin, and combined interventions on adipose tissue 

cytokine secretion, we examined the relationships among mean concentrations of 

leptin (Fig 4A) and IL-10 (Fig 4B) present in adipose tissue-conditioned buffers vs. 

their mean plasma concentrations. There was a positive linear relationship 

between concentrations of leptin in adipose tissue-conditioned buffers and plasma 

across group means (r = 0.85, Fig 4A). Similarly, there was a strong relationship 

between secreted and circulating IL-10 concentrations (r = 0.81, Fig 4B), although 

this relationship was only observed within the OLETF rats (i.e., when L-Sed means 

were excluded from the analysis; there was no apparent relationship with all 

groups included). The relationships among group means in plasma leptin and IL-

10 concentrations with their respective secretion levels from the whole fat pad 

(pg/mL × g tissue) were quite strong (r = 0.97 for leptin, r = 0.92 for IL-10; Fig 4C 

and D).  
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Figure 27. Correlations between (A) leptin concentrations in RP adipose tissue-

conditioned buffers and plasma leptin concentrations; (B) IL-10 concentrations in 
RP adipose tissue-conditioned buffers and plasma IL-10 concentrations; (C) the 
product of leptin secretion × RP mass and plasma leptin concentrations; and (D) 

the product of IL-10 secretion × RP mass and plasma IL-10 concentrations.   L-
Sed, sedentary LETO; O-Sed, sedentary OLETF; O-EndEx, endurance-trained 

OLETF; O-Met, metformin-treated OLETF; O-E+M, combined endurance-trained 
and metformin-treated OLETF. Note that relationship shown for IL-10 (B) is among 
OLETF groups only. 
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Adipocyte diameter group means were strongly and positively related to means 

for adipose tissue-secreted leptin (r = 0.87; Fig 5A) and negatively related to 

means for adipose tissue-secreted IL-10 (r = -0.81; Fig 5B). Similarly, % body fat 

means were positively related to adipose tissue-secreted leptin (r = 0.83; Fig 5C) 

and negatively related to adipose tissue-secreted IL-10 (r = -0.83; Fig 5D). 

To gain insight into whether these treatment effects on leptin and IL-10 RP 

adipose tissue secretion and their plasma concentrations were related to our 

observations of improved HbA1c levels, we also examined correlations among 

mean concentrations of plasma leptin and IL-10 concentrations vs. HbA1c levels. 

Although there was only a weak relationship between plasma IL-10 and HbA1c 

among the groups (r = 0.20), the relationship between plasma leptin and HbA1c 

was robust (r = 0.91, Fig 6). 
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Figure 28.  Correlations between adipocyte diameters and retroperitoneal (RP)  
adipose tissue-secreted leptin (A) and IL-10 (B), as well as % body fat and secreted 

leptin (C) and IL-10 (D). L-Sed, sedentary LETO; O-Sed, sedentary OLETF; O-
EndEx, endurance-trained OLETF; O-Met, metformin-treated OLETF; O-E+M, 
combined endurance-trained and metformin-treated OLETF.  
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Figure 29. Correlation between plasma leptin and HbA1c levels. L-Sed, sedentary 

LETO; O-Sed, sedentary OLETF; O-EndEx, endurance-trained OLETF; O-Met, 
metformin-treated OLETF; O-E+M, combined endurance-trained and metformin-

treated OLETF. 
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The remaining cytokines examined are presented in Table 2 (adipose tissue) 

and Table 3 (plasma). There were few statistically significant differences among 

groups in these cytokines in adipose tissue-conditioned buffers, with the 

exceptions of higher MCP-1 and IL-6 secretion in L-Sed compared to the other 

groups, and TNF-α and IL12-p70 being lowest in O-E+M (all P < 0.05; Table 2A). 

Secretion levels of IL-1β, IL-12p70, MCP-1, and RANTES from the whole RP fat 

pad (pg/mL × g RP mass) were significantly greater in O-Sed than L-Sed (all P < 

0.05; Table 2B). The elevations in O-Sed animals in IL-1β were partially corrected 

in O-EndEx and O-E+M (P < 0.05 vs. O-Sed) but not restored to level of L-Sed, 

while O-Met levels were higher than those of L-Sed and not different from O-Sed. 

IL-12p70, MCP-1, and TNF-α were completely normalized (i.e., not different from 

L-Sed) in the O-EndEx and O-E+M groups, but not in O-Met. RANTES secretion 

levels from the RP pad were partially reversed in the O-EndEx group, not different 

between O-Met and O-Sed, and completely reversed in the O-E+M group.     

In plasma (Table 3), O-Sed had significantly higher IL-6 and IL12p70 

concentrations than L-Sed, but there were no differences among O-Sed and the 

OLETF intervention groups (P > 0.05). Plasma MCP-1 concentrations were lower 

in O-EndEx and O-E+M than all other groups (P < 0.05). There were no significant 

relationships between adipose tissue-conditioned buffer and plasma 

concentrations among cytokines other than leptin and IL-10. 
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Table 4. Adipose tissue-conditioned buffer cytokine concentrations. 

A. Conditioned-
Buffer (pg/mL)   L-Sed   O-Sed   O-EndEx 

              

  IL-1β   458 ± 180   260 ± 34   318 ± 55 

  IL-6   445 ± 128a   140 ± 50b   129 ± 41b 

  IL-12p70   18 ± 4 a,b   15 ± 3 a,b   12 ± 1 a,b 

  MCP-1   98 ± 22a   62 ± 8b   57 ± 7b 

  TNF-α   11 ± 2a   8 ± 2a,b   7 ± 1a,b 

  RANTES   674 ± 191   537 ± 49   574 ± 106 

B. Conditioned-
Buffer (pg/mL) 
× RP mass (g)   L-Sed   O-Sed   O-EndEx 

  IL-1β   3316 ± 1329a  12728 ± 1815b  8781 ± 1315c 

  IL-6   3280 ± 1146  7203 ± 2704  3173 ± 794 

  IL-12p70   130 ± 39a  717 ± 111b,c  351 ± 53a,b 

  MCP-1   725 ± 193a  3042 ± 457b  1577 ± 226a,c 

  TNF-α   74 ± 19a  367 ± 90b  179 ± 46a,c 

  RANTES   4861 ± 1449a  26276 ± 3370b  15955 ± 3243c 
Data are means ± SEM. Values with unlike letters are significantly different from each other  

(P < 0.05).  

 

Table 5. Plasma cytokine concentrations.  

    L-Sed 

IL-1β   ND 

IL-6   14 ± 10a 

IL-12p70   10 ± 3a 

MCP-1   36 ± 16a 

TNF-α   3 ± 1 

RANTES   1213 ± 189 
Data are means ± SEM. Units are pg/mL. Values with unlike letters are significantly different 

from each other (P < 0.05).  
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f. Discussion 

The major findings of the current study are (i) leptin secretion from adipose 

tissue is reduced by metformin with or without endurance exercise treadmill 

training; (ii) IL-10 secretion from adipose tissue is increased by treadmill exercise 

training with or without metformin; and (iii) only the combination of endurance 

training and metformin is effective in both reducing leptin secretion and increasing 

IL-10 secretion in the OLETF rat model of obesity and insulin resistance. These 

treatment effects on adipose tissue leptin and IL-10 secretion were closely linked 

to effects on adipocyte diameter and body composition as well as to effects on 

plasma concentrations. Importantly, our finding that IL-10 secretion was enhanced 

by exercise training is the first indication to our knowledge that exercise training 

can increase secretion of an anti-inflammatory factor from adipose tissue. These 

data highlight the notion put forth by our group (23) and others that exercise has a 

beneficial impact on other tissues besides skeletal muscle. Overall, this study 

provides evidence from an obese rodent model that treatment of insulin 

resistance/T2DM with exercise training, metformin, and particularly the two 

treatments combined can favorably alter adipose tissue secretion and plasma 

concentrations of leptin and IL-10 and shift the adipose tissue towards an anti-

inflammatory phenotype.  

Leptin is secreted primarily from white adipose tissue and while originally 

thought to just function as a satiety hormone, it is now known that in excess, it may 

have potent deleterious effects on numerous tissues (24-26). The most consistent 

circulating leptin-lowering effects of exercise have been observed when weight 
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loss is achieved (27-32). Indeed the available data suggest that regular exercise 

without weight loss has little effect on circulating leptin concentrations (27, 30) or 

leptin gene expression in adipose tissue (33, 34). Our data are in line with these 

previous observations, as leptin secretion and circulating levels were restored in 

O-E+M to the lower levels seen in the L-Sed rats. As this reversal was not 

observed in either O-EndEx or O-Met alone, our data stimulate the hypothesis for 

future studies that combined metformin therapy and lifestyle modification with 

exercise training may be optimal for the reduction of circulating leptin 

concentrations in obese, insulin resistant humans. Furthermore, data from rodents 

(16, 35, 36) and humans (28, 29) also support the idea that alterations in adipocyte 

size are closely associated with circulating leptin concentrations. This is in 

agreement with our observed relationship between adipocyte diameters and 

adipose tissue leptin secretion, which was, in turn, related to plasma leptin 

concentrations (whether expressed as concentrations in the conditioned buffers or 

as secretion from the whole fat pad). There is some evidence that metformin also 

is  effective in reducing plasma leptin concentrations (9) and in vitro secretion from 

cultured adipose tissue (37); however, the combined treatments have not been 

previously investigated. Therefore, our study provides the first evidence that the 

combination of exercise and metformin treatment initiated at the onset of T2DM 

and moderate insulin resistance not only reduces the secretion of leptin from 

adipose tissue, but restores leptin secretion to the level seen in lean healthy rats 

(L-Sed).  



96 
 

The anti-inflammatory actions of IL-10 include suppression of NFκB induction 

by pro-inflammatory cytokines (e.g. TNF-α and IL-1β) and stimulation of an anti-

inflammatory gene expression program (38). It seems possible that the effect on 

adipose tissue IL-10 could have systemic consequences for circulating levels of 

IL-10, as secreted and plasma IL-10 levels were correlated within the OLETF 

groups. Thus, given the well-established anti-inflammatory role of IL-10, our data 

suggest that adipose tissue-derived IL-10 may be a signal participating in the 

beneficial effects of exercise on numerous tissues. Our data are generally 

consistent with previous findings regarding the effects of endurance training on IL-

10 secretion/expression by different cell types.  Basal IL-10 production by 

circulating monocytes has been documented to increase by ~10 fold following 6 

months of moderate endurance exercise training in patients at risk for ischemic 

heart disease (39). Exercise training also increased IL-10 expression in RP fat in 

a cachectic rodent model (40) as well as in healthy rats (41). To the best of our 

knowledge, the effects of metformin on adipose tissue-secreted or circulating 

levels of IL-10 have not been previously studied. The present study suggests that 

metformin therapy alone does not alter IL-10 secretion from adipose tissue.  

Although we have focused the present report on our leptin and IL-10 data, there 

were some notable findings regarding the other cytokines included in our panel. 

First, our findings of greater adipose tissue IL-6 secretion in L-Sed compared to all 

OLETF groups (Table 2A) with greater IL-6 plasma concentrations in O-Sed 

compared to L-Sed (Table 3) were unexpected. However, based on prior evidence 

that IL-6 can stimulate lipolysis in adipocytes (42), and the smallest adipocyte 
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diameters being associated with the highest IL-6 secretion in L-Sed and O-E+M 

groups in our study, we can speculate that the greater IL-6 release from adipose 

tissue in these groups may reflect the known lipolytic effects of IL-6. Regarding our 

plasma IL-6 data, chronic circulating IL-6 concentrations are elevated in patients 

with inflammatory conditions such as CV disease and T2DM, consistent with our 

findings. However, IL-6 unequivocally has anti-inflammatory effects on several 

organs and tissues (12, 43), and it is now that a high circulating level of IL-6 in 

chronic low-grade inflammatory states does not necessarily mean that IL-6 is pro-

inflammatory in every condition (11). In addition, plasma MCP-1 and IL-12p70 

were elevated in O-Sed and reduced to near L-Sed levels in O-EndEx, further 

supporting the efficacy of regular exercise for the reduction of systemic 

inflammation. However, these effects were not totally consistent with 

concentrations observed in adipose tissue-conditioned buffers.  Indeed secretion 

of MCP-1 and several other cytokines (although only MCP-1 reached statistical 

significance) was, surprisingly, higher in L-Sed than all OLETF groups. A possible 

explanation for these dissociations between cytokine concentrations in the RP 

adipose tissue-conditioned buffers (Table 2A) and plasma concentrations (Table 

3) might be the fact that hyperphagia/obesity (O-Sed) and the different 

interventions produced markedly different total RP weights among the groups (Fig 

1E). Thus, the total contribution of adipose tissue-derived cytokines to the plasma 

concentrations might be driven by not only the amount of secretion per unit of 

tissue but also by the tissue mass. To gain insight into this issue, we calculated 

the product of cytokine concentrations in the conditioned buffers × RP mass (Fig 
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4C and D and Table 2B). This metric seems to provide an index of RP adipose 

tissue contribution to the systemic circulation, as (i) total RP secretions of leptin 

and IL-10 were closely linked to their plasma concentrations, (ii) the differences 

between L-Sed and O-Sed groups in MCP-1 secretion from the whole RP pad were 

more in line with plasma concentrations, and (iii) O-EndEx and O-E+M animals 

experienced partial or complete restoration to L-Sed levels of several cytokines 

(IL-1β, IL-12p70, MCP-1, TNF-α, and RANTES) when taking into account the 

differences among groups in RP fat mass in this manner. Thus, taken together, 

these data indicate that exercise training, metformin, and particularly their 

combination might favorably influence the mass and the inflammatory phenotype 

of the adipose tissue in the OLETF rat, with potential functional relevance for 

systemic (plasma) levels of the adipose-derived cytokines we examined. 

Metformin increases fat oxidation during exercise (44), which could explain why 

our O-E+M rats had smaller adipocyte diameters, lower % fat, and lower omental 

fat mass than the O-EndEx group. As the current literature supports the idea that 

the key initiating step in adipose tissue inflammation is adipocyte hypertrophy and 

subsequent infiltration of inflammatory immune cells (1, 45), we speculate that the 

normalization (i.e., complete restoration to L-Sed levels) of adipocyte diameter in 

the O-E+M group is an important mechanism underlying our observation of 

normalized HbA1c levels in this group. In support of this speculation, our data 

indicate that only O-E+M animals exhibited complete normalization in adipocyte 

diameter, which was also associated with complete normalization of leptin 

secretion, and plasma leptin levels, which were, in turn, associated with the 
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normalized HbA1c levels (Fig 6). These data are consistent with the notion that 

adipocyte hypertrophy (more so than increases in % fat or adipose tissue mass, 

which were not restored to L-Sed levels in any OLETF intervention group) is a key 

therapeutic target for the treatment of obesity-related CV and metabolic 

complications (45).  

Recent studies in humans indicate that adding metformin to exercise training 

might actually blunt favorable training-induced adaptations in CV/metabolic 

variables in the OLETF rat such as insulin sensitivity (7) and metabolic syndrome 

score (14). In contrast, we observed additive beneficial effects of the combined 

therapies on glucose, insulin and HbA1c, such that O-E+M levels were restored to 

L-Sed levels. Thus, there is clearly a need for further work to reconcile the 

discrepancy between the previous findings from humans and the present data from 

the OLETF rat model. Nevertheless, our findings of improved HbA1c, glucose, and 

insulin levels were closely linked to adipose tissue-secreted leptin and plasma 

leptin concentrations. As leptin can inhibit insulin-stimulated glucose uptake in 

skeletal muscle and adipose tissue (46-48), it seems possible that attenuated 

adipose tissue-derived leptin secretion might play a mechanistic role in the 

favorable effects of combined endurance training and metformin treatment on 

glycemic control in the OLETF rat model.  

In summary, combined metformin and exercise training treatment had more 

potent effects than either treatment alone on adipose tissue secretion and plasma 

concentrations of IL-10 and leptin in OLETF rats. These effects of combined 

exercise training and metformin were associated with complete reversal of 
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elevations in serum glucose and insulin levels, HbA1c, omental fat mass, and 

adipocyte diameters. Overall, we conclude that the combination of exercise 

training and metformin therapy may be an effective approach to attenuate the 

adipose tissue inflammation associated with obesity and metabolic disease. 
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4. ELEVATED SKELETAL MUSCLE IRISIN PRECURSOR 

FNDC5 MRNA IN OBESE OLETF RATS 

a. Note to the reader on authorship 

This paper was originally authored by Dr. Michael Roberts, who has granted 

permission for both the text and figures of this paper to be reproduced in this 

dissertation. Figure and table numbering has been changed when necessary to 

follow the numbering scheme of the dissertation. The citation for this paper is as 

follows:  

Roberts, M.D., et al., Elevated skeletal muscle irisin precursor FNDC5 mRNA in 

obese OLETF rats. Metabolism, 2013. 62(8): p. 1052-6. 

b. Abstract 

OBJECTIVE: To examine fibronectin type III domain containing 5 (FNDC5, 

precursor to irisin) mRNA within skeletal muscle of obese/diabetic-prone Otsuka 

Long-Evans Tokushima Fatty (OLETF) rats versus lean/healthy Long Evans 

Tokushima Otsuka (LETO).  We hypothesized that FNDC5 expression would 

differ between obese (OLETF) versus lean (LETO) animals.  

MATERIALS/METHODS: Triceps muscle of 30-32 week old OLETF and LETO 

rats were assayed for FNDC5 and PGC1α mRNA levels.  Body composition and 

circulating biomarkers of the OLETF and LETO rats were also correlated with 

skeletal muscle FNDC5 mRNA expression patterns in order to examine potential 

relationships that may exist.  RESULTS: OLETF rats exhibited twice the amount 
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of triceps FNDC5 mRNA compared to LETO rats (p < 0.01).  Significant positive 

correlations existed between triceps muscle FNDC5 mRNA expression patterns 

versus fat mass (r = 0.70, p = 0.008), as well as plasma leptin (r = 0.82, p < 

0.001).  PGC1α mRNA levels were also highly correlated with FNDC5 mRNA (r = 

0.85, p < 0.001).  In subsequent culture experiments, low and high physiological 

doses of leptin had no effect on PGC1α mRNA or FNDC5 mRNA levels in C2C12 

myotubes.  Paradoxically, circulating irisin concentrations tended to be higher in 

a second cohort of LETO versus OLETF rats (p = 0.085).  CONCLUSION: Our 

data suggest an association between adiposity and skeletal muscle FNDC5 gene 

expression, although circulating irisin levels tended to be lower in OLETF rats.  

Further research is needed to examine whether other adipose tissue-derived 

factors might up-regulate FNDC5 transcription and/or inhibit irisin biosynthesis 

from FNDC5.   

c. Introduction 

Fibronectin type III domain containing 5 (FNDC5) has garnered recent 

attention.  The proteolytic FNDC5 cleavage product, irisin, was reported by 

Boström et al. (1) to a) be up-regulated in a proliferator-activated receptor 

gamma coactivator 1-α (PGC1α)- and exercise-dependent fashion in rodent and 

human skeletal muscle (1), and b) increase thermogenesis and decrease 

bodyweights in mice (1); leading them to propose that FNDC5 and irisin may be 

novel therapeutic targets in the treatment of obesity.  Based upon data by 

Boström et al. (1), we initially hypothesized that obese/diabetic Otsuka Long-

Evans Tokushima Fatty (OLETF) rats would exhibit reduced skeletal muscle 
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FNDC5 mRNA compared to lean/healthy Long Evans Tokushima Otsuka (LETO) 

rats.  Later during testing of our initial hypothesis, contrasting papers were 

published.  Timmons et al. (2) reported that skeletal muscle FNDC5 mRNA was 

shown to increase only within a subset of highly active human elderly subjects 

following 6 weeks of exercise (2).  Moreover, FNDC5 mRNA for all subjects 

correlated with body mass index (BMI), but not with changes in aerobic capacity.  

Next, Huh et al. (3) similarly reported that circulating irisin increases acutely 

following a sprint-interval exercise bout in healthy humans.  In addition, these 

same authors reported that surgically-induced weight loss in patients with a BMI 

> 50 decreased skeletal muscle FNDC5 mRNA as well as circulating irisin 

leading the authors to conclude that irisin could not be directly involved with 

health improvements given its positive association with body fat [3].  Thus, we 

hypothesized that triceps muscle FNDC5 mRNA would be elevated in OLETF 

rats, and would correlate with fat mass, lean body mass, and plasma leptin. 

d. Methods 

Animals and experimental design 

Experimental protocols were approved by the University of Missouri 

Animal Care and Use Committee.  Four week-old, male LETO (n = 7) and 

OLETF rats (n = 7) (Tokushima Research Institute, Otsuka Pharmaceutical) were 

received and individually housed in with 0600-1800 light and 1800-0600 dark 

cycles at 21°C.  Animals were given ad libitum access to standard chow 

(Formulab 5008, Purina Mills).  On the day of sacrifice, at 30-32 weeks of age, 

rats were fasted for 12 h and anesthetized with an intraperitoneal injection of 
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sodium pentobarbital (100 mg/kg).  While animals were under isoflurane 

anesthesia, body composition was assessed by dual energy x-ray absorptiometry 

(DXA; Hologic QDR-1000, calibrated for rodents), whole triceps muscles 

harvested, and animals killed by exsanguination.   

 

Real-time PCR for mRNA expression 

For triceps muscle RNA extraction, methods were done as previously 

described (4).  mRNAs for FNDC5, PGC1α, and18S were assayed using with 

SYBR green-based chemistry (Applied Biosystems) real-time PCR and gene-

specific primers.  Primer efficiency curves for all genes ranged between 90-

110%.  

 

Plasma cytokine and irisin concentrations 

 EDTA-treated plasma samples were assayed for plasma cytokine 

concentrations as described (5) in OLETF (n = 7) and LETO (n = 7) rats.  EDTA-

treated plasma samples were also assayed for plasma irisin concentrations in a 

separate set of OLETFs (n = 10) and LETOs (n = 10) using an ELISA kit 

(Phoenix Pharmaceuticals) due to limited plasma samples from the first cohort of 

rats. 

 

Myotube cell culture adipokine treatment and FNDC5 mRNA expression 

C2C12 myoblasts (American Type Culture Collection CRL-1722) were 

maintained under standard conditions and differentiation was induced 24 h after 
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growth reached 80-90% confluency with differentiation media [DM; DMEM, 2% 

(vol/vol) horse serum].  DM was replaced every 24 h for 124 h.  Myotubes were 

then treated with lower (8 ng/ml) and higher (150 ng/ml) dosages of leptin 

(Sigma) for 24 h and  48 h.  After treatments, myotubes were lysed with Trizol, 

cDNA was made from isolated RNA per the methods described above.  25 ng of 

cDNA was assayed for FNDC5, PGC1α and GAPDH mRNAs using the 

aforementioned SYBR green chemistry methods.  Murine FNDC5 primers were 

used as previously used by Bostrom et al. (1). 

 

Statistics 

Between-group comparisons for all variables were made using 

independent samples t-tests.  Univariate correlations were performed using 

Pearson correlation tests.  In vitro myotube FNDC5 and PGC1α mRNA 

expression patterns were made between leptin-treated and control conditions 

using one-way ANOVAs.  Significance was set at p < 0.05 and data are 

presented as mean ± SE. 

e. Results 

Most general health markers presented in Table 1 were more favorable in LETO 

versus OLETF rats indicating that LETO rats exhibited a generally healthier 

phenotype. 

Triceps FNDC5 and  PGC1α mRNA expression patterns 

FNDC5 and PGC1α mRNAs were ~50% and ~45% less in the triceps 

muscle of LETO versus OLETF rats, respectively (Fig 1A).   
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Table 6. Between-treatment differences in body composition  
    and serum markers 

Variable 
OLETF SED 

(n=7) 
LETO SED 

(n=6) 

Body composition variables 

Bodyweight (g) 693 ± 14   474 ± 19*** 
DXA bfat (%) 37.0 ± 1.6   14.9 ± 0.6*** 

Lean mass (g)      435 ± 8    407 ± 17 

fat mass (g) 257 ± 15    72 ± 5*** 

Serum markers 

Glucose (mg/dl) 290 ± 14     151 ± 5*** 

Insulin (mg/dl)   6.2 ± 0.6      2.8 ± 0.6** 

HDL-c (mg/dl) 33 ± 2  26 ± 1* 
LDL-c (mg/dl) 50 ± 7 61 ± 4 

Triglycerides (mg/dl) 319 ± 47      40 ± 5*** 

 

Plasma adipokines 

Leptin (ng/ml)      102 ± 11    13 ± 2*** 

IL-1β (pg/ml)   17 ± 13 ND 

IL-6 (pg/ml)   825 ± 222 ND 

IL-10 (pg/ml)   927 ± 332  34 ± 10* 

IL-12p70 (pg/ml)      125 ± 66      12 ± 5 

TNF-α (pg/ml)   8.9 ± 4.2 3.9 ± 1.9 

MCP-1 (pg/ml)   49 ± 10 56 ± 28 

RANTES (pg/ml) 938 ± 69  1218 ± 334 

All data are presented as mean ± SE. 
Abbreviations: DXA bfat = dual x-ray absorptiometry body fat percentage, ND = 

not detectable; *indicate a significant difference between groups (p < 0.05), 
**indicate a significant difference between groups (p < 0.01), ***indicate a 

significant difference between groups (p < 0.001). 
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Figure 30. Relationship between muscle FNDC5 mRNA and adiposity.  Obese 

OLETF rats possessed a greater triceps muscle FNDC5 mRNA expression 
compared to LETO rats (A).  In a second cohort of rats, LETO rats tended to 
present more circulating irisin compared to OLETF rats OLETF (B).  In all rats 

from panel A, positive correlations existed between triceps muscle FNDC5 
mRNA expression versus fat mass, triceps muscle PGC1α and plasma leptin (C).  

Despite the positive association between circulating leptin and triceps muscle 
FNDC5 mRNA expression, 24-h and 48- treatments with low (8 ng/ml) and high 
(150 ng/ml) physiological doses of leptin did not alter the mRNA expression of 

FNDC5 (mRNA precursor to irisin) in C2C12 myoblasts (D).  In panel D, all data 
are normalized to DM-only-treated cells and are presented as mean ± SE (n = 4 

wells per treatment).   
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Correlations between biomarkers and triceps FNDC5 mRNA expression patterns 

 Triceps FNDC5 mRNA expression was positively associated with total 

body fat mass (r = 0.70, p = 0.008; Fig 1B), although there was no association 

between triceps FNDC5 mRNA expression total lean body mass (r = -0.06, p = 

0.76).  There was no association with circulating insulin and triceps FNDC5 

mRNA expression (r = 0.40, p = 0.20).  We have previously examined differences 

in multiple plasma adipokines  between the same OLETF and LETO animals as 

the current study (5).  Circulating leptin exhibited the strongest correlation with 

triceps muscle FNDC5 mRNA expression patterns relative to the other 

adipokines (r = 0.82, p < 0.001; Fig 1C), although other adipokines were also 

associated with triceps muscle FNDC5 mRNA expression patterns [(IL-1β: r = 

0.54, p = 0.054); IL-6: (r = 0.61, p = 0.03); and IL-10: (r = 0.64, p = 0.02)].  

Plasma leptin was also correlated triceps PGC1α mRNA expression levels (r = 

0.42, p = 0.04).  Finally, triceps muscle FNDC5 mRNA expression was also 

positively associated with triceps muscle PGC1α mRNA (r = 0.85, p < 0.001; Fig 

1D). 

 

Effects of leptin treatment on myotube FNDC5 and PGC1α mRNA levels 

Given the strong correlation between triceps FNDC5 mRNA expression 

and circulating leptin, we next assessed whether leptin-treated C2C12 myotubes 

exhibited a dose-response increase in FNDC5 gene expression.  Contrary to our 
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hypothesis, FNDC5 and PGC1α mRNA expression was not altered in leptin-

treated C2C12 myotubes (Fig 1E). 

 

Plasma irisin in a second set of OLETF and LETO rats 

 Due to limited plasma from the original animals, a second set of OLETF (n 

= 10) and LETO (n = 10) rats were used to assay plasma irisin.  While circulating 

irisin was not statistically different between these cohorts, LETO rats tended to 

present greater concentrations of circulating irisin (p = 0.085, Fig. 1).  Within this 

second cohort of animals (n = 20 total), there were no correlations between 

plasma irisin and body weight (r = -0.19, p = 0.42), or DXA body fat percentage (r 

= -0.24, p = 0.32). 

f. Discussion 

Novel findings of this study are that total body fat and plasma leptin levels 

are positively associated with higher skeletal muscle FNDC5 mRNA expression 

in the obese OLETF rat.  These data agree with previous studies by Timmons et 

al. (2), as well as Huh et al. (3), who reported positive associations between BMI 

and FNDC5 mRNA expression in human skeletal muscle.  Likewise, Huh et al. 

(3) demonstrated that weight loss after bariatric surgery decreased human vastus 

lateralis muscle FNDC5 mRNA expression as well as circulating leptin 

concentrations.  We also report that OLETF rats tended to express more triceps 

PGC-1α mRNA, which is a known regulator of FNDC5 gene expression.  

Importantly, our findings combined with the literature collectively suggest that 

obesity can increase skeletal muscle PGC1α mRNA in OLETF rats, which may, 
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in turn, may increase FNDC5 mRNA expression patterns in an exercise-

independent manner.   

Plasma leptin was positively correlated with triceps FNDC5 mRNA 

expression levels, as well as PGC1α mRNA expression.  Leptin administration to 

leptin-deficient ob/ob mice is known to increase the expression of PGC1α protein 

in skeletal muscle through AMPK-mediated signaling (6).  Hence, we further 

speculated that leptin-mediated “crosstalk” between adipose tissue and skeletal 

muscle might constitute a novel compensatory mechanism to increase 

thermogenesis and stimulate fat loss via irisin-mediated signaling in the obese 

OLETF rats.  However, longer-term (24 h and 48 h) leptin treatments at low and 

high physiological doses did not alter PGC1α mRNA or FNDC5 mRNA levels in 

C2C12 myotubes in culture.  Therefore, an increase in triceps muscle FNDC5 

gene expression with elevated circulating leptin concentrations may be 

coincidental with an increase in adiposity.  Nevertheless, our findings suggest 

that an unknown obesity-induced adipose tissue-derived factor could regulate 

skeletal muscle FNDC5 mRNA expression in an attempt to increase 

thermogenesis and stimulate fat loss via irisin-mediated signaling in the obese 

OLETF rats.  Future research is needed to test this hypothesis.  

Interestingly, in a second set of animals circulating irisin tended to be 

greater in leaner/healthier LETO versus fatter/unhealthier OLETF rats, although 

no correlations existed between plasma irisin and body weight or DXA body fat 

percentage.  This finding is in agreement with Huh et al. (3) who demonstrated 

that BMI was not correlated with circulating irisin in humans.  Therefore, while 
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muscle FNDC5 gene expression may be upregulated in obese skeletal muscle, it 

remains possible that post-translational proteolytic cleavage mechanisms 

responsible for the conversion of FNDC5 to irisin are impaired in the 

obese/diseased OLETFs.  Future studies addressing how obesity affects the 

post-translational modification of FNDC5 would be informative. In addition, 

despite initial excitement over irisin as a novel myokine [1], our data combined 

with recent human data [2, 3] suggest that its role in obesity-associated 

metabolic pathologies is somewhat ambiguous at the present time.  
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5. DIFFERENTIAL REGULATION OF ADIPOSE TISSUE 

AND VASCULAR INFLAMMATORY GENE EXPRESSION 

BY CHRONIC SYSTEMIC INHIBITION OF NOS IN LEAN 

AND OBESE RATS 

a. Note to the reader on authorship 

This paper was originally authored by Dr. Jaume Padilla, who has granted 

permission for both the text and figures of this paper to be reproduced in this 

dissertation. Figure and table numbering has been changed when necessary to 

follow the numbering scheme of the dissertation. The citation for this paper is as 

follows:  

Padilla, J., et al., Differential regulation of adipose tissue and vascular 

inflammatory gene expression by chronic systemic inhibition of NOS in lean and 

obese rats. Physiol Rep, 2014. 2(2): p. e00225. 

b. Abstract 

We tested the hypothesis that a decrease in bioavailability of nitric oxide (NO) 

would result in increased adipose tissue (AT) inflammation.  In particular, we 

utilized the obese OLETF rat model (n=20) and lean LETO counterparts (n=20) to 

determine the extent to which chronic inhibition of NO synthase (NOS) with L-

NAME treatment (for 4 weeks) upregulates expression of inflammatory genes and 

markers of immune cell infiltration in retroperitoneal white AT, subscapular brown 
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AT, periaortic AT as well as in its contiguous aorta free of perivascular AT.  As 

expected, relative to lean rats (% body fat=13.5±0.7), obese rats (% body 

fat=27.2±0.8) were hyperlipidemic (total cholesterol 77.0±2.1 vs. 101.0±3.3 

mg/dL), hyperleptinemic (5.3±0.9 vs. 191.9±59.9 pg/mL), and insulin resistant 

(higher HOMA IR index (3.9±0.8 vs. 25.2±4.1)). Obese rats also exhibited 

increased expression of pro-inflammatory genes in perivascular, visceral, and 

brown ATs.  L-NAME treatment produced a small but statistically significant 

decrease in percent body fat (24.6±0.9 vs 27.2±0.8%) and HOMA IR index 

(16.9±2.3 vs 25.2±4.1) in obese rats. Further, contrary to our hypothesis, we found 

that expression of inflammatory genes in all AT depots examined were generally 

unaltered with L-NAME treatment in both lean and obese rats. This was in contrast 

with the observation that L-NAME produced a significant upregulation of 

inflammatory and pro-atherogenic genes in the aorta.  Collectively, these findings 

suggest that chronic NOS inhibition alters transcriptional regulation of pro-

inflammatory genes to a greater extent in the aortic wall compared to its adjacent 

perivascular AT, or visceral white and subscapular brown AT depots.  

c. Introduction 

Originally characterized as a mediator of vascular smooth muscle relaxation 

(1, 2), nitric oxide (NO) has since been implicated in a wide range of physiological 

processes in different tissues including adipose tissue (AT).  For example, a recent 

study in mice demonstrated that overexpression of endothelial NO synthase 

(eNOS) prevents diet-induced obesity and that the mechanism of this 

antiobesogenic effect of eNOS was related to an increase in mitochondrial 
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abundance and activity in visceral AT (3).  Furthermore, while the anti-

inflammatory effects of NO on the vasculature are established (4-8), recent 

evidence indicates that NO also exerts an anti-inflammatory effect in AT.  In this 

regard, eNOS knockout mice exhibit increased inflammation in epidydimal AT, 

compared to wild-type counterparts, indicating that NO derived from eNOS is 

crucial for maintenance of a low-inflammatory state within the visceral AT (9).  

Whether the anti-inflammatory influence of NO signaling is also present in other 

AT depots beyond the viscera including perivascular and brown AT is uncertain.  

Accordingly, we utilized the obese hyperphagic Otsuka Long Evans 

Tokushima Fatty (OLETF) rat model and lean counterparts [Long Evans 

Tokushima Otsuka (LETO)] to test the hypothesis that a decrease in NO 

bioavailability with chronic systemic inhibition of NOS activity would result in AT 

inflammation as well as to determine whether this effect would be modulated with 

obesity.  Examination of the effects of NOS inhibition in both lean and obese rats 

is important because obesity is associated with adipose tissue inflammation (10-

12) as well as reduced NO bioavailability (13, 14).  A question that remains largely 

unanswered is whether obesity-associated low NO bioavailability mediates 

adipose tissue inflammation.  To begin addressing this question, in our study we 

created a lean condition with induced low NO bioavailability to compare it to an 

obese condition with inherent low NO bioavailability.  We hypothesized that 

systemic NOS inhibition would make the adipose tissue of lean animals 

phenotypically resemble the adipose tissue of obese animals.  In particular, 

expression of inflammatory genes and markers of immune cell infiltration were 
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assessed in retroperitoneal white AT, subscapular brown AT, periaortic AT and its 

contiguous aorta free of perivascular AT in lean and obese rats systemically 

treated or not with NOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME).  The 

aorta was also included to determine whether the extent of the effects of systemic 

NOS inhibition on adipose tissue samples were comparable to the effects 

observed in vascular tissue.  

d. Methods 

Animals 

All animal protocols were approved by the University of Missouri Institutional 

Animal Care and Use Committee. Male LETO (n=20) and OLETF (n=20) rats (age 

4 wk; Tokushima Research Institute, Otsuka Pharmaceutical, Tokushima, Japan) 

were individually housed on a 12-h:12-h light-dark cycle and provided water and 

standard rodent chow (Formulab 5008, Purina Mills, St. Louis, MO) ad libitum with 

approximately 26% protein, 18% fat, and 56% carbohydrate. Body weights and 

food intakes were recorded on a weekly basis. At 16 weeks of age rats were 

randomly divided into L-NAME-treated (LETO L-NAME, n=10; OLETF L-NAME, 

n=10) or untreated (LETO CONT, n=10; OLETF CONT, n=10) groups.  L-NAME 

animals received L-NAME daily in drinking water for 4 weeks as described (15).  

Briefly, L-NAME was dissolved in tap water and the water was supplied fresh every 

other day to the animals. The concentration of L-NAME in water was individually 

adjusted for bodyweight and water consumption such that each rat consumed 65-

70 mg/kg/day. Similar dose of L-NAME in drinking water has been used in previous 

studies (5, 15).  L-NAME administration was continued until the day of sacrifice (20 
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weeks of age).  On that morning, rats were anesthetized by intraperitoneal injection 

of pentobarbital sodium (50 mg/kg) following a 12-hr overnight fast.  Tissues were 

harvested and the animals were euthanized by exsanguination in full compliance 

with the American Veterinary Medical Association Guidelines on Euthanasia. 

Body composition, blood parameters, and citrate synthase activity 

On the day of the experiments, body mass was measured to the nearest 

0.01 g and, following anesthetization, body composition was determined using a 

dual energy x-ray absorptiometry instrument (Hologic QDR-1000) calibrated for 

rodents. In addition, retroperitoneal, epididymal, and omental fat pad weights were 

measured to the nearest 0.01 g. Plasma samples were prepared by centrifugation 

and stored at -80ºC until analysis. Glucose, triglycerides, and non-esterified fatty 

acids (NEFA) assays were performed by a commercial laboratory (Comparative 

Clinical Pathology Services, Columbia, MO) on an Olympus AU680 automated 

chemistry analyzer (Beckman-Coulter, Brea, CA) using commercially available 

assays according to manufacturer’s guidelines.  Plasma insulin concentrations 

were determined using a commercially available, rat-specific ELISA (Alpco 

Diagnostics, Salem, NH).  In addition, plasma samples were assayed for 

concentrations of leptin, MCP-1, TNF-α, and IL-6 using a multiplex cytokine assay 

(Millipore Milliplex, cat no. RCYTOMAG-80K; Billerica, MA, USA) on a MAGPIX 

instrument (Luminex Technologies; Luminex Corp., Austin, TX, USA) according to 

the manufacturer’s instructions (16, 17). Serum nitrate + nitrite (NOx) levels were 

measured using the Nitrate/Nitrite Fluorometric Assay Kit (Cayman Chemical, item 

no. 780051, Ann Arbor, MI) according to manufacturer’s instructions.  Citrate 
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synthase activity was determined in retroperitoneal AT homogenates using the 

methods of Srere (18).  AT was homogenized in buffer (25 mM Tris HCl, 1 mM 

EDTA, pH 7.4), centrifuged, and the infranatant was collected. The citrate 

synthase activity assay was only performed in the retroperitoneal fat depot 

because this is where we had AT availability. 

Tissue sampling 

A segment of the thoracic aorta cleaned of perivascular AT and excess 

adventitia, as well as the perivascular AT surrounding the thoracic aorta, 

retroperitoneal white AT, and subscapular brown AT were quickly excised from the 

anesthetized rat.  Isolated aortic segments were kept in RNAlater (Ambion, Austin, 

TX) for 24 h at 4ºC, then removed from the RNAlater solution and stored at -80ºC 

until analysis. For each fat depot, a portion was flash frozen and kept at -80ºC for 

examination of gene expression and a portion was fixed in neutral-buffered 10% 

formalin for histology analysis.  Retroperitoneal AT was studied because it is the 

largest visceral AT depot in obese rats. Subscapular brown AT was studied 

because it is a source of healthy AT (19) and a classic depot for the study of brown 

AT biology (20-23).  Periaortic AT was selected because increasing amounts of 

evidence implicates AT surrounding the arteries as a local source of pro-

inflammatory cytokines influencing the athero-susceptibility of the vascular wall 

(24-31). On the other hand, like others we have found that AT surrounding the 

descending thoracic aorta is a brown-like AT depot in rodents (32, 33). Last, we 

studied gene expression in the aorta to determine the extent to which changes in 
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perivascular AT gene expression induced by NOS inhibition and obesity were 

comparable to changes in gene expression in the adjacent arterial wall.  

RNA extraction and real-time PCR 

Adipose tissue and aortic samples were homogenized in TRIzol solution 

using a tissue homogenizer (TissueLyser LT, Qiagen, Valencia, CA).  Total RNA 

was isolated using the Qiagen’s RNeasy Lipid Tissue Kit and assayed using a 

Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity 

and concentration.  First-strand cDNA was synthesized from total RNA using the 

High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, 

CA).  Quantitative real-time PCR was performed as previously described (17, 32) 

using the CFX Connect™ Real-Time PCR Detection System (BioRad, Hercules, 

CA). Primer sequences (Table 1) were designed using the NCBI Primer Design 

tool.  All primers were purchased from IDT (Coralville, IA).  A 20-μl reaction mixture 

containing 10 μl iTaq UniverSYBR Green SMX (BioRad, Hercules, CA) and the 

appropriate concentrations of gene-specific primers plus 4 μl of cDNA template 

were loaded in each well of a 96-well plate.  All PCR reactions were performed in 

duplicate.  PCR was performed with thermal conditions as follows: 95ºC for 10 min, 

followed by 40 cycles of 95ºC for 15 s and 60ºC for 45 s.  A dissociation melt curve 

analysis was performed to verify the specificity of the PCR products.  18S primers 

were used to amplify the endogenous control product.  Our group has established 

that 18S is a suitable house-keeping gene for real-time PCR when examining AT 

gene expression (32, 34).  In the present study, 18S CTs were not different among 

fat depots or groups of animals. Similarly, 18S CTs in the aorta were not different 
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among groups of animals. mRNA expression values are presented as 2ΔCT 

whereby ΔCT = 18S CT - gene of interest CT (17, 32). AT mRNA levels were 

normalized to perivascular AT in the LETO control group of rats, which was always 

set at 1. Similarly, aorta mRNA levels were normalized to the LETO control group 

of rats, which was set at 1.  
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Table 7. Forward and reverse primer sequences for quantitative real-time PCR 

 Primer sequence (5’3’) 

Gene Forward Reverse 

18S GCCGCTAGAGGTGAAATTCTTG CATTCTTGGCAAATGCTTTCG 

Leptin GACACCCTTAGAGGGGGCTA AACCCAAGCCCCTTTGTTCA 

MCP-1 CTGTCTCAGCCAGATGCAGTTA

A  

AGCCGACTCATTGGGATCAT 

TNF-α AACACACGAGACGCTGAAGT 

 

TCCAGTGAGTTCCGAAAGCC 

  

IL-6 AGAGACTTCCAGCCAGTTGC 

 

AGCCTCCGACTTGTGAAGTG 

 

IL-10 CTGGCTCAGCACTGCTATGT 

 

GCAGTTATTGTCACCCCGGA 

 

IL-18 ACAGCCAACGAATCCCAGAC 

 

ATAGGGTCACAGCCAGTCCT 

 

E-Selectin GCCATGTGGTTGAATGTAAAGC GGATTTGAGGAACATTTCCTGACT 

VCAM-1 GAAGGAAACTGGAGAAGACAA

TCC 

TGTACAAGTGGTCCACTTATTTCA

ATT 

ICAM-1 CACAAGGGCTGTCACTGTTCA CCCTAGTCGGAAGATCGAAAGTC 

PAI-1 AGCTGGGCATGACTGACATCT 

 

GCTGCTCTTGGTCGGAAAGA 

 

Adiponectin CAAGGCCGTTCTCTTCACCT 

 

CCCCATACACTTGGAGCCAG 

 

CD4 ACCCTAAGGTCTCTGACCCC 

 

TAGGCTGTGCGTGGAGAAAG 

 

CD8 CACTAGGCTCCAGGTTTCCG 

 

CGCAGCACTTCGCATGTTAG 

 

CD11c CTGTCATCAGCAGCCACGA 

 

ACTGTCCACACCGTTTCTCC 

 

F4/80 GCCATAGCCACCTTCCTGTT 

 

ATAGCGCAAGCTGTCTGGTT 

 

FoxP3 CTCCAGTACAGCCGGACAC 

 

GGTTGGGCATCAGGTTCTTG 

 

eNOS AGGCATCACCAGGAAGAAGA GGCCAGTCTCAGAGCCATAC 

iNOS GGTGAGGGGACTGGACTTTT 

 

CCAACTCTGCTGTTCTCCGT 

 

nNOS GGACCAGCCAAAGCAGAGAT 

 

GAGCTTTGTGCGATTTGCCA 

 

Endothelin-

1 

TTGCTCCTGCTCCTCCTTGAT TAGACCTAGAAGGGCTTCCTAGT 

 

p22phox ACCTGACCGCTGTGGTGAA GTGGAGGACAGCCCGGA 

p47phox ACGCTCACCGAGTACTTCAACA TCATCGGGCCGCACTTT 

UCP-1 CCGGTGGATGTGGTAAAAAC CTCCAAGTCGCCTATGTGGT 

PPARGC-

1-α 

GGGGCACATCTGTTCTTCCA GAGCTGTTTTCTGGTGCTGC 
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Histology assessments 

Formalin-fixed AT samples were processed through paraffin embedment, 

sectioned at five microns, stained with hematoxylin and eosin for morphometric 

determinations. Sections were examined using an Olympus BX60 

photomicroscope (Olympus, Melville, NY) and photographed at 40x magnification 

using with a Spot Insight digital camera (Diagnostic Instruments, Inc., Sterling 

Heights, MI) (16, 32). 

Functional assessment of isolated aortic rings 

A segment of the thoracic aorta, trimmed of AT and connective tissue, was 

sectioned into 2 mm rings in cold Krebs.  Rings were then mounted on wire feet 

connected to isometric force transducers and submerged in 20mL baths containing 

physiological Krebs solution maintained at 37ºC for 1 hour to allow for equilibration.  

Aortic rings were stretched to optimal length which ranged from 130 to 140% of 

passive diameter.  Aortic vasomotor function was investigated with cumulative 

concentration-response curves of acetylcholine (ACh, 10-10 to 10-4 M), an 

endothelium-dependent dilator and sodium-nitro-prusside (SNP, 10-10 to 10-4 M), 

an endothelium-independent dilator.  A submaximal concentration of 

phenylephrine (3e-7 M) was used to preconstrict all vessels prior to ACh and SNP 

relaxation curves.  Relaxation at each concentration was measured and expressed 

as percent maximum relaxation, where 100% is equivalent to loss of all tension 

developed in response to phenylephrine (32, 35). 

Statistical analysis 
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The effects of obesity and L-NAME on body composition and plasma 

markers were evaluated using 2 X 2 (group X condition) ANOVAs. Concentration-

response curves from vasomotor function experiments were analyzed using a 2 X 

2 X 7 (group X condition X concentration) ANOVAs.  In addition, a 2 X 2 X 3 (group 

X condition X fat depot) ANOVAs were used to evaluate the effects of obesity, L-

NAME, and fat depot on gene expression of AT samples. A 2 X 2 (group X 

condition) ANOVAs were used to evaluate the effects of obesity and L-NAME on 

gene expression of aortic samples.  Simple effects of group, condition, and fat 

depot were evaluated, and, when appropriate, the Fishers protected LSD post hoc 

was used.  All data are presented as mean ± standard error (SE).  For all statistical 

tests, the alpha level was set at 0.05. All statistical analyses were performed with 

SPSS V21.0. 

e. Results 

Daily L-NAME intake averaged 71.2±1.3 mg/kg/day in the LETO + L-NAME 

group and 67.7±1.6 mg/kg/day in the OLETF + L-NAME group (between group 

comparison p=0.109). All animals tolerated the L-NAME treatment well throughout 

the 4-week intervention.  As expected (36), treatment of L-NAME resulted in a 

decrease in serum NOx levels in both groups of rats (Figure 1). 
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Figure 31. Serum nitrite + nitrate (NOx) levels in LETO and OLETF rats 
chronically treated without and with L-NAME.  Serum was obtained at 20 weeks 

(time of sacrifice). Values are expressed as means ± SE. #Denotes difference 
(p<0.05) from control rats. G, group; C, condition; G X C, group by condition 
interaction.  
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 As shown in Figure 2, OLETF rats were heavier and had a greater percent 

body fat than LETO rats. L-NAME treatment produced a small but statistically 

significant decrease in percent body fat in OLETF, but not LETO, rats. This effect 

of L-NAME on the body composition of OLETF rats may be related to decreased 

food intake induced by L-NAME (Figure 2). Retroperitoneal, epididymal, and 

omental fat pad weights were greater in the OLETF rats than LETO rats and 

unaffected by L-NAME treatment. Given that lean mass was unaffected by L-

NAME, from these observations, we deduce that the L-NAME-induced reduction 

in percent body fat of OLETF rats was likely explained by changes in subcutaneous 

AT; however, total subcutaneous fat mass was not assessed in the present study.     

In addition, fasting plasma levels of total cholesterol, high-density 

lipoprotein (HDL), nonesterified fatty acids, triglycerides, insulin, glucose, HOMA-

IR, and leptin were significantly higher in OLETF rats compared to LETO rats 

(Table 2).  Plasma MCP-1 levels were significantly lower in OLETF + L-NAME rats 

compared to LETO + L-NAME rats. L-NAME significantly increased HDL as well 

as decreased insulin and HOMA-IR in OLETF rats. These effects were not noted 

in the LETO rats.   
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Figure 32. Body composition and food intake in LETO and OLETF rats 
chronically treated without and with L-NAME. Values are expressed as means ± 
SE. Body fat and fat pad weights were obtained at 20 weeks (time of sacrifice). 

*Denotes difference (p<0.05) from LETO rats; #Denotes difference (p<0.05) from 
control rats. For body weight and food intake, statistical analysis was performed 

at 20 weeks. G, group; C, condition; G X C, group by condition interaction.  
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Table 8. Fasting plasma characteristics in LETO and OLETF rats chronically 

treated without and with L-NAME 

 

 Variable   LETO 

CONTROL 

LETO  

+ L-

NAME 

OLETF 

CONTROL 

OLETF  

+ L-NAME 

Total 

cholesterol, 

mg/dl 

77.0±2.1 80.1±2.0 101.0±3.3* 107.3±3.4* 

LDL, mg/dl 41.9±1.4 41.3±2.0 40.0±1.9 40.4±2.5 

HDL, mg/dl 27.1±0.6 28.2±0.5 32.4±0.7* 34.4±0.7*# 

Triglycerides, 

mg/dl 

40.1±2.4 52.9±2.6 142.8±10.0* 162.5±9.0* 

NEFA, mmol/l 0.31±0.03 0.32±0.04 0.61±0.04* 0.61±0.03* 

Insulin, ng/ml 8.1±1.2 10.1±1.6 32.0±3.8* 22.4±3.1*# 

Glucose, mg/dl 186.0±13.7 178.1±5.7 309.8±23.5* 312.1±19.7* 

HOMA-IR 

index 

3.9±0.8 4.6±0.8 25.2±4.1* 16.9±2.3*# 

Leptin, ng/ml 5.3±0.9 4.9±0.8 191.9±59.9* 205.1±54.7* 

MCP-1, pg/ml 282.8±57.6 322.6±45.8 209.1±26.8 167.3±8.9* 

TNF-α, pg/ml 5.5±0.5 6.0±0.3 6.8±0.8 5.6±0.2 

IL-6, pg/ml 147.0±39.4 196.1±33.5 190.9±58.4 174.3±37.0 

Values are expressed as means ± SE. Abbreviations: LDL, low density lipoprotein; HDL, high 
density lipoprotein; NEFA; non-esterified fatty acids; HOMA-IR, homeostasis model assessment 

of insulin resistance; MCP-1, monocyte chemotactic protein-1; TNF-α, tumor necrosis factor 
alpha; IL-6, interleukin 6. 

*Denotes difference (p<0.05) from LETO rats; #Denotes difference (p<0.05) from control rats. 
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As illustrated in Figure 3, ACh-mediated relaxation of the aorta was blunted 

in OLETF rats compared to LETO rats at the highest doses of acetylcholine. Aortas 

from LETO and OLETF rats treated with L-NAME did not respond to acetylcholine.  

Dose response curves to SNP were shifted to the right in OLETF rats (Log EC50=-

8.55±0.13) compared to LETO rats (Log EC50=-8.96±0.16, p<0.05).  L-NAME 

treatment further shifted the SNP dose-response curve to the right in both LETO 

(Log EC50 L-NAME=-8.31±0.17) and OLETF (Log EC50 L-NAME=-7.92±0.14) rats 

(both p<0.05).  

Figure 4 illustrates representative histological photographs of perivascular 

AT, retroperitoneal AT, and brow AT.  As shown, obesity was associated with 

increased lipid deposition in perivascular and brown AT as well as increased 

adipocyte size in retroperitoneal AT.  No effects of L-NAME treatment on these 

parameters were observed in any of the AT depots.  Consistent with our previous 

report (32), a clear structural similarity between thoracic perivascular AT and 

subscapular brown AT can also be appreciated.  
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Figure 33. Vasomotor function of thoracic aortic rings in LETO and OLETF rats 
chronically treated without and with L-NAME. Values are expressed as means ± 
SE. Panel A: *Denotes difference (p<0.05) from LETO rats; #Denotes difference 

(p<0.05) from control rats. Panel B: *Denotes difference (p<0.05) from LETO rats 
under control conditions at dose -9 log M and from LETO rats under L-NAME 

conditions at doses -8 to -4 log M. #Denotes difference (p<0.05) from control 
LETO rats at doses -10 to -4 log M and from control OLETF rats at doses -9 to -4 
log M. G, group; C, condition; G X C, group by condition interaction.  
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Figure 34. Representative histology photographs (40X magnification) of 

perivascular (PVAT), retroperitoneal (RPAT) and brown (BAT) ATs in LETO and 

OLETF rats chronically treated without and with L-NAME. 

 

 

 

 

 

 

 

 

 

 



138 
 

Figures 5 to 10 summarize the results on AT and vascular gene expression. 

Specifically, adipokines and inflammation-related genes are presented in Figure 5, 

adhesion molecule-related genes are presented in Figure 6, immune cell-related 

genes are presented in Figure 7, nitric oxide isoforms and endothelin-1 are 

presented in Figure 8, NADPH oxidase-related genes are presented in Figure 9, 

and mitochondria-related genes are presented in Figure 10. For AT, there was a 

significant main effect of group for leptin, VCAM-1, ICAM-1, PAI-1, adiponectin, 

CD4, CD8, CD11c, F4/80, FoxP3, CHOP, p22phox, p47phox, and PPARGC-1-α 

mRNA (all increased in OLETF relative to LETO rats).  A significant main effect of 

L-NAME treatment was only observed for FoxP3, nNOS, and p22phox mRNA (all 

three decreased in L-NAME treated rats relative to control rats). A significant main 

effect of AT depot was observed for all mRNAs examined except for TNF-α 

(p=0.097), FoxP3 (p=0.590), and iNOS mRNA (p=0.208).  A significant group by 

condition interaction was only observed for FoxP3 mRNA.  For clarity and as an 

example, a statistical interaction occurs when differences between levels (e.g., 

control vs. L-NAME) within one group (e.g., LETO) are not the same as the 

differences between levels in other group (e.g., OLETF). A significant group by AT 

depot interaction was observed for leptin, MCP-1, VCAM-1, PAI-1, CD4, CD8, 

CD11c, F4/80, FoxP3, nNOS, CHOP, p22phox, and p47hpox mRNA.  A significant 

group by condition by AT depot interaction was only observed for IL-6 mRNA. 

Figure 11 illustrates the effects of obesity and L-NAME treatment on citrate 

synthase activity in the retroperitoneal AT. Although not statistically significant, 

relative to LETO rats, retroperitoneal AT from OLETF rats appeared to have 
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reduced levels of citrate synthase activity by 35% (p=0.104), an effect that was 

normalized with L-NAME treatment (p=0.073).   

For aortic samples, there was a significant main effect of group for five 

mRNAs. IL-6 and E-selectin mRNA levels were higher in OLETF relative to LETO 

rats, and endothlein-1, GRP78, and p47phox mRNA levels were lower in OLETF 

relative to LETO rats.  A significant main effect of L-NAME treatment was observed 

for MCP-1, IL-6, IL-18, E-selectin, VCAM-1, ICAM-1, CD8, CD11c, F4/80, 

endothelin-1, and p47phox mRNA (all increased in L-NAME treated rats relative to 

control rats), as well as for nNOS mRNA, which decreased in L-NAME treated rats 

relative to control rats.  A significant group by condition interaction was only 

observed for IL-6 and endothelin-1 mRNA.  Significant main effects of group, 

condition, and fat depot on gene expression are depicted in the figures (Figures 5 

to 10).  
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Figure 35. Expression of adipokines and inflammation-related genes in AT and 
aorta of LETO and OLETF rats chronically treated without and with L-NAME. 

Values are fold difference in mRNA and expressed as means ± SE. PVAT in the 
LETO control group of rats is used as the reference tissue and set at 1 for all AT 
comparisons. For aorta comparisons, the LETO control is used as the reference 

group and set at 1. *Denotes difference (p<0.05) from LETO rats; #Denotes 
difference (p<0.05) from control rats; aDenotes difference (p<0.05) between 

PVAT and RPAT; bDenotes difference (p<0.05) between PVAT and BAT; 
cDenotes difference (p<0.05) between RPAT and BAT. G, group; C, condition; D, 
fat depot. 
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Figure 36. Expression of adhesion molecule-related genes in AT and aorta of 
LETO and OLETF rats chronically treated without and with L-NAME. Values are 
fold difference in mRNA and expressed as means ± SE. PVAT in the LETO 

control group of rats is used as the reference tissue and set at 1 for all AT 
comparisons. For aorta comparisons, the LETO control is used as the reference 

group and set at 1. *Denotes difference (p<0.05) from LETO rats; #Denotes 
difference (p<0.05) from control rats; aDenotes difference (p<0.05) between 
PVAT and RPAT; bDenotes difference (p<0.05) between PVAT and BAT; 
cDenotes difference (p<0.05) between RPAT and BAT. G, group; C, condition; D, 
fat depot. 
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Figure 37. Expression of immune cell-related genes in AT and aorta of LETO 

and OLETF rats chronically treated without and with L-NAME. Values are fold 
difference in mRNA and expressed as means ± SE. PVAT in the LETO control 

group of rats is used as the reference tissue and set at 1 for all AT comparisons. 
For aorta comparisons, the LETO control is used as the reference group and set 
at 1. *Denotes difference (p<0.05) from LETO rats; #Denotes difference (p<0.05) 

from control rats; aDenotes difference (p<0.05) between PVAT and RPAT; 
bDenotes difference (p<0.05) between PVAT and BAT; cDenotes difference 

(p<0.05) between RPAT and BAT. G, group; C, condition; D, fat depot. 
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Figure 38. Expression of nitric oxide synthase isoforms and endothelin-1 genes 
in AT and aorta of LETO and OLETF rats chronically treated without and with L-
NAME. Values are fold difference in mRNA and expressed as means ± SE. 

PVAT in the LETO control group of rats is used as the reference tissue and set at 
1 for all AT comparisons. For aorta comparisons, the LETO control is used as the 

reference group and set at 1. *Denotes difference (p<0.05) from LETO rats; 
#Denotes difference (p<0.05) from control rats; aDenotes difference (p<0.05) 
between PVAT and RPAT; bDenotes difference (p<0.05) between PVAT and 

BAT; cDenotes difference (p<0.05) between RPAT and BAT. G, group; C, 
condition; D, fat depot. 
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Figure 39. Expression of NADPH oxidase-related genes in AT and aorta of 

LETO and OLETF rats chronically treated without and with L-NAME. Values are 
fold difference in mRNA and expressed as means ± SE. PVAT in the LETO 
control group of rats is used as the reference tissue and set at 1 for all AT 

comparisons. For aorta comparisons, the LETO control is used as the reference 
group and set at 1. *Denotes difference (p<0.05) from LETO rats; #Denotes 

difference (p<0.05) from control rats; aDenotes difference (p<0.05) between 
PVAT and RPAT; bDenotes difference (p<0.05) between PVAT and BAT; 
cDenotes difference (p<0.05) between RPAT and BAT. G, group; C, condition; D, 

fat depot. 
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Figure 40. Expression of mitochondria-related genes in AT and aorta of LETO 
and OLETF rats chronically treated without and with L-NAME. Values are fold 

difference in mRNA and expressed as means ± SE. PVAT in the LETO control 
group of rats is used as the reference tissue and set at 1 for all AT comparisons. 
For aorta comparisons, the LETO control is used as the reference group and set 

at 1. *Denotes difference (p<0.05) from LETO rats; #Denotes difference (p<0.05) 
from control rats; aDenotes difference (p<0.05) between PVAT and RPAT; 
bDenotes difference (p<0.05) between PVAT and BAT; cDenotes difference 
(p<0.05) between RPAT and BAT. G, group; C, condition; D, fat depot. 
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Figure 41. Citrate synthase activity, a marker of mitochondrial content, in 
retroperitoneal AT of LETO and OLETF rats chronically treated without and with 

L-NAME. Values are expressed as means ± SE. G, group; C, condition; G X C, 
group by condition interaction.  
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f. Discussion 

With increasing evidence that AT contributes to the pathogenesis of 

metabolic and cardiovascular diseases through the local and systemic secretion 

of pro-inflammatory cytokines (24-31, 37-42), a deeper understanding of the 

mechanisms responsible for the phenotypic modulation of AT is needed.  The main 

purpose of this study was to test the hypothesis that a decrease in bioavailability 

of NO would result in increased AT inflammation. This was accomplished by 

examining the extent to which chronic inhibition of NOS, in the presence or 

absence of obesity, altered inflammatory gene expression in retroperitoneal white 

AT, subscapular brown AT, periaortic AT and its contiguous aorta free of 

perivascular AT.  Contrary to our hypothesis, we found that expression of 

inflammatory genes and markers of immune cell infiltration in all AT depots 

examined were, by and large, unaltered with chronic administration of L-NAME in 

both lean and obese rats. This was in contrast with the observation that L-NAME 

produced a significant upregulation of inflammatory and pro-atherogenic genes in 

the aorta.  Collectively, these findings suggest that the impact of systemic NOS 

inhibition on inflammatory gene expression is greater in the vascular wall relative 

to its surrounding perivascular AT, or visceral white and subscapular brown AT 

depots.  

Our finding that NOS inhibition generally did not evoke an increase in 

inflammatory gene expression in AT was somewhat surprising in light of previous 

research. Using the eNOS knockout mouse model, Handa et al. (9) demonstrated 

that reduced eNOS-derived NO signaling is sufficient to induce expression of pro-
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inflammatory cytokines and markers of immune cell infiltration in visceral white AT. 

Likewise, using an eNOS overexpressed mouse model, Sansbury et al. (3) 

recently showed that increased eNOS activity prevents the obesogenic effects of 

high-fat diet, in part, by stimulating mitochondrial biogenesis and activity in visceral 

white AT, thus resulting in a decreased adipocyte size.   

A possible explanation for the disparity of findings between these studies 

and our study may be related to the differences in techniques employed to 

modulate NO signaling (i.e., eNOS knockout/overexpressed rodent models vs. 

chronic administration of L-NAME in our study).  L-NAME acts as a competitive 

inhibitor of NOS due to its structural similarity to L-arginine, the substrate of NOS, 

thus inhibiting all NOS isoforms.  Our findings, taken together with data from others 

using NOS transgenic mouse models (3, 9, 22, 43), suggest that the source of NO 

(eNOS, iNOS, or nNOS) being modulated may be a determinant of the effects of 

altered NOS activity on the inflammatory response.  Both eNOS and nNOS 

produce NO in relatively low amounts, whereas iNOS can synthesize remarkably 

large amounts of NO (44-47). Current evidence indicates that low amounts of NO 

are beneficial while the large quantities of NO produced by iNOS can be harmful 

(4, 48).  Specifically, it appears that NO derived from eNOS is a key signaling 

molecule in maintaining a healthy, anti-inflammatory AT phenotype (9), whereas a 

reduction of NO derived from iNOS may result in reduced both adipocyte size and 

inflammation.  For example, evidence from iNOS knockout mouse studies 

indicates that ablation of the iNOS gene protects against diet-induced obesity and 

insulin resistance (43), and in AT, increases expression of mitochondria-related 
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proteins, and reduces expression of inflammatory cytokines including leptin (22).  

Hence, given these contrasting roles of eNOS vs. iNOS in modulating AT 

phenotype, the overall net result when inhibiting all NOS isoforms with L-NAME 

may be no effect as we indeed largely report in our present study.  An alternative 

explanation could be that the dose of L-NAME at the AT level was insufficient to 

effectively inhibit NOS isoforms and produce robust genomic effects. Interestingly, 

there seems to be a downward trend in inflammatory markers in the AT from 

OLETF L-NAME treated rats vs. OLETF controls (e.g., IL-6, CD4, CD8, CD11C, 

FoxP3). We speculate this may be evidence of inhibition of the overproduction of 

NO derived from iNOS in the AT of obese rats. Along these lines, we also observed 

that L-NAME treatment slightly increased citrate synthase activity, a marker of 

mitochondrial content, in the retroperitoneal AT of OLETF rats, an effect that would 

be expected to result from iNOS inhibition (22) and not eNOS inhibition (3). Indeed, 

current evidence suggests that eNOS-derived NO is an important signal for 

mitochondrial biogenesis in visceral AT (3).  

While NOS inhibition did not produce an effect on AT mRNA levels with the 

exception of a few genes, we did observe enlargement of adipocyte size and 

upregulation of inflammatory genes with obesity in the OLETF rat across all AT 

depots as well as marked differences in gene expression among fat pads. In 

particular, our data support the idea that perivascular AT surrounding the thoracic 

aorta has some phenotypic similarities, both morphologically and at the 

transcriptional level, with brown AT, thus corroborating our recent findings (32). 

Importantly, in addition to providing evidence of phenotypic divergence among AT 
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depots, here we show that the effects of hyperphagia-induced obesity on AT gene 

expression (leptin, MCP-1, VCAM-1, PAI-1, CD4, CD8, CD11c, F4/80, FoxP3, 

nNOS, CHOP, p22phox, and p47hpox mRNA) appear to be heterogeneous across 

fat pads. 

The overall absence of an L-NAME effect on the phenotype of aortic 

perivascular AT, and other fat depots examined, is in clear contrast with the NOS 

inhibition-induced upregulation of inflammatory genes and markers of immune cell 

infiltration in the contiguous aortic wall.  Our data support earlier research 

demonstrating the atheroprotective role of vascular NO.  For example, it has been 

shown that inhibition of NOS with L-NAME produces atherosclerotic lesions in the 

aorta of hypercholesterolemic rabbits (49), increases expression of pro-oxidant 

and inflammatory genes in the aorta of normal rats (5), and increases leukocyte 

rolling and adhesion in the human microvasculature (6). In addition, there is 

evidence that mice with targeted disruption of the eNOS gene exhibit abnormal 

vascular remodeling in response to external carotid artery ligation (8), and mice 

with eNOS/apoE double knockout exhibit accelerated atherosclerosis, aortic 

aneurysm formation, and ischemic heart disease (7, 50). One of the unique 

aspects of our L-NAME study, relative to previous research, is the inclusion of lean 

and obese rats. We observed an obesity-associated impairment in ACh and SNP-

mediated relaxation in aortic rings. In addition, aortas from L-NAME-treated rats, 

both lean and obese, exhibited complete abrogation of ACh-mediated relaxation. 

Furthermore, L-NAME treatment reduced SNP-mediated vascular responsiveness 

and the extent of this effect was similar in both lean and obese rats.  The 
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observation that L-NAME treatment did not abolish between-group differences in 

SNP-mediated relaxation, suggest that the effect of obesity on vascular 

responsiveness to NO may not be due to differences in NOS activity.   

Of interest, while we observed an effect of obesity on aortic vasomotor 

function, these effects were not associated with changes in vascular gene 

expression.  Indeed, overall, we did not detect significant differences in aortic 

mRNA levels between LETO and OLETF rats in the absence of L-NAME.  

Furthermore, although the vascular effects of NOS inhibition were largely uniform 

between groups of rats, there were a few exceptions where NOS inhibition 

unmasked the obesity effect on vascular inflammatory gene expression. 

Specifically, we noted that induction of E-selectin and IL-6 mRNAs with NOS 

inhibition was apparent in the obese but not the lean rats. The same was true for 

other genes including TNF-α and IL-10; however, these effects did not reach 

statistical significance.   

Limitations of the present investigation should be considered. First, our 

study did not establish whether the reported changes in AT mRNA levels are 

attributable to alterations in the phenotype of adipocytes and/or resident immune 

cells within the AT. Similarly, because we studied mRNA levels from whole artery 

homogenates, it is unknown whether differences in aortic gene expression 

reported in this study are originating from the endothelium, smooth muscle, or 

adventitia. Examination of the impact of NOS inhibition and obesity on vascular 

gene expression with separation of cell populations should be a priority in future 

studies.  Second, all our vasomotor function experiments in the aorta were 
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performed in the absence of perivascular AT.  Future studies are needed to 

determine if inhibition of NOS in perivascular AT alters vasomotor reactivity. Third, 

our group and others (5, 15) have previously established that daily consumption of 

L-NAME in drinking water increases mean arterial pressure in rats. In this regard, 

because there is extensive evidence that increased blood pressure is a pro-

atherogenic stimulus to the vasculature (51), at this time we cannot establish the 

extent to which the effects of L-NAME on aortic gene expression reported herein 

are attributable to an increased blood pressure versus primarily the direct result of 

vascular NOS inhibition.  This is an important limitation to the present study and 

further research is necessary to tease out the contribution of increased blood 

pressure versus local removal of NO signaling in modulating vascular gene 

expression.  A potential approach for excluding hypertension-induced changes 

would be to administer an antihypertensive therapy to L-NAME-treated rats.  

In summary, this was the first study to evaluate the effects of systemic NOS 

inhibition on AT gene expression across different fat pads in lean and obese rats.  

We provide evidence that expression of inflammatory genes and markers of 

immune cell infiltration in AT were largely unaltered with chronic administration of 

L-NAME.  This observation is in contrast with the finding that L-NAME caused an 

overall upregulation of inflammatory genes in the aorta.  Taken together, these 

data suggest that systemic NOS inhibition alters transcriptional regulation of pro-

inflammatory genes to a greater extent in the aortic wall compared to its 

surrounding perivascular AT, as well as relative to visceral white and subscapular 

brown AT depots. 
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6. ADIPOSE TISSUE AND VASCULAR PHENOTYPIC 

MODULATION BY VOLUNTARY PHYSICAL ACTIVITY 

AND DIETARY RESTRICTION IN OBESE INSULIN-

RESISTANT OLEFT RATS 

a. Note to the reader on authorship 

This paper was originally authored by Dr. Jacqueline Crissey, who has granted 

permission for both the text and figures of this paper to be reproduced in this 

dissertation. Figure and table numbering has been changed when necessary to 

follow the numbering scheme of the dissertation. The citation for this paper is as 

follows:  

Crissey, J.M., et al., Adipose tissue and vascular phenotypic modulation by 

voluntary physical activity and dietary restriction in obese insulin-resistant 

OLETF rats. Am J Physiol Regul Integr Comp Physiol, 2014. 306(8): p. 

R596-606. 

 

b. Abstract 

 

Adipose tissue (AT)-derived cytokines are proposed to contribute to obesity-

associated vascular insulin resistance.  We tested the hypothesis that voluntary 

physical activity and diet restriction-induced maintenance of body weight would 

both result in decreased AT inflammation and concomitant improvements in 
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insulin-stimulated vascular relaxation in the hyperphagic, obese OLETF rat. 

OLETF rats (age 12 wk) were randomly assigned to sedentary (SED, n=10), wheel 

running (WR, n=10), and diet restriction (DR, n=10; fed 70% of SED) for 8 weeks.  

WR and DR rats exhibited markedly lower adiposity (7.1±0.4 and 15.7±1.1% body 

fat, respectively) relative to SED (27±1.2% body fat), as well as improved blood 

lipid profiles and systemic markers of insulin resistance. Less adiposity in both WR 

and DR was associated with decreased AT expression of inflammatory genes 

(e.g., MCP-1, TNF-α, IL-6) and markers of immune cell infiltration (e.g., CD4, CD8, 

CD11c, F4/80). The extent of these effects were most pronounced in visceral AT 

(retroperitoneal) compared to subcutaneous and periaortic AT. Markers of 

inflammation in brown AT were upregulated with WR but not DR. In periaortic AT, 

WR and DR-induced reductions in mRNA expression and secretion of cytokines 

were accompanied with a more athero-protective gene expression profile in the 

adjacent aortic wall. WR, but not DR, resulted in greater insulin-stimulated 

relaxation in the aorta; an effect that was in part mediated by a decrease in insulin-

induced endothelin-1 activation in WR aorta compared to SED.  Collectively, we 

show in OLETF rats that lower adiposity leads to less AT and vascular 

inflammation as well as an exercise-specific improvement in insulin-stimulated 

vasorelaxation.  

c. Introduction 

More than one-third of Americans are obese (1) and the causes underlying 

the obesity epidemic appear to be largely related to physical inactivity and over-

nutrition, a set of behaviors increasingly prevalent in our society (2-6).  Cumulative 
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evidence indicates that obesity is an important contributor to the development of 

whole body insulin resistance, type 2 diabetes, and cardiovascular disease (7). A 

critical link between obesity and its associated metabolic and cardiovascular 

diseases is thought to be chronic low-grade systemic inflammation (7). In this 

regard, recent studies implicate adipose tissue (AT) as a local and systemic source 

of inflammatory cytokines that may be involved in the instigation of vascular insulin 

resistance and atherosclerosis associated with obesity (8-21). Indeed, excessive 

lipid accumulation and enlargement of adipocytes in obesity is associated with 

infiltration of immune cells into AT, contributing to AT inflammation and subsequent 

secretion of pro-inflammatory cytokines (22).  A deeper understanding of the 

influence of lifestyle modifications on AT inflammation and vascular insulin 

resistance may lead to more effective strategies aimed at prevention and treatment 

of obesity-related metabolic and cardiovascular diseases.    

Accordingly, we tested the hypothesis that treatment with increased 

voluntary physical activity or diet restriction-induced maintenance of body weight 

would result in decreased AT inflammation and concomitant improvements in 

vasomotor reactivity to insulin in obese, insulin-resistant rats.  Given the growing 

appreciation for phenotypic and functional heterogeneity among AT depots 

including visceral, subcutaneous, brown and perivascular AT (23-26), we also 

reasoned that the extent of the effects of physical activity and diet restriction on AT 

inflammation would be AT depot-specific.  Furthermore, we tested the hypothesis 

that reduced AT expression and secretion of cytokines caused by physical activity 
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or dietary restriction would be accompanied by a less pro-atherogenic vascular 

phenotype and enhanced insulin-stimulated vascular relaxation.     

d. Methods 

Animals 

All animal protocols were approved by the University of Missouri Institutional 

Animal Care and Use Committee. Male OLETF rats were obtained at 4 weeks of 

age (Japan SLC, Inc. 3371-8, Kotoh-Cho, Hamamatsu, Shizuoka, Japan) and 

housed individually in cages maintained in temperature-controlled (21ºC) animal 

quarters with light from 06:00 to 18:00 h and dark from 18:00 h to 06:00 h. At 12 

weeks, rats were randomized to one of the following three groups: (i) sedentary 

(SED; n=10); (ii) voluntary wheel running (WR, n=10); or (iii) sedentary + diet 

restriction (DR, fed 70% of ad libitum-fed SED animals; n=10). Animals in the WR 

group were housed with running wheels connected to a Sigma Sport BC 800 

bicycle computer (Cherry Creek Cyclery, Foster Falls, VA, USA) for determination 

of daily running distance. All groups were provided with standard rodent chow 

(Formulab 5008, Purina Mills, St. Louis, MO) with approximately 26% protein, 18% 

fat, and 56% carbohydrate. SED and WR groups had ad libitum access to food.  

Body weights and food intakes were recorded on a weekly basis. At 20 weeks of 

age, rats were anesthetized by intraperitoneal injection of pentobarbital sodium (50 

mg/kg).  Tissues were harvested and the animals were euthanized by 

exsanguination in full compliance with the American Veterinary Medical 

Association Guidelines on Euthanasia. The wheels of the WR group were locked 
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and food was removed from the cages of all groups ~14 hrs before the rats were 

sacrificed.   

 

 

Body composition and blood parameters 

On the day of the experiments, body mass was measured to the nearest 

0.01 g and, following anesthetization, body composition was determined using a 

dual energy x-ray absorptiometry instrument (Hologic QDR-1000) calibrated for 

rodents. In addition, retroperitoneal, epididymal, and omental AT weights were 

measured to the nearest 0.01 g. Plasma samples were prepared by centrifugation 

and stored at -80ºC until analysis. Glucose, cholesterol, triglycerides, and non-

esterified fatty acids (NEFA) assays were performed by a commercial laboratory 

(Comparative Clinical Pathology Services, Columbia, MO) on an Olympus AU680 

automated chemistry analyzer (Beckman-Coulter, Brea, CA) using commercially 

available assays according to manufacturer’s guidelines.  Plasma insulin 

concentrations were determined using a commercially available, rat-specific 

ELISA (Alpco Diagnostics, Salem, NH).  In addition, plasma and periaortic AT-

conditioned medium samples were assayed for concentrations of leptin, MCP-1, 

TNF-α, and IL-6 using a multiplex cytokine assay (Millipore Milliplex, cat no. 

RCYTOMAG-80K; Billerica, MA, USA) on a MAGPIX instrument (Luminex 

Technologies; Luminex Corp., Austin, TX, USA) according to the manufacturer’s 

instructions (26, 27).  

Tissue sampling 
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Perivascular AT surrounding the thoracic aorta, retroperitoneal white AT, 

inguinal subcutaneous white AT, and interscapular brown AT were quickly excised 

from the anesthetized rat.  For each fat depot, a portion was flash frozen and kept 

at -80ºC for examination of gene expression and a portion was fixed in neutral-

buffered 10% formalin for histology analysis.  A portion of perivascular AT 

surrounding the thoracic aorta was used for in vitro assessment of cytokine 

secretion as described below. A segment of the thoracic aorta cleaned of 

perivascular AT and excess adventitia was sectioned into 2 mm rings in cold Krebs 

for subsequent assessment of vasomotor function.  In addition, isolated thoracic 

aortic segments were kept in RNAlater (Ambion, Austin, TX) for 24 h at 4ºC, then 

removed from the RNAlater solution and stored at -80ºC until processing. 

Cytokine secretion from periaortic AT 

 A portion of perivascular AT surrounding the thoracic aorta was incubated 

in Medium 199 at pH 7.4 for 24 hrs (100 mg of AT per 300 ul) under standard 

culture conditions (37ºC, 5% CO2) to obtain the corresponding secretomes (SED, 

WR, and DR) (28). After 24 hrs of incubation, the conditioned media from the AT 

explants were stored at -80ºC until analysis.  

RNA extraction and real-time PCR 

AT and aortic samples were homogenized in TRIzol solution using a tissue 

homogenizer (TissueLyser LT, Qiagen, Valencia, CA).  Total RNA was isolated 

using the Qiagen’s RNeasy Lipid Tissue Kit and assayed using a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE) to assess purity and 

concentration.  First-strand cDNA was synthesized from total RNA using the High 
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Capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA).  

Quantitative real-time PCR was performed as previously described (26, 29, 30) 

using the CFX Connect™ Real-Time PCR Detection System (BioRad, Hercules, 

CA). Primer sequences (Table 1) were designed using the NCBI Primer Design 

tool.  All primers were purchased from IDT (Coralville, IA).  A 20-μl reaction mixture 

containing 10 μl iTaq UniverSYBR Green SMX (BioRad, Hercules, CA) and the 

appropriate concentrations of gene-specific primers plus 4 μl of cDNA template 

were loaded in each well of a 96-well plate.  All PCR reactions were performed in 

duplicate.  PCR was performed with thermal conditions as follows: 95ºC for 10 min, 

followed by 40 cycles of 95ºC for 15 s and 60ºC for 45 s.  A dissociation melt curve 

analysis was performed to verify the specificity of the PCR products.  18S primers 

were used to amplify the endogenous control product.  Our group has established 

that 18S is a suitable house-keeping gene for real-time PCR when examining AT 

and vascular gene expression.  In the present study, 18S CTs were not different 

among the three groups of animals for any of the different tissues examined.  

mRNA expression values are presented as 2ΔCT whereby ΔCT = 18S CT - gene of 

interest CT (26, 29, 30). mRNA levels were normalized to the SED group of rats, 

which was always set at 1.  
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Table 9. Forward and reverse primer sequences for quantitative real-time PCR 

 Primer sequence (5’3’) 

Gene Forward Reverse 

18S GCCGCTAGAGGTGAAATTCT
TG 

CATTCTTGGCAAATGCTTTCG 

Leptin GACACCCTTAGAGGGGGCT
A 

AACCCAAGCCCCTTTGTTCA 

MCP-1 CTGTCTCAGCCAGATGCAGT
TAA  

AGCCGACTCATTGGGATCAT 

TNF-α AACACACGAGACGCTGAAG
T 
 

TCCAGTGAGTTCCGAAAGCC 
  

IL-6 AGAGACTTCCAGCCAGTTGC 
 

AGCCTCCGACTTGTGAAGTG 
 

E-Selectin GCCATGTGGTTGAATGTAAA
GC 

GGATTTGAGGAACATTTCCTG
ACT 

VCAM-1 GAAGGAAACTGGAGAAGAC
AATCC 

TGTACAAGTGGTCCACTTATTT
CAATT 

ICAM-1 CACAAGGGCTGTCACTGTTC
A 

CCCTAGTCGGAAGATCGAAAG
TC 

PAI-1 AGCTGGGCATGACTGACATC
T 
 

GCTGCTCTTGGTCGGAAAGA 
 

CD4 ACCCTAAGGTCTCTGACCCC 
 

TAGGCTGTGCGTGGAGAAAG 
 

CD8 CACTAGGCTCCAGGTTTCCG 
 

CGCAGCACTTCGCATGTTAG 
 

CD11c CTGTCATCAGCAGCCACGA 
 

ACTGTCCACACCGTTTCTCC 
 

F4/80 GCCATAGCCACCTTCCTGTT 
 

ATAGCGCAAGCTGTCTGGTT 
 

FoxP3 CTCCAGTACAGCCGGACAC 
 

GGTTGGGCATCAGGTTCTTG 
 

CHOP AGAGCCAAAATAACAGCCG
GA 

 

ACCGGTTTCTGCTTTCAGGT 
 

GRP78 GCAGTTGCTCACGTGTCTTG 
 

TCCAAGGTGAACACACACCC 
 

p22phox ACCTGACCGCTGTGGTGAA GTGGAGGACAGCCCGGA 

p47phox ACGCTCACCGAGTACTTCAA
CA 

TCATCGGGCCGCACTTT 

UCP-1 CCGGTGGATGTGGTAAAAA
C 

CTCCAAGTCGCCTATGTGGT 

PPARGC-

1-α 

GGGGCACATCTGTTCTTCCA GAGCTGTTTTCTGGTGCTGC 
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Histology assessments 

Formalin-fixed AT samples were processed through paraffin embedment, 

sectioned at five microns, stained with hematoxylin and eosin for morphometric 

determinations. Sections were examined using an Olympus BX60 

photomicroscope (Olympus, Melville, NY) and photographed at 40x magnification 

using with a Spot Insight digital camera (Diagnostic Instruments, Inc., Sterling 

Heights, MI) (26, 27).   

Functional assessment of isolated aortic rings 

A segment of the thoracic aorta, trimmed of fat and connective tissue, was 

sectioned into 2 mm rings in cold Krebs.  Rings were then mounted on wire feet 

connected to isometric force transducers and submerged in 20mL baths containing 

physiological Krebs solution maintained at 37ºC for 1 hour to allow for equilibration.  

Aortic rings were stretched to optimal length which ranged from 130 to 140% of 

passive diameter.  Vasoreactivity was assessed with cumulative concentration-

response curves of acetylcholine (ACh, 10-10 to 10-4 M), insulin (10 to 10,000 

µIU/mL), sodium-nitro-prusside (SNP, 10-10 to 10-4 M), and endothelin-1 (ET-1, 10-

10 to 10-7 M).  A submaximal concentration of phenylephrine (3e-7 M) was used to 

preconstrict all vessels prior to acetylcholine, insulin and SNP relaxation curves. 

The contribution of ET-1 in altering insulin-stimulated relaxation was assessed by 

incubating the rings with tezosentan (3 μM for 20 min), a nonselective ET-1 

receptor blocker. For insulin, ACh, and SNP curves, relaxation at each 

concentration was measured and expressed as percent maximum relaxation, 



168 
 

where 100% is equivalent to loss of all tension developed in response to 

phenylephrine (31).  

Statistical analysis 

The effects of WR and DR on all dependent variables were evaluated using 

a one-way ANOVA. Dose-response curves from vasomotor function experiments 

were analyzed using a two-way (group x dose) ANOVAs.  When appropriate, the 

Fishers protected least significant difference post hoc was used.  All data are 

presented as mean ± standard error (SE).  For all statistical tests, the alpha level 

was set at 0.05. All statistical analyses were performed with SPSS V21.0. 

e. Results 

As shown in Figure 1, rats with access to running wheels increased daily 

running distance from week 12 to week 15 (~8km/day), after which running 

distance gradually declined to ~6km/day at 20 weeks. These are similar voluntary 

running distances as we have previously reported in this animal model.  WR and 

DR rats weighed less and had improved body composition profiles (e.g., lower total 

percent body fat and less visceral adipose tissue mass) compared to SED rats (all 

p<0.05).  As summarized in Table 2, compared to the SED group, WR and DR 

plasma had lower fasting total cholesterol, LDL cholesterol, HDL cholesterol, 

triglycerides, NEFAs, glucose, and leptin (all p<0.05).  In addition, WR had 

improved HOMA-IR, lower plasma insulin, and lower circulating MCP-1 compared 

to SED rats (all p<0.05).   
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Figure 42. Body composition and food intake in sedentary (SED), wheel running 

(WR), and diet restriction (DR) OLETF rats.  Values are expressed as means ± 
SE. Body fat, heart weights, and fat pad weights were obtained at 20 weeks (time 

of sacrifice). *Denotes difference (p<0.05) from SED rats; #Denotes difference 
(p<0.05) from WR rats.  
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Table 10. Fasting plasma characteristics in sedentary (SED), wheel running 

(WR), and diet restriction (DR) OLETF rats 

 

 Variable   SED WR DR 

Total cholesterol, 

mg/dl 

110.7±4.4 69.7±2.8* 78.0±1.1* 

LDL cholesterol, mg/dl 46.4±3.9 29.6±1.8* 34.5±0.8* 

HDL cholesterol, mg/dl 33.2±0.7 29.9±1.3* 29.1±0.5* 

Triglycerides, mg/dl 155.0±6.5 51.1±2.7* 71.9±4.0*# 

NEFA, mmol/l 0.57±0.05 0.19±0.01* 0.31±0.03*# 

Insulin, ng/ml 30.8±10.1 6.9±0.7* 19.5±3.2 

Glucose, mg/dl 311.6±9.5 196.1±4.9* 223.1±10.6*# 

HOMA-IR index 24.1±8.2 3.4±0.4* 11.1±2.2 

Leptin, ng/ml 260.1±39.0 2.2±0.3* 63.9±24.7* 

MCP-1, pg/ml 197.1±8.5 144.3±9.4* 194.4±26.4# 

TNF-α, pg/ml 6.5±0.3 5.3±0.5 6.6±0.5# 

IL-6, pg/ml 204.4±66.0 173.6±56.7 194.5±66.3 

Abbreviations: LDL, low density lipoprotein; HDL, high density lipoprotein; NEFA; 
non-esterified fatty acids; HOMA-IR, homeostasis model assessment of insulin 

resistance; MCP-1, monocyte chemotactic protein-1; TNF-α, tumor necrosis 
factor alpha; IL-6, interleukin 6. 

*Denotes difference (p<0.05) from SED rats; #Denotes difference (p<0.05) from 

WR rats. 
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Figure 2 illustrates representative histological photographs of 

retroperitoneal AT, subcutaneous AT, interscapular brown AT, and periaortic AT.  

As shown, WR and DR had less lipid deposition in brown and periaortic AT as well 

as decreased adipocyte size in white AT.  Consistent with our previous report (26), 

a clear structural similarity between thoracic perivascular AT and interscapular 

brown AT was noted.  

Retroperitoneal AT of WR and DR rats exhibited reduced expression of 

leptin, MCP-1, TNF-α, IL-6 (Figure 3), PAI-1, ICAM-1 (Figure 4), CD4, CD8, 

CD11c, F4/80, FOXP3 (Figure 5), p22 phox, and p47phox (Figure 6) relative to 

SED (all p<0.05). Furthermore, WR resulted in increased expression of PPARGC-

1α, and DR resulted in decreased expression of GRP78 and CHOP (all p<0.0.5).  

Subcutaneous AT of WR and DR rats exhibited reduced expression of leptin and 

MCP-1 relative to SED (Figure 3; all p<0.05).  Interscapular brown AT of WR and 

DR rats exhibited reduced expression of leptin (Figure 3) and PAI-1 (Figure 4) 

relative to SED (all p<0.05).  Furthermore, WR resulted in increased expression of 

MCP-1, TNF-α (p=0.06), IL-6 (Figure 3), E-selectin (Figure 4), CD4 (p=0.06), F4/80 

(p=0.06) (Figure 5), and p47phox (Figure 6; all p<0.05 unless otherwise indicated); 

whereas DR resulted in reduced expression of UCP-1 (Figure 7; p<0.05).  

Periaortic AT of WR and DR rats exhibited reduced expression of leptin, MCP-1, 

TNF-α (Figure 3), CD11c (Figure 5), and UCP-1 (Figure 7) relative to SED (all 

p<0.05). Furthermore, WR resulted in reduced expression of PAI-1 (Figure 4), CD8  
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(Figure 5) and increased expression of VCAM-1 (Figure 4; all p<0.05). On the other 

hand, DR resulted in reduced expression of IL-6 (Figure 3), E-selectin, ICAM-1 

(Figure 4), CD4, F4/80 (Figure 5), p22phox, and p47phox (Figure 6; all p<0.05).  

Aorta of WR and DR rats exhibited reduced expression of IL-6 (Figure 3), 

E-selectin, VCAM-1 (Figure 4), CD4, CD8, F4/80 (Figure 5), GRP78 and CHOP 

(Figure 6) relative to SED (all p<0.05). Furthermore, WR resulted in reduced 

expression of leptin (Figure 3); whereas DR resulted in reduced expression of 

MCP-1 (Figure 3), CD11c (Figure 5), and increased expression of PAI-1 (Figure 4; 

all p<0.05).   

As illustrated in Figure 7, WR and DR rats exhibited reduced periaortic AT-

derived secretion of leptin, IL-6 (all p<0.05), and MCP-1 (p=0.09 and p=0.11, 

respectively) relative to SED. Periaortic-derived secretion of TNF-α was similar 

among groups (p>0.05). 

Insulin-stimulated aortic relaxation was significantly greater in WR rats 

relative to SED and DR rats (Figure 9). Treatment of aortic rings with tezosentan, 

a non-selective ET-1 receptor blocker, largely removed differences in insulin-

stimulated relaxation between WR and SED rats.  That is, tezosentan increased 

insulin-stimulated relaxation in the SED (p=0.057) but had no effect in WR or DR 

(p>0.05). A small decrease in ACh-mediated relaxation was observed in DR rats 

at the highest dose of ACh.  In addition, we observed no differences in ET-1-

mediated contraction or SNP-mediated relaxation among groups (p>0.05).  
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Figure 43. Representative histology photographs (40X magnification) of 

retroperitoneal AT, subcutaneous AT, interscapular brown AT, and periaortic AT 
in sedentary (SED), wheel running, (WR), and diet restriction (DR) OLETF rats.  
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Figure 44. Expression of cytokine-related genes in ATs and aorta of sedentary 

(SED), wheel running (WR), and diet restriction (DR) OLETF rats. Values are 
expressed as means ± SE. For each gene, SED is used as the reference group 

and set at 1. *Denotes difference (p<0.05) from SED rats; #Denotes difference 
(p<0.05) from WR rats.  
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Figure 45. Expression of plasminogen activator inhibitor-1 (PAI-1) and adhesion 
molecules-related genes in ATs and aorta of sedentary (SED), wheel running 

(WR), and diet restriction (DR) OLETF rats. Values are expressed as means ± 
SE. For each gene, SED is used as the reference group and set at 1. *Denotes 

difference (p<0.05) from SED rats; #Denotes difference (p<0.05) from WR rats.  
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Figure 46. Expression of immune cell-related genes in ATs and aorta of 

sedentary (SED), wheel running (WR), and diet restriction (DR) OLETF rats. 
Values are expressed as means ± SE. For each gene, SED is used as the 

reference group and set at 1. *Denotes difference (p<0.05) from SED rats; 
#Denotes difference (p<0.05) from WR rats.  
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Figure 47. Expression of NADPH oxidase subunits and endoplasmic reticulum 

(ER) stress-related genes in ATs and aorta of sedentary (SED), wheel running 
(WR), and diet restriction (DR) OLETF rats. Values are expressed as means ± 

SE. For each gene, SED is used as the reference group and set at 1. *Denotes 
difference (p<0.05) from SED rats; #Denotes difference (p<0.05) from WR rats.  
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Figure 48. Expression of mitochondria-related genes in ATs and aorta of 
sedentary (SED), wheel running (WR), and diet restriction (DR) OLETF rats. 

Values are expressed as means ± SE. For each gene, SED is used as the 
reference group and set at 1. *Denotes difference (p<0.05) from SED rats; 
#Denotes difference (p<0.05) from WR rats.  
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Figure 49. Secretion of cytokines from periaortic AT explants in sedentary 

(SED), wheel running (WR), and diet restriction (DR) OLETF rats. Values are 
expressed as means ± SE. *Denotes difference (p<0.05) from SED rats; 
#Denotes difference (p<0.05) from WR rats.  
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Figure 50. Vasomotor function of thoracic aortic rings in sedentary (SED), wheel 
running (WR), and diet restriction (DR) OLETF rats. Values are expressed as 
means ± SE. *Denotes difference (p<0.05) from SED rats; #Denotes difference 

(p<0.05) from WR rats. 
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f. Discussion 

The primary findings of the present study are as follows: (i) treatment with 

voluntary WR and 30% DR regimen for 8 weeks (starting at 12 weeks of age) 

resulted in marked reductions in adiposity, improved blood lipid profiles and 

systemic markers of insulin resistance in the obese OLETF rat model; (ii) 

reductions in adiposity, through both WR and DR, were associated with decreased 

AT expression of inflammatory genes and markers of immune cell infiltration, 

effects that were most pronounced in visceral AT compared to subcutaneous and 

periaortic AT; (iii) in contrast to other depots, markers of inflammation/immune 

function in brown AT were upregulated with WR but not DR; (iv) WR and DR-

induced reductions in mRNA expression and secretion of cytokines in periaortic 

AT were accompanied with a more athero-protective gene expression profile in the 

adjacent aortic wall; and (v) WR, but not DR, resulted in increased insulin-

stimulated relaxation in the aorta; an effect that was in part mediated by a decrease 

in insulin-induced ET-1 mediated activation/contraction in the aorta of WR.  

Existing evidence in animals and humans indicates that exercise results in 

reduced expression of inflammatory genes and markers of immune cell infiltration 

in white AT (32-37).  We found that voluntary WR-induced decreases in adiposity 

produced, by and large, similar down-regulation of inflammatory genes in white AT 

(retroperitoneal) to that produced by decreases in adiposity with 30% DR regimen.  

Thus, our data support the notion that changes in adiposity appear to be the main 

driving force for the decreased inflammation in white AT.  Further research 

evaluating the effects of physical activity in the absence of changes in adiposity is 
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needed to elucidate any exercise-specific effects on AT.  A unique aspect of the 

present study was the examination of the effects of WR and DR in several AT 

depots beyond visceral fat, i.e., subcutaneous, brown, and perivascular AT depots.  

Overall, our data indicate that the greatest effects of WR and DR on AT gene 

expression were in visceral AT.  While visceral AT is highly susceptible to obesity-

mediated inflammation/infiltration of immune cells (32, 34-37), these data suggest 

that the phenotype of visceral AT is also highly amenable to reductions in adiposity. 

Given this close link between visceral AT expansion and inflammation in obesity 

(32, 34-37), it is not surprising that measures of central adiposity in humans relate 

with metabolic and cardiovascular outcomes (7) and that interventions that result 

in weight loss are associated with improvements in insulin sensitivity and 

cardiovascular health (38).  

An intriguing finding of the present study is that WR and DR produced 

differential effects on brown AT gene expression.  While both WR and DR 

produced a down-regulation of leptin and PAI-1 mRNA, WR resulted in the 

induction of pro-inflammatory genes, markers of immune cell infiltration, and 

oxidative stress.  The finding that WR markedly increased expression of IL-6 in 

brown AT is of particular interest considering the recent study by Stanford and 

colleagues (39) demonstrating that brown AT-derived IL-6 is required for the 

profound effects of brown AT transplantation on glucose homeostasis and insulin 

sensitivity.  Indeed, those authors found that the beneficial metabolic effects of 

brown AT transplantation were lost when AT used for transplantation was obtained 

from IL-6 knockout mice (39).  Our data combined with the results of Standford et 



183 
 

al. (39) suggest that the beneficial metabolic effects of exercise may be in part 

mediated by an increased expression of IL-6 in brown AT.  To our knowledge, this 

is the first study to provide evidence that physical activity, but not calorie restriction, 

is effective in inducing IL-6 expression in brown AT. Our finding that other pro-

inflammatory markers (e.g., MCP-1, TNF-α) were also upregulated in brown AT 

warrants further investigation.  

Given the increasing evidence implicating AT surrounding large arteries as 

a local source of inflammatory cytokines that may be involved in the instigation of 

vascular dysfunction and atherosclerosis (11-18, 20, 21), a central focus of the 

present study was to examine the impact of WR and DR on the phenotypic 

modulation of periaortic AT.  Periaortic AT from WR and DR rats clearly exhibited 

reduced lipid deposition relative to sedentary control rats (Figure 2) and this effect 

was associated with reduced expression of macrophage (CD11c) and T-cell 

specific genes (CD4 and CD8), suggesting a decrease in the infiltration of immune 

cells into periaortic AT.  Notably, we also found that WR and DR caused a 

reduction in periaortic AT-derived secretion of cytokines, such as leptin, IL-6, and 

MCP-1.  To our knowledge this is the first evidence that physical activity and dietary 

restriction can effectively reduce expression and secretion of cytokines from 

perivascular AT.  The robust reduction in leptin secretion from periaortic AT 

induced by WR and DR deserves specific attention given direct evidence 

implicating perivascular AT-derived leptin as a potential contributor to vascular 

dysfunction.  In this regard, Payne et al. (14) elegantly demonstrated that 

perivascular AT-induced impairment of coronary artery function in metabolic 
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syndrome pigs was reversed with a recombinant leptin antagonist.  Furthermore, 

there is increasing evidence that leptin, when in excess, induces a pro-

inflammatory and pro-oxidant vascular phenotype (40-46).  Given our findings that 

WR and DR reduced systemic inflammation and secretion of cytokines from 

perioarotic AT, we hypothesized that these effects would be accompanied by an 

athero-protective phenotype in the adjacent aortic wall.  Indeed, we found that both 

WR and DR resulted in down-regulation of inflammatory genes (e.g., IL-6, E-

selectin, VCAM-1), markers of immune cell infiltration (e.g., CD4, CD8, F4/80), and 

makers of endoplasmic reticulum stress (e.g., GRP78 and CHOP) in the aorta. 

These findings are consistent with the hypothesis that at the transcriptional level, 

the effects of physical activity on vascular cell phenotype may be driven by 

changes in adiposity and the consequent alterations in cytokine secretion from AT.  

In contrast to the results where WR and DR had similar effects on gene 

expression in AT, our results from the aortic vasomotor function experiments 

indicate that physical activity improved insulin-induced vasorelaxation while DR 

had no effect.  In particular, we found that insulin-stimulated relaxation of the aorta 

was increased with physical activity but not by a lowering of body weight evoked 

through dietary restriction.  This finding is consistent with previous data from our 

group showing that insulin-stimulated dilation in skeletal muscle arterioles was 

enhanced in WR, but not DR, OLETF rats (47).  Herein we also report that 

differences in insulin-stimulated vasorelaxation between WR and SED rats were 

largely abolished after treatment of aortic rings with a nonselective ET-1 receptor 

blocker.  ET-1 blockade had little to no effect on insulin-induced relaxation in the 
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aorta from WR animals but produced nearly a 2-fold increase in insulin-induced 

relaxation in SED. This finding suggests that increases in vasorelaxation to insulin 

with physical activity were mediated in part by a decrease in ET-1 signaling.  

Furthermore, to evaluate whether greater insulin-stimulated relaxation in the aorta 

of WR rats was due to reduced vascular sensitivity to ET-1 and/or decreased 

vascular production of ET-1, we examined aortic responsiveness to exogenous 

ET-1 in all three groups of animals. We found similar ET-1 mediated constriction 

among groups suggesting that it was local insulin-stimulated ET-1 activation, and 

not the vascular sensitivity to ET-1 per se that is likely modulated by physical 

activity.  

Our findings that physical activity, but not DR, increases insulin-stimulated 

vasorelaxation as a result of decreased insulin-mediated ET-1 activation may be 

significant in light of evidence indicating that excess ET-1 signaling is an important 

contributor to the pathogenesis of macro-vascular disease (48).  Exercise-induced 

increases in blood flow and thus shear stress to the artery wall is a likely 

mechanism by which physical activity exerts an insulin sensitizing effect on the 

aorta and a decrease in ET-1 (49, 50).  This hypothesis is supported by evidence 

that (i) shear stress reduces expression of ET-1 in cultured endothelial cells (51), 

(ii) removal of WR for 7 days increases expression of ET-1 in the rat iliac artery 

(30), (iii) rat soleus muscle feed arteries, known to be chronically exposed to high 

levels of blood flow display greater insulin-stimulated dilation, as a result of 

reduced ET-1 activation, than gastrocnemius feed arteries, known to be chronically 

exposed to lower levels of flow (52), and (iv) inactive lower limbs of spinal cord 
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injury patients, chronically exposed to low blood flow and shear stress (53), exhibit 

an enhanced ET-1 mediated basal vascular tone (54).  

 Another interesting finding of the present study is that the WR-related 

increase in insulin-stimulated relaxation in the aorta occurred in the absence of 

changes in ACh-mediated relaxation, a response largely mediated by nitric oxide 

in rat aorta.  Incidentally, compelling evidence from studies using the Zucker obese 

rat model indicates that impairments in insulin-mediated dilation occurs prior to 

impairments in ACh-mediated dilation in both skeletal muscle (55) and coronary 

arterioles (56, 57).  It is possible that ACh-mediated dilation was not improved in 

our WR animals, relative to the sedentary OLETF animals, because no impairment 

in ACh-mediated dilation may have been present in these 20 week old sedentary 

rats. Consistent with this hypothesis, data in animals and humans suggest that 

exercise training does not further improve endothelium-dependent dilation in 

subjects with a healthy endothelium, likely due to a ceiling effect (58, 59).  We did 

observe, unexpectedly, that DR resulted in a small but significant decrease in ACh-

mediated dilation relative to the SED group fed ad libitum; this effect was not 

observed in WR animals.   

In summary, we provide evidence that reduced adiposity, owing to either 

increased physical activity or diet restriction, in the obese, insulin resistant OLETF 

rat model leads to a marked reduction in the expression of inflammatory genes 

and markers of immune cell infiltration in visceral and periaortic AT. Our data also 

demonstrate unique AT depot-specific effects of both increased physical activity 

and dietary restriction. The anti-inflammatory effects of physical activity and diet 
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restriction on AT were accompanied with a more athero-protective gene 

expression profile in the contiguous aorta.  Importantly, our results indicate that 

physical activity enhanced aortic insulin-induced relaxation while diet restriction did 

not, suggesting that the insulin sensitizing effect on the vasculature is exercise-

specific. 
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7. DISCONNECT BETWEEN ADIPOSE TISSUE 

INFLAMMATION AND CARDIOMETABOLIC DYSFUNCTION IN 

OSSABAW PIGS 

a. Note to the reader on authorship 

This paper was originally authored by Dr. Victoria Vieira-Potter, who has granted 

permission for both the text and figures of this paper to be reproduced in this 

dissertation. Figure and table numbering has been changed when necessary to follow 

the numbering scheme of the dissertation. The citation for this paper is as follows:  

Vieira-Potter, V.J., et al., Disconnect between adipose tissue inflammation and 

cardiometabolic dysfunction in Ossabaw pigs. Obesity (Silver Spring), 2015. 23(12): p. 

2421-9. 

b. Abstract 

Objective: The Ossabaw pig is emerging as an attractive model of human 

cardiometabolic disease due to its size and susceptibility to atherosclerosis, among 

other characteristics.  Here we investigated the relationship between adipose tissue 

inflammation and metabolic dysfunction in this model.  

Methods: Young female Ossabaw pigs were fed a western-style high-fat diet (HFD) 

(n=4) or control low-fat diet (LFD) (n=4) for a period of 9 months and compared for 

cardiometabolic outcomes and adipose tissue inflammation.  
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Results: The HFD-fed “OBESE” pigs were 2.5 times heavier (p<0.001) than LFD-fed 

“LEAN” pigs and developed severe obesity.  HFD-feeding caused pronounced 

dyslipidemia, hypertension, insulin resistance (systemic, adipose, and vascular) as well 

as induction of inflammatory genes, impairments in vasomotor reactivity to insulin and 

atherosclerosis in the coronary arteries.  Remarkably, visceral, subcutaneous and 

perivascular adipose tissue inflammation (via FACS analysis and RT-PCR) was not 

increased in OBESE pigs, nor were circulating inflammatory cytokines.  

Conclusions: These findings reveal a disconnect between adipose tissue inflammation 

and cardiometabolic dysfunction induced by western diet feeding in the Ossabaw pig 

model. 

c. Introduction 

As obesity continues to increase, so does the prevalence of cardiometabolic 

diseases including coronary artery disease, stroke, peripheral vascular disease and 

type 2 diabetes. These disorders are major causes of overall morbidity and mortality in 

the U.S. and worldwide.  Importantly, as obesity leads to cardiometabolic disease in 

some but not all cases (1), it is imperative that the mechanisms linking obesity to 

disease be better understood.   

It is currently accepted that visceral obesity and insulin resistance (IR) form the 

‘common soil’ from which cardiometabolic diseases develop, and that a central feature 

to this metabolic milieu is  adipose tissue (AT) inflammation (2). Visceral AT 

inflammation, including inflammatory macrophage (M) polarization, is predictive of 

metabolic dysfunction in several models with the majority of those conducted in rodents 
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(3, 4); relationships have also been observed between AT inflammation and metabolic 

dysfunction in humans (5). Although research strides have been made to better 

understand such mechanisms, the vast majority of work has been done using rodents, 

whose size and rapid rate of maturation limits their ability to adequately model human 

obesity.   Additionally, unlike humans, rodents do not develop atherosclerotic lesions, 

unless genetically modified.  The Ossabaw pig model is attractive because, similar to 

humans, when exposed to caloric excess and physical inactivity, they develop obesity 

and its metabolic consequences including IR, dyslipidemia, hypertension, and 

atherosclerosis (6).  The pig more closely resembles the human in terms of its size, 

growth rate, and development of cardiovascular disease and is emerging as a more 

appropriate obesity model (7). The Ossabaw pig is characterized by the “thrifty 

phenotype” whereby this breed has adapted to store large amounts of energy during 

caloric excess (8).  Our group (9, 10) and others (11, 12) have been utilizing the 

Ossabaw as a model of cardiometabolic disease development. We previously 

demonstrated that significant metabolic changes, as well as AT (9) and vascular (10) 

transcriptional alterations, occur early in the development of obesity in this model.  

Interestingly, the obesity that developed over that early period was not associated with 

increased expression of inflammatory genes conventionally viewed as being associated 

with obesity in visceral AT (9) and coronary perivascular AT (PVAT) (10).   

Although the Ossabaw is emerging as an important model of cardiometabolic 

dysfunction, the relationship between visceral AT inflammation and metabolic function in 

this model remains poorly understood. Here, we sought to extend our previous work in 

juvenile Ossabaw swine (9, 10) and determine the effects of prolonged high fat, high 
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sucrose diet (HFD) feeding on AT inflammation and cardiometabolic disease.  We 

hypothesized that chronic HFD feeding of female Ossabaw pigs would result in 

significant cardiometabolic dysfunction in the absence of robust changes in AT 

inflammation owing to the thrifty phenotype and associated less harmful adipocyte 

expansion.  

d. Methods 

Animals, Diets, Blood Pressure, Body Composition, and Tissue Sampling 

All procedures were approved by the ACUC at the University of Missouri.  

Juvenile  (5-6 wk-old) female Ossabaw pigs (n=8) obtained from Michael Sturek, Ph.D. 

at the Ossabaw Swine Resource, Comparative Medicine Program at Purdue University 

and Indiana University School of Medicine were housed under temperature-controlled 

(20-23 C) conditions with a 12 h/12 h light-dark cycle. Pigs were either limit-fed regular 

miniature pig chow diet (5L80, Lab Diet; 3.03 kcal/g; 10.5% fat, “LEAN” n=4) or a 

western HFD  (5B4L, Lab Diet; 4.14 kcal/g; 40.8% fat and 17.8% high fructose corn 

syrup, “OBESE” n=4) for nine months.  Blood pressure was assessed by tail cuff 

method (GE Dash 3000) in conscious pigs after 8 ½ months of intervention and was the 

average of three measurements within 10 minutes.  Following the intervention, pigs 

were weighed, body composition assessed via DXA (Hologic, QDR-1000), euthanized 

following an 18-20 hour fast, and blood collected for serum analyses via jugular vein. 

Subcutaneous abdominal (SQAT), visceral omental  (OMAT), and PVAT surrounding 

the left anterior descending (LAD) coronary artery were harvested and processed or 
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immediately frozen.  The distal portion of the LAD coronary artery was dissected and 

used for vasomotor function experiments.  

Serum and AT-Conditioned Media Analysis 

Fasting serum glucose, NEFAs, total cholesterol, LDL, HDL, and TGs were 

analyzed as previously described (10). Insulin was measured using commercial kits 

(Porcine Insulin ELISA, Mercodia, #10-1200-01).   Serum and AT-conditioned media 

concentrations of interferon gamma (IFN-), interleukin (IL) 1  (IL-1), IL-1 receptor 

antagonist (IL-1RA), IL-6, IL-10, and tumor necrosis factor  (TNF-) were determined 

using a porcine-specific multiplex assay (Millipore Multiplex; Billerica, MA, #PCYTMAG-

23K).  All assays were run in duplicate. 

Histology 

SQAT, OMAT, and LAD coronary artery rings were fixed and stained with hemotoxylin 

and eosin, as previously described (9).  Digital images were captured with an Olympus 

BX60 light microscope and Olympus SC 100 camera (Waltham, MA).  Adipocyte 

volume was calculated based on 100 adipocytes/animal from six fields of view using 

Image J software as described previously (13). Separate slides were stained with 

porcine-specific anti-scavenger receptor class A (SRA) (Anti MSR-A/CD204, 1:100, 

Cosmo Bio USA, #KAL-KT022) antibody and examined by an investigator blinded to the 

treatment groups. 

 Fluorescence Associated Cell Sorting (FACS) 

The stromal vascular cell (SVC) fraction was isolated from whole AT extracted 

from SQAT, OMAT, and PVAT depots via collagenase digestion as previously 
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described (13) with slight modifications.  The following porcine-specific fluorophore-

conjugated antibodies were used: CD3ε-PerCP-Cy5.5 (BD Pharmingen, #561478), 

CD4a- PECy7 (BD Pharmingen, #561473), CD8a-Alexa Fluor 647 (BD Pharmingen, 

#561475), and CD68- FITC (Santa Cruz Biotechnology, # sc-7083 FITC). Gating 

strategies included dead cell discrimination and lymphocyte quantification based on 

forward/side scatter and included unstained cells, single stain, and FMO controls.  Cells 

were immunophenotyped using a CyAN ADP Analyzer (Beckman Coulter, Inc.) and 

data analyzed using Summit 5.2 (Beckman Coulter). 

RNA Extraction and Quantitative Real-time RT-PCR 

Quantitative real-time PCR was performed as previously described (10) and 

reactions were performed in duplicate. Primer sequences available upon request.  18S 

was used as house-keeping control gene and cycle thresholds (CT) were not different 

between groups across for any tissues. mRNA expression values are presented as 2ΔCT 

whereby ΔCT = 18S CT – gene of interest CT and normalized to  LEAN, set at 1.  

Cytokine Secretion from AT 

A portion of SQAT, OMAT, and PVAT surrounding the LAD coronary artery were 

incubated in Medium 199 (pH 7.4, 24 hrs) (100 mg AT /500 l) under standard conditions 

(37ºC, 5% CO2) as described (14) to produce AT-conditioned media.  

Vasomotor Function Experiments in LAD Coronary Artery Rings 

Distal end of the LAD coronary arteries were exposed from the heart and 

microdissected in the  chamber at 4°C.  Coronary ring segments were cut into 2-mm rings 

and mounted in a myograph chamber (Model 610M, Danish Myo Technology, Aarhus, 
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Denmark) containing physiological salt solution gassed with 95% O2-5% CO2 at 37°C, as 

previously described (10). After a 30-minute equilibration period, an optimal tension 

(25mN) was applied and then another 30 minutes of equilibration followed. Rings were 

stimulated with cumulative addition of  K+ (30-120 mM) to assess vessel viability. 

Coronary rings were preconstricted with 10nM U-46619 to induce ~70-80% maximal 

contraction (i.e. relative to maximal U-46619-induced contraction; data not shown).  

Concentration-response curves were obtained by cumulative addition of either bradykinin 

(10-12 to 10-7M), insulin (1 to 1000 µIU/mL) or sodium nitroprusside (10-9 to 10-5M). 

Relaxation at each concentration was measured and expressed as percent maximum 

relaxation, where 100% is equivalent to loss of all tension developed in response to U-

46619.  

Statistical Analysis 

Between group differences were determined using Student’s two-tailed t-tests 

and considered statistically significant if P<0.05.  Statistical analysis was performed 

using SPSS 22.0; all data are presented as mean ± SEM.  

e. Results 

HFD Induces Obesity, IR, and Dyslipidemia  

Throughout the study, LEAN pigs were limit-fed to an average of 600 g food/day; 

whereas the OBESE pigs were limit-fed to an average of 1200 g/day.  Compared to 

LEAN, OBESE were ~2.5X heavier and had 45% more body fat (Table 1).  OBESE 

were considerably larger animals, indicated not only by greater adiposity but also by 

greater length, lean, bone, and heart mass (Table 1).  Adipocytes from OMAT were 
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more than twice as large in the OBESE  than in the LEAN group (p<0.001, Figure 1).  

However, adipocytes from SQAT were not different in size between groups (p=0.32, 

Figure 1). Compared to LEAN, OBESE also had higher fasting total cholesterol, HDL, 

LDL, NEFAs and TGs (all P<0.001, Table 1).  OBESE were also considered diabetic 

based on  fasting glucose and were significantly more insulin resistant based on the 

homeostatic model assessment (HOMA-IR (15)) and adipocyte IR (Adipo-IR (16)) 

(Table 1). Confirming what others have reported (11), OBESE also had significantly 

elevated systolic and diastolic blood pressure.  
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Figure 51: OBESE pigs have greater mean adipocyte cell size in omental visceral AT 

(OMAT), but adipocytes from subcutaneous AT (SQAT) were not different between 

LEAN and OBESE. A: Mean adipocyte cell size calculated based on counts for 100 

adipocytes/animal; n=4 animals/group. B: Representative images for each depot. Data 

expressed as mean ± SEM; * P<0.05; LN = LEAN; OB=OBESE; OM = OMAT; SQ = 

SQAT.  

 

 



204 
 

 

 

 

Table 11. Body composition and metabolic characteristics of LEAN and OBESE pigs 

 LEAN (n=4) OBESE (n=4) P Value 

Body weight, kg 37.3±1.51 100.4±2.00 0.0001 

Length, inches 44.0±1.0 56.1±1.1 0.001 

Percent body fat, % 29.2±3.13 41.9±1.15 0.009 

Percent lean mass, % 72.0±3.6 56.6±0.9 0.006 

Blood pressure 

(Systolic/Diastolic mmHg) 

110±3/72±4 130±4/99±8 <0.05 

Bone mass, kg 0.80±0.06 1.37±0.065 0.001 

Heart mass, kg 0.13±0.013 0.20±0.008 0.001 

Total cholesterol, mg/dl 80.0±5.64 189.5±35.2 0.022 

LDL-c, mg/dl 31.5±1.5 104.0±21.3 0.014 

HDL-c, mg/dl 40.5±3.80 56.25±3.80 0.026 

LDL-c:HDL-c 0.79±0.06 1.80±0.3 0.007 

Total cholesterol:HDL-c 1.99±0.07 3.29±0.4 0.015 

NEFA, mmol/l 0.223±0.085 2.572±0.353 0.001 

Triglycerides, mg/dl 27.5±7.5 77.5±14.0 0.02 

Glucose, mg/dl 121±10.0 308±47.5 0.008 

Insulin, µg/l 0.104±0.017 0.287±0.009 0.017 

HOMA-IR 0.91±0.18 6.26±0.96 0.001 

Adipo-IR 0.023±0.009 0.736±0.096 <0.001 

Values are means ± SEM. LDL, low-density lipoprotein; HDL, high-density lipoprotein, 

NEFA, nonesterified fatty acids; HOMA-IR, homeostatic model assessment; Adipo-IR, 

adipocyte IR. 
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Markers of Inflammation Not Increased in Circulation, AT, or AT-Conditioned Media of 

OBESE  

Of the circulating cytokines measured (IL-10, TNF-, IFN-, IL-1, IL-1RA, IL-6), 

only IL-6 was different between OBESE and LEAN with OBESE having ~60% lower 

circulating values (0.0425±0.006 (LEAN) vs. 0.0165±0.003 (OBESE) pg/mL, P=0.012) 

(Supplementary Figure 1). When media conditioned with AT from LEAN and OBESE 

was assessed for cytokines (i.e., as indication of AT cytokine production), no between-

group differences were observed in any of the cytokines measured . Similarly, no 

differences in AT immune cell infiltration were observed between OBESE and LEAN 

pigs. From the SVC fraction, CD68+SVCs (Ms) and CD3+, CD3/4+, CD3/8+SVCs (T 

lymphocytes) were isolated from AT harvested from OMAT, SQAT, and PVAT and 

quantified via FACS.  In concordance with the lack of systemic inflammation in the 

OBESE, we did not detect increased AT T lymphocytes or Ms in the OBESE  

compared to the LEAN in any of the depots. Finally, in accordance with the lack of 

evidence of AT inflammatory cell infiltration, it did not appear that OBESE OMAT or 

SQAT displayed increased M content as measured via SRA (M marker) 

immunostaining (Supp. Fig. 1).  
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Figure 52. OBESE pigs do not have greater inflammation compared to LEAN. A: Serum 

concentrations of proinflammatory cytokines were not elevated in OBESE; circulating 

levels of IL-6 were significantly reduced in OBESE compared to LEAN pigs. B: Cytokine 

production from AT harvested from visceral (e.g., OMAT), subcutaneous (SQAT), and 

perivascular (PVAT) depots was not increased in OBESE . C: No differences were 

detected in T lymphocyte infiltration in either of the three depots as measured via FACS 

(e.g., % positive cells isolated from SVC). D: No differences in CD68+ M content in 

either of the three depots as measured via FACS. E: No differences were observed in 

M content  (indicated by scavenger receptor A-positive staining in images) in OMAT or 

SQAT between LEAN and OBESE; positive and negative controls were performed in 

liver tissue. Data expressed as mean ± SEM; * P<0.05. 
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Little Evidence of AT Inflammation in OBESE Via Gene Expression  

To further examine the inflammatory profile of AT from OBESE and LEAN, a 

comprehensive gene expression panel was analyzed in OMAT and SQAT  (Figure 2). In 

OMAT, only five genes were significantly up-regulated in OBESE pigs. Adiponectin, an 

AT-secreted protein known to be insulin sensitizing and anti-inflammatory, was elevated 

~2-fold and leptin, another AT-secreted protein important in metabolic homeostasis, was 

~7-fold higher.  IL-6, a cytokine secreted by immune cells as well as adipocytes that is 

thought to be “immunomodulatory” was  ~3-fold higher in OMAT from OBESE animals.  

No other inflammatory markers were elevated (TNF-, IFN-, toll-like receptor (TLR4), 

inflammatory T cell markers) except for monocyte chemoattractant protein (MCP-1), 

important in drawing in Ms, which was ~4-fold elevated in OBESE. The T helper cell 

marker, CD4, trended to be higher among OBESE (P=0.076).  Interestingly, the 

naturally occurring anti-oxidant molecule, superoxide dismutase (SOD1) was also 

marginally elevated in OBESE OMAT as was PPAR (P=0.08), a nuclear receptor 

known to enhance adipocyte insulin sensitivity and reduce inflammation (17) (Figure 

2A). No markers of M infiltration were elevated in OBESE compared to LEAN OMAT, 

while the M markers CD14 and CD16 were marginally suppressed in OBESE OMAT. 

In SQAT, two genes were significantly higher in OBESE: CYBB (GP91-phox), an 

NADPH oxidase subunit indicative of oxidative stress, and the alternative/anti -

inflammatory M marker known to produce anti-inflammatory cytokines, CD163 (Figure 

2B). In stark contrast to other animal models of obesity, gene expression of CD4 

(indicative of T helper cells) and CD8 (indicative of cytotoxic T cells) were lower in 

OBESE compared to LEAN as was the pro-inflammatory cytokine, IFN, which is 
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indicative of inflammatory T cell activation (18) and the M marker, CD16. Two markers 

indicative of T regulatory cell (Treg) activation, Foxp3 and CTLA4, were not suppressed 

in OBESE, however.  Tregs have been shown to have anti-inflammatory and insulin-

sensitizing properties in AT (19). However, no differences were observed in CD3, CD4, 

or CD8+ T cells via FACS in SQAT between groups.  These findings indicate that the 

OBESE pigs studied here did not experience increased SQAT T cell and/or M influx.  
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Figure 53: Little change in AT inflammatory gene expression in OBESE pigs. A: 

Omental AT (OMAT) gene expression. B: Subcutaneous AT (SQAT) gene expression. 

Data expressed as mean ± SEM; * P<0.05 
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OBESE Have Impaired Insulin-Stimulated Vasorelaxation and Atherosclerotic Lesion 

Formation in LAD Coronary Arteries Despite no Increase in PVAT Inflammation 

The OBESE  pigs exhibited evidence of atherosclerotic lesion formation in the 

LAD coronary arteries upon histological examination.  In addition, we noted positive 

SRA staining on the luminal surface of LAD coronary arteries from OBESE pigs, 

indicative of greater inflammatory Ms. Representative histological images are 

illustrated in Figure 3A. Similarly, several inflammatory genes were, or trended toward 

being, up-regulated in the LAD coronary artery of OBESE vs. LEAN including the 

chemokines, MCP-1 (P=0.057), VCAM1 (P=0.11), and ICAM (P=0.18), the M marker, 

F4/80 (P=0.15), and NADPH oxidase subunits, p47Phox (P=0.067) and p91Phox 

(P<0.05)  (Figure 3B). We also measured expression of the same genes in PVAT 

adjacent to the LAD coronary artery. Similar to the lack of inflammation detected in 

other depots, the PVAT of the OBESE did not express higher inflammatory gene 

expression (Figure 3C).  No genes were significantly different between OBESE and 

LEAN with the exception of CD3 (P<0.05), CD8 (trending at P=0.09), and IFN- 

(P<0.05), which all were down-regulated in OBESE. As shown in Figure 4, insulin-

stimulated relaxation, but not bradykinin or sodium nitroprusside-induced relaxation, in 

the LAD coronary artery was blunted in OBESE compared to LEAN.  
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Figure 54: OBESE pigs develop signs of coronary artery inflammation and 

atherosclerosis. A: Representative images of left anterior descending (LAD) coronary 

artery cross sections indicating lesion formation (indicated by arrow, top panels) and M 

staining (SRA staining, bottom panels; positive staining indicated by arrow) in OBESE 

compared to LEAN. B: Gene expression analysis of LAD. C: Gene expression analysis 

of AT surrounding the LAD (i.e., perivascular AT, PVAT). Data expressed as mean ± 

SEM; * P<0.05. 
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Figure 55: OBESE pigs exhibit impaired insulin-stimulated relaxation in left anterior 

descending (LAD) coronary artery. Data expressed as mean ± SEM; * P<0.05. 
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f. Discussion 

We previously demonstrated that juvenile HFD-fed Ossabaw swine develop 

obesity and IR, with minimal evidence of AT inflammation (9).  Here, we extend our 

previous work, demonstrating that, despite the fact that continued overconsumption of 

HFD causes extreme obesity, dyslipidemia, systemic IR, vascular IR, hypertension, as 

well as coronary artery inflammation and atherosclerotic lesions, female Ossabaw swine 

remained largely “protected” from the development of AT and systemic inflammation 

traditionally viewed as “characteristic” of obesity-associated metabolic impairments.  

The HFD-fed OBESE pigs did not exhibit increased visceral AT (i.e., OMAT) M 

or T cell infiltration assessed by FACS and verified at the level of mRNA in several 

inflammatory markers including T cell markers (CD3, CD8) and M markers (CD68, 

CD14, CD16).  The OBESE OMAT  expressed higher levels of adiponectin and leptin, 

which often associate with greater adipocyte size, but the vast majority of inflammatory 

M, T cell, and cytokine markers were not increased.   However, the chemoattractant, 

MCP-1, thought to precede immune cell infiltration into AT, was significantly increased 

in OBESE AT.  This is consistent with other findings in this model in the absence of 

significant inflammatory M infiltration (11), and may suggest that MCP-1 is recruiting 

anti-inflammatory rather than inflammatory Ms since we observed an increase in the 

alternative M marker, CD163, in OBESE SQAT.  Gene expression of the nuclear 

receptor, PPAR trended higher in OBESE OMAT and SQAT.  PPAR associates with 

greater insulin sensitivity, less dysregulation of adipocyte lipolysis and an anti -
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inflammatory M profile (17). Also interesting, SOD1 (an antioxidant) was elevated in 

OBESE OMAT.  

Cytokine release from AT explants harvested from the three depots investigated 

(i.e., SQAT, OMAT, and PVAT) did not differ between groups, nor were there increases 

in circulating inflammatory cytokines (TNF-, IFN-, IL-1).  Intriguingly, despite 

increased IL-6 gene expression in OMAT in OBESE pigs, OMAT secretion was 

unaltered and circulating levels were significantly reduced.  This may suggest a 

disconnect between transcription and translation.  IL-6 has been shown to be increased 

in AT (20) and circulation of obese humans (21) and correlate both inversely (22) and 

positively (21) with IR. IL-6 has both AT and skeletal muscle origins (23), and 

considered by some to be both pro- and anti-inflammatory (24).   It is possible that 

reduced skeletal muscle IL-6 may have contributed to reduced circulating levels in the 

OBESE pigs.  This should be addressed in future studies.  

Taken together, Ossabaw swine appear to be protected from HFD-induced 

increases in AT inflammation.  These findings correspond with our previous work in 

juvenile Ossabaw swine fed a HFD shorter-term (9) and another previous report where 

HFD-feeding failed to increase CD203+ M infiltration (i.e., less CD203+SVCs isolated 

from AT of HFD-fed vs control pigs) (11).  In that study, CD203 was used as a marker of 

mature Ms similar to the marker we used to identify cells of the M/monocyte lineage, 

CD68; both are non-specific M markers. Interestingly, although HFD reduced total AT 

M infiltration in the Faris study, it caused the M phenotype to change such that a 
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greater percentage expressed CD16, a marker thought to be associated with 

inflammatory M activity (11).  

The SQAT is generally considered a healthier AT depot and is characterized by 

smaller, more insulin sensitive and less inflammatory adipocytes (25). Still, adipocytes 

in this depot have been shown to expand with obesity in other models, albeit not to the 

extent to which adipocytes from the visceral region do (5).  Reduced expandability of 

adipocytes from SQAT during the progression of obesity may potentiate ectopic lipid 

deposition and increase visceral adiposity, all of which contribute to IR (26).  The 

“adipose tissue expandability” hypothesis is that when adipocytes are limited in their 

ability to expand, this results in adipocyte stress, inflammation and IR (27). The lack of 

expandability of SQAT adipocytes in the OBESE  may have contributed to their larger 

OMAT adipocytes as well as the increase in systemic IR and dyslipidemia.  Our data 

suggest that this model, compared to others, is protected to some degree in terms of AT 

inflammation and that less harmful adipocyte ‘expandability’ may be contributing to this 

protection. Importantly, AT inflammation is not always present in obese adults (28, 29) 

and it recently has been reported that overweight children showed little evidence for 

Ms in AT (30).  Thus, the lower susceptibility to AT inflammation in the pig may lend 

support for the use of pig (as opposed to rodent) models to more accurately parallel the 

metablic manifestations of obesity in humans. 

Given the lack of overt AT inflammation, which is the major source of obesity-

associated systemic inflammation (31), it was not surprising that OBESE did not have 

greater systemic inflammation. However, the OBESE pigs developed other features of 

cardiometabolic dysfunction including hypertension, hyperglycemia, hyperinsulinemia, 
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hypertriglyceridemia, and impaired insulin-stimulated vasodilation in coronary arteries.  

The OBESE also developed atherosclerotic lesions and increased coronary artery 

inflammation and oxidative stress.  Indeed, the Ossabaw has been described as one of 

the best porcine models of metabolic syndrome-induced atherosclerosis (32). The role 

played by PVAT in the pathophysiology of cardiovascular disease is becoming 

increasingly appreciated with evidence suggesting that inflammatory factors secreted by 

PVAT promote inflammation and impair vascular function (33, 34). Remarkably, 

although significant up-regulation of genes associated with inflammation were detected 

in the LAD, such genes were not elevated, and many reduced, in  PVAT.   These 

findings are consistent with recent data showing that most of the PVAT secreted 

proteins that were altered with obesity in  Ossabaw  were not related to classic markers 

of inflammation or oxidative stress (34). Similarly, our previous microarray analysis in 

coronary PVAT from juvenile lean and obese Ossabaw revealed only 7 genes were 

significantly altered with obesity (10), none of which were linked to inflammation or 

oxidative stress pathways.  Together, these findings point to a disconnect between AT 

inflammation and cardiometabolic dysfunction in the Ossabaw model. An important 

question is whether this disconnect is specific to the Ossabaw  or is consistent across 

swine breeds. Compared to other models, the Ossabaw is arguably the best model of 

metabolic syndrome-associated cardiometabolic dysfunction for a variety of reasons 

including practicality of their smaller size and development of human cardiometabolic 

manifestations. However, the limited data available in other breeds suggests that pigs in 

general may not be as susceptible to metabolic inflammation. Female HFD-fed White 

pigs develop some evidence of systemic inflammation, but no increase in IL-6 or AT 
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Ms (35); Gottingen pigs also appear protected (36). While insufficient data are 

available to make conclusions regarding the breed-specificity of the lack of AT 

inflammation documented in our study, the available evidence suggest that the pig 

model is less susceptible to obesity-induced AT inflammation compared to other 

models. Another important consideration is that there are known sex differences in 

obesity-induced AT inflammation such that ovary-intact females are less susceptible to 

AT inflammation compared to age-matched males; whether this protection would be 

seen in male Ossabaw pigs is unknown. Unfortunately, the other cited studies (11, 36) 

investigating metabolic inflammation in pigs were also exclusively in females.  We 

investigated one male Ossabaw pig, age-matched to our experimental sample and fed 

chow diet, and did not find that he had higher IR or blood lipids compared to the mean 

values of the females fed chow, but we did find that he had ~7% and 5% more CD68+ 

Ms in SQAT and OMAT, respectively; clearly, with a sample of 1, no conclusions can 

be made regarding the sex-specificity of our present findings.  

Insulin-stimulated relaxation in the LAD coronary artery was blunted in OBESE 

versus LEAN pigs in the absence of changes in bradykinin-induced relaxation, a 

response largely endothelium-dependent.  In line with this observation, compelling 

evidence from studies using obese rodents demonstrate that impairments in insulin-

stimulated dilation occur prior to impairments in other endothelium-dependent dilators in 

both skeletal muscle and coronary arteries (37-39).  Reciprocally, our group found that 

an improvement in insulin-induced dilation with physical activity-induced weight loss 

occurs in the absence of changes in acetylcholine-mediated dilation in rats (14). Thus, it 
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appears that obesity-related changes in vascular insulin sensitivity do not always 

correlate with changes in classic measures of endothelium-dependent dilation.  

Remarkably, after nine months of HFD feeding, the Ossabaw pigs studied here 

were largely “protected” from AT and systemic inflammation despite developing severe 

obesity with visceral adipoctye size expansion, IR, atherosclerosis, and dyslipidemia.  

These findings suggest that visceral AT inflammation is not a “hallmark feature” of the 

development of cardiometabolic disease in the female Ossabaw pig model. Given that 

AT inflammation has been shown to predict adverse metabolic outcomes in humans 

and rodents (5), determining what factor(s) is “protecting” the Ossabaw from developing 

inflammation could lead to therapeutic or preventative strategies applicable to human 

cardiometabolic disease.  We speculate that the Ossabaw pig, and perhaps other swine 

breeds, have evolved to survive despite gross AT expansion owing to their “thrifty” 

genotype and postulate that this genetically-selected less harmful AT expansion may 

buffer the Ossabaw pig from a further exacerbation in cardiometabolic pathologies.   
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8. CONCLUSIONS 

a. Discussion and Future Directions 

From work with other researchers culminating in publications by them, it became 

rapidly apparent that within-tissue signaling can influence vascular structure and 

function. Previous work from this lab which is included in this paper illustrates that 

different tissue beds can feature different secretomes, which in turn can alter overall 

prognosis as well as vessel responsiveness and structure(1, 2). Additionally, obesity 

can modify secretomes in deleterious fashion with respect to vessel function, and 

exercise training can reverse these secretome changes, as can pharmaceutical 

administration(3-5). With this previous data indicating that obesity has profound effects 

on vessel function, in conjunction with data from other researchers demonstrating 

capillarity decrease in obese humans and animals, we developed our hypothesis that 

IGF2R, IGF2, uPAR, and TGFβ were altered in obesity as to promote capillarity 

decrease.   

In our data, we observed decreased capillarity in our non-lean animals in 

conjunction with no significant change in any of the factors we were measuring, contrary 

to our hypothesis that IGF2R, IGF2, uPAR, and TGFβ would differ significantly with 

induction of obesity as compared to our lean control rats. In Figure 56 we summarize a 

new hypothesis schema, with our proposal that pro-angiogenic activity is maintained in 

obese individuals, but hampered by uncharacterized anti-angiogenic mechanisms, 

increased rarefaction of capillaries, or both. Beginning at the top of the schema, obesity 

results from calorie intake in excess of daily need, often in conjunction with diminished 
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physical activity as a result of lifestyle factors or injury. We have data showing that 

capillarity decreases as a result of obesity induction, but which also shows that factors 

we hypothesized would be elevated with the end result of promoting capillarity 

decrease- IGF2R and TGFβ – did not change significantly relative to control, and that 

factors we hypothesized would decrease with the end result of not promoting capillarity 

increase – IGF2 and uPAR – either slightly increased or did not change significantly 

relative to control. As a consequence, we hypothesize that capillarity decrease in 

obesity is driven by either other anti-angiogenic mechanisms, increased capillary 

rarefaction, or a combination of both.  

At present we do not know why IGF2R, IGF2, uPAR, and TGFβ are present at 

levels similar to our lean controls, but we hypothesize that this may be a compensatory 

response to a decrease in capillary density driven by other mechanisms. This capillary 

density decrease then promotes increase in IGF2 expression to sustain nutrient 

delivery. Meanwhile IGF2R, uPAR, and TGFβ expression returns to levels as seen in 

lean individuals, resulting in the same contribution to new vessel growth in obese 

individuals as seen in lean individuals, with the discrepancy in capillarity arising from 

other mechanisms. An alternative hypothesis would be capillarity changes without a 

corresponding change in any of the factors excepting a later increase in IGF2. Both 

possibilities are summarized in Figure 56. As prior work has suggested that all four 

factors are altered in obesity in fetuses and young animals, leading us to our 

hypotheses about alteration in adult animals, it may further imply these factors change 

over time if they are altered in young individuals but not significantly so in older 

individuals.  
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We have one issue in the LETO HFD data set. These data were excluded from 

Figure 15 TGFβ because there were insufficient data points to allow valid conclusions. 

Additional data points may be needed, but if the LETO HFD animals display the same 

differences in respect to obesity induction versus LETO control diet rats, as between 

LETO control and OLETF control rats, we would anticipate that we would also see a 

drop in TGFβ. While this would be a suitable observation to follow on in future 

experiments, we do not believe it greatly impacts our earlier overall conclusions.  

In developing any future experiments to clarify the data I obtained in my own 

thesis work, I would begin by hypothesizing that I would observe differences in the 

expression of these four factors between groups, as animals respond to diet and 

intervention by weight changes and development of diabetes if I conducted a future set 

of experiments in which I was able to test animal samples over time – for example, 

testing our LETO and OLETF groups earlier than age 32 weeks, at age 20 weeks and 

age 26 weeks. Specifically, we would hypothesize that one of two sequences would 

occur as outlined in Figure 57. Both obesity and diabetes is induced followed by 

progressive decrease in capillarity in conjunction with a capillarity-decreasing change in 

these four factors, followed by an capillary-increasing change in these four factors as a 

compensatory response, or these four factors are maintained at or slightly above normal 

physiological levels during the time course from obesity and diabetes induction to when 

we sacrificed them. Before I address multiple samples over time, however, I must 

account for the fact that while we examined our data on the basis of obesity, diabetes 

may cause capillary rarefaction as well.  
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Figure 56: New proposed schema for IGF2R and coordinated factors in obesity 
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Figure 57: Two separate proposed progressions to account for observed changes in 

IGF2R, IGF2, uPAR, and TGFβ 
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The arc of diabetes 

One consideration to be made in interpreting our data is whether the rats’ 

diabetic status may have contributed to capillarity changes, independent of their obesity 

status. In OLETF rats, there is an extensive record of diabetes onset in concurrence 

with obesity (6). As early as 25 weeks of age, significant impaired B-cell insulin 

signaling and content occurs compared to control, and even extended out to 65 weeks 

of age, control rats still maintain B-cells in the pancreas as compared to their 

counterparts who display complete loss and fibrosis at that age (7, 8). On a structural 

basis, these pancreas islets display a hyperplastic phenotype and fibrosis beginning as 

early as ten weeks of age, progressing to atrophy at 40 weeks of age (9). Prior research 

has also suggested there is some divergence in phenotypes among OLETF rats with 

respect to islet function, with heavier diabetic rats having more typical capillarity within 

islets while leaner diabetic rats have sparser capillarity, resulting in a more severe 

phenotype in the latter group (10).  

Referring to other animal and human studies, there has been extensive records 

of decreased capillarity in db/db, C57BL/6, and steptozotocin-knockout models of rats 

and mice (11-15) Diabetic pigs have also been shown to display decreases in capillarity, 

and human diabetic explants have shown capillarity decreases and pericyte loss(16).  

A study released on the same animals reflected in our data by Linden et. al. 

showed that OLETF sedentary animals showed clear evidence of diabetes, with 

hyperglycemia and glucose levels differing significantly from OLETF EX animals, though 

not OLETF FR animals. Insulin levels were similar, although this can be explained by 
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way of loss of beta-cell function in the sedentary animals, while insulin levels were 

controlled in the other two groups by way of intervention(17).  

The question then becomes how further work may determine what proportion of 

capillarity changes is derived from obesity and what is derived from diabetes. The 

primary difficulty lies in how obesity promotes insulin resistance which then leads to the 

development of type II diabetes. One could sidestep this with administration of 

streptozotocin alone which is toxic to pancreas beta cells, however this is said to more 

closely replicate type I diabetes than type II diabetes.  

A better solution might be to mitigate obesity as a driving factor by first inducing 

obesity, then allowing diabetes to either develop as a consequence of obesity or 

inducing it quickly by way of low-dose streptozotocin administration. The animal can 

then be placed on an exercise or calorie restriction regimen to reduce body fat 

percentage, bringing them down from an obese state as quickly as possible. When 

maintained at a lean body mass following induction of obesity and beta-cell destruction 

to induce diabetes, the model should recapitulate the negative effects of prior obesity 

and diabetes, while removing the immediate effects of obesity, meaning diabetes will 

have a greater proportional contribution to physiological changes.  

Prior studies using the streptozotocin protocol have set their fat content for 

regular chow around 12%, and high fat chow around 40%, and used one injection of 

between 30-45 mg/kg, although some studies have used two or more injections(18-20). 

A preliminary treatment protocol then, might attempt to recapitulate our LETO/OLETF 

study, but with LETO alone or a different strain of rat, in order to eliminate any variables 

arising from the OLETF rat’s hyperphagia. We would receive the rats at age four weeks 
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and raise them on regular chow until age 8 weeks, at which point we would subdivide 

them into low fat diet and high fat diet cohorts. They would continue until age 20 weeks, 

at which point the low-fat diet and high fat diet cohorts would be internally subdivided 

into animals receiving streptozotocin treatment and those without. A weight loss 

protocol, likely beginning immediately after streptozotocin treatment, would then bring 

the animals back down to a lower body fat percentage. An outline of the protocol is 

shown in Figure 57. 
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Figure 58: Proposed protocol for elucidating impact of diabetes on IGF2R, IGF2, uPAR, 

and TGFβ 
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Sex 

Another consideration at hand is the effect of sex on capillarity during obesity. 

Prior research has shown sex differences in cardiovascular function, both at baseline 

and during obesity(21). These sex differences can be attributed in part due to gonadal 

hormones, but are also due to non-hormone derieved influences, which could include 

either sex chromosome composition or sex-dependent gene regulation(22). Gonadal 

hormone withdrawal in the case of ovariectomy is shown to give rise to microvessel 

destabilization and capillary rarefaction in the dura mater of pigs (23, 24). In humans, 

hypertension is shown to reduce tissue capillary density by 33% in men relative to 

women, which is relevant as hypertension is a potential consequence of both diabetes 

and obesity(21). Additionally, chronic heart failure is shown to result in a vastus lateralis 

capillary density decrease in men relative to women(25). 

It is abundantly clear that any animal data that is extended to humans must 

include female animal data to build support for any hypotheses that there is a difference 

between human men and women in respect to mechanism function in capillary density 

changes. However, OLETF rats are unsuitable for this purpose as the company which 

controls the strain does not make female OLETF rats available for purchase, likely to 

control the strain for commercial purposes. As such, any experiments involving female 

rats would require using a different strain in which both male and female rats are readily 

available.  

We suggest that any experiments could proceed as previously outlined for male 

rats. It may be necessary to monitor estrous cycle owing to the previously established 

effects of ovarian hormones on capillarity. Serum monitoring for estradiol levels is 
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feasible, although it may be prudent to use non-invasive monitoring to reduce stress on 

animals(26).  

b. The effects of obesity, and the known effect of exercise intervention on 

vasomotor function 

In obesity and during insulin resistance, pathological vessel remodeling and 

change in vasomotor function is known to occur, owing to a wide variety of factors such 

as hypertension, abnormal sympathetic activation, and changes in the renin-

angiotensin-aldosterone system among others(27, 28). Physological changes are seen 

ranging from the endothelial cell layer with vasoactive factor handling, to the vascular 

smooth muscle layer with decrease in function and loss of myogenic tone, to the 

extracellular matrix where an increase in ECM density and remodeling occurs(28-30).  

In the endothelial cell layer, one of the primary dysfunctions is shown in the 

synthesis and handling of NO, where increase in NADPH oxidase can provide ROS for 

NO conversion to perioxynitrite(31, 32). Vessel responsiveness to other factors such as 

Ach is shown to be blunted during insulin resistance as well(33). This general 

insensitivity to vasoactive substances likely accounts for attenuation of skeletal muscle 

blood flow during exercise in diabetes relative to non-diabetic counterparts, with Ach 

insensitivity, lack of capillary recruitment, and general ischemia observed. (34, 35). 

From our images of muscle cross-sections, we performed measurements of the 

physical dimensions of arterioles, as shown in Figure 58. In short, we measured the 

diameter across the widest part of the vessel twice, once from the outermost edge to 
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the opposite outermost edge, and once from the innermost edge to the opposite 

innermost edge. We also measured the vessel wall at the thickest location.  
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Figure 59: Measurements of physical dimensions of large vessels.  
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The data did not support the hypothesis that dietary or strain-induced obesity 

alters macrovessel outer diameter, inner diameter, wall thickness, or vessel cross-

sectional area. The sole exception is a significant decrease (p<0.05) between the inner 

diameters of L-CON and O-CON vessels. This is contrary to our initial hypothesis that 

induction of diet or strain obesity would cause thickening of vessel walls, and we 

suggest our low n-values (n = 4-5) may account for the large variance in standard error 

seen. We hypothesize that with additional data points, we would observe similar 

outcomes to what is reported in the literature with regard to vessel wall thickening in 

obesity.  

Even though we did not measure the changes in vessel parameters in response 

to exercise and calorie restriction for our specific cohort outlined in previous data, prior 

work indicates that exercise training can improve vasomotor responsiveness even 

during insulin resistance. Studies have shown that endurance exercise training and 

interval sprint training can improve responsiveness of vessels to insulin or Ach 

administration, dependent on fiber type of associated skeletal muscle(33, 36-38). This 

increase arises from several factors, including increase in eNOS, decrease in stiffness, 

and an increase in capillary recruitment(37).  

c. Other effects on capillarity 

Inflammation, shear stress, and the venous system 

Despite our focus on the four factors, IGF2R, IGF2, uPAR, and TGFβ, other 

items such as the immune system and the venous system can contribute to capillarity 

changes. Pathological activation of the immune system can promote vascular 
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remodeling at several different steps. Hypertensive stimuli can activate dendri tic cells 

which then work to promote hypertension, while NADPH oxidase can mediate 

angiotensin-II induced infiltration of macrophages into the vessel wall(39, 40). Damage-

associated molecular patterns (DAMPs) can also act via Toll-like receptors to cause 

abnormal immune activation in the circulation leading to hypertension and pathological 

remodeling (41, 42). Additionally, macrophage colony-stimulating factor, when knocked 

out, demonstrates less endothelial dysfunction and remodeling during the development 

of hypertension (43).  

Shear stress also plays a role in vascular remodeling, as mechanical force can 

provoke responses in the endothelium as a result of both endothelial cell sensitivity and 

varying degrees of shear stress(44-46). This can lead to reduction of the vessel 

diameter by physical changes in the vessel wall and changes in smooth muscle 

tone(47-49).  

In evaluating the effects of the venous system on capillarity, the key point is that the 

microcirculation can be physically set up such that arterioles and venules run parallel to 

each other, with capillaries forming a web between them. This permits the possibility of 

venous signaling to “earlier” areas of the tissue as well as to arterioles, in a paracrine 

fashion.  

Previous work has demonstrated that norepinephrine injected into vessels 

residing post-arteriole but pre-venule, and endogenous factors such as NO released 

from hemoglobin in the low oxygen environment of the venule, will diffuse from the 

venule to nearby arterioles and effect action on the arteriole. (50-54). Also observed is 
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that mechanical impact on venules in the form of shear stress can result in signaling to 

arterioles, as well as other mechanical factors such as muscle contraction(55-58). 

With prior studies demonstrating that immediate paracrine action can be effected 

by diffusion of substances across the venule wall and through the extracellular space to 

neighboring arterioles, it is possible that bloodflow changes due to capillary rarefaction, 

as well as tissue stress signaling arising from capillary rarefaction, could then promote 

venule-arteriole communication to promote new vessel growth as part of a physiological 

response to improve nutrient and oxygen delivery to tissue. This would then account for 

maintenance of IGF2R, IGF2, uPAR, and TGFβ at, or above, normal physiological 

levels for promotion of growth.   

d. Concluding remarks 

In summary, while we have shown that none of the four factors we examined 

seem to change significantly with respect to obesity and one sampling at age 32 weeks, 

there remains several avenues of investigation to further examine these factors. These 

include multiple samplings over time to determine if these factors change as animals 

undergo pathological changes, as well as determining if diabetes may account for some 

of these capillarity changes rather than obesity being the sole determinant. The impact 

of sex, and to what extent inflammation and venous communication play a role in these 

animals and in conjunction with these factors is also an exciting line of investigation.  
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