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ABSTRACT 

LIU, XINHAO, Ph.D., August 2018, Molecular and Cellular Biology 

Effects of Paternal Obesity on the Metabolic Profile of Offspring: Alterations in 

Gastrocnemius Muscle GLUT4 Trafficking and Mesenteric Adipose Tissue 

Transcriptome 

Director of Dissertation: Felicia V. Nowak 

Parental obesity increases the risk of obesity in offspring. The overall hypothesis 

of this work is that offspring inherit altered epigenetic marks from parents that are obese 

due to consumption of high fat diet (HFD). The first specific hypothesis was that 

decreased GLUT4 synthesis or impaired trafficking to plasma membrane occurs in insulin 

resistant HFDO. This study measured expression of total glucose transporter 4, (GLUT4), 

the major insulin-stimulated transporter of glucose into muscle and adipose cells, as well as 

its subcellular distribution in the gastrocnemius muscle. The data showed that the level of 

total GLUT-4, as indicated by a 46kd protein band, exhibits no difference between LFDO 

and HFDO at 1.5, 6 or 12 months. However, when data from animals of all ages are 

combined, total GLUT4 expression is significantly higher in female than male HFDO, 

suggesting that females are protected from IR at least initially by increased GLUT4 

expression facilitating increased glucose transport into skeletal muscle. In contrast, male 

HFDO have higher plasma membrane GLUT4 expression when compared to male LFDO, 
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suggesting a mechanism in skeletal muscle in males to alter GLUT4 subcellular 

distribution and prevent worsening of IR. 

It was next hypothesized that adipose tissue, as an endocrine organ that secretes 

multiple adipokines, also contributes to IR. Male HFDO also have increased body fat and 

increased weight of white adipose tissue (WAT), including mesenteric, subcutaneous, 

gonadal and retroperitoneal depots. Thus, the second specific hypothesis was that altered 

production of certain adipokines occurs in insulin resistant HFDO. Data showed that 

cytokines that increase the risk of IR such as IL1b and Fam3b were increased in male 

HFDO. Ingenuity Pathway Analysis (IPA) analysis showed that differentially expressed 

genes (DEGs) were enriched in pathways related to lipid metabolism, endocrine function 

and multiple organ injuries, such as liver and kidney injuries. This study also 

characterized the transcriptome of adipose tissue and explored the DNA methylation 

status of CpG islands located in the promoter regions of several DEGs. However, no 

DNA methylation differences were detected among these genes, suggesting that the 

observed differential expression is associated with other epigenetic modifications such as 

modification of non-coding RNAs and microRNAs. The sex-specificity of strategies in 

offspring to maintain metabolic balance and resist development of IR strongly suggests 

that epigenetic mechanisms have been set into play by the metabolic status of their obese 

HFD-fed sires. 
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In conclusion, sex-specific strategies in offspring were identified to maintain 

metabolic balance and resist development of IR. GLUT4 expression was increased in 

female offspring and translocation to the active site in plasma membrane was increased in 

HFDO males. RNA sequence analysis revealed altered expression of specific genes in 

mesenteric adipose tissue in HFDO males that may contribute to the observed IR. 

Epigenetic analysis showed that DNA methylation was not the mechanism affecting the 

DEGs studied.  
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CHAPTER 1: BACKGROUND 

1.1 Introduction to Obesity 

Obesity and over-nutrition, along with type 2 diabetes are recognized controllable 

challenges in global health that have developed quickly in the past several decades. In 

1960, 13.4% of the population in United States was obese (1). The number has almost 

tripled, coming to 35.2% in 2014 without discrimination between male and female (1). 

The prevalence of obesity is currently at 37.7% amongst adults over the age of 20 and 

17.2% for children and adolescents in the US (2, 3). Obesity is a disease with many 

contributing factors, including genetic and epigenetic status, parental effects, accessibility 

to excessive food, and lack of exercise (4, 5). Interestingly, obesity predisposes to type 2 

diabetes, which is also characterized by insulin resistance (IR) (6). In 2013, according to 

International Diabetes Federation, 381 million people had diabetes. And by 2030, this 

number is estimated to double because of the rapid incidence (7). Type 2 diabetes 

comprises 90-95% of people with diabetes in the world, while 5-10% have type 1 

diabetes (8-10). Taken together, obesity and type 2 diabetes are two major causes of 

metabolic disease, especially in developed countries. These metabolic diseases put a great 

burden on the afflicted individuals, their families and society and thus it is urgent to study 

the mechanism of obesity and type 2 diabetes with the goal of identifying effective means 

of prevention and treatment. Here, the latest progress in our understanding of obesity and 
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type 2 diabetes and the mechanisms by which the occurrence of these diseases in parents 

can affect offspring will be reviewed.  

1.1.1 Genetic Regulation of Obesity 

Obesity is defined by elevated body mass index (BMI), which is be measured by 

weight in kilograms over height in meters squared (11). IR can also now be measured by 

a well-established standard, Homeostatic Model Assessment-Insulin Resistance (HOMA-

IR) which is a measure used to describe the beta cell function and to quantify IR (12).  

Obesity is characterized by chronic inflammation of adipose tissues and IR (13). 

As a hallmark of obesity, chronic inflammation of adipose tissue has been investigated 

intensively. Weisberg found that macrophages infiltrate the fat tissue initially, and then 

lymphocytes follow and accumulate in the fat tissue (14, 15). Macrophages can be 

divided into two states, M1 and M2, (16, 17), which can transform into each other. M1 

state is pro-inflammatory, while M2 state is found to be protective for adipocytes (18). 

After macrophages infiltrate into fat tissue, they release cytokines such as tumor necrosis 

factor- (TNF-) and interleukin (IL)-6 which activate the inflammation in neighboring 

adipocytes (19). Cancello and Rausch proposed that hypoxia, which can lead to death of 

adipocytes, is the reason for the chronic inflammation and a chemokine, named C-C motif 

ligand 2 (CCL2) is thought to be a key mediator in the inflammatory process (20, 21). 

Another group found that mice are protected from atherosclerotic lesions after CCL2 or 

CCR2, the receptor for CCL2, is knocked out (22, 23). More experiments need to be 
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carried out to demonstrate the role of CCL2 or CCR2. Interferon gamma also plays a role 

in promoting inflammatory response in adipose tissue via increasing production of TNF- 

and activating interferon regulatory factors (IRFs) (24). IRFs can either facilitate 

transcription of inflammatory factors or repress the transcription of anti-inflammatory 

factors (24). 

 

 
Figure 1. Interaction between adipose tissue, skeletal muscle and liver in obesity-related 

metabolic abnormalities. Contributors to systemic IR. Expansion of adipose tissue leads 

to chronic inflammation driven by macrophage infiltration and over production of pro-

inflammatory adipokines. Those adipokines lead to peripheral IR whose major 

contributors are liver and skeletal muscle.   
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Several mechanisms can contribute to IR from different aspects (Figure 1). IR can 

present as normal blood glucose with a high level of insulin (hyperinsulinemia) (25). 

TNF- is thought by some researchers to be a key mediator in pathophysiology of IR. It 

phosphorylates insulin receptor substrate (IRS) proteins on serine residues and prevents 

their interaction with the beta subunit of insulin receptor (26). IL-6 was recently 

discovered to be involved in IR and its expression by adipose tissue is increased in 

obesity (27, 28). IL-6 receptor can initiate a signal pathway overlapping with the insulin 

pathway through modulation of JAK/STAT (29). Activation of JAK leads to activation of 

STAT which is further translocated into the nucleus to regulate target gene transcription; 

however, the exact mechanism is unknown (29). On the other hand, it is interesting that 

adiponectin, a cytokine expressed mainly by adipocytes, actually augments insulin action. 

The circulating level of adiponectin is reduced in obese people. The level of adiponectin 

is inversely correlated to liver gluconeogenesis through activation of AMP activated 

protein kinase (AMPK). AMPK can then inhibit acetyl-CoA carboxylase and two key 

enzymes involved in gluconeogenesis, phosphoenolpyruvate-carboxykinase and glucose-

6-phosphatase (29).  

Resistin is a cytokine that was discovered by Steppan et al. in 2001 (30). They 

investigated the gene expression of resistin and found that resistin levels increased in 

obese rodents but decreased when thiazolidinedione, an insulin sensitizing medication, 

was given (30). Moreover, infusion of resistin into lean control animals induced IR (30). 
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Jackson et al. showed that in mice lacking the resistin gene, fasting glycemia was lower: 

glucose tolerance and insulin sensitivity were increased while hepatic gluconeogenesis 

was decreased (31). In addition to adipocytes, monocytes and macrophage produce the 

largest amount of resistin (31). Resistin gene polymorphisms are believed to contribute to 

the pathogenesis and susceptibility to obesity in the Egyptian population (32). Genotypes 

of RETN (Resistin gene) +299AA and RETN-420 GG are significantly associated with 

obesity as well as with type 2 diabetes mellitus (32). 

Impairment in glucose transportation is likely to indicate problems existing in the 

insulin signaling pathway. Recently, IRS-2, AKT-beta and GSK-3 were shown to play a 

major role in IR in obese mice (33, 34). IRS proteins, which have several isoforms 

including IRS-1, 2, 3, are important in insulin signaling. Based on results from gene 

knockout models, IRS-1 and IRS-2 are the most important in carbohydrate metabolism 

(35). IRS-1 is involved in IR mostly in muscle and fat tissue (36, 37). IRS-2 is not only 

associated with IR of muscle and fat, but may also cause beta-cell dysfunction (38). Akt is 

also a key mediator in the insulin pathway downstream to PI3K that is activated by IRS. 

An increase of the insulin responsive glucose transporter 4 (GLUT4) mediated glucose 

uptake is observed with over-expression of Akt (39, 40). Obese mice have an adequate 

function of Akt-alpha but lose AKT-beta function, showing a decreased insulin sensitivity 

and consequently having a phenotype that resembles type 2 diabetes mellitus (41, 42). 

Glycogen synthesis kinase-3 (GSK-3) is a critical enzyme that is inhibited during 
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glycogen synthesis via Akt phosphorylation (43). Once Akt activation is impaired, GSK-3 

will not be inhibited and will thus counteract glycogen synthesis process (44). 

Furthermore, expression of a GSK-3 mutant that is resistant to phosphorylation results in 

impaired hepatic glycogen storage and glycogen synthase activity (45). Expression of 

GLUT4 is also altered in obesity. Some researchers found that expression of GLUT4 

mRNA is downregulated in subcutaneous adipose tissue of obese individuals, and this is 

considered a major contributor to IR (46). Garvey et al. reported that GLUT4 gene 

expression is normal in skeletal muscle of insulin-resistant patients with obesity (47). 

However, wheel running exercise can upregulate GLUT4 expression in obese mice (47).  

Both db/db mice whose leptin receptor is mutated and unable to bind leptin and 

ob/ob mice whose leptin gene is mutated are commonly used as models for type 2 

diabetes. The leptin gene was the first gene to be discovered to function alone to protect 

people from obesity (48). To date, over 40 genetic loci have been associated with obesity. 

Deletion of fat mass and obesity-associated (FTO) gene, which encodes a nucleic acid 

demethylase, has been found to lead to increased energy expenditure in mice (49), which 

implies that FTO decreases energy expenditure. The melanocortin-4 receptor (MC4R) 

gene, highly expressed in central neuron system, is the most common mutation associated 

with monogenic obesity. Individuals with a mutation in MC4R exhibit hyperphagia, lack 

of satiety and decreased energy expenditure. MC4R is activated by gamma-melanocyte-

stimulating hormone which is derived from the prohormone precursor 



20 

 

 

 

proopiomelanocortin (POMC) and is inhibited by agouti-related peptide (50). Several 

studies have shown also that alpha-melanocyte-stimulating hormone and agouti-related 

peptide inhibit each other and transduce opposite signals at the MC4R (51, 52). PPAR-

gamma, which encodes the peroxisome proliferator-activated receptor is highly expressed 

in WAT and brown adipose tissue. It serves as a master regulator of adipogenesis and a 

potent regulator of lipid metabolism. The insulin sensitizing activity of thiazolidinedione 

is due to its activation of PPAR-gamma (53-55), leading to inhibition of proinflammatory 

transcription factors in adipocytes via transrepression (56, 57). For example, E-box 

transcription factor Twist-related protein 1 (TWIST1) down-regulates the expression of 

inflammatory genes by forming a complex with a corepressor, silencing mediator for 

retinoid and thyroid hormone receptor (SMRT) (58). TWIST1 is also regulated by PPAR-

gamma, which is reduced in fat tissue in obesity (59, 60).  

1.1.2 Epigenetic Regulation of Obesity 

Epigenetic changes do not alter the DNA sequence but have a great impact on the 

transcriptome via a variety of mechanisms including modifying DNA methylation status 

and chromatin accessibility. In chronic inflammation, coactivators, like cAMP response 

element binding (CREB) protein/p300 and switching-defective sucrose non-fermenting 

(SWI/SNF), drive the inflammatory process by activating transcription factors such as 

NF-κB, AP-1, and IRFs, the underlying epigenetic mechanism of which is increasing 

histone acetylation of their promoters (56, 61). By this mechanism, NF-kB activates its 
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target genes such as TNF- and IL-6, thus promoting the inflammatory process (62). 

Corepressors such as nuclear receptor co-repressor 1 (NCOR1) and SMRT also are 

involved in inflammation and assemble multiprotein complexes that contain deacetylases 

to block transcription (63). Studies of genome wide maps of histone modifications have 

shown that methylation of lysine 4 or lysine 36 on histone H3 is associated with 

activation of chromatin, while methylation of lysine 9 and lysine 27 is correlated with 

repression of chromatin (64). For example, loss of the enzyme Jhdm2a, a H3K9 

demethylase, may contribute to obesity by altering the expression of metabolism 

regulating genes (65). CpG island methylation also regulates gene expression as a 

silencing signal. Bouchard et al. found that DNA methylation status in adipose tissue 

differs between people who lose weight and people who do not lose weight on a caloric 

reduction diet (66). Ronn et al. showed that DNA methylation is affected by exercise in 

both muscle and adipose tissue (67). Exercise also affects SMRT, which suggests that 

DNA methylation caused by exercise could influence adipocyte inflammation in humans. 

MicroRNAs (miRs), another class of mediators of epigenetic modification, are also 

involved in the inflammatory process and differentially expressed in the adipose tissues of 

lean and obese subjects (67). MiRs are also regulated by levels of circulating 

inflammatory factors. Interestingly, it has been found that miRs circulate in the blood, 

which suggests that miRs could be endocrine signaling molecules or biomarkers for 

obesity or other metabolic disease (68). 
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IR is also under the epigenetic regulation, through several mechanisms. First of 

all, the liver is an important organ in the regulation of glucose homeostasis (69). IR is 

closely associated with the inability of liver to suppress glucose production (70). Clinical 

data also show that fatty liver is insulin resistant, which is consistent with laboratory data. 

The PPAR-gamma coactivator 1 (PPARGC1A) promoter was studied by Sookoian et al. 

to explore the link between IR and liver dysfunction (71). They found the CpG 

methylation level of the PPARGC1A promoter to be inversely related to mRNA 

expression, and positively correlated with Homeostatic model assessment (HOMA)-IR 

and plasma insulin levels (71). Liver mitochondrial DNA (mtDNA) copy number is a 

measure of mitochondrial function and metabolic activity; it also is negatively correlated 

with PPARGC1A promoter methylation status (71). Adipose tissue, previously considered 

to simply be an energy storage tissue, is now recognized as an endocrine tissue that 

responds to insulin (72). Epigenetic changes in the promoter of adipose tissue GLUT4 are 

also related to IR (74). GLUT4 promoter is demethylated during adipocyte differentiation 

which facilitates nuclear coactivator protein binding to the promoter and insulin 

sensitivity (73). Presence of CG-rich regions in GLUT4 promotor in Fugu suggests that 

Fugu GLUT4 gene could be epigenetically regulated (74). MiRs can also regulate 

GLUT4 expression and translocation in skeletal muscle of an insulin resistant individual 

(75). 
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Epigenetic modifications in obesity have an impact on multiple additional genes. 

As discussed above, CpG methylation is an important regulatory mechanism that 

influences adipogenesis and glucose homeostasis (76). When fed a HFD early in life, 

mice develop hypomethylation in the gene promoter of  the satiety-receptor 

melanocortin-4 receptor (MCR4) but hypermethylation in the gene promoter of the 

satiety-mediator POMC in the hypothalamus; this demonstrates that methylation patterns 

can be altered by nutrition (77, 78). Recently, Stepanow et al. found that increased BMI 

was associated with decreased methylation of exon-1 in melanin-concentrating hormone 

receptor 1 (MCHR1) in peripheral blood mononuclear cells (79). MCH stimulates 

appetite which can lead to obesity. According to Campion et al., many variations in DNA 

methylation at CpG sites of genes that are related to inflammation, adipogenesis and 

insulin signaling in obesity are consistent with those seen in cancer. This is interesting in 

light of the known association between obesity and cancer risk (80). MiR expression is 

different between obese people and lean people, and also differentially regulated between 

pre-adipocytes and mature adipocytes. Most of the miRs are positively correlated with 

adiposity and down-regulated in adipocyte differentiation (81). Moreover, glucose 

metabolism is affected by miRs in subcutaneous adipose tissues. For example, miR-210 is 

down-regulated in subcutaneous adipose tissues in individuals with type 2 diabetes (81).  

1.2 Introduction to The Effects of Parental Obesity 
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The impact of obesity is not constrained to the individual, but affects the offspring 

in many ways because of sharing genes and familial environmental (82, 83). Prevalence 

of childhood obesity tripled between 1980 and 2000 then continued to climb slowly to a 

current prevalence of 26%, compromising health in this population (1-3). Obese children 

are at high risk of continuing obesity in adulthood and of developing comorbidities at a 

younger age that can have immediate consequences, such as dyslipidemia and high blood 

pressure (84). Obesity not only affects children physically but also mentally. Childhood 

obesity is associated with decreased ability to regulate cognitive control networks (4). The 

degree of childhood obesity is positively related with risk of metabolic syndrome, type 2 

diabetes, and early onset of atherosclerosis (85). Children with severe obesity also have 

increased risk of early kidney injury, which manifests as decreased kidney function and 

increased expression of biomarkers of kidney injury (86). Although genetic factors are 

important for obesity transmission through generations, dietary and other environmental 

factors are also critical as they can lead to epigenetic modification, rapidly altering the 

transcriptome and phenotype (5). 

Another important aspect of the epigenetics of obesity is the impact of parental 

obesity on offspring. Some studies report that DNA methylation changes can be 

transmitted to the next generation (87). According to Feinberg et al., methylation status is 

relatively stable over time in individuals but variable when being transmitted to the next 

generation (88). For example, in a genome-wide human epigenetic study, DNA 
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methylation patterns were extremely variable between individuals at 227 regions (VMRs) 

in peripheral blood mononuclear cells, but in 50% of those regions VMRs within the 

genome of an individual were stable for approximately 11 years (88). The authors posited 

that stable epigenetic marks are regulated by genetics and unstable marks are regulated by 

environmental factors (88). In fact, four stable epigenetic changes, which reside within or 

near food and energy related genes, are correlated with BMI (89). This study supports the 

concepts that epigenetic changes can be kept in sperm or eggs and transmitted to 

offspring and that environmental changes that occur during the prenatal period can also 

affect offspring.  

1.2.1 Effects of Maternal Obesity 

Maternal obesity has been under intensive research for many years. Maternal 

obesity increases risk of fetal macrosomia (5), type 2 diabetes and cardiovascular disease 

of offspring in their later lives (90). Maternal preconception BMI is strongly associated 

with increased adiposity of newborn infants (90). Gestational diabetes is also strongly 

associated with obesity and type 2 diabetes in offspring (91). Mother-child cohort studies 

have demonstrated that high pre-pregnancy BMI is associated in offspring with elevated 

leptin, an adipokine which has a role in modulating sympathetic tone in young adults, 

causing increased blood pressure (91). PPARGC1A gene expression is decreased in obese 

woman with IR as determined by HOMA (92). This is associated with increased 

methylation in the promoter region of PPARGC1A in the umbilical cord of fetuses (92). 



26 

 

 

 

Maternal high fat diet (HFD) leads to increased expression of Gpx-1 (glutathione 

peroxidase-1) and decreased expression of Pancreas/duodenum homeobox protein-1 

(PDX-1) in islets of 20 week male offspring, which is correlated with deterioration of 

beta-cell function (93). Maternal obesity is also related to neural tube defects in offspring 

regardless of ethnicity, maternal age or education status (94). There is solid evidence 

demonstrating that epigenetic mechanisms during development in utero are affected by 

maternal undernutrition (95). Evidence includes decreased histone lysine 27 

trimethylation, decreased glucocorticoid receptor (GR) promoter methylation, and 

increased histone H3 lysine 9 acetylation in the hypothalamus of both male and female 

fetuses (95). The resulting upregulation of GR leads to decreased hypothalamic POMC 

expression and increased incidence of obesity in offspring (95). In the hippocampus, the 

mRNA of GR is not changed, indicating that the effects are tissue specific (95). Maternal 

undernutrition around conception will cause epigenetic changes in hypothalamic neurons 

of offspring that regulate metabolic balance and this effect can last up to 5 years [94].  

1.2.2 Effects of Paternal Obesity 

Recently, paternal effects on the epigenetic profile of offspring have also come 

under investigation. Compared with research in maternal obesity, paternal obesity has 

received far less attention, despite the fact that a father contributes half of the genetic 

information to its offspring. The first report in mammals of paternal epigenetic 

transmission of metabolic abnormalities was published in Nature in 2010 and describes a 
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rat model in which paternal obesity altered expression of 2492 genes overall and 642 

pancreatic islet genes in adult female F1 offspring, leading to beta-cell dysfunction (96). 

The affected genes are involved in cation and ATP binding, cytoskeleton and intracellular 

transport; hypermethylation of the interleukin 13 receptor subunit alpha 2 (Il13ra2) gene 

showed the highest fold difference which was a 1.76-fold increase (96). A pre-diabetic 

state in male mice, manifesting as IR, can be induced by HFD and treatment with 

streptozotocin (97). This paternal prediabetic condition also alters epigenetic patterns of 

insulin sensitivity genes, such as phosphatidylinositol 3-kinase regulatory subunit alpha 

(Pik3r1) and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

(Pik3ca), in pancreas and sperm of F1 and F2 generation (generated by mating F1) (97). 

This result is consistent with the findings of another team who first found that paternal 

obesity alters the epigenome of sperm of offspring (F1 and F2) and diminishes fertility in 

both male and female offspring (98). Morita et al. reported that adipocyte Igf2 (insulin-

like growth factor 2) and Peg3 (paternally-expressed gene 3), two paternally imprinted 

genes, contribute to resistance to HFD-induced obesity. Dysfunction of Peg3 is correlated 

with paternal transmission of HFD-induced obesity and Peg3 knockout mice exhibit 

increases in body fat (99). Moreover, Igf2 may regulate growth of adipocytes. Fullston et 

al. reported that HFD induced paternal obesity changes testis expression of 414 mRNAs 

and 11 miRs that potentially program the offspring health (100). For example, although 

fathers with HFD-induced obesity did not have altered glucose homeostasis, both male 
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and female offspring showed impaired glucose tolerance due to IR, and female offspring 

showed increased incidence of obesity. Male offspring had increased levels of leptin, a 

hormone that has been associated with protection from obesity. Interestingly, epigenetic 

marks altered by paternal and maternal obesity in humans can be reversed by weight loss 

through diet and exercise (101, 102). 

1.3 Development of Insulin Resistance in Offspring of Obese Sires 

1.3.1 Relationship of Insulin Resistance and Adipose Tissue  

In addition to pancreas, insulin sensitivity or resistance is most likely to be related 

to adipose tissue and muscle hormones and metabolism. Adipose tissue is both a fat 

depository and endocrine organ that secretes many adipokines that regulate energy 

metabolism (72). Altered secretion of adipokines can predispose offspring to the 

development of an insulin-resistant phenotype (103). Chronic inflammation, an important 

pathologic feature of obesity, is caused by abnormal infiltration of macrophages and 

excess nutrient load in adipose tissue and leads to adipocyte dysfunction in obese 

individuals (15). In 1995, the major proinflammatory factor TNF-α was found to be 

highly up regulated in adipose tissues of obese insulin resistant individuals (104). 

Subsequently, additional inflammatory factors, such as IL-6, IL-1β, and CCL2, were also 

found to be up regulated in the obese state (105). Inflammation also is found in non-

adipose tissues, including liver and pancreas (106, 107). Although the level of 
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inflammation in obesity is modest and local compared to that seen with infection or 

trauma; chronic release of inflammatory factors from adipose tissue can cause IR.  

Adipocytes show impaired insulin signaling and decreased glucose uptake after 

treatment with TNF-α (108). In response to inflammatory signals, kinases that target 

insulin receptor substrate 1 (IRS-1) for serine phosphorylation are activated, such as JNK, 

PKR, S6K, extracellular signal–regulated protein kinase (ERK), and mammalian target of 

rapamycin (mTOR). This inhibits the insulin signaling pathway (109), and suggests that 

diverse cellular network responses are altered during obesity-related IR. Insulin signaling 

depends upon a cascade of reactions, one of which begins with binding of insulin to its 

receptor and ends with increased synthesis of GLUT-4, which is then available for 

insertion into the plasma membrane. This pathway can be impeded by activation of TNF-

αand IL-6 signaling pathways which leads to serine phosphorylation instead of tyrosine 

phosphorylation of  IRS-1 which impairs subsequent insulin signaling (31). Resistin is 

also involved in IR. Serum resistin levels increase with obesity in humans, rats, and mice 

(30).  

1.3.2 Epigenetic Mechanisms of Adipokine Regulation  

Alterations in epigenetic regulation of cytokine genes, like leptin, adiponectin and 

TNF-α, have the potential to affect the metabolic status of offspring of HFD-fed fathers. 

A HFD can induce decreased methylation in the promoter region of leptin in epididymal 

fat of mice at 12 and 18 weeks and thus increase expression of leptin and reduce appetite 
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(110, 111). Modification of the histone H3K9 from methylation to acetylation in the 

adiponectin promoter region, and increased methylation of histone H4K20 in the leptin 

promoter region, are associated with reduced adiponectin expression and enhanced leptin 

expression, respectively, in adipose tissue from offspring exposed to a maternal HFD 

during gestation (112). Methylation of the adiponectin promoter is increased by 

dimethylnucleotide transferase 1 (DMNT1) in adipose tissues and inhibition of DMNT1 

by RG108, a chemical inhibitor of DMNT1, results in increased expression of adiponectin 

and improved insulin sensitivity (111, 113). Bioinformatic analysis of CpG islands in 

promoter regions of other obesity-related genes has identified regions with a high density 

of CpGs in genes implicated in adipogenesis, including human PPARGC1, lipoprotein 

lipase (LPL), fatty acid binding protein 4 (FABP4), and insulin-like growth factor binding 

protein-3 (IGFBP3) (102). These findings support the concept that such genes are subject 

to epigenetic modifications induced by a HFD, and these modifications are then 

transmitted to offspring. Finally although not transgenerational, it has been shown that 

exposure to a range of nutritional insults during fetal life leads to metabolic dysfunction 

and hypertension, which is associated with differentially expressed genes (DEGs), 

including PPARs in offspring kidney (114). There is also evidence that paternal obesity 

induced by HFD leads to alterations in retroperitoneal adipose tissue transcriptomes of 

female rat offspring (115). 

  1.3.3 Relationship of Insulin Resistance and Muscle 
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Skeletal muscle, consisting of 80% of the body lean mass, is the largest insulin 

responsive organ for glucose uptake from the bloodstream. In order to fulfill glucose 

uptake capability, maintaining the integrity of the IRS-1/PI-3 kinase/AKT pathway is 

critical. Muscle IR is a key factor in Type 2 diabetes mellitus (T2DM) and obesity and is 

correlated with increased inhibitory IRS-1 serine phosphorylation and decreased Akt 

activation (116). As a result, downstream events, such as GLUT-4 translocation from its 

internal storage organelle, GLUT-4 storage vesicle (GSV), into plasma membrane, will be 

affected. The insulin responsive glucose transporter, GLUT-4, is a member of the family 

of glucose transporters in which 14 functional isoforms have been identified [116]. 

GLUT4 transport in muscle is impaired by a HFD related to an early insulin-signaling 

defect while GLUT4 expression is normal in soleus muscle (117) (118). Xu et al. has 

reported that insulin can increase translocation of GLUT4 to plasma membrane in insulin 

resistant soleus muscle (119). Gao et al. reported that insulin stimulation increases the 

total number of GLUT4 molecules and decreases the cluster size of GLUT4 in plasma 

membrane (120).  

PGC-1 is a transcription factor that regulates GLUT4 expression. 

Hypermethylation in the promoter region of PGC-1 can be induced by HFD and reversed 

by exercise (121). This suggests GLUT4 expression can be regulated epigenetically. 

Muscle also has the constitutive transporter, GLUT-1, and these two transporters facilitate 

uptake of glucose into gastrocnemius muscle. Additional glucose transporters in muscle 
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include GLUT3, GLUT6 and GLUT10 (122), but their contributions to basal uptake of 

glucose by gastrocnemius muscle remains to be established. Interestingly, in the basal 

state, insulin independent glucose uptake facilitated by GLUT-1 is decreased in insulin 

resistant individuals, although the mechanism is not yet clear (123). There is evidence 

that abnormal metabolic events occurring in obese fathers who are insulin resistant can be 

inherited by their offspring and some offspring do not respond to therapeutic lifestyle 

changes (124). 

A number of genes important for regulation of glucose uptake and metabolism are 

subject to epigenetic regulation. The GLUT-4 promoter is regulated by chromatin binding 

factors, such as CCCTC-binding factor (CTCF), specificity protein 1 (SP1), and SET and 

MYND domain containing 3 (SMYD3), which regulate histone acetylation and 

SMYD3A, Myocyte Enhancer Factor 2A (MEF2A, SP1), CTCF, which regulate the 

activity of lysine methyltransferase (125). GLUT-4 promoter is also regulated by DNA 

methylation at specific CpG sites (126). The insulin gene (INS) is also subject to DNA 

methylation (126). Mitochondrial DNA modification is also subject to epigenetic 

regulation and has been recently reported tobe related to IR resulting in differential 

expression of a number of energy metabolism genes, such as cytochrome c oxidase 

subunit VIIa polypeptide 1 (COX7A1), NADH dehydrogenase (ubiquinone) 1 b 

subcomplex 6 (NDUFB6), and PPARG coactivator 1 alpha (PGC-1). It is reasonable to 

hypothesize that the IR observed in male offspring of HFD-induced obese sires is 
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correlated with inheritance of epigenetic changes in some or all of these genes from the 

obese fathers (127). 

1.3.4 Epigenetic Mechanisms of Muscle Insulin Resistance 

A HFD can induce obesity by impairing mitochondrial function in skeletal muscle 

(128). The diet-induced mitochondrial dysfunctions then have a critical role in the 

development of systemic IR (129). IR in muscle may be related to epigenetic changes 

such as DNA methylation or covalent histone modifications (130, 131). Insulin sensitivity 

can be improved by sodium butyrate (NaB), which inhibits class I histone deacetylase 

(HDAC) activity, and other histone deacetylase (HDAC) inhibitors (132). PPARγPGC1α 

is expressed in the cell nucleus and later translocated to the mitochondria, resulting in 

upregulation of mitochondrial DNA transcription and replication (133, 134). DNA 

methylation of PGC1α gene reduces its expression in myocytes treated with fatty acids 

and in type 2 diabetic patients. Reduced expression of PGC1α is associated with 

decreased density of mitochondria. NaB has been demonstrated to epigenetically regulate 

mitochondrial adaptations to diet through nucleosome positioning (135).  

1.4 Project Summary 

A study was designed to investigate the effects of paternal HFD-induced obesity 

on metabolism and behavior of offspring. To investigate this, a mouse model of 

transgenerational paternal transmission of metabolic disease was developed, using 

C57BL6/N mice (Figure 2). It should be noted that this strain differs from the more 
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commonly used C57BL6/J mouse in which earlier models of paternal obesity have been 

developed. In brief, male mice were divided into 2 groups. One group was fed a LFD and 

the other group was fed a HFD for 12 weeks, from 4 to 16 weeks of age. These mice were 

subsequently mated with female mice fed the LFD. Offspring of LFD (LFDO) and HFD 

(HFDO) fathers were kept on regular lab chow.   

 

 

Figure 2. Overview of experimental design. Illustration of mating method and offspring 

groups. LFD and HFD-fed sires were mated with LFD female founders. All the offspring 

were kept on regular lab chow diet. Offspring were euthanized at 1.5, 6 and 12 months of 

age. 

 

A number of serum components of offspring, including insulin, leptin and 

glucose, were measured at 1.5, 5-6, and 12 months. Mice were also sacrificed at these 
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time points and tissues and organs were removed, weighed and frozen for future use. One 

of the findings was that IR was increased in male offspring at 12 months of age.  

The present studies were designed to investigate the mechanism of the observed 

IR. As skeletal muscle and mesenteric adipose tissue are two major regulators of glucose 

homeostasis, it was decided to investigate the contribution of these two compartments to 

the observed increase in IRI. Were there changes in skeletal muscle GLUT4 levels or 

distribution? Were there alterations in mesenteric adipose transcriptome including 

adipokines causing decreased insulin sensitivity? The central hypothesis of the present 

study is that epigenetic changes in adipose tissue genes related to IR and muscle 

utilization of glucose are key components of the development of IR in male offspring of 

obese fathers. More specifically, IR, which may be related to excess pro-inflammatory 

cytokine secretion by adipose tissue or to impaired GLUT-4 levels or translocation to 

muscle plasma membrane, can be transferred from obese fathers to their offspring (129). 

In order to test these hypotheses the following experiments were done: 1) Total GLUT4 

and subcellular plasma membrane and GSV GLUT4 were quantified in the gastrocnemius 

muscle. 2) RNA-sequencing of mesenteric adipose tissue of male offspring at 12 months 

in both LFD and HFD groups. 3) Bioinformatics tools were used to process RNA-Seq 

data to identify DEGs. 4) Pyrosequencing was used to identify epigenetic alterations in 

DEGs identified in mesenteric adipose tissue.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Chemicals and Solutions 

Homogenization buffer was comprised of 50mM Hepes, 10mM EDTA, 100mM 

NaF, 50mM Na pyrophosphate. Immediately before use the following components were 

added: Na orthovanadate 10mM, protease inhibitor cocktail (Sigma Aldrich, P8340) 

(5l/ml), phosphatase inhibitor cocktail I (Sigma Aldrich, P2580) (10l/ml), phosphatase 

inhibitor cocktail II (Sigma Aldrich, P5726) (10l/ml). Sucrose gradients were composed 

of 40% sucrose (400l), 35% sucrose (600l), 8% sucrose (600l) and 400 l sample 

from bottom to top, for a total of 2 ml. Each sucrose gradient layer concentration was 

verified by refractometry (Thermofisher, ABBE-3L).  

2.2 Animal Care and Use 

All protocols involving animals were approved by Ohio University’s Institutional 

Animal Care and Use Committee (IACUC). Ohio University animal facilities are 

Association for Assessment and Accreditation of Laboratory Animal Care (AALAC) 

approved. Pathogen-free C5BL6/N mice were purchased from Harlan Sprague Dawley 

(Indianapolis, IN). Starting at 4 weeks of age, F0 (first generation) male and female mice 

were fed either a low fat diet (LFD, 10% kcal fat, D12450B, Research Diets) or a HFD 

consisting of 45% kcal fat (D12451, Research Diets, New Brunswick, NJ) for 12 weeks 

before mating. Each group had eight mating pairs: four male LFD/four female LFD and 

four male HFD/four female LFD. Only obese males fed the HFD whose body weight was 
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10-25% greater than age- and sex-matched animals on LFD were included in the HFD 

group sires. During the eight-day mating period, mice were kept on LFD during mating 

(8:00 am-8:00 pm) then separated and fed their respective diets from 8:00 pm-8:00 am. 

Offspring were all maintained on regular chow which is also approximately 10% fat. 

Three male and three female offspring from each group were euthanized at 1.5, 6 and 12 

months of age. 

2.3 Glucose Tolerance Test (GTT) 

Four male and three female F1 (second generation) animals were tested for 

glucose tolerance at 1.5, 6 and 11-12 months of age. After a 6 hour fast, 1mg glucose/g of 

body weight was given by intraperitoneal injection (13). Serum glucose level was 

measured on tail blood at 0, 15, 30, 60 and 120 minutes after injection using a One Touch 

glucometer. An additional 50μl of blood was collected in heparin-coated capillary tubes at 

30 minutes for insulin assay, then centrifuged to separate the cells from the plasma. An 

ultrasensitive mouse insulin assay was done using ELISA kit (Cat #90080, CrystalChem, 

Downer’s Grove, IL) according to the manufacturer’s protocol. 

2.4 Insulin Resistance Index  

Insulin resistance index (IRI) was calculated based on blood insulin and glucose 

levels at the 30-minute time point of the GTT. IRI = [GTT insulin (ng/ml) x GTT glucose 

(mg/dL)] / 10. 

2.5 Total GLUT4 Sample Preparation 
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The right gastrocnemius muscle was collected, flash frozen and stored in liquid 

nitrogen. Tissues were homogenized for 20s using Ultraturex (Polytron, Duluth, GA) with 

1ml buffer per 100 mg tissue. Then 100 l 10% TritonX-100 was added (final 

concentration 1%) and tissues were homogenized 3 times for 10s, then sonicated 2 times 

for 3s with 10s interval and 60 amplitude (Ultrasonic processor GE130, probe CV18, 

Sigma Aldrich, St. Louis, MO). The resulting samples were then incubated on ice for 30 

minutes, vortexing 3 times at 10 min intervals. The samples were centrifuged at 15000 x g 

for 25 minutes at 4C and the supernatant stored at -80C for later use.  

2.6 Fractionated GLUT4 Sample Preparation 

Figure 3 shows a schematic representation of the subcellular fractionation 

protocol that was developed to isolate and quantify GLUT4 in plasma membrane, cytosol, 

and GSV. Gastrocnemius muscle tissue (50 mg) was homogenized on ice using a glass 

Dounce homogenizer, 50-100 strokes with pestle B followed by 50-100 strokes with 

pestle A until the homogenate was uniform. Samples were then centrifuged at 800 x g for 

10 min at 4C. The supernatant was collected and the remaining pellet was frozen at -80C. 

Supernatant was then subjected to centrifugation at 12000 x g for 30 min at 4C. This 

pellet, the plasma membrane containing fraction, was resuspended using 50 l 

homogenization buffer (HB) with 0.1% Triton X-100. Each 400l supernatant was 

layered on top of a sucrose gradient and centrifuged at 150000 x g (Optima TLX 

ultracentrifuge, TLS 55) for 1.5h at 4C. Ten fractions of 200 l each were collected from 
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top to bottom for immunoblot analysis. An equal volume (20 l) of each fraction was 

loaded in wells for electrophoresis.  

 

 

Figure 3. Workflow of fractionation protocol for GLUT4. This protocol allows for 

GLUT4 localization in plasma membrane, cytosol and GSV from mouse gastrocnemius 

muscle. No Triton X-100 was added to the initial homogenization buffer. 

 

2.7 Analysis of Proteins by Immunoblot 

The protein concentration of each sample was determined by the bicinchoninic 

acid (BCA) assay (Thermo Scientific BCA Protein Assay Kit). For total GLUT4 analysis, 

an equal amount of protein (20 g) was loaded to 10% polyacrylamide gels (Bio-Rad, 
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Cat#456-8034) in each well for total GLUT4 quantification. For GLUT4 analysis of 

subcellular fractions, 20 l of each 200 l fraction were loaded on 10% polyacrylamide 

gels. Electrophoresis of both total and fractionated GLUT4 was done on ice using 110 

volts for 90 minutes. Licor molecular weight marker (Cat #928-40000) was used. One 

fraction from each gel was loaded onto a subsequent gel and the signals equalized to 

allow for quantitative comparisons between gels.  Alpha-actin (Santa Cruz, sc-58670) 

was used as the internal control for total GLUT4 quantification. Pan-cadherin (Abcam, 

ab22744) was used as plasma membrane marker and internal control for GLUT4 

quantification in the plasma membrane fraction. Rab 11(A-6) (Santa Cruz sc-166912) was 

used as endosome marker. There is no established internal control for GSV fraction. 

GLUT4 (ThermoFisher, PA1-1065) and Rab 11 primary antibodies were used at 1:2000. 

Pancadherin was used at 1:500. Goat anti-rabbit (Licor, 926-68071) and Goat anti-mouse 

(Licor, 926-32210) IRDye were used as secondary antibodies. Image detection was done 

using an Odyssey Classic scanner (Licor, Lincoln, NE).  

2.8 RNA Extraction, Library Construction and RNA Sequencing 

Mesenteric adipose tissues from male offspring at 12 months (3 HFDO and 3 

LFDO) were homogenized and the cellular RNA was extracted using Trizol Reagent 

(Sigma-Aldrich, Cat#93289) followed by DNase I treatment using Turbo DNA-free kit 

(Life Technologies, Cat #AM1907). The detailed protocol was as follows. In brief, 50 mg 

frozen adipose tissue was homogenized in Trizol using a bullet blender (time set at 3, 
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speed at 10) (Next Advance, NY). Samples were then centrifuged at 9500 x g for 5 min at 

4C and the Trizol layer (bottom, pink layer) removed with a syringe into a new tube. Then 

200 l chloroform was added and the sample vortexed and centrifuged at 9500 x g for 15 

min at 4C, resulting in three layers, a clear top aqueous layer containing the RNA, an 

opaque white middle layer containing the DNA and protein, and a pink phenol layer at the 

bottom. The aqueous layer was removed with a pipette and put into new tube. Then 500 

l isopropanol was added and the sample was briefly vortexed. The aqueous phase was 

again removed with a P200 micropipette and put into new tube, which was kept at room 

temperature for 10 minutes, then centrifuged at 9500 x g for 10 minutes at 4˚C. One ml 

75% ice cold ethanol was added and the sample mixed and centrifuged for 5 minutes at 

7500 x g at 4˚C. The ethanol was removed and the pellet dried at room temperature for 5-

10 minutes. Dried RNA was resuspended in 30 µl diethyl pyrocarbonate (DEPC)-treated 

water. Total RNA concentration was measured spectrophotometrically using a bio-

analyzer (Agilent 2100, Santa Clara, CA). Purified RNA then was subjected to poly (A) 

mRNA enrichment using NEBnext poly (A) mRNA magnetic isolation module (New 

England Biolabs, Ipswich, MA). Sample quality was again analyzed with the Bioanalyzer. 

All samples had an RNA integrity number (RIN) between 1.0 and 4.0. Sequencing 

libraries were made from 200 pg of poly (A) mRNA with SMARTer® StrandedRNA-Seq 

Kit (Clontech Laboratories, Mountain view, CA) following standard Illumina protocols. 

Libraries were pooled and sequenced using an Illumina MiSeq Sequencing System at the 
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Ohio University Genomic Facility. Paired-end (101 bp) sequencing of 6 libraries (3 

LFDO and 3 HFDO) was done across one sequencing lane at first run. Four libraries (2 

LFDO and 2 HFDO) were run across one sequencing lane at second run. Five libraries (3 

LFDO and 2 HFDO) were run across one sequencing lane at third run. One library (1 

HFDO) was run across one sequencing lane at fourth run. Data from all runs were merged 

into one file of 8 samples from the LFDO and 8 samples from the HFDO for further 

analysis. 

2.9 RNA Sequencing Analysis  

All reads generated from the four runs described above were included in the 

RNA-Seq analysis using the HISAT2-StringTie pipeline (136). Data analysis included 

sequence data quality control, read mapping, gene abundance estimation, and 

identification of differentially expressed genes. 

2.9.1 Sequence Data Quality Control 

Adapter trimming was done by Illumina. Sequence read quality was checked 

using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Per base 

sequence quality was above 28 and no future trimming was performed. 

2.9.2 Read Alignment and Gene Abundance Estimation 

The reference genome for mouse (Mus musculus, GRCm38) was obtained from 

HISAT2 website (https://ccb.jhu.edu/software/hisat2/index.shtml), file name 

grcm38_snp_tran.tar.gz. The genome annotation gft file was obtained from Ensembl 
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(ftp.ensembl.org/pub/release-84/), file name Mus_musculus.GRCm38.84.gtf.gz. The short 

paired-end read sequences (101 bp x 2) were mapped to the reference genome using 

HISAT2 with default setting. Gene abundance estimation was performed using StringTie 

with default settings.  

2.9.3 Differential Gene Expression Analysis 

DESeq2 was used to identify differentially expressed genes following the protocol 

specified at (http://ccb.jhu.edu/software/stringtie/index.shtml?t=manual#deseq). First, 

gene count matrices were generated using prepDE.py. Then, DESeq Dataset object was 

created from the count matrices. Lastly, differential expression analysis based on negative 

binomial distribution was performed using DESeq with default setting. Genes with p-

value less than 0.05 between HFDO and LFDO were considered to be statistically 

significantly different. 

2.9.4 Ingenuity Pathway Analysis 

List of DEGs and their fold changes were analyzed by Ingenuity Pathway 

Analysis software. For network analysis, focus molecules are the differentially expressed 

molecules included in the network. Score indicates the magnitude of the overall change in 

the network derived from the number of focus molecules and the intensity of differential 

expression of each of these molecules. Score higher than 50 means there is a strong 

magnitude of changes. Score lower than 20 means the overall change is of low 

magnitude. Score between 20 and 50 means there is a medium magnitude of changes.  
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2.10 Quantitative RT-PCR Analysis 

Based on fold changes of DEGs and their possible correlation with metabolism of 

adipose tissue, for verification of expression, quantitative real-time PCR (qRT-PCR) 

analysis was performed on a subset of 15 differentially expressed genes identified by 

RNA-Seq analysis. The 15 genes were selected due to their high fold changes shown by 

RNA sequencing analysis and/or close relationship to IR and lipid metabolism, for 

example, adipogenesis. The cDNA synthesis was performed with iScript cDNA synthesis 

kit (BIO-RAD, Hercules, CA) by incubation of a 20 l reaction containing 200 pg of 

DNase-treated total RNA, 4l of 5x iScript reaction mix, 1l of iScript reverse 

transcriptase, 1-3 l of RNA template and nuclease-free water to a total volume of 20 l 

in a thermal cycler (Eppendorf, Hamburg, Germany) (5 minutes at 25°C, 30 minutes at 

42°C, 5 min at 85°C and hold at 4°C). Primers were designed for qRT-PCR using NCBI 

primer software (NCBI, Bethesda, MD). Detailed information for each primer pair is 

provided in Table 1. A Stepone plus real-time PCR machine (Applied Biosystems, Foster 

City, CA) was used to perform the qRT-PCR assays, using 200 pg of total RNA, Power 

SYBR green PCR master mix (Applied Biosystems, Carlsbad, CA), and 300 nM of each 

primer pair (IDT, Coralville, IA) in duplicate wells. The cycle time (Ct) for each sample 

was normalized to the corresponding sample geometric mean of a housekeeping gene 

[49].  Ribosomal phosphoprotein PO gene, 36B4, was selected as the housekeeping. 

gene. The 2-(ΔΔCt) formula was used to calculate relative abundance of transcripts. 
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Table 1. Primers for differentially expressed genes 

Differentially Expressed Gene Primer Sequence 

Arachidonate 15-lipoxygenase (ALOX15)  

Ensembl:ENSG00000161905 

F: 5'-CCGACCAAGCTGTTCAGGAT-3' 

R: 5'-TCGCCATCAGCTTCTCCATC-3' 

Enolase 1B (ENO1B) 

Ensembl:ENSMUSG00000059040 

F: 5'-CATGGATGTGGCTGCCTCTG-3' 

R: 5'-AGTTGCAGGACTTCTCGCTC-3' 

Interleukin 1 beta (IL1B) 

Ensembl:ENSMUSG00000027398 

F: 5'-TGCCACCTTTTGACAGTGATG-3' 

R: 5'-AAGGTCCACGGGAAAGACAC-3' 

Family with sequence similarity 3, member B (FAM3B) 

Ensembl:ENSMUSG00000022938 

F: 5'-GGTGATAACTCCGGGCCAAT-3' 

R: 5'-ATTGAGGTCCAAGCACCGTT-3' 

Wingless-type MMTV integration site family, member 4 (WNT4) 

Ensembl:ENSMUSG00000036856 

F: 5'-GAATCAACTGCCTCTCGGCT-3' 

R: 5'-AGAGGAGAGTTTGTGCAGGC-3' 

Phosphatidylinositol-4-phosphate 5-kinase, type 1 beta (PIP5K1B) 

Ensembl:ENSMUSG00000024867 

F: 5'-ATCCAGACACAATGGGAGGC-3' 

R: 5'-CAAATCCCGCTTCTCGTCCT-3' 

Amphiregulin (AREG) 

Ensembl:ENSMUSG00000029378 

F: 5'-CAGCTCAGGGAAAGGCGAAT-3' 

R: 5'-TTCTCCACACCGTTCACCAA-3' 

Retinol dehydrogenase 16 (RDH16) 

Ensembl:ENSMUSG00000069456 

F: 5'-GGGACGCAGGAGAAACTTGTA-3' 

R: 5'-AACCAGCAACCCTCATCTTTC-3' 

F: Forward primer. R: Reverse primer. 
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Table 1 continued 

Diacylglycerol lipase, alpha (DAGLA) 

Ensembl:ENSMUSG00000035735 

F: 5'-AGGAGCCCACATACTTTGCC-3' 

R: 5'-GACTTGCTCCTGACACTGCT-3' 

Prostaglandin D2 synthase (PTGDS) 

Ensembl:ENSMUSG00000015090 

F: 5'-GGCTCCTTCTGCCCAGTTTT-3' 

R: 5'-GGGCTGCTGTAGGTGTAGTG-3' 

Amphiphysin (AMPH) 

Ensembl:ENSMUSG00000021314 

F: 5'-GACCCTTTCAAGCCCGATGT-3' 

R: 5'-GCCAAGCCACCTACCATATTC-3' 

Occludin (Ocln) 

Ensembl:ENSMUSG00000021638 

F: 5'-GCCATTGTCCTGGGGTTCAT-3' 

R: 5'-TCGCTTGCCATTCACTTTGC-3' 

Ephrin B3 (Efnb3) 

Ensembl:ENSMUSG00000003934 

F: 5'-CAAAGGGGGCGTGAGAGACC-3' 

R: 5'-CCTCTGGTTAGGCACACGC-3' 

Mannoside acetylglucosaminyltransferase 3 (MGAT3) 

Ensembl:ENSMUSG00000042428 

F: 5'-CAGCGGACGATGGGATGAAG-3' 

R: 5'-CGTGGTTGATGTTGATGGCG-3' 

Growth hormone releasing hormone (GHRH) 

Ensembl:ENSMUSG00000027643 

F: 5'-GAGCAGAACCTCAATCGGAGAG-3' 

R: 5'-TCCAGGGTCATCTGCTTGTC-3' 

Ribosomal protein, large, P0 (Rplp0)  (internal control) 

Ensembl:ENSMUSG00000067274 

F: 5'-GCAGACAACGTGGGCTCCAAGCAGAT-3' 

R: 5'-GGTCCTCCTTGGTGAACACGAAGCCC -3' 
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2.11 DNA Extraction of Adipose Tissue from RNA Extracted Trizol Remnant 

The remaining aqueous phase overlaying the interphase was removed and 

discarded and 0.3 ml of 100% ethanol per 1 ml of TRI Reagent (Sigma-Aldrich, St. 

Louis, MO) was added to the original opaque middle layer from the Trizol extraction. The 

sample was mixed by inversion, left to settle for 2–3 minutes at room temperature, then 

centrifuged at 2,000 x g for 5 minutes at 2-8 °C. The resulting DNA pellet was washed 

using 0.1M trisodium citrate once for 30 minutes followed by 10% ethanol once for 30 

minutes (inverting several times every 10 minutes), then centrifuged at 2,000 x g for 5 

minutes at 2-8 °C. The supernatant was then discarded. The DNA pellet was dried for 5–

10 minutes and dissolved in 8 mM NaOH by repeated slow pipetting with a micropipette, 

then centrifuged at 12,000 x g for 10 minutes to remove insoluble material and the 

supernatant transferred to a new tube. Concentrations of DNA were quantified by Qubit 

(Thermofisher, Waltham, MA).  

2.12 DNA Bisulfite Conversion  

DNA methylation kit (Zymo Research, Irvine, CA, Cat #D5001) was used to do 

the DNA bisulfite conversion. M-dilution buffer (included in kit) was added to 500 ng of 

the DNA sample and the total volume adjusted to 50 l with water. After flicking to mix, 

the samples were incubated at 37°C for 15 minutes. CT conversion reagent (100 l) 

(included in kit) was added to each sample followed by incubation in the dark at 50°C for 

16 hours. Samples were then placed on ice for 10 minutes. Meanwhile 400 l of M-
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binding buffer (included in kit) was added to a zymo-spin IC column and the column 

placed into a collection tube. Samples were then loaded onto the columns containing the 

M-binding buffer. The caps were closed and the columns inverted several times before 

centrifuging at 12000 x g for 30s. The flow-through was discarded, then 100l of M-wash 

buffer was added to each column which was then centrifuged at 12000 x g for 30s. M-

desulphonation buffer (200 l) was added to each column which was then incubated at 

room temperature for 20 minutes and centrifuged at 12000 x g for 30s. Then 200 l of M-

wash buffer was added and the column centrifuged twice at 12000 x g for 30s. Each 

column was placed into a 1.5 ml microcentrifuge tube and 20 l of M-elution buffer was 

added directly to the column matrix. Columns were centrifuged at 12000 x g for 30s to 

elute the DNA.   

2.13 Primer Design, Pyromark PCR and Pyrosequencing 

Promoter regions of 15 selected DEGs were searched and 7 of them were found to 

have a CpG-rich island. Therefore, forward, reverse, and sequencing primers for regions 

of interest of the 7 genes were designed manually. The genes and their respective primers 

are shown in Table 2. The total PCR reaction volume was 25 l, consisting of 12.5 l of 

2x PyroMark (Qiagen, Hilden, Germany #Cat: 978703) PCR Master Mix, 2.5 l of 10x 

Coral Load Concentrate, 0.5 l of Forward Primer (10M), 0.5 l of Biotin tagged 

Reverse Primer (10M), 3 l of RNase-free water, 5 l of Q-solution, and 1 l of 

template DNA (20ng). The protocol for thermal cycling was as follows: 95C for 15 



49 

  

 

 

minutes, 45 cycles of 94C for 30s, 55C for 30s and 72C for 30s, then hold at 72C for 10 

minutes. PCR products were verified by electrophoresis in 1% agarose gels stained with 

ethidium bromide and bands visualized using a Bio-Rad fluorescent imager (ChemiDoc 

XRS+, BIO-RAD). A clean and strong PCR band must be seen before pyrosequencing to 

ensure the quality of sequencing. Sample preparation for pyrosequencing was done in 96 

well plates. Each reaction mixture consisted of 40 l bead binding buffer, 3 l of 

streptavidin tagged 
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Table 2. Pyrosequencing primers for differentially expressed genes 

Diacylglycerol lipase, alpha (DAGLA) 

Ensembl:ENSMUSG00000035735 

F: 5'-GAGGTGGTGGAGTTTTGGATTTT-3' 

R: 5'-AATCCTACTTACTATTTTTCATCTCC-3' 

S: 5'-AGGTGGTGGAGTTTTGGAT-3' 

Enolase 1B (ENO1B) 

Ensembl:ENSMUSG00000059040 

F: 5'-CATGGATGTGGCTGCCTCTG-3' 

R: 5'-CTCCCACTCTATCTTCCTTTCCT-3' 

S: 5'-TAGAAAGGTAGGATAATTT-3' 

Amphiregulin (AREG) 

Ensembl:ENSMUSG00000029378 

F: 5'-TAGTTGGGTTTTTGGAGTAGTAAT-3' 

R: 5'-AACACCTACTACTTTTATAAACCC-3' 

S: 5'-GTTTTTATTTAGGGTTGGTT-3' 

Phosphatidylinositol-4-phosphate 5-kinase, type 1 beta (PIP5K1B) 

Ensembl:ENSMUSG00000024867 

F: 5'-GGTTTGTAGTAGTAGAGTAGT-3' 

R: 5'-CACCCCTACTCTAAATCCTAA-3' 

S: 5'-TGTAGTAGTAGAGTAGTT-3' 

Mannoside acetylglucosaminyltransferase 3 (MGAT3) 

Ensembl:ENSMUSG00000042428 

F: 5'-ATGGGTGAGTTGATTTTGGAGT-3' 

R: 5'-TTAAACAATCCCCCACATCT-3' 

S: 5'-GTGAGTTGATTTTGGAGT-3' 

Wingless-type MMTV integration site family, member 4 (WNT4) 

Ensembl:ENSMUSG00000036856 

F: 5'-AAGGTTTATATAGAAAGGTAAGGGGTT-3' 

R: 5'-CAACTTAAAACAATAACCTAAAACTC-3' 

S: 5'-TATAGAAAGGTAAGGGGTT-3' 
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Table 2 continued 

Ephrin B3 (Efnb3) 

Ensembl:ENSMUSG00000003934  

 

F: 5'-AATTTTAGTTATTTTGGTGGGTGG-3' 

R: 5'-AAACTAATTTCCTCCCTTAACC-3' 

S: 5'-AAGAATTTTTGTAGGGGT-3' 

F:Forward primer. R: biotin tagged reverse primer S: sequencing primer 
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beads, 32 l of water and 5 l of PCR product. Plates were sealed with plastic to 

prevent spilling and shaken at room temperature for 10 minutes to ensure complete 

binding of tagged PCR products with streptavidin tagged beads. To prepare the plates for 

pyrosequencing, 6 sets of 25 l of assigned sequencing primers diluted in annealing 

buffer for four genes, 0.3 M per well, were added to a 24 well primer tray. The 24 well 

tray can accommodate pyrosequencing reactions for 4 genes at a time for each of the 6 

samples. Meanwhile, 100 ml each of water, 70% ethanol, denaturation buffer and 1x wash 

buffer were added to the respective washing trays in the work station. While holding the 

probe assembly consisting of 24 probes connected to the vacuum pump, the vacuum 

switch was turned on. First the water was aspirated to rinse the empty probes. The plastic 

seal was removed from the 96-well plate containing the 24 PCR product-bead mixtures 

and the probes inserted into the wells for 10 s to draw up the solutions. This allowed the 

solutions to pass through the vacuum system but the PCR products and beads to be 

retained on the membrane surfaces at the ends of the probes. The probe assembly was 

then rinsed by applying sequentially to the tray containing 70 % EtOH for 10 s, then 

denaturation buffer for 10 s and finally 1× wash buffer for 10 s. After all these washing 

steps, the vacuum system was disengaged and the beads released immediately into the 24 

well plate containing the pyrosequencing primers. The PyroMark Q24 Plate containing 

the samples was heated at 80°C for 2 min on a heat block, then removed and cooled at 

room temperature for at least 5 minutes. Meanwhile the cartridge was prepared by 
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injecting the A, C, T, G nucleotides, enzymes and substrates into their respective holding 

wells. The sequence information was entered into the software of Pyromark software 

Q24, then the cartridge and the 24 well pyrosequencing plate were inserted into the 

pyrosequencer (Pyromark Q24) (Qiagen, Hilden, Germany) and the program started. 

2.14 Statistical analysis 

At least 3 animals/group were used for phenotypic characterization. It was not 

necessary to exclude any animals due to sickness. The number of mice used in each 

experiment is indicated in the figure legend. Immunoblots were quantified using Licor 

Odyssey software (Image Studio v5.2). Multilevel modeling was applied to all 

comparative analyses of effects of age on GTT glucose and insulin and for all 

comparisons of IRI. Diet and sex were modeled as the two between-subjects factors and 

age as the within-subjects factor (137). Main and interaction effects were first tested 

followed by pairwise comparisons across combinations of diet and sex groups within each 

age and across ages within each group. Appropriate Bonferroni corrections were applied 

to adjust p values. Mann Whitney tests were used for analysis of all comparisons of 

effects of group and sex on GTT glucose and insulin. Data of pyrosequencing were 

expressed as mean ± SD. All other data were expressed as mean ± SEM. Significance was 

set at p < 0.05. GLUT4 total and fractionated values were analyzed as follows: for 

multiple comparisons, one/two-way ANOVA was used; for analysis between two groups, 

two-tailed Student's t-test was used. Statistical significance was calculated using 
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GraphPad Prism (version 6) and accepted as different at p < 0.05. For qPCR data, 

Student’s T-test was used to identify significant differences between the LFDO and 

HFDO phenotypes. 
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CHAPTER 3: RESULTS 

3.1 Metabolic Alterations in Offspring Muscle Associated with Paternal Pre-conception 

Diet 

3.1.1 GTT Glucose, GTT Insulin and IRI 

Glucose levels of 12 month female offspring at 15 and 30 minutes after injection 

are significantly higher in HFDO when compared to LFDO (Figure 4A). Although the 

differences are not significant, the glucose levels are lower in HFDO females at 60 and 

120 minutes. However, the total area under the curve is not different (18900 in LFDO vs. 

18650 in HFDO) (127). Glucose levels of 12-month male offspring at 30 minutes are also 

higher in HFDO compared to LFDO (Figure 4A). The insulin level at 30 minutes after 

glucose load is higher in HFDO than in LFDO males at 1.5 months (Figure 4B). 

Interestingly IRI of male offspring is higher in HFDO than in LFDO at 12 months of age 

(Figure 4C). The IRI also shows a steady increase with age in HFD sire male offspring 

(#). IRI in LFDO males also increases with age (**) but only between 1.5 and 6 months. 

There are also sex differences in IRI at 6 and 12 months, with male offspring having 

higher IRI values than females. Female offspring also show steadily increasing IRI, but 

the differences between age groups are not significant. 
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Figure 4. GTT, serum insulin and IRI (A). Glucose levels of 12 month offspring after 

insulin injection. Black line: LFDO Females; Red line: HFDO females; Blue line: 

LFDO males; Green line: HFDO males. (B) Insulin levels 30 minutes after glucose 

injection. (C) Insulin resistance index (IRI). (LFDO Females: n=3; HFDO females: n=3; 

LFDO males: n=4; HFDO males: n=4). ∆: Significantly different from LFDO of the same 

sex and age (p < 0.05); †: Significantly different from HFDO males of the same age (p < 

0.05); **: significantly different from same sex and diet group at 6 months (p < 0.05); #: 

significantly different from same sex and diet group at 12 months of age. (p < 0.05).  

 

3.1.2 Total GLUT4 Expression 

In order to investigate the mechanism underlying the increased IRI in male 

offspring, it was postulated that decreased GLUT4 expression or impaired GLUT4 

translocation in muscles were responsible. Total gastrocnemius GLUT4 was measured as 

well as the distribution of GLUT4 between the cytosol storage vesicles and the plasma 
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membrane active site. A representative immunoblot for total GLUT4 is shown in Figure 

5A.  

 

Figure 5. Representative immunoblots for total and fractionated GLUT4. In each section 

the top panel shows the target protein and the bottom panel shows the control protein for 

that subcellular fraction. This figure is not intended to show differences between sample 

groups. All samples were randomly loaded to gels in order to get a reliable image analysis 

across gels. All values were identified using labels (e.g. F3) which gave no indication of 

the experimental group (age or diet). These data were only un-blinded when grouped for 

analysis, at which point the diet groups and sex were revealed. (A) Total cellular GLUT4 

and alpha-actin. GLUT4 (Red) (1:2000); alpha-actin (Green) (1:2000); Lane M—

molecular weight markers; Lanes 1-8 show individual gastrocnemius muscle samples (F3 
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LFDO 6-month; F7 LFDO 6-month; F15 LFDO 6-month; F11.3 HFDO 12-month; F3.4 

HFDO 12-month; F42 LFDO 1.5-month; F1 LFDO 12-month; F1 LFDO 12-month. (B) 

Plasma membrane GLUT4. Lanes 1-8 are individual plasma membrane fraction samples 

(M40 LFDO 1.5-month; M1.6 HFDO 1.5-month; F4.7 HFDO 1.5-month; M2.1 HFDO 

12-month; M1.8 HFDO 6-month; M3.6 HFDO 1.5-month; M2 LFDO 6-month; M13 

LFDO 6-month). GLUT4 (Red) (1:2000); Pan-cadherin (Green) (1:500); (C) Cytosolic 

GLUT4. Lanes 1-9 are individual samples of total cytosol (M2.6 HFDO 6-month; M17 

LFDO 12-month; M1.8 HFDO 6-month; M3.5 HFDO 12-month; M40 LFDO 1.5-month; 

M3.1 HFDO 6-month; M56 LFDO 1.5-month; M1.6 HFDO 1.5-month; M2.5 HFDO 1.5-

month). GLUT4 (Red) (1:1000); GAPDH (Green) (1:1000); (D) Endosomal and GSV 

GLUT4. GLUT4 (Red) (1:2000); Rab11 (Green) (1:2000). Lanes 1-10 are separate 

sucrose gradient fractions (top to bottom) from a single sample (M3.5 fraction 1-10). 

Numbers in parentheses indicate antibody dilutions. Lanes 8, 9 and 10 are the 8th, 9th and 

10th fraction of the same sample run in another gel.  

 

As shown in Figure 6, no significant difference in GLUT4 expression is detected 

between LFDO and HFDO for either male or female sex, which suggests that total 

GLUT4 expression is not influenced by paternal obesity. There is no significant 

difference between age groups which suggests that total GLUT4 expression is steady 

regardless of age. Interestingly, there are no significant sex differences in total GLUT4 in 

specific age groups for either LFDO or HFDO (Figure 6A). When data from all age 

groups are combined, female offspring from both diet groups have higher expression of 

total GLUT4 than male offspring (Figure 6B).  
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Figure 6. Gastrocnemius muscle total GLUT4 expression normalized to alpha-actin. (A) 

Total GLUT4 expression in LFDO and HFDO males and females at 1.5, 6, and 12 months 

(n = 3). (B) Total GLUT4 expression of female versus male offspring, all age groups (n = 

9). A.U.: Arbitrary Units. †: significantly different between male and female offspring in 

LFDO and HFDO (p < 0.05). 
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3.1.3 Subcellular Distribution of GLUT4 in Gastrocnemius Muscle  

Comparisons were initially done separately for each age (Figure 7A). At 12 

months HFDO males have higher GLUT4 expression on plasma membrane than LFDO 

males. However, this difference is not statistically significant. When data from all males 

are combined (Figure 7B), HFDO have significantly higher GLUT4 expression on plasma 

membrane than LFDO, suggesting that in males, muscle tissue has developed a 

mechanism of transferring more GLUT4 to plasma membrane to increase glucose uptake 

from plasma and prevent hyperglycemia. There are no sex differences in GLUT4 

expression on plasma membrane. There are no differences in gastrocnemius muscle 

GLUT4 levels in LFDO versus HFDO females in individual age groups or when data 

from all age groups are combined (data not shown). 
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Figure 7. GLUT4 in gastrocnemius muscle plasma membrane fraction normalized to 

pancadherin. Plasma membrane samples were prepared as described in materials and 

methods, Fractionated GLUT4 Sample Preparation (A) Gastrocnemius muscle plasma 

membrane GLUT4 levels in LFDO and HFDO males and females at 1.5, 6 and 12 months 

of age (n = 3). (B) Gastrocnemius muscle plasma membrane GLUT4 levels in LFDO and 

HFDO males. (LFDO: n = 9; HFDO: n = 9) (All ages); A.U.: Arbitrary Unit. ∆: 

Significant difference between LFDO and HFDO (p < 0.05). 
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3.1.4 GLUT4 Levels in Cytosol of Male Offspring 

Expression of cytosolic GLUT4 in 12-month male HFDO is only 54% of 

cytosolic GLUT4 in LFDO males (Figure 8A). Expression of cytosolic GLUT4 in all 

males is also lower in HFDO when compared to LFDO. These differences did not reach 

significance (Figure 8B). Expression of GSV GLUT4 in 12-month male HFDO is also 

decreased to 51% of that seen in LFDO, in close agreement with the results from 

cytosolic GLUT4 (Figure 8C). 
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Figure 8. GLUT4 in gastrocnemius muscle cytosol and GSV. Cytosol values were 

normalized to GAPDH. (A) Cytosolic GLUT4 in male offspring at 1.5, 6 and 12 months 

of age (LFDO male: n = 3; HFDO male: n = 3) (B) Cytosolic GLUT4 in all male 

offspring (LFDO male: n = 9; HFDO male: n = 9). (C) GSV GLUT4 in male offspring at 

1.5, 6 and 12 months of age (LFDO male: n = 3; HFDO male: n = 3). 

 

3.2 Role of Mesenteric Adipose Tissue in Insulin Resistance 

   3.2.1 Transcriptome Analysis of Mesenteric Adipose Tissue 

It was next hypothesized that the increased IRI in HFDO was due at least in part 

to the observed increase in % body fat and weight of WAT depots, leading to a metabolic 

shift in hormones and cytokines secreted by these depots. To investigate which genes and 

pathways are altered in the mesenteric adipose tissue in offspring of fathers fed the HFD, 

we analyzed the transcriptome from mesenteric adipose tissue mRNA from three male 

LFDO and three male HFDO. We identified 192 genes that are differentially expressed at 

12 months in HFDO versus LFDO. Of these, 113 genes are up-regulated and 79 genes are 

down-regulated in the mesenteric adipose tissue from the offspring of HFD-fed fathers. 

However only 138 of the 192 DEGs are in the ingenuity pathway analysis (IPA) database 

and can be recognized by IPA software. Table 4 shows the 79 upregulated and 59 

downregulated genes in this database. The transcripts form a signature of transcriptomic 

differences in mesenteric adipose tissue that are affected by the fat content of paternal diet 

(Figure 9).  
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Figure 9. Heat map of the relative abundance of DEGs in 12-month male LFDO and 

HFDO. From the genes that showed differential expression, the ones with p < 0.05 

(n=192) were plotted in a heat map. Red bars show the up-regulated genes and blue bars 

show those that are down-regulated.
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Table 3. Part 1: Up-regulated Genes 

Symbol Gene Description Location Type(s) Log2 FC P Value 

OCLN occludin plasma membrane other 5.716 0.000497 

FAM3B family with sequence similarity 3 member B extracellular space cytokine 5.585 0.000705 

SCIN scinderin cytoplasm other 5.479 0.000451 

TMPRSS4 transmembrane protease, serine 4 other peptidase 5.352 0.00123 

4933413J09Rik RIKEN cDNA 4933413J09 gene other other 5.263 0.0011 

SLC30A2 solute carrier family 30 member 2 plasma membrane transporter 5.102 0.00221 

ACTN2 actinin alpha 2 nucleus transcription regulator 4.847 0.00416 

EDN3 endothelin 3 extracellular space other 4.793 0.00469 

Clec4a4 C-type lectin domain family 4, member a4 plasma membrane transmembrane 

receptor 

4.699 0.00557 

IL1B interleukin 1 beta extracellular space cytokine 4.642 0.0062 

VWA3B von Willebrand factor A domain containing 3B other other 4.581 0.00734 

ANO7 anoctamin 7 plasma membrane transporter 4.577 0.00706 

Igkv12-89 immunoglobulin kappa chain variable 12-89 other other 4.566 0.00723 

Akr1c19 aldo-keto reductase family 1, member C19 other other 4.509 0.00822 
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Table 3 Part 1 continued 

PLEKHH1 pleckstrin homology, MyTH4 and FERM domain containing H1 cytoplasm other 4.456 0.00944 

UBE2QL1 ubiquitin conjugating enzyme E2Q family like 1 nucleus enzyme 4.404 0.0103 

Igkv2-112 immunoglobulin kappa variable 2-112 other other 4.322 0.0119 

MMP7 matrix metallopeptidase 7 extracellular space peptidase 4.253 0.0135 

Ighv2-9 immunoglobulin heavy variable 2-9 other other 4.241 0.00882 

DIO1 iodothyronine deiodinase 1 cytoplasm enzyme 4.238 0.0139 

Serpinb1b serine (or cysteine) peptidase inhibitor, clade B, member 1b other enzyme 4.211 0.0149 

CDKL1 cyclin dependent kinase like 1 nucleus kinase 4.103 0.0181 

D6Ertd527e DNA segment, Chr 6, ERATO Doi 527, expressed other other 4.044 0.0199 

B3GALT5 beta-1,3-galactosyltransferase 5 cytoplasm enzyme 4.002 0.0215 

DDC DOPA decarboxylase cytoplasm enzyme 3.969 0.0229 

Gm26583 predicted gene, 26583 other other 3.96 0.0233 

Prss30 protease, serine 30 plasma membrane peptidase 3.929 0.00774 

AMPH amphiphysin plasma membrane other 3.927 0.00146 

LRTM2 leucine rich repeats and transmembrane domains 2 other other 3.919 0.0249 

GSTA5 glutathione S-transferase alpha 5 cytoplasm enzyme 3.914 0.0249 

MSI1 musashi RNA binding protein 1 cytoplasm other 3.905 0.0253 

PDZD3 PDZ domain containing 3 plasma membrane transporter 3.885 0.0267 
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Table 3 Part 1 continued 

IGSF23 immunoglobulin superfamily member 23 other other 3.883 0.0127 

Gm19345 predicted gene, 19345 other other 3.868 0.0272 

C1orf106 chromosome 1 open reading frame 106 other other 3.858 0.0279 

RDH16 retinol dehydrogenase 16 (all-trans) cytoplasm enzyme 3.815 0.00177 

LRRC26 leucine rich repeat containing 26 plasma membrane ion channel 3.689 0.0362 

KDF1 keratinocyte differentiation factor 1 plasma membrane other 3.689 0.0362 

Gm3002 alpha-takusan pseudogene other other 3.679 0.037 

TRAT1 T-cell receptor associated transmembrane adaptor 1 plasma membrane kinase 3.611 0.0276 

GABRD gamma-aminobutyric acid type A receptor delta subunit plasma membrane ion channel 3.571 0.0435 

AREG amphiregulin extracellular space growth factor 3.568 0.0436 

TMEM229A transmembrane protein 229A other other 3.567 0.0437 

KLK3 kallikrein related peptidase 3 extracellular space peptidase 3.559 0.0444 

Gm17815 lactate dehydrogenase A pseudogene other other 3.53 0.0279 

Ighv8-12 immunoglobulin heavy variable V8-12 other other 3.522 0.0466 

CACNG8 calcium voltage-gated channel auxiliary subunit gamma 8 plasma membrane ion channel 3.495 0.0489 

A630035G10Rik RIKEN cDNA A630035G10 gene other other 3.494 0.0487 

ESM1 endothelial cell specific molecule 1 extracellular space growth factor 3.488 0.00916 
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Table 3 Part 1 continued 

PIP5K1B phosphatidylinositol-4-phosphate 5-kinase type 1 beta cytoplasm kinase 3.451 0.00293 

Gm10548 ribosomal protein L29 pseudogene other other 3.416 0.0046 

Ces2e carboxylesterase 2E other other 3.415 0.0159 

SLC39A4 solute carrier family 39 member 4 plasma membrane transporter 3.382 0.0139 

Gm15925 leukocyte immunoglobulin-like receptor, subfamily A 

(with TM domain), member 6 pseudogene 

other other 3.22 0.0421 

C530008M17Rik RIKEN cDNA C530008M17 gene other other 3.149 0.0377 

SLC6A19 solute carrier family 6 member 19 plasma membrane transporter 3.142 0.0457 

5430402O13Rik RIKEN cDNA 5430402O13 gene other other 3.113 0.0153 

Igkv4-62 immunoglobulin kappa variable 4-62 other other 3.017 0.0392 

4732440D04Rik RIKEN cDNA 4732440D04 gene other other 2.991 0.0065 

9930014A18Rik RIKEN cDNA 9930014A18 gene other other 2.845 0.00855 

Gm20033 predicted gene, 20033 other other 2.801 0.0176 

BATF2 basic leucine zipper ATF-like transcription factor 2 other other 2.707 0.0267 

Igkv4-71 immunoglobulin kappa chain variable 4-71 other other 2.642 0.0293 

Gm15326 predicted gene 15326 other other 2.635 0.0156 

FOXC2 forkhead box C2 nucleus transcription 

regulator 

2.614 0.0327 
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Table 3 Part 1 continued 

LGI4 leucine rich repeat LGI family member 4 extracellular space other 2.442 0.0284 

EVPL envoplakin plasma membrane other 2.399 0.0468 

LPIN3 lipin 3 nucleus phosphatase 2.324 0.0356 

SERPINC1 serpin family C member 1 extracellular space enzyme 2.316 0.0369 

RNF165 ring finger protein 165 nucleus enzyme 2.19 0.044 

MYOM1 myomesin 1 cytoplasm other 2.121 0.0455 

ARID5A AT-rich interaction domain 5A nucleus transcription regulator 2.035 0.0494 

Tspyl3 TSPY-like 3 other other 2.005 0.0462 

6720427I07Rik RIKEN cDNA 6720427I07 gene other other 1.927 0.0447 

F2RL1 F2R like trypsin receptor 1 plasma membrane G-protein coupled receptor 1.898 0.0289 

MGAT3 mannosyl (beta-1,4-)-glycoprotein beta-1,4-N-

acetylglucosaminyltransferase 

cytoplasm enzyme 1.895 0.0419 

HNRNPF heterogeneous nuclear ribonucleoprotein F nucleus other 1.876 0.0356 

MGAT4A mannosyl (alpha-1,3-)-glycoprotein beta-1,4-

N-acetylglucosaminyltransferase, isozyme A 

cytoplasm enzyme 1.753 0.0344 

SLC41A2 solute carrier family 41 member 2 plasma membrane transporter 1.468 0.0485 
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Table 3 Part 2: Down-regulated Genes 

Symbol Gene Description Location Type(s) Log2 FC P Value 

ENO1 enolase 1 cytoplasm enzyme -7.404 3.43E-06 

ALOX15 arachidonate 15-lipoxygenase cytoplasm enzyme -5.507 0.000574 

STX19 syntaxin 19 other other -5.091 0.00174 

Gm14769 predicted gene 14769 other other -5.083 0.00157 

SLITRK4 SLIT and NTRK like family member 4 extracellular space other -5.007 0.00196 

CAPN11 calpain 11 cytoplasm peptidase -4.968 0.0032 

EFNB3 ephrin B3 plasma membrane kinase -4.832 0.00315 

TNNC2 troponin C2, fast skeletal type cytoplasm other -4.723 0.00403 

BCL2L10 BCL2 like 10 cytoplasm other -4.683 0.00444 

TBX18 T-box 18 nucleus transcription regulator -4.418 0.00827 

ELAVL4 ELAV like RNA binding protein 4 cytoplasm other -4.349 0.00988 

MUM1L1 MUM1 like 1 cytoplasm other -4.334 0.00997 

OR12D2 olfactory receptor family 12 subfamily D 

member 2 (gene/pseudogene) 

plasma membrane G-protein coupled receptor -4.274 0.0121 

Gm5385 3-phosphoglycerate dehydrogenase pseudogene other other -4.197 0.0134 

TSHB thyroid stimulating hormone beta extracellular space other -4.18 0.0137 

SEC14L4 SEC14 like lipid binding 4 other transporter -4.08 0.0186 
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Table 3 Part 2: continued 

PHYHIPL phytanoyl-CoA 2-hydroxylase interacting 

protein like 

cytoplasm other -3.823 0.027 

Gm7291 predicted gene 7291 other other -3.81 0.0275 

CCDC183 coiled-coil domain containing 183 other other -3.74 0.0331 

POU1F1 POU class 1 homeobox 1 nucleus transcription regulator -3.727 0.0112 

Gm12666 predicted gene 12666 other other -3.715 0.00706 

TNNC1 troponin C1, slow skeletal and cardiac type cytoplasm other -3.697 0.00895 

0610009E02Rik RIKEN cDNA 0610009E02 gene other other -3.689 0.0336 

Gm9085 predicted gene 9085 other other -3.678 0.016 

ASCL2 achaete-scute family bHLH transcription 

factor 2 

nucleus transcription regulator -3.677 0.0343 

A530083M17Rik RIKEN cDNA A530083M17 gene other other -3.641 0.00819 

Hmgb1-rs16 high mobility group box 1, related 

sequence 16 

other other -3.535 0.00653 

B230319C09Rik RIKEN cDNA B230319C09 gene other other -3.489 0.0487 

PTGDS prostaglandin D2 synthase cytoplasm enzyme -3.488 0.049 

GHRH growth hormone releasing hormone extracellular space other -3.488 0.049 

SLC24A1 solute carrier family 24 member 1 plasma membrane transporter -3.48 0.0495 
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Table 3 Part 2: continued 

NRIP3 nuclear receptor interacting protein 3 other other -3.424 0.0271 

mir-181 microRNA 181a-1 cytoplasm microRNA -3.301 0.0201 

ZDHHC24 zinc finger DHHC-type containing 24 plasma membrane other -3.285 0.000153 

A930003O13Rik RIKEN cDNA A930003O13 gene other other -3.271 0.0237 

Mir155hg Mir155 host gene (non-protein coding) other other -3.257 0.0392 

TMEM255A transmembrane protein 255A extracellular space other -3.102 0.0112 

TEKT1 tektin 1 cytoplasm other -3.03 0.0261 

8030487O14Rik RIKEN cDNA 8030487O14 gene other other -3.023 0.0434 

Gm20594 predicted gene, 20594 other other -2.939 0.0247 

EMP1 epithelial membrane protein 1 plasma membrane other -2.927 0.00619 

Gm15712 ribosomal protein L3 pseudogene other other -2.805 0.0306 

SERPINA3 serpin family A member 3 extracellular space other -2.803 0.0397 

Gm2962 ubiquinol-cytochrome c reductase 

binding protein pseudogene 

other other -2.791 0.0137 

Gm10710 predicted gene 10710 other other -2.789 0.0335 

Gm15937 heat shock protein 90, alpha (cytosolic), 

class A member 1 pseudogene 

other other -2.774 0.0222 

Gm20621 predicted gene 20621 other other -2.767 0.0483 
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Table 3 Part 2: continued 

Gm14776 nucleophosmin 1 pseudogene other other -2.734 0.0298 

E030026E10Rik RIKEN cDNA E030026E10 gene other other -2.643 0.041 

mir-10 microRNA 100 other microRNA -2.639 0.0432 

CPNE9 copine family member 9 extracellular space other -2.629 0.0309 

Gm14239 carnitine deficiency-associated gene 

expressed in ventricle 3 pseudogene 

other other -2.612 0.0488 

B230398E01Rik RIKEN cDNA B230398E01 gene other other -2.535 0.0364 

WNT4 Wnt family member 4 extracellular space cytokine -2.528 0.0316 

SNTG1 syntrophin gamma 1 nucleus other -2.496 0.0419 

Gm7556 aldolase A, fructose-bisphosphate 

pseudogene 

other other -2.308 0.0145 

6430590A07Rik RIKEN cDNA 6430590A07 gene other other -2.192 0.0412 

DAGLA diacylglycerol lipase alpha plasma membrane enzyme -2.096 0.0212 

HOXA7 homeobox A7 nucleus transcription 

regulator 

-1.76 0.0417 
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3.2.2 Altered Genes in Lipid Metabolism Pathways 

Dysfunctions of lipid metabolism as well as chronic ongoing inflammation in 

mesenteric adipose tissue can potentially affect systemic insulin sensitivity. Gene 

expression of Interleukin 1 beta (IL1B) in mesenteric WAT from male offspring of HFD-

fed sires is significantly higher (4.6 fold) in the HFDO compared with the LFDO at 12 

months of age when IRI is increased (Table 3). This suggests that chronic inflammation 

in mesenteric adipose tissue is contributing to the IR. Concomitantly, ALOX15 

(arachidonate 15-lipoxygenase), a suppressor of inflammation, is significantly decreased 

(5.5 fold) in HFDO compared to LFDO (Table 3). Rdh16 (retinol dehydrogenase) is an 

enzyme that converts all-trans retinol to retinal and can be down-regulated by insulin 

signaling (138). The observed 3.8-fold increase in Rdh16 in HFDO may be a result of 

blunted insulin signaling in the insulin resistant HFDO group. Increased Rdh16 will 

result in decreased adiposity and this may be a compensatory mechanism to prevent 

further IR (139). On the other hand, DAGLA (diacylglycerol lipase) is decreased by 2-

fold in HFDO compared to LFDO, potentially leading to increased levels of DAG. 

Interestingly, increases in DAG have been implicated in IR, suggesting that its down-

regulation may contribute to the IR observed in the HFDO mice (140). 
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There is decreased differentiation from precursor cells to adipose cells in insulin 

resistant individuals (141). A number of DEGs related to lipogenesis are also found in the 

present study. FAM3B, an insulin resistant related cytokine, is elevated in HFDO group 

compared to LFDO. WNT4 is down regulated by 2.6-fold in the HFDO group. 

Interestingly, there were several altered miRs in mesenteric adipose tissue of HFDO 

mice. Certain miRs expressed by adipose tissue that regulate tissue inflammation and 

insulin sensitivity have been reported by others to be altered in HFD-fed male mice 

(142). In this study, miR-181 is down regulated by 3.3 fold in HFDO group, and miR-100 

is down regulated by 2.6 fold in HFDO group, and miR-155 is down regulated by 3.2 

fold (Figure 10). 
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Figure 10. Raw counts of differentially expressed genes. A. IL1b (Interleukin 1 beta); B. 

ALOX15 (Arachidonate 15-Lipoxygenase); C. Rdh16 (Retinol Dehydrogenase 16); D. 

Dagla (diacylglycerol lipase alpha) (); E. Fam3b (Family With Sequence Similarity 3 

Member B); F. Wnt4 (Wnt Family Member 4); G. mir-181; H. mir-100; I. mir-155. 

 

3.2.3 Ingenuity Pathway Analysis (IPA) of Gene Expression 

To identify affected pathways, IPA was performed on these data. The major IPA 

categories include "Diseases and Disorders, Molecular and Cellular Functions, 

Physiological System Development and Function, Tox (Toxicology) List, Top Canonical 

Pathways, and Gene interaction Networks". Based upon the DEGs identified, 192 genes 

were submitted to the Ingenuity Knowledge Base for functional annotation, mapping 

genes into canonical pathways and discovering the networks of gene interaction. Of 

these, IPA recognized 138 genes. As shown in Table 4, the subcategories which showed 

the major relevant biological process in mesenteric fat include endocrine system 

development and function, lipid metabolism, cell morphology and cellular development. 

Note that some genes are represented in more than one pathway.  
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Table 4. Ingenuity Pathway Analysis 

Diseases and Disorders P-value Up or down-regulated genes 

Dermatological Diseases and Conditions 4.18E-02 - 5.57E-05 5 

Developmental Disorder 4.63E-02 - 5.47E-05 5 

Organismal Injury and Abnormalities 4.63E-02 - 5.47E-05 25 

Neurological Disease 4.63E-02 - 3.58E-03 14 

Cancer 4.18E-02 - 3.97E-03 12 

Molecular and Cellular Functions P- value range Up or down-regulated genes 

Cellular Development 4.63E-02 - 1.32 E-04 20 

Cellular Assembly and Organization  4.63E-02 - 5.45E-04 22 

Lipid Metabolism 4.63E-02 - 6.06E-04 13 

Small Molecule Biochemistry 4.63E-02 - 6.07E-04 18 

Cell morphology 4.63E-02 - 1.18E-03 17 

Physiological System Development and Function P- value range Up or down-regulated genes 

Endocrine System Development and Function 4.63E-02 - 1.32E-04 10 

Tissue Development 4.91E-02 - 5.45 E-04 26 

Cardiovascular System Development and Function 4.63E-02 - 5.99 E-04 8 

Organismal Development 4.91E-02 - 5.99 E-04 25 

Tissue Morphology 4.63E-02 - 5.99 E-04 20 
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Table 5. continued 

Top Toxicological Functions P- value range Up or down-regulated genes 

Cardiac dysfunction 3.26E-02 - 3.26E-02 1 

Cardiac Fibrosis 3.26E-02 - 3.26E-02 1 

Cardiac Dilation 4.10E-02 - 1.20E-01 2 

Congenital Heart Anomaly 4.07E-02 - 1.45 E-01 1 

Cardiac Enlargement 4.69E-02 - 2.96 E-01 2 

Glutathione Depletion In Liver 2.80E-02 - 2.80E-02 1 

Liver Degeneration 1.41E-01 - 1.41E-01 1 

Liver Regeneration 2.07E-01 - 2.07E-01 1 

Liver Steatosis 4.26E-01 - 4.26E-01 2 

Liver Proliferation 4.58E-01 - 4.58E-01 1 

Glomerular Injury 2.00E-01 - 1.88E-02 3 

Renal Damage 2.08E-02 - 5.08E-02 1 

Renal Tubule Injury 2.08E-02 - 5.08E-02 1 

Renal Fibrosis 2.00E-01 - 6.13E-02 2 

Kidney Failure 2.00E-01 - 7.71E-02 2 
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Table 6. continued 

Top Canonical Pathways P-value Percentage of Up- and down-

regulated genes in a particular 

pathway 

TR/RXR Activation 1.00E-02 3.2%  3/94 

Neuroprotective Role of THOP1 

In Alzheimer's Disease 

1.39E-02 2.8%  3/106 

Thyronamine and Iodothyronamine Metabolism 1.41E-02 33.3%  1/3 

Thyroid Hormone Metabolism I 1.41E-02 33.3%  1/3 

Intrinsic Prothrombin Activation pathway 1.46E-02 5.1%  2/39 
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In the Diseases and Disorders category, there are five molecules related to 

dermatological disease and conditions and five to developmental disorders. Another 25 

genes, such as matrix metallopeptidase 7 (MMP7), are correlated with organismal injury 

and abnormalities. Fourteen gene products are identified as related to neurological 

diseases and 12 are correlated with occurrence of cancer. Some gene products appear in 

multiple subcategories. For example, F2R like trypsin receptor 1 (F2RL1) and forkhead 

box c2 (Foxc2) are the most highly overlapping molecules (Table 4).  

In the Molecular and Cellular Functions category, 20 genes are involved in 

cellular development, including several transcription factors such as POU class 1 

homeobox 1 (POU1F1), T-box 18 (TBX18), and Ephrin B3 (EFNB3). In addition, 22 

genes are correlated to cellular assembly and organization, including OCLN, 13 genes are 

related to lipid metabolism such as arachidonate 15-lipoxygenase (ALOX15), retinol 

dehydrogenase 16 (all-trans) (Rdh16), and diacylglycerol lipase alpha (DAGLA), 18 

gene products are involved in small molecule biochemistry and 17 in cell morphology. 

ALOX15 and Rdh 16 are the molecules most frequently involved in multiple 

subcategories (Table 4). 

In the Physiological System Development and Function category, 10 gene 

products are related to endocrine system development and function, 26 to tissue 
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development, 8 to cardiovascular system development and function, and 25 to organismal 

development.  

In the Top Toxicological Functions category, 7 gene products related to 

cardiotoxicity are reported linked to cardiac dysfunction, cardiac fibrosis, cardiac 

dilation, congenital heart anomalies and cardiac enlargement. Six gene products are 

related to hepatotoxicities, such as glutathione depletion in liver, liver degeneration, liver 

regeneration, liver steatosis and liver proliferation. Nine gene products are found to be 

related to nephrotoxicity including glomerular injury, renal damage, renal tubule injury, 

renal fibrosis and kidney failure. The organ injury information suggests that 

abnormalities of adipose tissue gene expression have tremendous metabolic effects on 

other organs. FOXC2, F2RL1 and RNA-binding protein Musashi homolog 1 (MSI1) are 

commonly shared in multiple subcategories (Table 4).  

Among Top Canonical pathways, five were identified as having members of our 

cohort of 138 genes. Three genes were enriched in the thyroid hormone receptor/retinoic 

acid receptor (TR/RXR) activation pathway, 3 genes were enriched in the pathway for 

neuroprotective role of thimet oligopeptidase 1 (THOP1), which degrades beta-amyloid 

precursor in Alzheimer's disease. They are iodothyronine deiodinase 1 (DIO1), enolase 1 

(ENO1) and thyroid stimulating hormone subunit beta (TSH). DIO1 is also involved in 

thyronamine and iodothyronamine metabolism and thyroid hormone metabolism I 
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pathways. Two genes, kallikrein related peptidase 3 (KLK3) and Serpinc1, were found in 

the intrinsic prothrombin activation pathway (Table 4). 

As shown in Figures 11 through 14, several networks have been identified by IPA 

which represent different aspects of biological processes in adipose tissue. FOCUS 

molecules are those which are up-regulated, shown in red, or downregulated, shown in 

green, and SCORE can be defined as the magnitude of the sum of the effects of the 

changes in the FOCUS molecules reflecting both total number of affected genes and the 

magnitude of change for each. First, some differentially expressed genes found in 

mesenteric adipose tissue of HFDO mice form a network encompassing lipid 

metabolism, inflammatory processes, molecular transport and small molecule 

biochemistry (Figure 11). Other differentially expressed genes form a network related to 

cell death and survival, amino acid metabolism and cellular function and maintenance 

(Figure 12). Some molecules form a third network related to organismal injury and 

abnormalities, and renal damage (Figure 13). Finally, some trans-membrane molecules 

form a network related to endocrine function, molecular transport and lipid synthesis 

enzymes, which may indicate that multiple interactions of hormones are affected (Figure 

14). For example this pathway includes several enzymes involved in steroid synthesis 

and interconversion such as aromatase (CYP19A1) and 17-hydroxylase (CYP17A1).  
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Figure 11. Network of lipid metabolism, molecular transport and small molecule 

biochemistry. Red color: up-regulated genes. Green color: Down-regulated genes. The 

darker the color, the more fold changes in the molecule.   
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Figure 12. Network of cell death and survival, amino acid metabolism and cellular 

function and maintenance. Red color: up-regulated genes. Green color: Down-regulated 

genes. The darker the color, the more fold changes the molecule. 
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Figure 13. Network of organismal injury and abnormalities and renal damage. Red color: 

up-regulated genes. Green color: Down-regulated genes. The darker the color, the more 

fold change in the molecule.   
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Figure 14. Network of endocrine system development and function, molecular transport 

and small molecule biochemistry. Red color: up-regulated genes. Green color: Down-

regulated genes. The darker the color, the more fold change in the molecule. 
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3.2.4 DNA Methylation Analysis of DEGs in Adipose Tissue 

When comparing LFDO and HFDO, we found no significant difference in the 

average percentage of DNA methylation in the CpG islands in the promoter regions of 7 

DEGs related to lipid metabolism and endocrine function (MGAT3, PIP5K1b, WNT, 

AREG, Dagla, Efnb, ENO1b) (Figures 15-21). There are data from only 4 mice for gene 

Efnb because data of the other 2 available mice did not pass quality control (Figure 19).  

 

 

Figure 15. MGAT3 Promoter CpG Island Methylation Status. Each column represents the 

average methylation percentage of multiple CpG islands (n=10) in the amplified PCR 

products from one mouse.  
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Figure 16. PIP5K1b Promoter CpG Island Methylation Status. Each column represents 

the average methylation percentage of multiple CpG islands (n=7) in the amplified PCR 

products from one mouse.  

 

 

Figure 17. WNT4 Promoter CpG Island Methylation Status. Each column represents the 

average methylation percentage of multiple CpG islands (n=7) in the amplified PCR 

products from one mouse.  
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Figure 18. AREG Promoter CpG Island Methylation Status. Each column represents the 

average methylation percentage of multiple CpG islands (n=7) in the amplified PCR 

products from one mouse.  

 

 

Figure 19. DAGLA Promoter CpG Island Methylation Status. Each column represents 

the average methylation percentage of multiple CpG islands (n=10) in the amplified PCR 

products from one mouse.  
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Figure 20. Efnb Promoter CpG Island Methylation Status. Each column represents the 

average methylation percentage of multiple CpG islands (n=10) in the amplified PCR 

products from one mouse.  

 

 

Figure 21. ENO1b Promoter CpG Island Methylation Status. Each column represents the 

average methylation percentage of multiple CpG islands (n=8) in the amplified PCR 

products from one mouse.  
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CHAPTER 4: DISCUSSION 

4.1 Role of Gastrocnemius Muscle GLUT4 in Insulin Resistance 

This study is the first to observe IR in male offspring in the setting of 

preconception HFD-induced paternal obesity in mice. Recently it was shown that insulin 

signaling is enhanced in young (1.5 month) offspring of HFD-fed fathers, but this effect 

is reversed as the animals age (143). This finding is in agreement with the observed 

decrease in insulin sensitivity in 12-month middle aged mice (Figure 4C). 

The results from this study also show a sex difference in expression of GLUT4, 

with approximately 50% higher mean level in LFDO females and 65% higher mean level 

in HFDO females, compared to their male counterparts (Figure 6B). In agreement with 

the current results, higher levels of total GLUT4 in skeletal muscle in female mice versus 

males have been observed by others (122). This may be due to estrogen up-regulation of 

GLUT4 expression, as Barros et al. found that expression of GLUT4 is significantly 

reduced in skeletal muscle of estrogen-receptor (ER) α (−/−) knockout mice (144). There 

is also a marked reduction of GLUT4 at plasma membrane in these mice. GLUT4 is also 

altered by maternal diet. Zheng et al. studied the effect of maternal protein restriction on 

gastrocnemius muscle GLUT4 expression. The low protein female offspring 

demonstrated higher levels of GLUT4 than control diet offspring (145).   
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Even though HFDO exhibit increased IR at 12 months of age, when the 12 month 

time point is considered alone, total GLUT4 expression in male offspring gastrocnemius 

muscle was not significantly different between LFDO and HFDO (Figure 6). Nor was 

plasma membrane GLUT4 expression significantly different between LFDO and HFDO 

(Figure 7A). When data from all males of each diet group are analyzed together, total 

GLUT4 does not show a difference between diet groups (Figure 6). This suggests that 

GLUT4 is a stably expressed protein in the early stage of IR and that initially its 

synthesis is not affected by an individual’s own insulin sensitivity or metabolic status of 

sires. Shan et al. found that neither GLUT4 mRNA nor protein levels of total GLUT4 in 

muscle tissue of cirrhosis patients with IR differed from those in healthy controls (146). 

This is in agreement with the results of this study. As discovered next, there is another 

mechanism that is responsible for the observed partially compensated IR.  

It was next hypothesized that the trafficking of GLUT4 is affected in the IR male 

offspring. A muscle tissue fractionation protocol was developed to enable measurement 

of GLUT4 in functionally relevant subcellular compartments, including plasma 

membrane, cytosol and GSV using immunoblot analysis. Interestingly, HFDO males of 

each age group have higher GLUT4 expression on the plasma membrane than LFDO 

males. (Figure 7A). As there are no statistically significant differences in either group 

with age, age groups were combined and, as shown in Figure 7B, there is a significant 
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difference between HFDO and LFDO males. Since there is no difference in fasting 

glucose between LFDO and HFDO (data not shown), this supports the concept of 

increased glucose uptake under basal state to prevent hyperglycemia. It is concluded that 

the IR observed in HFDO males is a relatively early stage of IR which is not due to 

decreased glucose uptake by muscle. Instead, muscle is transferring more GLUT4 to the 

plasma membrane to prevent overt IR. It has been suggested that group differences in 

physical activity or brown fat are a cause for some of the observed difference in GLUT4 

trafficking. Body composition, swim time, voluntary running and fat depot weights were 

also measured in all groups of mice (127). An increase in active swim time was seen in 

HFDO males compared to LFDO males at 6 months. This HFDO group also had an 

increase in % body fat (127). However by 12 months of age, there were no significant 

diet group differences in % body fat, brown adipose tissue or physical activity in males. 

Garvey et al. reported that impaired GLUT4 translocation contributes to IR and type 2 

diabetes (147) with decreased amounts of GLUT4 in the plasma membrane. The apparent 

conflict with the results in this study is most likely due to the early state of metabolic 

dysfunction in the mice in contrast to patients with severe IR or diabetes who have 

reached a more advanced stage of IR and now present with malfunction of GLUT4 

trafficking in muscle (148). 
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In the normal basal state, GLUT4 located in cytosol can be as high as 95% of 

total GLUT4 while GLUT4 located on plasma membrane can be as low as 5% of total 

cellular GLUT4 (149). Increased insertion of GLUT4 from GSV into the plasma 

membrane can be initiated by insulin stimulation (150). Cytosol GLUT4 has two pools. 

The first is the endosomal recycling system which is highly dynamic and responsible for 

most of GLUT4 endocytosis and exocytosis under basal conditions. At any given time, 

there is a minimal concentration of GLUT4 in endosomes. The second pool is in the 

GSV. This pool is more static and contains more than 70% of total cellular GLUT4. 

Under basal conditions, insertion of GLUT4 into the plasma membrane occurs by 

circulation between the GSV and plasma membrane (150). In the present study, Rab11, a 

marker for endosomes, was used to distinguish the dynamic endosomes from the GSV 

pool. Mean GLUT4 expression in cytosol in HFDO was approximately 50% that in 

LFDO at 12 months. In the insulin resistant HFDO mice which have an increased value 

of glucose x insulin (IRI), the GLUT4 relocated to plasma membrane was high enough to 

make a significant difference in this 5% component of total cellular GLUT4 (Figure 7B). 

However, this 50% difference, also seen in GSV (Figure 8 C), is not enough to make the 

same magnitude of difference in the larger 95% component of GLUT4. This reciprocal 

shift in the location of GLUT4 from one compartment to another is in agreement with 

there being no difference in total cellular GLUT4 between LFDO and HFDO (Figure 6). 
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Inheritance of obesity occurs between parents and children and even between 

grandparents and grandchildren (151, 152). Veena et al. reported that both maternal and 

paternal obesity are associated with and predictive of childhood adiposity and IR in Asian 

Indian children (153). HFDO exhibit many different phenotypic characteristics when 

compared to LFDO. Multiple molecular mechanisms have been discovered by which 

paternal diet can influence the metabolic profile of offspring. In this study, different 

apparent strategies in male versus female offspring of HFD-fed fathers were observed. 

This is consistent with an epigenetic mode of transmission, not a genetic one.  

Non-genomic inheritance through gametes and carriers of epigenetic information 

such as DNA methylation, chromatin proteins and non-coding RNAs has been 

demonstrated in a number of studies (154). For example, paternal HFD modulates 

histone composition on genes implicated in developmental processes in paternal 

spermatozoa and significantly alters the mRNA level of 7 genes in livers of male 

offspring compared to LFD-sire control mice (155). Epigenetic changes can also be 

transmitted to the next generation through sperm which exhibit hypo-methylation of 

specific genes (156). Carone et al. reported that paternal low protein diet can induce 

upregulation of lipid biosynthesis genes in livers of offspring mice; differentially 

methylated loci, identified by bisulfite sequencing, resulted in altered levels of specific 

fatty acids and cholesterol (157). Sperm miRs and tRNA-derived small RNAs (tsRNAs) 
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have also been found to mediate diet induced inheritance of metabolic disorders from 

fathers (158, 159). Fullston et al. found that paternal obesity causes metabolic 

abnormalities in two subsequent generations by altering miRs in testis and sperm (100, 

160). Metabolic disturbances in male offspring sired by HFD fathers are exacerbated by 

feeding the offspring a HFD. However, paternal diet has a greater influence than 

offspring diet on serum glucose levels in offspring (161). The molecular mechanisms 

behind the effects found here on GLUT4 localization in males and total GLUT4 in 

females versus males remain to be determined. 

In conclusion, it is shown that male offspring of obese HFD-fed fathers develop 

increased IR by 12 months of age. Expression of GLUT4 on plasma membrane of these 

HFDO males is significantly higher than in LFDO males. This suggests a compensatory 

increase in muscle tissue glucose uptake in regular low-fat chow-fed male offspring of 

HFD-fed sires. In contrast, females do not develop IR, possibly due to preexisting higher 

levels of GLUT4, a different mechanism, but one which might also mediate increased 

uptake of glucose into muscle with the additional increase of 22% in HFDO seen here. 

Some attributes of HFD-sire offspring mirror those seen in the obese parent, while others 

appear to be an attempt to protect the offspring from the harmful consequences of eating 

a similar diet. Once determined the mechanism behind the upregulation of GLUT4 in 
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skeletal muscle will be a potential therapeutic target for patients with IR or type 2 

diabetes. 

4.2 Adipose Tissue and Insulin Resistance 

The possible mechanisms that initiate IR include abnormal glucose metabolism in 

liver and increased inflammation in muscle and adipose tissue caused by certain 

adipokines (162, 163). Consequently, how mesenteric adipose tissue contributes to IR of 

male offspring of obese fathers was explored next. Adipose tissue can release adipokines 

and FFA which inhibit insulin signaling and thus increase IR (164). Hepatic IR can also 

be caused by aberrant production of certain adipokines, initiating chronic inflammation 

and inhibiting insulin signaling at the levels of insulin receptor and insulin receptor 

substrate levels. As a result, suppression of hepatic gluconeogenesis is impaired and 

hyperglycemia occurs (165). Increased levels of IL1B along with pro-inflammatory 

adipokines TNF- and IL-6 indicate chronic inflammation status of obese individuals 

and are correlated with IR (104, 166, 167). In addition, Rakotoarivelo et al. found that 

IL1B was significantly elevated in the visceral adipose tissues of obese patients (168). 

The higher IL1B levels in mesenteric adipose tissue from HFDO mice in the present 

study may thus indicate the occurrence of chronic inflammation there as well, which is 

contributing to the observed IR.  
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On the other hand, ALOX15 is a factor that can function as an inhibitor of 

inflammation (169). It is down regulated in the HFDO mice which could thus facilitate 

the progression of chronic inflammation. ALOX15 may also be responsible for non-

inflammatory removal of adipocytes during adipose tissue remodeling. It is up-regulated 

in WAT macrophages when the apoptotic adipocyte death is increased (170). FAM3b 

(The Family with Sequence Similarity 3), was initially identified as a pancreatic-derived 

factor that was shown  to induce islet apoptosis in endocrine pancreas via the caspase-3-

dependent pathway (171). It has since been recognized that FAM3b is a member of a 

widely expressed family of cytokines that also function as inducers of IR and lipogenesis 

(172, 173). FAM3b was found to be elevated in the HFDO mice, suggesting it may also 

be contributing to the insulin resistant state. WNT4 and WNT5a are positive regulators of 

adipogenesis (174). Inhibition of WNT4 and WNT5a has been shown to result in 

decreased expression of adipogenesis-related genes and reduced accumulation of 

triacylglycerol (174). WNT4 is specifically secreted by skeletal muscle and adipose 

tissue during the development of IR and plays an important role in cross-talk between 

insulin-resistant tissues and pancreatic beta cells. Kozinski et al. found that WNT4 

production in WAT was decreased during the pre-diabetic state to promote insulin 

secretion (175). However in patients with fully developed diabetes, the expression profile 

of Wnt4 in adipose tissue and muscle cells and blood plasma levels of this protein were 
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opposite to the pre-diabetic state, thus favoring the downregulation of Wnt signaling in 

beta cells and resulting in dysfunctional pancreatic islets. Interestingly, mesenteric 

adipose tissue WNT4 is down regulated in the HFDO group consistent with these mice 

having not yet reached a full developed diabetic state.  

DAGLA, an enzyme involved in eicosanoid signaling correlated with 

adipogenesis, is down regulated in the HFDO group (Table 4). This is in accordance with 

the results of other colleagues. Resnyk et al., using RNA-seq analysis, found that 

genetically fat chickens show insulin insensitivity and have lower DAGLA expression in 

abdominal adipose tissue when compared to lean chickens (176). They also exhibit over-

expression of numerous adipogenic and lipogenic genes suggesting that in situ 

lipogenesis increases in chickens with IR. It is possible that this decrease in DAGLA also 

contributes to the increased body fat and WAT mass in the HFDO mice. 

Finally, alterations in expression of several miRs, mir-181, mir-155 and mir-100 

in the mesenteric adipose tissue of HFDO mice were identified (Figure 10). miR-181 is 

recognized as an important modulator of neuronal function and development of 

lymphocytes. Recently, Chu et al. found that mir-181 also has an important role in 

regulation of lipid metabolism. miR-181 inhibits lipid accumulation, targeting isocitrate 

dehydrogenase (IDH1), which results in decreased expression of genes involved in lipid 

synthesis and increased expression of genes involved in -oxidation. (177). miR-181 is 
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down regulated in the HFDO mice, which could facilitate mesenteric adipose tissue 

accumulation (Figure 10). A known inhibitor of adipogenesis, miR-155, is also down 

regulated in the HFDO mice; this would also favor lipid accumulation (Figure 10). 

Finally, mir-100 has been found to be down regulated during adipogenesis in humans 

(81). miR-100 was down regulated in the HFDO mice (Figure 10). In summary, 

downregulation of three miRs in mesenteric adipose tissue of HFDO may promote 

increased fat accumulation by decreasing the normal inhibition of adipogenesis necessary 

to maintain metabolic balance.  

Although differences in promoter methylation were not detected in the present 

study, several alterations in miRs were found. Other studies have identified dysregulation 

of miRs in sperm and placenta associated with parental obesity. Carreras-Badosa et al. 

reported that several miRNAs including mir-100 were decreased in placentas and were 

associated with maternal metabolic status and predictors of low birth weight (178). 

Sperm miR content has been shown to be altered in obese mice and metabolic 

abnormalities can be transmitted to F2 generation (100). In fact, alterations in a miR can 

subsequently alter the promoter methylation of multiple genes leading to widespread 

changes in offspring metabolism. The altered miR profile of male offspring can be 

rescued by pre-conception exercise by obese fathers (179). Paternal obesity can also 
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cause increased oxidative stress in sperm leading to DNA damage and ineffective DNA 

repair; this may contribute to metabolic disturbances in offspring (180). 

Network analysis showed that Alox 15, as an inhibitor of inflammation can 

regulate IL1B (Figure 11) which is consistent with the RNA sequencing result that Alox 

15 is down-regulated while IL1B is up-regulated (Table 4). Network of cell death and 

survival and cellular function and maintenance suggests there might be dysfunction of 

adipogenesis and apoptosis of adipocytes (Figure 12). Network of organismal injury and 

real damage has relatively low molecule interactions (Figure 13). This suggests 

dysfunction of adipose tissue can negatively affect other organs such as kidney, although 

such effect may be weak. This is interesting in light of the finding that children with 

severe obesity have elevated biomarkers for early renal injury and increased prevalence 

of early renal disease (86). Network related to endocrine system showed there are 

interactions between synthesis pathway of one hormone and signaling pathways of 

another hormone (Figure 14).  

In summary, this study demonstrated for the first time that (1) male offspring of 

HFD-induced obese sires develop IR in middle age (12 months), (2) this IR may be 

compensated by alterations in the subcellular distribution of GLUT4, one of two major 

glucose transporters in muscle, (3) gastrocnemius GSV can be isolated by the subcellular 

fractionation protocol described here, allowing for GSV GLUT4 quantification by 
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immunoblotting, (4) HFDO males have increased translocation of GLUT4 to the plasma 

membrane, where the transport function takes place, when compared to LFDO males. (5) 

mesenteric adipose tissue of male offspring of HFD-induced obese sires differentially 

expresses 192 genes; 113 genes are upregulated and 79 are downregulated, (6) the 

products of these genes are both mRNAs and miRs, (7) IPA places the mRNAs in 

networks that involve cell death and survival, lipid metabolism, molecular transport, and 

endocrine system interactions, that include insulin (8) three miRs that inhibit lipid 

accumulation are downregulated in HFDO mesenteric adipose tissue, favoring 

adipogenesis. This study also confirmed the previous finding that females have higher 

levels of total muscle GLUT4 than males. 
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