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The impact of obesity on adipose tissue expansion differs with each adipose depot throughout the 

body, suggesting that obesity affects adipose tissue in a regional manner. We determined if free 

access to lard, sucrose solution, and chow (choice diet) would result in expansion (i.e. 

hypertrophy and hyperplasia) of periuterine adipose tissue and development of metabolic 

syndrome. Sprague-Dawley female rats were divided into 2 weight-matched groups: 1) choice 

group: free access to chow, sucrose solution, and lard and 2) chow group: rodent chow for 3 

weeks. Choice rats had greater visceral adiposity, serum concentrations of triglycerides (30.95 ± 

2.48 v. 45.20 ± 3.81 mg/dL) and fasting glucose (121.5 ± 3.9 v. 110 ± 2.4 mg/dL), and higher 

blood pressure (95.79 ± 1.82 v. 88.55 ± 1.25 mm Hg) compared to chow rats. Adipocyte 

morphology was assessed in hematoxylin and eosin-stained periuterine adipose tissue sections 

using NIS Elements software. Cross-sectional area/cell was greater in periuterine adipose tissue 

from choice compared to chow rats, indicating a hypertrophic response (779.6 ± 47.64 vs. 492.0 

± 27.76 µm2/cell, p=0.0001). Number of cells/unit area was smaller in periuterine adipose tissue 

from choice rats, indicating a hypoplastic response (13.9 x 10-5 ± 0.880 x 10-5 vs. 20.4 x 10-5 

±0.910 x 10-5 cells/µm2, p=0.0001). In conclusion, choice diet induced features of metabolic 

syndrome and periuterine adipose tissue expansion via hypertrophy in female rats.  
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CHAPTER I 

 BACKGROUND AND LITERATURE 

Obesity during the reproductive years has reached staggering proportions. According to 

the US National Health and Nutrition Examination Survey, in 2011-2014, 38.1% of American 

women, at least 20 years old, were considered obese (body mass index, BMI >30 kg/m2) (70). 

Obesity is associated with significant health complications, such as diabetes, metabolic 

syndrome, and vascular dysfunction that are associated with adverse reproductive outcomes (29, 

48, 78). The incidence of infertility is greater in obese compared to lean age-matched women and 

thus, obese women are likely to seek a solution in assisted reproductive technologies such as in 

vitro fertilization (IVF) (48, 73). IVF may require higher fertility medication dosages in obese 

women and have reduced rates of success in this population (53, 74). If they become pregnant, 

obese women have a higher risk of developing significant prenatal, labor, and postpartum 

complications, such as gestational diabetes, preeclampsia, and postpartum hemorrhage (82). In 

addition, offspring from pregnancies complicated with obesity are more likely to be smaller or 

larger for gestational age and have a greater risk of developing cardiometabolic diseases later in 

life (2, 40, 72) . Hence, preconceptional obesity is a threat to reproductive capacity and poses 

significant risks during pregnancy for the mother, and post-pregnancy for the offspring (78). 

Expansion and dysfunction of the adipose tissue are common features of obesity (11, 80) 

and thus, adipose tissue has been considered a target for interventions to manage obesity-related 
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complications. Increases in adipocyte size (hypertrophy) or number (hyperplasia), adipocyte 

death, low-grade inflammation, and altered adipokine secretion are characteristics of adipose 

tissue changes in obesity (49). Adipocytes respond to a positive energy balance through 

hypertrophy (36). If excessive energy intake continues, the adipocytes undergo hypertrophy and 

metabolic dysfunction (10). Changes that occur in adipose tissue in obesity have systemic and 

local effects via adipose tissue-derived endocrine and paracrine factors. The timing and extent of 

these changes vary with each depot throughout the body, suggesting that the paracrine actions of 

adipose tissue may also vary with anatomic location (50, 51, 102). The main objective of this 

review is to provide a critical assessment of currently published studies on the structural and 

functional changes of adipose tissue in obesity. I will also introduce the periuterine adipose 

tissue, the fat surrounding the uterus and its vasculature, which is the main focus of my research 

project. Finally, a discussion of animal models of obesity will be included to provide justification 

for the use of the choice-diet model of obesity. 

Adipose Tissue in Obesity 
 

Adipose tissue is a metabolic and endocrine organ with distinct local and systemic effects 

(41). Anatomical categorization of adipose tissue results in two regions-subcutaneous and 

visceral-with sub-classification of several fat depots such as abdominal, mesenteric, omental, 

gluteofemoral, retroperitoneal, gonadal, periuterine, intrascapular brown fat, and perivascular 

adipose tissue. Adipose tissue originates from mesenchymal stem cells and differentiates into 

either white adipocytes or pericytes in the absence of the transcription factor Myf5 (90). 

Activation of Myf5 results in differentiation of mesenchymal stem cells into brown adipocytes or 

smooth muscle cells (25). White adipose tissue is phenotypically and functionally distinct from 

brown and beige fat (90). White adipocytes are large unilocular lipid-containing cells with 
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limited number of mitochondria (3). These cells may transdifferentiate into beige cells (also 

referred to as brite cells) upon exposure to cold (71).  Beige cells are responsible for functions 

similar to white and brown adipocytes such as non-shivering thermogenesis (71). The initial 

response of white adipocytes to an increase in caloric intake is swelling following lipid uptake 

through fatty acid transport proteins (31). Cell swelling leads to increased cell size (79). 

Adipocyte number is set in childhood and adolescence and remains constant in both lean and 

obese adults (87). Ten percent of fat cells are renewed annually at all ages and obesity levels, 

indicating high turnover in this cell population (87).  

Both lack of fat cells and excess fat are associated with metabolic dysfunctions. 

Individuals lacking fat cells have lipidystrophy, which leads to lipotoxicity due to lipid spillage 

in the bloodstream resulting in ectopic deposition on liver and other organs (93). On the other 

hand, fat expansion is a characteristic of obesity (80). It is noteworthy, however, that expansion 

of adipose tissue alone does not always lead to obesity-associated complications, suggesting that 

a combination of expansion and dysfunction is necessary to cause obesity-related conditions 

(13). Adiposopathy refers to adipose tissue dysfunction promoted by excessive energy intake in 

obesity-prone individuals (9). This condition results in perturbed endocrine and immune events 

that contribute to an increased risk for cardiovascular and metabolic diseases (9). Adiposopathy 

in obesity is characterized by remodeling processes (i.e. dysfunctional adipose tissue expansion, 

inflammation, and altered adipokine secretion and release) (10). Each of these processes is 

associated with pathological outcomes (10).  

The number and size of adipocytes dictate the functional capacity of a fat pad. For 

example, inflammation and the secretion profile of adipokines are determined by whether 

adipose tissue expansion is achieved by an increase in adipocyte size (hypertrophy) or number 
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(hyperplasia) (8). Adipocytes expand and reduce in size to accommodate flux in lipid uptake, 

storage, and release. Adipose tissue in obesity attempts to maintain metabolic balance; however, 

prolonged exposure to obesogenic factors, such as a high caloric diet, may lead to dysfunctional 

fat expansion.  

Obesity is clinically characterized by an accumulation of fat mass, which is brought about 

by adipocyte expansion (10, 44). Derangement of adipocyte hypertrophy and hyperplasia lead to 

altered metabolic state, possibly mediated by the immune system, thereby underlying the 

downstream consequences specific to changes in adipocyte structure (10). Maturation of 

adipocyte precursor cells or de novo adipogenesis also occurs in response to elevated energy 

intake as seen in obese subjects (84). Interestingly, adipocyte hyperplasia confers protection 

against obesity as illustrated in metabolically healthy obese individuals with a greater number of 

adipocytes than weight-matched subjects with insulin resistance (45). In addition, morbidly 

obese women with adipocyte hyperplasia in subcutaneous and visceral fat compartments had 

better insulin and glucose handling than women with adipocyte hypertrophy in both regions (35). 

Additional studies support the “adipose tissue expandability” hypothesis, which proposes that 

impaired hyperplastic capacity prevents appropriate adipose tissue expansion, resulting in 

metabolic dysfunction (6, 20, 93). Others challenge this notion (37, 62–64) by stating that it is 

hypertrophy and not impaired hyperplasia that contributes to a worsened metabolic state. For 

example, metabolically healthy obese women had smaller fat cells in visceral and subcutaneous 

fat  compared to weight-matched women with insulin resistance (89). Adipocyte hypertrophy in 

response to excessive caloric intake leads to improper lipid handling and contributes to an 

accumulation of fat mass in obese humans and animals (80). Others have shown that adipocyte 

hypertrophy is linked with insulin insensitivity in obese individuals (32, 42). Mice exposed to a 
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high-fat diet for one month developed obesity due to adipocyte hypertrophy. After extended 

exposure to the diet, adipogenesis was the predominant mechanism of epididymal fat depot 

expansion (95). Using a mathematical model, Jo et al. determined that both hypertrophy and 

hyperplasia are determinants of epididymal adipose mass in obesity-susceptible rats fed a high-

fat diet (36).  

Obesity has been extensively characterized as a state of low-grade inflammation (97). 

Expansion of adipose tissue is linked to inflammatory responses. Crown-like structures, 

consisting of infiltrating macrophages, surround dead adipocytes in obese mice and humans (17, 

66). Hypertrophic adipocytes have different inflammatory profile from that of hyperplastic 

adipocytes. Infiltration of pro-inflammatory M1 macrophages is elevated in hypertrophic obese 

subjects (57). Adipose tissue macrophages become lipid-laden as a function of adipocyte 

hypertrophy and apoptosis of macrophages decrease with adipose tissue expansion (65). These 

adipose tissue macrophages release interleukin-6 (IL-6), which prevents downstream effects of 

insulin binding to adipocytic receptors preventing glucose uptake in response to elevated blood 

glucose (58).  In contrast to M1 macrophages, anti-inflammatory M2 macrophages are highly 

prevalent in hyperplastic subjects (47). Inflammation and hypertrophy are associated with the 

onset of insulin resistance and type 2 diabetes (26, 98). On the other hand, hyperplasia is strongly 

associated with re-established insulin sensitivity (43). Since alteration of adipose tissue 

expansion results in a switch from “alternatively activated” M2 macrophages to “classically 

activated” M1 macrophages, adipokine profile may also change to affect disease outcome.  

Adipocyte size determines adipocytokine secretion (85). Adipokines exert autocrine, 

paracrine, and endocrine effects as a function of adipose mass expansion and depot. An increase 

in adipocyte size leads to a shift in adipokine secretion towards a pro-inflammatory profile (85). 
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Adipocyte size was positively correlated with mRNA expression of leptin and plasminogen 

inhibitor-1 (PAI-1) and it was negatively correlated with adiponectin mRNA expression in obese 

female adolescents (23). Leptin and PAI-1 independently induce secretion of IL-6, an 

adipocytokine with pro-inflammatory properties. ob/ob female mice fed a high-fat diet had high 

concentrations of IL-6 and progranulin (PGRN), which is also a pro-inflammatory adipokine 

(60). There is a relationship between IL-6 and PGRN with PGRN mediating insulin resistance 

through IL-6 in animal models of high fat diet-induced obesity (60). Release of IL-6 from 

adipose tissue is also mediated by leptin and leptin-mediated release of IL-6 is positively 

associated with hyperglycemia and hypertension in obese women (92). Ceruloplasmin, an 

adipokine, expands adipose tissue by de novo adipogenesis in obese individuals (15).  

Heterogeneity of adipose tissue is becoming increasingly recognized as investigations of 

function and outcome of fat illustrate depot-specific effects. Visceral obesity in women is 

associated with a low capacity for abdominal preadipocytes to differentiate into subcutaneous 

adipocytes (55). This suggests the expansion of one depot may hinder generation of adipocytes 

in another region. Furthermore, this low adipogenic rate for subcutaneous preadipocytes was also 

associated with hypertrophy of visceral omental adipocytes (55). This suggests that these fat 

depots cannot engage in similar processes to expand adipose tissue. In ob/ob mice fed a high-fat 

diet, visceral adipose tissue showed greater adipose area but weighed less compared with 

subcutaneous adipose tissue, suggesting visceral fat expanded by adipocyte hypertrophy (96). 

Interestingly, subcutaneous adipose tissue in the obese mice had higher adipogenic capacity, but 

smaller cells, than that of the visceral fat (96). Hypertrophy of subcutaneous and visceral 

adipocytes result in different cellular outcomes. Hypertrophic subcutaneous adipocytes in 

women had lower expression of subcutaneous glucose transporter 4 (GLUT4), higher expression 
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of factors responsible for adipocyte differentiation and lower circulating concentrations of 

adiponectin compared to women with hyperplastic subcutaneous adipocytes  (64). Subcutaneous 

adipocyte hypertrophy has been associated with decreased insulin sensitivity through reduced 

expression of regulatory zinc-α2-glycoprotein (7). In women, visceral hypertrophic adipocyte 

had elevated lipolytic behavior in response to a β-adrenergic receptor agonist (64). Visceral 

adipocyte hypertrophy, though, has been associated with dyslipidemia, and excess of visceral fat 

is a well-known risk factor for cardiovascular disease (52, 91). There are depot-specific effects 

that may affect functional outcomes of adipocytes resulting in endocrine and metabolic 

dysfunction.   

 

Current Understanding of Periuterine Adipose Tissue and Obesity 
 

Periuterine adipose tissue is visceral adipose tissue that surrounds the uterus and its 

vasculature. There is a paucity of research on periuterine adipose tissue characterization and its 

functional role but it is widely considered as white adipose tissue (75). Periuterine adipose tissue 

adapts to various stimuli such as pregnancy, hormones, and age. Palacin et al. showed that 

periuterine adipose tissue metabolism in lean pregnant rats involved regional differences (i.e. left 

vs. right uterine horns), which were dependent on gestational age and number of fetuses (76).  

Regional differences in blood flow and substrate use in this depot throughout gestation may be 

accompanied by structural differences as well. Skurk et al. demonstrated in humans that an 

increase in subcutaneous adipocyte size determined secretion of pro-inflammatory adipokines. 

This study established a relationship between adipocyte structure and fat cell function (85). This 

relationship has not been established in periuterine adipose tissue. Abelas et al. showed that 
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estradiol treatment of ovariectomized spontaneously hypertensive rats, a model of post-

menopausal state complicated by metabolic syndrome, reduced periuterine adipose tissue mass 

and adipocyte cell size with no difference in total number of adipocytes (1). While it is clear 

hormonal changes and age affect periuterine adipose tissue structure and function, the effects of 

diet-induced obesity on periuterine adipose tissue morphology are largely unknown. To the best 

of our knowledge, there are limited studies examining the role of periuterine adipose tissue in 

obesity. Zhang et al. showed that mice fed a high-fat diet had increased periuterine adipocyte 

size at 5 and 9 months of age.  In contrast, adipocytes from mesenteric adipose tissue had 

increased size at 9 months only (100), providing additional evidence that the effects of obesity on 

adipose tissue are depot-specific.  

Due to the proximity of periuterine adipose tissue to parametrial adipose tissue, the fat 

surrounding the perimetrium, there may be functional similarities between these two adipose 

regions. Doldan et al. first documented parametrial adipose tissue in the myocervical stroma 

(24). This tissue undergoes phenotypic and molecular changes during obesity and pregnancy (54, 

88).  In 1973, Lemonnier examined the effects of age, sex, and diet on the size and number of 

cells of mice and rats. He showed that hyperplasia occurred in parametrial fat of high fat diet-

induced obese female mice (54). Forty-two years later, in a study examining the role of estrogen 

in adiposity, Nag et al. confirmed Lemonnier’s results (67). Periuterine adipose tissue has also 

been studied in the context of pregnancy and inflammation. Mice models of late pregnancy 

showed infiltration of pro-inflammatory macrophages and markers such as cluster differentiation 

68, monocyte chemoattractant protein-1 (MCP1), tumor necrosis factor-α , IL-6, and PAI-1 in 

parametrial adipose tissue, thus also establishing late pregnancy as an inflammatory process 

(101). Another study indicated reduction in gene expression of adiponectin in parametrial 
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adipose tissue and serum concentrations of adiponectin in pregnant mice with parametrial 

adipocyte hypertrophy, indicating a relationship between structure and function of parametrial 

adipose tissue (46).  Periuterine adipose tissue is in a close proximity to the reproductive organs 

and the growing fetus during pregnancy; however, its role in reproductive function and capacity 

is largely unknown. Further, it is not understood whether periuterine adipose tissue undergoes 

expansion and functional changes in response to diet-induced obesity. 

 

Models of Obesity 

Animal models are used to study mechanisms related to obesity-related pathologies, 

interventions to counteract these effects, and the contribution of different lifestyle behaviors to 

an obese phenotype. 

Models with genetic mutations and estrogen deficiency.  A recent review by Lutz and Woods 

describes common animal models of obesity ranging from genetic deficiency in leptin receptor to 

acquired obesity based on diet (59). The oldest model, the ob/ob mouse, involves knockout of the 

ob gene preventing leptin secretion from white adipocytes. Hyperphagia is the immediate 

consequence of the absence of leptin resulting in obesity; however, this genetic mutation is rarely 

seen in humans (12, 69). Another model involves ovariectomy, which results in increased body 

weight and hyperphagic behavior due to estrogen insufficiency (30). Estradiol, a precursor of 

estrogen, has been shown to regulate female adipose development and deposition (22). This 

model is only relevant for the state of menopause, which represent only a subpopulation of obese 

individuals. Collectively, the genetic and estrogen-deficient animal models do not address more 

common mediators of human obesity such as sedentary lifestyle and increase in caloric intake. 
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Diet-induced obesity models. Cafeteria diet consists of ad libitum access to high-energy dense, 

palatable human foods, contributing to the onset of obesity in mice and rats. Rats fed a cafeteria 

diet gained weight, overate, and exhibited pronounced hyperinsulinemia and glucose intolerance 

compared to rats fed a high-fat diet (81).  Johnson et al. showed that cafeteria diet resulted in 

oxidative damage of white adipose tissue. Specifically, there was a significant repression of 

glutathione metabolism (38). This oxidative stress may relate to the development of glucose 

intolerance usually seen in rats fed the cafeteria diet (83). Other hyperlipidic or hypercaloric 

diets like the high-fat diet also result in glucose intolerance, hyperplipidemia, and 

hyperinsulinemia in addition to onset of obesity in rodents (14, 60).   

Choice-diet models. Rats offered free access to lard, 30% sucrose solution, and chow (choice 

diet) exhibited hyperphagic behavior, rapid onset of obesity, and impaired glucose tolerance (5, 

27, 33). High-fat diets induce an obesity phenotype in 8-12 weeks (14). Harris and Apolzan 

showed that choice diet induces obesity and obesity-related complications in 3 weeks (5, 33). 

Apolzan and Harris also showed that choice diet-fed rats increased energy intake by 23%. These 

rats also had higher carcass fat than rats fed chow, chow and liquid sucrose, or low-fat diet (33). 

These same authors later characterized the time course and possible reversal of central leptin 

resistance. They determined that, within 8 days, rats fed a choice diet became leptin insensitive, 

and by day 16, they became leptin resistant. Leptin resistance was reversible once the diet was 

replaced with chow. This may be associated with adiposity since there was also a reduction in 

carcass weight with the reversal (5). Other choice diets involve high-fat, high-sugar, or a 

combination thereof (28). Fleur et al. has demonstrated that rats offered saturated fat, 30% 

sucrose solution, and chow overeat and rapidly develop obesity and glucose intolerance (27). 

Diepenbroek et al. showed that neither rats offered saturated fat and chow nor rats offered 30% 
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sucrose solution and chow resulted in glucose intolerance, but developed obesity and displayed 

hyperphagic behavior (21). Glucose intolerance seen in the high-fat, high-sugar choice diet can 

be attributed to peripheral insulin insensitivity (21).  The differences between the choice diet 

used by Apolzan and Harris and the model seen in Fleur et al. (saturated fat, 30% sucrose 

solution, and chow) suggest fat content of diet may not play an extensive role in obesity-related 

issues like glucose clearance. Furthermore, carcass fat was the same for both choice rats and 

high-fat diet rats, but high-fat diet rats gained the most weight (33).  

Obesity arises due to environmental and/or genetic factors. Increased sedentary lifestyle 

in conjunction with a positive caloric balance (i.e. energy consumed > energy expended) may 

result in excessive fat accumulation as seen in obese individuals. Some genetically-predisposed 

individuals may acquire obesity through a mutation of either the leptin receptor or the leptin gene 

(18). Few humans have developed obesity by leptin-related mutations (69). Instead, the onset of 

obesity may be attributed to the rise in calorically-dense palatable foods in higher-income 

countries. Therefore, the human pathogenesis of obesity must be replicated in animal studies to 

understand obesity-related effects and its pathological outcomes. The choice diet is a potential 

model imitating the food selections, usually high in fat and sugar drinks, available in diets 

consumed by humans. To the best of our knowledge, there are no studies examining adipocyte 

morphology in choice diet-induced obesity animal models. More specifically, the effects of 

choice diet on periuterine adipose tissue have not been previously addressed. Understanding the 

response of periuterine adipose tissue to obesogenic diets may lay the foundation for future 

studies examining the impact of diet on reproductive outcomes.  
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CHAPTER 2 

SPECIFIC AIMS 

Preconceptional obesity is a risk factor 

for infertility and adverse reproductive 

outcomes. Obese women who become 

pregnant are more likely to have a pregnancy 

loss, pregnancy complications, labor and 

postpartum challenges, fetal defects and 

abnormal growth and development. The 

prevalence of obesity among women of reproductive age in the United States has increased from 

10% in the 1970s to 32% in the 2000s. These alarming statistics and the deleterious impact of 

obesity on reproductive health create an urgent need to design interventions to manage 

preconceptional obesity.  

One of the main features of obesity is adipose tissue remodeling, involving fat expansion, 

inflammation, altered release of adipokines, and adipocyte turnover. The impact of obesity on 

adipose tissue expansion differs with each adipose depot throughout the body, suggesting that 

obesity affects adipose tissue in a regional manner.  Periuterine adipose tissue is part of visceral 

adipose tissue that specifically surrounds the uterus and uterine vasculature. The responses of 

periuterine adipose tissue to diet-induced obesity and the functional consequences of these 

 

 

 

 

 

Figure 1. Central hypothesis. A choice diet of lard, 
sucrose, and chow offered to rats with ad libitum access 
results in excessive caloric intake, which induces 
structural changes in periuterine adipose tissue and causes 
features of the metabolic syndrome. 
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Periuterine Adipose 
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Metabolic 
Dysfunction 
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responses are largely unknown. My long-term goal is to understand how diet-induced obesity 

affect reproductive and gestational outcomes and what interventions may be effective in 

managing preconceptional obesity. Accordingly, the objective of my research is to characterize 

the effects of free access to lard, sucrose, and chow (choice diet) on metabolic function and 

periuterine adipose tissue morphology. The central hypothesis is that three weeks of choice diet 

will induce features of metabolic syndrome and morphological changes in periuterine adipose 

tissue in young female, non-pregnant rats (Figure 1).  

Specific Aim 1: To characterize the effect of a choice diet on cardiometabolic function in female 

rats. Hypothesis: Free access to lard, sucrose, and chow for three weeks will result in increased 

body weight, adiposity, glucose intolerance and hyperlipidemia, and will decrease insulin 

sensitivity in female non-pregnant rats.   

Specific Aim 2: To determine the effect of a choice diet on periuterine adipose tissue 

morphology. Hypothesis: Free access to lard, sucrose, and chow for three weeks will result in 

increased adipocyte number and size in periuterine adipose tissue in female non-pregnant rats. 
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SIGNIFICANCE & INNOVATION 
 

Significance 
 

In obesity, adipose tissue expansion and remodeling affects cardiovascular and metabolic 

functions via the release of endocrine and paracrine factors. Adipose tissue transcriptional and 

morphological changes in response to obesity vary with each depot throughout the body, 

suggesting that the paracrine actions of adipose tissue may also vary with anatomic location. 

Periuterine adipose tissue is in a close proximity with the reproductive organs and the growing 

fetus during pregnancy; however, its role in reproductive function and capacity is largely 

unknown. Furthermore, it is not understood whether periuterine adipose tissue undergoes 

expansion and functional changes in response to diet-induced obesity. In this study, we propose 

that periuterine adipose tissue undergoes expansion, including hypertrophy and hyperplasia, in 

response to a high-fat, high-carbohydrate diet that mimics human dietary habits associated with 

the development of obesity. The contribution of this study is significant because it is the first step 

in a continuum of research that is expected to fully characterize the role of periuterine adipose 

tissue in reproductive function and determine how obesity may affect this function, leading to 

adverse reproductive outcomes. Periuterine adipose tissue may be a target for genetic, 

nutritional, or surgical interventions in obese women, who plan to become pregnant.  

 

Innovation 
 

Jungheim et al. showed more damaged ovarian follicles and smaller mature oocytes in mice fed a 

high fat diet compared to controls, thereby suggesting that diet-induced obesity elicits an effect 

on reproduction (39). Although the potential importance of obesity as a risk factor for adverse 
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reproductive outcomes has been recognized, no studies have identified the structural changes in 

periuterine adipose tissue in animal models of diet-induced obesity. High-fat diets do not closely 

mimic the human diet characterized by free access to high-fat and high-sugar drinks. Harris et al. 

have extensively characterized the choice diet model of obesity (free access to lard, sucrose, and 

chow) in male rats (4, 5, 33). One of the innovative aspects of my study is that I applied this 

model in female rats that are known to often have differential responses to obesogenic diets from 

those of male rats (54). Another innovative aspect of this study is that it focuses on the 

assessment of periuterine adipose tissue morphology in response to obesity. The approach to 

assess adipocyte morphology is another source of innovation. Assessment of adipose tissue 

morphology has shifted from counting cells after collagenase digestion of adipose tissue to 

utilizing more sophisticated image analysis software (16, 34, 77). The research proposed in this 

report is innovative because it represents a new and substantive contribution to the field, namely 

the effects of diet-induced obesity on periuterine adipose tissue with an image analysis approach. 

The protocol used to assess adipocyte morphology was developed as part of this project and 

provides a new technique for our laboratory.  
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MATERIALS AND METHODS 
 

Animals 
 

All protocols were approved by the Institutional Animal Care and Use Committee of 

Augusta University in accordance with the Guide for the Care and Use of Laboratory Animals of 

the National Institutes of Health.  

Two cohorts of rats (12-15-week old) were used for this study. Cohort 1: Sixteen virgin 

female rats (Sprague Dawley, Harlan, Indianapolis, IN) weighing approximately 200 g were 

individually housed in hanging wire mesh cages. These rats were used to characterize body 

composition and metabolic responses to choice diet in female rats. The following experiments 

were performed in cohort 1: daily food and body weight monitoring, glucose tolerance (GTT) 

and insulin tolerance (ITT) tests, body and organ weight measurements, and % carcass fat 

measurements.  Cohort 2:  Sixteen virgin female rats (Sprague Dawley, Harlan, Indianapolis, IN) 

weighing approximately 200 g were individually housed in rat cages with standard rodent 

bedding. These rats were used to characterize the morphological changes of periuterine adipose 

tissue in response to choice diet. The following experiments were performed in cohort 2: blood 

pressure measurements at the end of the study, and excision, weighing, fixation, and processing 

of periuterine adipose tissue for histology analysis.  All animals were in a room maintained at 

20–23°C with lights on for 12 h/day from 7:00 AM.   

 

Experimental Design 
 

Rats were allowed to adapt to their environment for 1 week before the initiation of any 



17 
 

experimentation and baseline recordings (i.e. acclimatization period).  Baseline measurements of 

food intake and body weight were recorded for 5 days following the acclimatization period. 

During the baseline period, all rats had free access to chow (Harlan Teklad Rodent Diet 8604; 

24% minimum protein, 4% minimum fat) and water.  After the recording of baseline measures, 

the rats were divided into 2 weight-matched groups.  One group of rats (chow group) remained 

on chow and the other group of rats (choice group) had free access to chow, 30% sucrose 

solution (w/v; Kroger Sugar, Hood Packing Corporation, Hamlet, NC), and lard (Armour, 

ConAgra Foods, Omaha, NE).  All rats had free access to water.  Body weights and energy 

intakes were recorded daily for 21 days in cohort 1. Chow intakes were corrected for spillage. A 

GTT was performed on day 14 and an ITT was performed on day 19 in cohort 1 (described in 

detail subsequently). All rats were euthanized after 3 weeks on a chow or choice diet. Figure 2 

illustrates the timeline of the experimental design.  

 

Experimental Procedures 
 

Glucose and insulin tolerance tests: On day 14, food was removed from the cages at 8:00 AM. A 

GTT started at 1:00 PM delivering a bolus of 1 g glucose/kg body weight intraperitoneally. On 

day 19, food was removed from cages at 7:00 AM and started an ITT at 1:00 PM by delivering a 

bolus of 75 units insulin/kg body weight intraperitoneally.  Blood glucose was measured in tail 

blood samples (EasyGluco blood glucose test strips, US Diagnostics) at 0, 15, 30, 45, 60, 90, and 

120 min after glucose injection and at 0, 15, 10, 20, 30, 45 min after insulin injection.  Food was 

returned to the cages at the end of the GTT and ITT.  

Blood pressure measurements, euthanasia, and tissue collection: Rats in cohort 1 were 
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anesthetized and euthanized via decapitation on day 22 and trunk blood was collected for 

measurements of triglycerides (TG: L-Type TG H kit; Wako Chemicals).  Retroperitoneal, 

brown (periaortic and intrascapular), inguinal, periuterine, and subcutaneous fat pads were 

excised and weighed (wet weights). Rats in cohort 2 were anesthetized with isoflurane (initially 

with 5% and then maintained at 2% in 100% oxygen) on day 22 for blood pressure 

measurements. Blood pressure was measured via a P-10 catheter inserted into the right femoral 

artery and attached to a pressure transducer. Following 10-min of stable arterial pressure 

recordings, rats were euthanized by removal of their hearts.  

Adipose tissue processing: Periuterine adipose tissue (from cohort 2) was excised, weighed, and 

fixed in 4% paraformaldehyde and stored at 4oC for 24 hours. Then, it was transferred to 70% 

ethanol and stored at 4oC until further processing. Samples were embedded in paraffin, sliced 

into 5 µm sections, and stained with hematoxylin and eosin (H&E; Augusta University Histology 

Core, Augusta, GA).  

Adipose tissue morphology and data analysis: Adipose tissue histological sections (5 µm) from 

cohort 2 were digitally captured using Nikon microscope and digital camera (Nikon Instruments, 

Tokyo, Japan) at 10x magnification and analyzed using NIS Elements software (Nikon 

Instruments, Tokyo, Japan). Two sections for each sample were analyzed. Five different 

measurement frames (1500 x 1500 µm) were taken for each section. Linear contrast was applied 

to enhance the visibility of cell membranes and distinguish them from the cell interior where 

lipid droplets are present. To determine hypertrophy and hyperplasia, I used NIS Elements 

software to measure cross sectional area/cell and number of cells/unit area, respectively. 

Measurement of area was expressed in micrometers squared. Cell count was described as number 

of cells determined by the software.  Appendix 1 includes a detailed description of image capture 
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and analysis, a standard operating procedure (SOP) for adipose tissue analysis as established in 

this study, and representative images of periuterine adipose tissue were obtained.   

Statistical Analysis  
 

Group differences (chow vs. choice diet groups) in single endpoint measures that were not 

normally distributed, such as fasting glucose measured before initiation of GTT, blood pressure, 

and triglycerides, were determined by Mann-Whitney U tests. Differences in daily energy intake, 

body weight, and responses to GTT and ITT were determined by two-way analysis of variance 

(ANOVA) with repeated measures (factor 1: time, factor 2: group membership) followed by 

Sidak post-hoc test. Student’s t-test was used to assess group differences in adipose tissue 

morphological characteristics such as cell area and cell count, and it was also used to determine 

group differences in fat depot weights and overall total energy intake. Mann-Whitney U test was 

used to detect group differences in retroperitoneal fat and periaortic fat, which were not normally 

distributed. Pearson correlation was used to test the relationship between variables. Exact p-

values are presented for all tests. Values are presented as mean± SEM. 

Power analysis: We estimated the number of animals necessary to complete each experiment to 

achieve a power of 0.80 to 0.85 with a probability of a Type I error of 0.05.  These numbers were 

chosen as being reasonably representative across a wide range of physiological parameters (i.e. 

fasting glucose, triglycerides). 
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RESULTS 
 

The primary objective of these experiments was to investigate the effects of consumption of a 

choice diet, consisting of chow, 30% sucrose solution, and lard on periuterine adipocyte 

morphology. The secondary objective was to characterize features of the metabolic syndrome in 

female rats fed a choice diet.  

Effects of free access to lard, sucrose solution, and chow on energy intake. Total energy intake 

was greater by 50% in rats fed choice diet compared to rats fed rodent chow (Figure 3A). Figure 

3B illustrates daily energy intakes for chow and choice rats across the 3-week feeding period. 

Energy intake of choice rats was greater than that of chow rats starting on day 2 and remained 

elevated until day 8. Then daily energy intake was reduced by approximately 25% in choice rats 

(compared to the first 8 days of diet) but remained greater than the energy intake of chow rats 

throughout the study. Fluctuations in daily energy intake were not seen in chow rats. Fifty two 

percent of total energy intake of rats fed choice diet was derived from lard (Figure 3C).  

Effects of free access to lard, sucrose solution, and chow on body weight and fat. Baseline 

body weight was not significantly different between choice diet-fed and chow-fed rats. Body 

weight increased throughout the 21-day dietary intervention in both groups (Figure 4A). There 

were no differences in body weight between groups at the end of the study (220.5 ± 3.8 g vs. 

218.6 ± 4.1 g; p=0.74). Carcass percent fat (% body fat) was greater in choice compared to chow 

rats by 60% (Figure 4B). Body fat of chow rats ranged from 3.08%-4.91%, whereas body fat for 

choice rats ranged from 6.88%-16.55%. There was a positive correlation between % body fat and 

total energy take (r=0.9, p <0.0001).  
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Effects of free access to lard, sucrose solution, and chow on metabolic and cardiovascular 

outcomes. There were no differences in glucose tolerance between groups on day 14 (Figure 

5A). However, fasting blood glucose was greater in choice compared to chow rats (Figure 5B). 

Whole-body insulin response was assessed by insulin tolerance test on day 19, and there were no 

differences in glucose responses between choice and chow rats (Figure 5C). Choice rats had 

greater concentrations of circulating triglycerides compared to chow rats (Figure 5D).  Mean 

arterial pressure was also higher in choice than in chow rats (95.79 ± 5.14 mm Hg vs. 88.55 

±3.53 mm Hg; p=0.01).  

Free access to lard, sucrose solution, and chow effects on periuterine adipocyte morphology. 

Periuterine adipose tissue was heavier in choice compared to chow rats in both study cohorts. 

Table 1 illustrates weights of various adipose tissues, including periuterine adipose tissue, in 

cohort 1. Figure 6A shows differences between choice and chow rats in periuterine adipose 

tissue weight from cohort 2. This cohort was used to assess the effects of choice diet on adipose 

tissue morphology. Periuterine adipocyte number was lower in choice rats (Figure 6B), 

indicating that periuterine adipose tissue underwent hypoplasia in response to choice diet. 

Periuterine adipocyte area was greater in choice compared to chow rats (Figure 6C), indicating 

that choice diet induced a hypertrophic response. Figure 7 represents the frequency distribution 

of cell size within each group. Periuterine adipose tissue from choice rats had a greater 

percentage of large cells compared to adipose tissue from chow rats; cells greater than 2000 µm2 

were present only in choice diet-fed rats.  
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DISCUSSION 

Our experiments provide evidence that free access to sucrose solution, lard, and chow 

(choice diet): 1) increased visceral adiposity, serum triglycerides, arterial blood pressure, and 

fasting glucose (features of metabolic syndrome) in female rats of breeding age and 2) resulted in 

expansion of periuterine adipose tissue characterized by adipocyte hypertrophy, not hyperplasia. 

As part of this study, I developed a protocol to assess adipocyte morphology using a computer-

based assessment of H&E sections of periuterine adipose tissue. 

Our data show that female rats fed a choice diet had greater total energy intake compared 

to rats fed normal chow. These findings are in agreement with previous studies utilizing the 

choice diet model in male rats (33). Daily energy intake recordings indicated that choice rats had 

a substantial increase in caloric intake during the first week exposed to the diet, while caloric 

intake was reduced and then became stable for the remainder of the dietary intervention. The 

initial spike in energy intake may be in part due to the novelty of the diet. Regardless of these 

fluctuations, the choice diet group had higher daily energy intake compared to chow group 

throughout the study. This pattern in daily energy intake and total energy intake was previously 

found in male rats offered choice diet (33). Choice rats consumed less amount of chow than 

chow rats, possibly due to the increase in food options or due to innate preference for lard and 

sucrose.  In an early study, Cook et al. provided evidence that innate macronutrient preference 

(i.e. fat vs. carbohydrate preference) can influence caloric intake and body composition changes 

in nutritional studies (19).  

Choice rats had more adiposity than chow rats but there were no differences in body 

weights between groups. Smith et al. found that macronutrient preference rather than caloric 

intake predicted degree of adiposity and weight gain (86). Sprague-Dawley rats determined as 
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fat-preferrers and carbohydrate-preferrers demonstrated differences in fat deposition and body 

weight gain when they were exposed to high-fat and high-carbohydrate diets (86). Despite 

similar body weights, fat-preferring rats had increased adiposity compared to carbohydrate-

preferring rats (86). These data suggest that ingestion of fat and not excess caloric intake 

determines increase in fat deposition. Indeed, in our study, most of the total energy intake in 

choice rats was attributed to lard. This may explain why despite similar body weights, choice rats 

had increased total adiposity compared to chow rats.  

Previous studies have described the effects of polygenetic factors on physiological 

responses to obesogenic diets (56). These factors may explain why some individuals have greater 

changes in body composition and in metabolic function compared to others in response to a diet 

(i.e. responders vs. non-responders). Levin et al. demonstrated that in an outbred population of 

Sprague-Dawley rats the majority of animals were prone to diet-induced obesity, while some 

were resistant to it (56). In our study, we tested a small number of animals, which did not allow 

for the determination of responders vs. non-responders. Nevertheless, we did not observe high 

variability in body composition and metabolic responses within the choice-diet group.  

Choice rats developed some features of the metabolic syndrome within only three weeks. 

In agreement with others who have employed the choice diet, we found that rats fed a choice diet 

had increased visceral and total adiposity, high concentrations of triglycerides and fasting blood 

glucose, and high blood pressure (33). However, we did not observe glucose intolerance and 

insulin resistance, which have been reported by others (33). Sex may play a role in discrepancies 

between studies. Estrogen confers protection against metabolic dysfunction through regulation of 

insulin secretion by pancreatic β-islet cells and independent action on adipose tissue distribution 

(61). Therefore, it is possible that impaired glucose clearance and insulin resistance take longer 
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than three weeks of free access to chow, 30% sucrose solution, and lard to develop in young 

female rats.    

Total adiposity measured as a percent carcass fat and weights of fat depots were greater 

in choice than in chow rats. These data are in agreement with studies in male rats fed with choice 

diet (33). The main focus of our study was the morphological responses of periuterine adipose 

tissue to choice diet. Periuterine fat was heavier in choice than in chow rats. To the best of our 

knowledge, this is the first study investigating the effects of choice diet on reproductive fat. 

Histomorphometric analysis showed that periuterine adipocytes underwent hypertrophy in 

response to choice diet, but we did not observe hyperplasia. Assessment of cell size distribution 

also revealed a higher frequency of cells < 2000 µm2 in periuterine adipose tissue of choice 

compared to that of chow rats. The increase in size, but not in number, of periuterine adipocytes 

is in line with previous studies examining various visceral fat depots in other animal models of 

obesity (96). Similar to our study, Wang et al. showed that visceral obesity in ob/ob mice 

exposed to a high-fat diet occurred through hypertrophy and not hyperplasia of adipocytes (96). 

Subcutaneous adipocyte hypertrophy and hyperplasia are strongly associated with a 

predominantly pro-inflammatory secretion profile resulting in metabolic dysfunction (85, 94). 

Preliminary investigation of inflammatory adipokine expression in periuterine adipose tissue of 

choice and chow rats revealed that choice diet promoted a pro-inflammatory profile (Appendix 1, 

Figure 8). Further studies are needed to verify this information and to investigate the effects of 

choice diet on the secretion pattern of these adipokines. 

In our study, we used a semi-automated digital image capture and analysis of H&E 

stained sections of periuterine adipose tissue from both groups. Other methods have been 

previously utilized for quantitative histological analysis of adipose tissue morphology (16, 34, 
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99). The principle behind many of these techniques involves perturbation of the tissue with 

collagenase permitting for isolation of fat cells, which are later stained and/or analyzed by a cell 

counter such as a coulter counter or hemocytometer (34). The main drawback of these techniques 

is that separation of cells through collagenase digestion, centrifugation, and/or mesh separation 

may break or exclude adipocytes. Quantitative cell sorting technology, such as flow cytometry, 

involves highly specific skills and costly machinery. Other methods tag lipids with fluorophores 

upon which adipocyte size and number may be determined using confocal microscopy (68). One 

of the limitations of this technique is that a required number of cells is needed to ensure accuracy 

making this technique slow and laborious. Furthermore, threshold for size and area may exclude 

adipocytes that fall outside of the threshold. This threshold was established based on reports 

from previous groups to eliminate artifacts generated by either the staining or digital image 

capture (77). Our protocol for measuring adipocyte morphological parameters has its own 

limitations. It is semi-automated and the users manually eliminate cells that were inaccurately 

identified by the software as objects. The semi-automated nature of this protocol may introduce 

human errors and biases. To reduce user bias, however, we performed examination of all 

samples where user was blinded to the group that each sample came from. To increase the 

accuracy of our analysis, we also analyzed two sections per sample. Our next step is to assess 

inter-observer variability to further reduce the observed bias in counting these cells.  

 There are a few limitations with regards to the diet-induced obesity model used in this 

study. Although the short duration of the choice diet is a strength, it is also a limitation because 

currently, we do not know whether rats exposed to long-term choice diet would adapt by altering 

their macronutrient preferences and physical activity levels. The latter was not assessed in this 

study and thus, it is unknown whether changes in physical activity levels also contributed to 
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adiposity changes. An additional limitation of our study is that we did not control for potential 

effects of estrus variations on our measurements. The main strength of our study is that we used 

a model of obesity that closely mimics obesogenic dietary habits in humans. This model induces 

rapid development of features of metabolic syndrome in rats, allowing for assessment of 

physiological mechanisms at the onset of obesity and overcoming the confounding effects of 

aging.   
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SUMMARY AND CONCLUSION 
 

In summary, free access to chow, 30% sucrose solution, and lard, induces features of metabolic 

syndrome and periuterine adipocyte hypertrophy and hypoplasia in young female rats. Cross-

sectional comparisons between our study and other studies in male rats reveal sex differences in 

responses to choice diet. The lack of impaired glucose tolerance and insulin resistance suggests 

there may be female-specific factors (i.e. estrogen) that contribute to protection against 

dysfunctional glucose and insulin handling. Longer exposure to choice diet may be necessary to 

induce glucose intolerance and insulin insensitivity in female rats. The main premise of this 

study is that diet-induced morphological changes in periuterine adipose tissue may affect 

reproductive function. Future studies will investigate the secretory profile of periuterine adipose 

tissue and its role in reproductive capacity (i.e. fertility) and pregnancy outcomes (i.e. maternal 

cardiovascular responses and fetal development) in female rats offered the choice diet.  
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Figure 2. Experimental Design. Female Sprague-Dawley rats were assigned into two weight-
matched groups: 1) Chow group - ad libitum access to rodent chow, 2) Choice group - ad libitum 
access to lard, 30% sucrose solution, and chow.  Two cohorts of rats (n=16/cohort) underwent 
this protocol. All rats were euthanized on day 22. An intraperitoneal glucose tolerance test (GTT) 
was performed on day 14, and an intraperitoneal insulin tolerance test (ITT) was performed on 
day 19 in cohort 1. Blood pressure was measured in cohort 2 prior to euthanasia.  
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Figure 3. A) Total energy intake. Total energy intake was greater in rats fed choice diet 
compared to rats fed normal chow. Student’s t-test. Mean ± SEM. B) Daily energy intake. Daily 
energy intake was greater in choice compared to chow rats. Two-way ANOVA with repeated 
measures followed by Sidak post-hoc test. Mean ± SEM. *p<0.01 C) Energy intake per food 
component. Rats fed a choice diet derived most of their energy from lard. Mean ± SEM. 
n=8/group. 
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Figure 4. A) Daily body weights. Body weight increased over the 21-day dietary intervention in 
both groups. Two-way ANOVA with repeated measures. Mean ± SEM. B) % Body fat at the end 
of the study. Choice rats had greater amount of total adiposity. Mann-Whitney U test. Median ± 
range. n=8/group.  
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Figure 5. A) Glucose tolerance test on day 14. There were no group differences in glucose 
concentrations after an intraperitoneal injection of a bolus of glucose. Two-way ANOVA with 
repeated measures. Mean ± SEM. B) Fasting blood glucose (day 14). Choice rats had greater 
fasting blood glucose than chow rats. Mann-Whitney U test. Median ± range. C) Insulin 
tolerance test on day 19. There were no group differences in glucose concentrations after an 
intraperitoneal injection of a bolus of insulin. Two-way ANOVA with repeated measures. Mean 
± SEM. (A-C) n=7 for choice; n=8 for chow. D) Triglycerides concentrations. Choice rats had 
greater triglyceride concentrations. Mann-Whitney U test. Median ± range. n=8 for choice; n=6 
for chow, 
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Figure 6. A) Periuterine fat weight. Rats offered the choice diet had heavier periuterine fat than 
rats fed chow only. B) Periuterine adipocyte number. The number of adipocytes was reduced in 
choice as compared to chow rats. C) Periuterine adipocyte size. The size of adipocytes was 
increased in periuterine fat from rats fed a choice diet when compared to periuterine fat from 
chow rats. Student’s t-test. Mean ± SEM  
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Figure 7. Choice rats had a greater frequency of large cells compared to rats fed chow. A) 
Frequency distribution of periuterine adipocyte size from chow-fed rats. B) Frequency 
distribution of periuterine adipocyte size from choice diet-fed rats.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1 0 0 0 2 0 0 0 3 0 0 0
0

5

1 0

1 5

2 0

S iz e  o f C e ll   (µ m 2 )

%
 c

e
ll

s

0 2 0 0 0 4 0 0 0 6 0 0 0 8 0 0 0 1 0 0 0 0
0

1 0

2 0

3 0

4 0

S iz e  o f C e ll   (µ m 2 )

%
 c

e
ll

s

A ) B )  C h o w                                                           C h o ic e



34 
 

 
Table 1. Fat depot weights of rats from cohort 1 

 
Student’s t-test (periuterine, inguinal, intrascapular, mesenteric) and Mann-Whitney U test 
(retroperitoneal, periaortic). Values are mean (Min-Max). n=8 rats/group except for periuterine 
fat depot where n=7 for chow rats and n=6 for choice rats.  
 

 

Fat Depot Weight (g) Chow Choice p-value 

Periuterine 2.06 (1.18-2.06) 5.00(4.20-5.82) <0.0001 

Inguinal 1.91 (1.58-2.62) 2.98 (2.26-3.92) 0.0007 

Intrascapular brown 0.28 (0.21-0.55) 0.61 (0.36-1.04) 0.0033 

Mesenteric 1.39 (0.85-2.17) 2.81 (2.1-4.25) 0.0002 

Retroperitoneal 0.52 (0.34-0.73) 1.84 (1.15-2.10) 0.0002 

Periaortic 0.14 (0.11-0.19) 0.36 (0.24-0.61) 0.0002 
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APPENDIX 

1. Narrative Description of Adipocyte Protocol 

Digital images of histological sections were taken using Nikon microscope and NIS 

Elements software. To enhance the cell membranes so it is distinguished from the cell 

interior where lipid droplets are present, linear contrast was applied to enhance the visibility 

of the cell membranes and distinguish them from the cell interior where lipid droplets are 

present. These features outline the adipocyte in relation to differences in saturation and 

intensity of pixels. Software feature “Detect edges” was applied to convert the picture into a 

binary image, where there are only two values for a pixel: 0 for black and 1 or 235 for white. 

Rough edges were smoothened using a predefined algorithm by using a user-defined 

structuring element. Small objects were excluded through image erosion. Image erosion 

refers to the application of a user-defined structuring element on a binary image. If the 

structuring element was contained within the object, then the object was retained. However, 

if the structuring element was larger than the object, then the pixel values corresponding to 

that object were removed. Afterwards, the remaining objects were returned to their original 

size and shape. To apply image erosion, we selected the software feature “Clean”. Holes 

within the image are filled if this option is selected by user. Further restrictions were applied 

to exclude software-identified cells that were not visibly adipocytes. These restrictions 

include eliminating identified objects: circularity less than 0.30 and size of cells less than 40 

µm2. Also, cells lying on the border of measurement frame were excluded.   

 To assess change in cell number/unit area, change in adipocyte area/unit cell and change 

in size distribution between chow and choice groups, the area of each cell and number of 
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cells were identified for each measurement frame using Nikon software. Total adipocyte area 

was calculated for each measurement frame in addition to the total number of cells per unit 

area. Unit area will be based on the area of measurement frame. The mean of each section 

was calculated based on determined values for all measurement areas. Values from both 

sections were averaged to determine the mean value of each measurement for one sample.  

 

2. Standard Operating Procedure (SOP) for Image Capture and Analysis 

Image Capture 

1. Place slide onto mechanical stage.  

2. Turn Nikon microscope with digital camera on and open NIS Elements software from 

desktop. 

3. At 10x magnification, adjust the focus using the fine and coarse focus knobs to identify 

the adipocytes within the sample.  

4. Switch view from “bino” mode to photography mode by switching knob on side of 

microscope to “photo” mode.  

5. On desktop, NIS Elements software should be open. Click green play button to connect 

the digital camera of the microscope with the software. This will provide a live image of 

the microscope slide. Adjust focus as needed.  

6. Click “AWB” icon to provide an auto white balance to picture.  

7. Click camera icon that has a plus sign lying over it to capture the image automatically. 

This provides a set exposure time to develop the image.  

8. Save image to desktop.  
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Image Analysis 

9. Open base image from desktop in the NIS Elements software window.  

10. Create a duplicate with Shift+Ctrl+F12. This can also be done by clicking “File” in 

ribbon at the top of window, then selecting “Duplicate” in the subsequent list.  

11. Apply a linear contrast to image with Shift + N. Minimum and maximum values should 

be set at 28 and 128, respectively. This can also be accomplished by clicking “Image” in 

ribbon at top of window, then selecting “Contrast”. A contrast enhancement dialogue box 

will open. Set the minimum and maximum values as described previously. Click “OK”.  

12. Outline the edges of cells with “Detect Edges” function. This can be obtained by clicking 

“Image” in ribbon at top of window, then click “Detect” in subsequent list. Click “Detect 

Edges” in subsequent list.  

13. Apply a measurement frame by clicking “Measure” in ribbon at top of window, then 

click “Measurement frame” in subsequent list. “Frame Properties” dialogue box will 

open. Set line width to 1 pm. Set units to µm. Set width and height to 438.99 µm and 

401.792 µm, respectively.  

14. Use Object Count Feature. This feature can be accessed by clicking “View” in ribbon at 

top of window then clicking “Analysis Controls”, then clicking “Object Count”. An 

“object count” dialogue box should pop open. Shortcut is Ctrl + Alt+ O.  

15. Working from within the Object Count box, click “HSI”. Then, click hair point tool 

below HSI.  Set the following parameters for morphological functions:  

• Smooth 16x 

• Clean 16x 
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• Fill Holes OFF 

• Separate 4x  

16. Set the following restrictions in the “object count” dialogue box:  

a. Minimum area:  40 µm2  

b. Minimum circularity: 0.30 

17. Using hair point sampling tool, in the image, click on areas of interest (i.e. within the 

cell).  

18. Now manually delete objects that are not cells from the results by clicking on object 

within image and right-clicking on object highlighted on object count dialogue box to 

click “Delete”.  

19. If needed, adjust the boundaries of selected objects to match the original cell’s boundaries 

by clicking “ROI editor” in ribbon. Then, click any of the drawing tools, and click on the 

cell, and draw the entire boundary of each desired cell. Click “Save” in ROI editor 

ribbon, then click “Exit Editor”.  

20. Export Results to Excel File, and save image as Tagged Image Format or TIF.  
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3.  Representative Images of Periuterine Adipose Tissue 

 

A)                                                                                                               

B)                                                                                 

C)                                                      

 

Figure 8.  Representative images of periuterine adipose tissue from a young female rat fed chow 
at 10x magification. A) Base image, B) Image after linear contrast has been applied, C) Image B 
after “Detect Edges” feature has been applied.  
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4. Preliminary study: Adipokine protein expression in periuterine adipose tissue 

 

Figure 9. A proteome profiler rat adipokine array kit (R&D Systems) was used to detect multiple 
adipokines in periuterine adipose tissue lysates from choice and chow rats (n=1/group). Samples 
were analyzed in duplicate on nitrocellulose membranes. Expression of pro-inflammatory 
adipokines and insulin growth factor binding proteins were greater in periuterine adipose tissue 
from choice compared to chow rats.    

AGPTL-3: angiopoietin-like protein 3; IL-10:interleukin-10; IGF-1: insulin growth factor-1; 
PREF-1; preadipocyte factor-1; ICAM-1: intercellular adhesion molecule 1; IGFBP-6: insulin 
growth factor binding protein-6; MCP-1:monocyte chemoattractant protein-1; IGFBP-5: insulin 
growth factor binding protein-5; TIMP-1: tissue inhibitor matrix protease-1; IGFBP-3: insulin 
growth factor binding protein-3; DPPIV: dipeptidyl peptidase-4 inhibitor; IGFBP-2: insulin 
growth factor binding protein-2; IGFBP-1: insulin growth factor binding protein-1.
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