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Abstract 

Obesity is associated with systemic insulin resistance, impaired insulin signaling, and 

increased inflammation, as well as with the development of cardiomyopathy. Heterozygous 

deletion of ROCK2 has been demonstrated to protect CD-1 mice from cardiac contractile 

dysfunction and insulin resistance induced by a high fat diet. A high fat-high sucrose diet (HFHS) 

more closely resembles the human “Western diet” than a high fat diet, but it is unclear whether 

ROCK2 contributes to the obesity-related complications caused by this diet. The purpose of the 

work described here was to characterize the effects of a HFHS diet on cardiac function and insulin 

tolerance in wild-type (WT) and ROCK2+/- CD-1 mice.  

In Chapter 2, the effect of a HFHS diet containing 45% kcal from fat and 17% kcal from 

sucrose on cardiac function and systemic insulin sensitivity of WT and ROCK2+/- CD-1 mice was 

assessed. Despite the development of severe obesity and systemic insulin intolerance, WT + HFHS 

animals did not develop cardiac contractile dysfunction, while no increase in ROCK2 expression 

and or impaired insulin signaling was detected in these hearts. Furthermore, HFHS diet-fed 

ROCK2+/- mice were not protected from systemic insulin intolerance. 

In Chapter 3, the mechanisms underlying whole-body insulin intolerance at the level of 

insulin signaling in the liver and adipose tissue from WT and ROCK2+/- mice were evaluated. 

Although no over-expression of ROCK2 or activation of ROCK could be detected in the liver or 

adipose tissue of HFHS diet-fed mice, both WT and ROCK2+/- animals had significantly elevated 

levels of liver triglycerides and impaired insulin signaling in the liver and adipose tissue. In 

addition, elevated levels of inflammatory factors were found in adipose tissue from both WT + 

HFHS and ROCK2+/- + HFHS mice.  
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Overall, feeding CD-1 mice a HFHS diet failed to induce cardiac dysfunction, despite 

producing obesity and systemic insulin resistance that were resistant to heterozygous deletion of 

ROCK2. These data suggest that ROCK2 does not appear to contribute to the complications of 

obesity induced by a HFHS diet. However, the liver and adipose tissue may be potential tissue 

targets for improving disrupted insulin signaling and inflammation induced by this diet.  
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Lay Summary 

Obesity has negative effects on the body, and can lead to complications such as heart 

failure, diabetes and liver disease. A signaling protein known as ROCK2 has been implicated in 

the development of obesity cardiomyopathy, a form of heart failure associated with obesity. 

Reducing the amount of ROCK2 is able to protect mice from heart dysfunction and also from the 

high blood sugar caused by a diet very high in fat. However, a diet containing a combination of 

high fat and high sugar, which also caused obesity and high blood sugar, failed to lead to heart 

dysfunction. Moreover, reducing ROCK2 levels was not sufficient to decrease blood sugar or 

reduce inflammation. My data demonstrated that ROCK2 may not contribute to the complications 

of obesity induced by the combination of high fat and sugar. However, the liver and adipose tissue 

are possible targets for reducing high blood sugar and inflammation.  
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Chapter 1: Introduction 

1.1 Overview of obesity 

1.1.1 Prevalence of obesity 

The epidemic of obesity is rising dramatically over time worldwide. According to the 

World Health Organization, worldwide obesity has nearly tripled since 1975. In 2016, more than 

1.9 billion adults aged 18 years and older were overweight, which account for 39% (39% of men 

and 40% of women) of the whole adult population. Over 650 million were obese, which account 

for 13% (11% of men and 15% of women) of the whole adult population. As for children and 

adolescents aged 5-19, over 18% were overweight, and 7% were obese in 2016, compared to 4% 

and 1% in 1975, respectively (World Health Organization, 2018). Nowadays, overweight and 

obesity contribute to more deaths worldwide than underweight, and more populations are 

overweight and obese than those who are underweight globally, except in sub-Saharan Africa and 

Asia. Although the overall prevalence of obesity is increasing significantly around the world, there 

are differences between countries and regions. For example, an accelerated increase in body mass 

index (BMI) was particularly reported in South Asia, Southeast Asia, the Caribbean, and Southern 

Latin America, while in Eastern Europe, almost no BMI increase was noted over the past 40 years 

(Abarca-Gómez et al., 2017).  

Overweight and obesity are defined as abnormal or excessive fat accumulation, and can be 

calculated based on the BMI, as weight (kg) divided by height2 (m). Overweight is defined as a 

BMI from 25–29.9 kg/m2, and obesity is defined as a BMI ≥ 30 kg/m2 (Clinical guidelines on 

the identification, evaluation, and treatment of overweight and obesity in adults: executive 

summary. Expert Panel on the Identification, Evaluation, and Treatment of Overweight in Adults, 

1998). In addition to BMI, waist circumference can also be used to evaluate the potential health 
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risks associated with overweight and/or obesity for individuals. Men and women with a waist 

circumference less than 94 cm and 80 cm, respectively, are considered to have normal fat 

distribution and a low risk of obesity-related comorbidities. When the waist circumference in men 

is between 94-101.9 cm, and in women is between 80-87.9 cm, individuals are considered to have 

moderate central fat accumulation and an increased risk of obesity-related comorbidities. Men who 

have a waist circumference exceeding 102 cm, and women who have a waist circumference 

exceeding 88 cm are categorized as having high central fat accumulation and a high risk of obesity-

related comorbidities (Han and Lean, 2016).  

1.1.2 Medical complications of obesity 

Obesity affects most of our body systems negatively and is associated with many medical 

complications such as diabetes, lung disease, including asthma and pulmonary blood clots, non-

alcoholic fatty liver disease, stroke, and heart disease, such as cardiomyopathy (Fig. 1.1) (Kinlen 

et al., 2018). Although the exact underlying mechanisms and relationships between obesity and its 

medical complications have not been well defined yet, it is believed that obesity can significantly 

increase the risk of those morbidities and individuals who are overweight or obese tend to have a 

higher chance of developing the above diseases.  
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Figure 1.1 Medical complications of obesity 

Obesity increases the risk of medical complications, including sleep apnea; lung disease, for example, asthma and 

pulmonary blood clots; liver disease; gallstones; stroke; heart disease, such as cardiomyopathy; diabetes; pancreatitis; 

abnormal periods and infertility in women; arthritis; inflamed veins, often with blood clots, as well as gout. Retrieved 

and modified from Centers for Disease Control and Prevention. Reproduce with permission under CC-BY 

https://creativecommons.org/licenses/by/4.0/. 
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The accumulation of excess fat accelerates insulin resistance, endothelial dysfunction and 

leads to the development of diabetes (Al-Goblan et al., 2014). High blood pressure, high content 

of cholesterol, and high blood glucose associated with the progression of obesity can contribute to 

cardiovascular diseases and related comorbidities such as heart failure and stroke (Kinlen et al., 

2018). Extra weight on a joint increases the pressure and stress around the joint, and further 

increases the chance of arthritis especially in overweight and obese people (Magliano, 2008). In 

addition, there is a tight association between excess body weight and the risk of developing gout. 

Gout is a form of inflammatory arthritis and is caused by a high level of uric acid buildup around 

the joint. Overweight and obesity slow down the clearance of uric acid from the body and lead to 

gout attacks (Juraschek et al., 2013). Obesity can also increase fat accumulation around certain 

parts of the body and in the blood circulation to cause sleep apnea, inflamed veins, and blood clots 

in veins (Romero-Corral et al., 2010; Borch et al., 2011). Moreover, obesity can affect regular 

hormonal signaling and contributes to abnormal periods and infertility in women (Dağ and Dilbaz, 

2015).  

Overall, obesity is closely associated with increased risks of various comorbidities, and 

weight loss remains the best way to tackle complications (Kinlen et al., 2018). Although the cause 

of obesity is multifactorial and there are many factors involved in its development, including 

genetics, ethnicities, socio-economic status, and psychological factors (Lakerveld and 

Mackenbach, 2017; Stryjecki et al., 2018), the fundamental cause of obesity is an energy 

imbalance between calories taken in and calories expended. There has been an increased intake of 

foods that are high in fat and carbohydrates, and a reduction in physical activity due to an 

increasingly sedentary lifestyle and increasing urbanization. Therefore, health recommendations 
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focus on promoting healthy eating habits and increasing physical activity (Franco et al., 2013; 

Ortiz and Kwo, 2015; Camacho and Ruppel, 2017). 

1.1.3 Mechanism of complications of obesity 

1.1.3.1 Insulin signaling  

 Insulin was discovered in 1921 by a team of researchers, Frederick G Banting, Charles 

Best, James B. Collip, and their supervisor J.J.R. MacLeod at the University of Toronto (Brownsey 

et al., 1997). Insulin is produced by beta cells of the pancreas as a peptide hormone to regulate the 

metabolism of carbohydrates, fats, and protein in the body (Wilcox, 2005).  

Elevated concentrations of glucose in circulation trigger the release of insulin. Insulin then 

acts on cells of different tissues to stimulate uptake, utilization and storage of glucose, to decrease 

the concentration of glucose in the circulation. Insulin binds to the insulin receptor (IR), which is 

a tetrameric enzyme that is comprised of 2 extracellular a-subunits and 2 transmembrane b-

subunits located on the cell membrane, to mediate its signaling (Ottensmeyer et al., 2000). IR is a 

member of the tyrosine kinase family of cell surface receptors and is closely associated with the 

receptor for insulin-like growth factor-1 (IGF-1) (Nakae et al., 2001). Upon insulin binding, IR is 

autophosphorylated, and thus has increased tyrosine kinase activity for other substrates, such as 

insulin receptor substrates (IRS) proteins. Tyrosine phosphorylation of insulin receptor substrate 

1 (IRS-1) by IR introduces multiple binding sites for proteins that have SH2 homology domain, 

including phosphatidylinositol 3-kinases (PI3Ks). PI3K binds to tyrosine residues of IRS-1 to 

produce phosphatidylinositol 3,4,5-triphosphate (PIP3), which activates a series of downstream 

signaling proteins, including phosphoinositide-dependent protein kinase-1 (PDK1), protein kinase 

B (PKB/Akt) and Akt substrate 160 (AS160) to facilitate membrane glucose transport through 
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glucose transporters (GLUTs), such as GLUT4 (Fig. 1.2) (Thirone et al., 2006; Muniyappa et al., 

2007; Thorn et al., 2013).  

 

Figure 1.2 Insulin signaling pathway  

Insulin binds to the IR, which is a transmembrane receptor. Upon insulin binding, IR is autophosphorylated, and thus 

has increased tyrosine kinase activity for other substrates, such as IRS proteins. Tyrosine phosphorylation of IRS-1 

by IR introduces multiple binding sites for proteins that have SH2 homology domain, including PI3Ks. PI3K binds to 

tyrosine residues of IRS-1 to produce PIP3, which activates a series of downstream signaling proteins, including PDK1, 
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Akt and AS160 to facilitate membrane glucose transport through GLUTs, such as GLUT4 (Thorn et al., 2013). 

Reproduce with permission under CC-BY https://creativecommons.org/licenses/by/4.0/.  
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A number of GLUTs have been identified. GLUT 1 is present in all cell types, and is 

responsible for basal glucose uptake to sustain cellular respiration (Ciaraldi et al., 2005). GLUT 2 

is mainly located in the kidney, intestine, liver, and pancreas. In the liver, GLUT 2 facilitates 

glucose uptake for glycolysis and glycogenesis, and releases glucose during gluconeogenesis. In 

the beta cells of the pancreas, GLUT 2 plays a crucial role in ensuring the homeostasis of glucose 

levels in the intracellular environment (Thorens, 2015). GLUT 4, on the other hand, is the major 

transporter presents in insulin sensitive tissues, including skeletal muscle, heart, and adipose tissue. 

Upon stimulation with insulin, GLUT 4 translocates from the transport vesicles in the cytoplasm 

to the cell membrane to facilitate the entry of glucose (Abel, 2004). In the liver, insulin stimulates 

the storage of glucose in the form of glycogen by promoting glycogen synthesis. When the level 

of glycogen in the liver saturates and further glycogen synthesis is suppressed, insulin then 

stimulates the synthesis of fatty acids, which are exported as lipoproteins. Lipoproteins exported 

from the liver through the circulation can reach other tissues, such as adipose tissue, to be used for 

glycerol and further triglyceride synthesis. In addition, insulin can also stimulate the uptake of 

amino acids to contribute to its overall anabolic effect and cell growth (Bertrand et al., 2008).  

Skeletal muscle is the main tissue for insulin-stimulated glucose utilization, where around 

60-70% of glucose uptake occurs under euglycemic conditions (Thiebaud et al., 1982; Rask-

Madsen and Kahn, 2012). Glucose can be either converted into glycogen for storage or enters the 

glycolytic pathway to be oxidized for energy production (Ijuin et al., 2015). Although glucose 

uptake into the liver is not insulin-dependent, the liver is another major site (30%) of insulin-

stimulated glucose disposal (Smith, 2002). Insulin stimulates glycogen synthesis and modulates 

protein synthesis and lipoprotein metabolism. At the same time, gluconeogenesis and ketone body 

production are inhibited (González-Sánchez and Serrano-Ríos, 2007). Adipocytes account for 10% 
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insulin-stimulated glucose uptake through GLUT4, and play a crucial role in regulating systemic 

insulin sensitivity in obesity (Frayn, 2001). Insulin promotes lipogenesis while suppressing 

lipolysis, and therefore, the release of free fatty acids into the bloodstream. Adipose tissue not only 

can store and release fatty acids, but adipocytes also function as endocrine glands, and release a 

variety of molecules including hormones to regulate energy balance and glucose homeostasis in 

other organs (Kershaw and Flier, 2004, Scherer, 2006). 

1.1.3.2 Insulin resistance 

One of the hallmarks of obesity is insulin resistance. The term “insulin resistance” refers 

to a decreased metabolic response/sensitivity of a target cell to insulin, which at the whole 

organism level, can be observed as a reduced ability to lower blood glucose by circulating or 

injected insulin (Czech, 2017). Glucose homeostasis is a balance between the production of 

glucose from the liver, and its metabolism in skeletal muscle and adipose tissue. The role of insulin 

is to inhibit glucose output from the liver, and to increase glucose uptake into skeletal muscle and 

adipose tissue during times of nutrient uptake. Obesity-associated insulin resistance is often 

manifested by impaired suppression of glucose output from the liver, as well as decreased insulin-

stimulated glucose transport and metabolism in skeletal muscle and adipose tissue (Kahn and Flier, 

2000). At the molecular level, impaired insulin signaling can contribute to the development of 

insulin resistance through increased serine phosphorylation of IRS-1 and inhibition of IRS-1 

tyrosine phosphorylation, decreased activation of PI3K, and reduced phosphorylation and 

activation of Akt (Rask-Madsen and Kahn, 2012). In addition, reduced protein expression and 

translocation to the cell membrane of cytoplasmic glucose transporter 4 (GLUT 4) is associated 

with decreased glucose uptake and oxidation in obesity and diabetes (DeFronzo and Tripathy, 

2009).  
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During the progression of insulin resistance, the normal lipoprotein metabolism is 

significantly altered, in that insulin-resistant adipocytes increase free fatty acids production, and 

reduce very low-density lipoprotein (VLDL) catabolism, which further results in increased 

triglyceride content and VLDL secretion in the liver (Wilcox, 2005). Moreover, resistance to 

insulin’s metabolic effects results in increased hepatic glucose output via increased 

gluconeogenesis. Insulin resistance in adipose tissue is associated with impaired inhibition of 

lipolysis by insulin and leads to increased release of fatty acids and inflammatory cytokines such 

as interleukin-6 (IL-6) and tumor necrosis factor a (TNFa). Elevated levels of fatty acids further 

contribute to the accumulation of lipids, and worsen the development of insulin resistance in other 

tissues such as the liver, skeletal muscle, and the heart (Arner and Langin, 2014, Perry et al., 2015).  

1.1.3.3 Inflammation 

Accumulation of excess lipids in tissues, including adipose tissue and the liver, is often 

accompanied by chronic low-grade inflammation, which is evidenced by elevated levels of 

proinflammatory macrophages and inflammatory factors, including TNFa, monocyte 

chemoattractant protein-1 (MCP-1), and EGF-like module-containing mucin-like hormone 

receptor-like 1 (EMR1 or F4/80) (Weisberg et al., 2003; Xu et al., 2003; Shoelson et al., 2007). 

Particularly, adipose tissue inflammation is closely associated with insulin resistance, and 

inflammatory molecules secreted by adipose tissue can affect insulin sensitivity in other tissues 

like skeletal muscle and the liver (Wu and Ballantyne, 2017). The relationship between obesity 

and inflammation was first established by Hotamisligil’s team, which demonstrated that there was 

a positive correlation between adipose tissue mass and levels of TNFa in adipocytes. Hotamisligil 

et al proposed that TNFa, which is a cytokine secreted by immune cells and adipocytes, is involved 

in the development of insulin resistance in adipose tissue (Hotamisligil et al., 1993). Several 
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studies have shown that mRNA and protein levels of TNFa in adipose tissue increased 

significantly in obese human subjects and mouse models compared to lean individuals and WT 

controls (Hotamisligil et al., 1995; Schäfer et al., 2001). Elevated levels of TNFa lead to insulin 

resistance by inhibiting the tyrosine phosphorylation of IRS-1 (Hotamisligil, 2003). In addition, a 

chemoattractive protein, MCP-1 recruits immune cells to sites of inflammation in response to 

obesity. For example, elevated expression of MCP-1 has been found in adipose tissue in mouse 

models of obesity and diabetes, and overexpression of MCP-1 increases macrophage recruitment 

and contributes to systemic insulin resistance (Kamei et al., 2006; Kanda et al., 2006). 

Furthermore, Weisberg et al have demonstrated that the expression of F4/80, which is a major 

macrophage marker, in adipose tissue is positively correlated with both adipocyte size and body 

mass. Specifically, the percentage of cells expressing F4/80 in adipose tissue was 3-fold more in 

obese mice in contrast to their lean littermates (Weisberg et al., 2003).  

On the other hand, peroxisome proliferator-activated receptors (PPARs) are ligand-

activated transcription factors, which play an important role in regulating overall energy 

homeostasis, and are involved in lipid and glucose metabolism, as well as the inflammatory 

response (Stienstra et al., 2007). In particular, peroxisome proliferator-activated receptor g 

(PPARg), which is considered as a master regulator of adipogenesis and lipogenesis, is mainly 

expressed in adipose tissue (Lazar, 2005). Diet-induced obesity contributes to increased expression 

of inflammatory genes in adipose tissue and leads to adipocyte hypertrophy and macrophage 

infiltration. Activation of PPARg has been shown to be able to reverse macrophage infiltration, 

and down-regulate the expression of inflammatory genes in macrophages (Sugii et al., 2009). 
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1.1.4 Obesity cardiomyopathy 

As one of the growing worldwide health issues, obesity and obesity-associated 

complications contribute to the development of heart failure and cardiovascular diseases (Barouch 

et al., 2006; Bhatheja et al., 2016). Obesity itself is an independent risk factor for the development 

of left ventricular (LV) dysfunction as demonstrated in the Framingham Heart Study. In this study, 

among 6,000 people (mean age 55 years) without a history of heart failure, the risk of heart failure 

increased approximately 2-fold in obese individuals in contrast to non-obese subjects after 14 years 

(Kenchaiah et al., 2002). Increased risk of heart failure is associated with several heart conditions, 

including increased  incidences of hypertension, atherosclerosis, myocardial infarction, and 

obesity cardiomyopathy (Ebong et al., 2014).  

Obesity cardiomyopathy is defined as changes in the structure and function of the 

myocardium, contributing to mechanical consequences of structural remodeling of the heart and 

eventually leading to LV dysfunction (Dela Cruz and Matthay, 2009). The accumulation of fatty 

acids, the development of insulin resistance, cardiac steatosis, and overactivation of renin-

angiotensin-aldosterone and sympathetic nervous system can contribute to ventricular remodeling 

and the development of ventricular hypertrophy (Kasper et al., 1992; Kenchaiah et al., 2002; Dela 

Cruz and Matthay, 2009). Obesity cardiomyopathy can develop without the presence of other risk 

factors such as coronary artery disease and hypertension, and can contribute to the development 

of LV failure and worsen myocardial infarction (Hubert et al., 1983; Wong and Marwick, 2007; 

Boudina and Abel, 2010). In addition to cardiac structural and functional adaptations during the 

progression of obesity, the metabolism of the heart is often changed in obesity cardiomyopathy.  

The heart has very high energy demands and has almost no energy reserves. In order to 

produce a large amount of adenosine triphosphate (ATP) for energy consumption, the heart 
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consumes a variety of substrates, including fatty acids (60-80%), glucose (40-20%), lactate, 

ketones, pyruvate, and amino acids (Lopaschuk et al., 2010). Cardiac efficiency is defined as the 

ratio of the energy delivered by the heart to the energy supplied to it (Schipke, 1994). It is a measure 

of the efficiency of using energy to produce ATP and cardiac contraction. In fact, the cardiac 

efficiency of producing ATP varies significantly among different energy substrates, and most of 

the ATP production is accompanied by oxygen consumption for mitochondrial oxidative 

metabolism. For example, mitochondrial oxidation of fatty acids consumes more oxygen per 

molecule of ATP production than other energy substrates. In obesity, impaired glucose uptake and 

oxidation can lead to increased fatty acid utilization for ATP production, which causes decreased 

cardiac efficiency, and further leads to the accumulation of fatty acid oxidation byproducts and 

toxic fatty acid metabolites (Jaswal et al., 2011). For example, the accumulation of intra-

myocardial diacylglycerol found in C57BL/6J mice fed a HF (60% kcal from fat) diet has been 

implicated in cardiac insulin resistance (Lopaschuk, 2016).  

Energy generation takes place mainly in mitochondria. There are around 7000 

mitochondria present in an adult ventricular myocyte. The high amount of mitochondria, which 

take up 35% of the cell volume, meets the high-energy demands of cardiomyocytes by generating 

ATP (Dedkova and Blatter, 2012). Increased fatty acid utilization is associated with elevated 

mitochondrial reactive oxygen species (ROS) production because of elevated oxygen consumption 

per molecule of ATP production through a highly regulated and crucial process known as oxidative 

phosphorylation (Tseng et al., 2010). Moreover, high ROS levels are associated with cell damage 

and mitochondrial dysfunction and further contributes to cardiac dysfunction (Fillmore et al., 

2014).  
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Insulin resistance also has profound adverse effects on cardiac function, and has a strong 

association with the progression of obesity cardiomyopathy (Aroor et al., 2012). Cardiac insulin 

signaling plays an important role in the regulation of glucose uptake, since the heart requires the 

consistent utilization of glucose, fatty acids, and other metabolic substrates regardless of changes 

in insulin concentration (Abel, 2004). Insulin in the heart has been shown to be able to increase 

glucose transporter translocation, glycolytic flux, and rates of glucose oxidation through the IRS-

PI3K-Akt signaling axis, as well as to suppress fatty acid utilization by the heart (Belke et al., 

2002). In insulin resistance, upregulation of the cluster differentiation protein 36 (CD36) increases 

uptake of free fatty acids into the heart and promotes fatty acid utilization. On the other hand, due 

to the inhibition of glucose utilization, a glycolytic intermediate accumulates in the heart and 

induces glucotoxicity (Taegtmeyer et al., 2002). As insulin resistance progresses, the heart starts 

to lose its metabolic flexibility. Metabolic flexibility is the ability of the heart to adapt fuel 

oxidation to fuel availability (Galgani et al., 2008). The inability to adapt fuel oxidation in response 

to changes in nutrient availability, including carbohydrates and fatty acids, lead to the 

accumulation of lipid. Lipid accumulation can further contribute to apoptosis, mitochondrial 

dysfunction, cardiac hypertrophy and cardiac contractile dysfunction (Unger and Orci, 2002; 

Goldberg et al., 2012).  

 

1.2 The RhoA-ROCK pathway  

1.2.1 Overview  

The RhoA-ROCK pathway is actively involved in a wide range of physiological functions, 

including smooth muscle contraction, and the regulation of cell migration, motility and adhesion 

(Kaibuchi et al., 1999; Wang et al., 2009). Ras homolog gene family, member A (RhoA) is a small 
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GTPase protein in the Rho family. GTPase proteins are regulatory proteins that are involved in 

signaling events. Guanine nucleotide exchange factors (GEFs) promote the activation of RhoA by 

facilitating the exchange of GDP for GTP. On the other hand, GTPase activating proteins (GAPs) 

deactivate RhoA through hydrolyzing GTP to GDP (Luo, 2000). Different stimuli, such as growth 

factors, hormones, cytokines, and integrins can promote the activation of RhoA. RhoA is mainly 

associated with cytoskeleton regulation such as stress fiber formation and actomyosin contractility 

(Fig. 1.3) (Spiering and Hodgson, 2011; Hartmann et al., 2015).  

Rho-associated protein kinase (ROCK), a serine/threonine kinase, is a downstream target 

of RhoA. There are two isoforms of ROCK, ROCK1 and ROCK2. ROCK1 and ROCK2 have an 

overall 65% homology in their amino acid sequence, and 92% homology in their kinase domain, 

which is important for phosphorylation (Wang et al., 2009). Despite the similarities of ROCK1 

and ROCK2, differences exist in their activation, intracellular location and interaction with target 

proteins (Amano et al., 2010; Julian and Olson, 2014). ROCK1 is ubiquitously expressed except 

in the brain and muscle, while ROCK2 is mostly expressed in the brain, muscle, heart, lung, and 

placenta (Hartmann et al., 2015). In addition, ROCK1 is specifically cleaved by caspase-3, while 

ROCK2 is cleaved by granzyme B. Caspase-3 and granzyme B cleave the carboxyl terminus of 

ROCK1 and ROCK2 respectively, and uncovering the kinase domain to promote persistent 

activation independent of RhoA (Coleman et al., 2001; Sebbagh et al., 2001, 2005). Furthermore, 

ROCK1 is mostly involved in the formation of stress fibers, whereas ROCK2 plays a more 

important role in phagocytosis and cell contraction (Yoneda et al., 2005; Wang et al., 2009).  

ROCK can phosphorylate many downstream substrates such as LIM-Kinase (LIMK), 

ezrin-radixin-moesin (ERM), myosin light chain (MLC) and myosin phosphatase target subunit 1 

(MYPT1) (Fig. 1.3) (Riento and Ridley, 2003; Loirand et al., 2006; Hartmann et al., 2015). 



16 

 

MYPT1 is the best-characterized ROCK substrate and can be directly bound and phosphorylated 

by ROCK2 to stimulate smooth muscle contraction (Amano et al., 2010).  

 

Figure 1.3 RhoA/ROCK signaling pathway 

Different stimuli such as growth factors, hormones, cytokines and integrins, can stimulate the activation of the GTPase 

proteins, for example, RhoA, which is a small GTPase protein in the Rho family. RhoA is activated when GTP is 

bound to it. ROCK is a downstream target of RhoA, which has two isoforms, ROCK1 and ROCK2. Both ROCK1 and 

ROCK2 have multiple targets including MYPT1, MLC, LIMK, ERM, and PTEN, and are involved in stress fiber 

assembly and F-actin stabilization, for example (Hartmann et al., 2015). Reproduce with permission under CC-BY 

https://creativecommons.org/licenses/by/4.0/.   
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1.2.2 The role of RhoA-ROCK pathway in cardiovascular diseases  

Increased ROCK activity has been implicated in cardiovascular diseases and associated 

conditions, such as diabetic cardiomyopathy, hypertension, pulmonary hypertension, stable angina 

pectoris, vasospastic angina, heart failure, and stroke (Masumoto et al., 2001, 2002; Shimokawa 

et al., 2002; Kishi et al., 2005; Shibuya et al., 2005; Vicari et al., 2005; Ishikura et al., 2006). For 

example, our lab has previously demonstrated that the RhoA-ROCK pathway contributes to the 

development of diabetic cardiomyopathy and a non-specific ROCK inhibitor improved the cardiac 

function in a rat model of streptozotocin-induced type 1 diabetes (Lin et al., 2007). In addition, in 

experimental hypertension models and hypertensive human patients, elevated activity of the 

RhoA-ROCK pathway was observed, and treatment with the non-isoform selective ROCK 

inhibitor, fasudil, was able to decrease the peripheral vascular resistance (Masumoto et al., 2001). 

Moreover, increased ROCK expression is found in rat models with pulmonary hypertension, while 

long-term treatment with fasudil improved pulmonary hypertension and ventricular hypertrophy, 

as well as increased survival rate in these rats (Abe et al., 2004). Overall, above studies suggest 

that the RhoA-ROCK pathway is a potential therapeutic target for a number of cardiovascular 

diseases. 

Commonly used ROCK inhibitors such as fasudil lack specificity and act on both ROCK 

isoforms, and may also block other serine-threonine kinases, including protein kinase C-related 

kinase 1 and protein kinase C-related kinase 2, cAMP-activated protein kinase, and AMP-activated 

protein kinase (Bain et al., 2007). Therefore, mouse models with ROCK specific isoform deletions 

have been developed to elucidate the functions of ROCK1 and ROCK2 separately in vivo.  

ROCK1 heterozygous knockout (ROCK1+/-) mice exhibit reduced perivascular and 

interstitial fibrosis in myocardia, which is closely associated with decreased expression of 
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extracellular matrix proteins and fibrogenic cytokines compared to control mice in response to 

pressure overload on the heart (Zhang et al., 2006). Moreover, increased suppression of 

cardiomyocyte apoptosis and reduced cardiac hypertrophy were observed in ROCK1 deletion 

(ROCK1-/-) mice in contrast to their WT littermates, indicated the beneficial effects of ROCK1 

deficiency in hypertrophic decompensation and limiting heart failure progression in pressure 

overload (Shi et al., 2010).  

Mice with a cardiomyocyte-specific deletion of ROCK2 display normal cardiac anatomy, 

function, and hemodynamic parameters, and are protected from cardiac hypertrophy, 

intraventricular fibrosis, cardiac apoptosis, and oxidative stress induced by angiotensin II infusion 

compared to control mice (Okamoto et al., 2013). Furthermore, fibroblast-specific deletion of 

ROCK2 protected mice from angiotensin II-induced increases in left ventricular wall thickness 

and fibrosis, and improved cardiac diastolic function compared to WT mice (Shimizu et al., 2017).  

In addition, in contrast to WT mice in which transverse aortic constriction induces cardiac 

diastolic dysfunction, mice with cardiac-specific deletion of ROCK2 (cROCK2-/-) showed 

improved cardiac diastolic function, as demonstrated by a decreased E/A ratio and reduced 

deceleration of the mitral E wave. This indicates the ability of ROCK2 deficiency to attenuate 

diastolic dysfunction in response to pressure overload (Sunamura et al., 2018). 

To conclude, the overactivation of ROCK is involved in the development of cardiovascular 

diseases. ROCK inhibitors and ROCK specific isoform deletions are able to help to lessen 

symptoms associated with those conditions.  
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1.2.3 The role of RhoA-ROCK pathway in the development of obesity cardiomyopathy 

and obesity-induced insulin resistance 

Previous studies from our lab have demonstrated that detrimental effects of over-activation 

of the RhoA-ROCK pathway found in diabetic rats and HF diet-induced obese WT CD-1 mice 

contributes to the development of diabetic and obesity cardiomyopathy. Increased expression and 

activity of ROCK2 plays a crucial role in the progression of cardiomyopathy and is closely 

associated with mechanisms such as mitochondrial dysfunction and insulin resistance (Soliman et 

al., 2012, 2015; Lin et al., 2014). We found that in WT CD-1 mice fed a HF diet, elevated ROCK2 

activity, mild cardiac contractile dysfunction, and systemic insulin resistance were observed. 

However, those were prevented in animals with heterozygous deletion of ROCK2 (ROCK2+/-), 

and ROCK2+/- mice showed improved cardiac contractile function and insulin sensitivity 

(Soliman et al., 2015).  

In addition, the study of the role of heterozygous deletion of ROCK2 in adipose tissue of 

HF diet-induced obese CD-1 mice revealed that over-activation of ROCK2 leads to whole-body 

insulin resistance, which appeared to be due in part to reduced expression of PPARg, expanded 

adipocyte hypertrophy, and increased inflammatory factor production (Soliman et al., 2016). 

Furthermore, our preliminary data also suggested that heterozygous deletion of ROCK2 was able 

to protect HF diet-induced obese CD-1 mice from abnormal mitochondrial morphology and 

imbalanced mitochondrial mediators of fission found in the left ventricular tissue of WT CD-1 

mice.  

Overall, over-activation of the RhoA-ROCK pathway mediated through the increased 

activity of ROCK2 contributes to cardiac contractile dysfunction and systemic insulin resistance 
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observed in HF diet-induced obesity in WT CD-1 mice. Heterozygous deletion of ROCK2 helps 

protect mice from HF diet-induced complications associated with obesity.   

 

1.3 Animal models  

1.3.1 Diet-induced obesity in mice  

Mice are one of the most commonly used animal models to study obesity-induced human 

heart diseases, because of the similar cardiac developmental sequences between humans and mice, 

and because there is a large availability of genetically modified models (Krishnan et al., 2014; 

Camacho et al., 2016). Since the cause of obesity is multifactorial and there are many risk factors 

associated with it, mouse models of obesity have been categorized into different groups. There are 

two major categories, with one category describing animals that have one or a few genes being 

mutated or manipulated, and another one being the dietary-induced models. Dietary-induced 

obesity models mimic the main obesity trend in humans (Wang and Liao, 2012).  

Dietary fat and carbohydrates such as a high-fat (HF) diet or a high fat-high sucrose 

(HFHS) diet, have been used to trigger diet-induced obesity and diabetes in mice (Lutz and Woods, 

2012). A HF diet, generally including 45%-60% kcal from fat but low in sugars, can be used to 

induce obesity and insulin resistance in mouse models (Gao et al., 2015; Ternacle et al., 2017; 

Speakman, 2019). A HFHS diet, on the other hand, containing a slightly lower amount of fat but 

a relatively higher amount of sucrose, is thought to more closely resemble the human “Western 

diet”, which has dramatically increased obesity levels over the past few decades (Ishimoto et al., 

2013; King and Austin, 2017; Burchfield et al., 2018). A “Western diet” is defined as a diet 

containing high fat, salt, and sugars. It is generally characterized by high intakes of highly refined 

and saturated fats, red meat, animal protein, and over-refined sugars (Statovci et al., 2017). A 
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typical “Western diet” consists of about 2,200 calories per day, with 35% of calories from fat, 50% 

of calories from carbohydrate, and 15% of calories from protein (Last and Wilson, 2006).  

Many studies have shown that mice fed either a HF or a HFHS diet exhibit obesity and 

obesity-associated symptoms, including cardiac dysfunction and insulin resistance. For example, 

CD-1 mice gained a significant amount of body weight and chronic inflammation in adipose tissue 

was triggered after being fed a HF (60% kcal from fat) diet for 12 weeks (Gao et al., 2015). 

C57BL/6J mice placed on a HF (60% kcal from fat) diet demonstrated myocardial dysfunction, 

myocardial fibrosis, and increased apoptosis after 20 weeks of feeding, in contrast to mice fed a 

normal diet (13% kcal from fat) (Ternacle et al., 2017). Moreover, studies have reported that CD-

1 mice fed a HFHS (42% kcal from fat and 30% kcal from sucrose) diet develop cardiac systolic 

and diastolic dysfunction after 8 weeks of feeding (Carbone et al., 2015, 2017; Chen et al., 2017; 

Zhang et al., 2017). In addition, prolonged exposure (24 weeks) to a HFHS (47% kcal from fat 

and 32% kcal from carbohydrate) diet leads to a series of metabolic disturbances including obesity, 

fasting hyperglycemia, glucose intolerance and insulin resistance in the C57BL/6 male mice model 

(Burchfield et al., 2018).  

In our previous study in C57BL/6 male mice, a HF diet (60% kcal from fat and 7% kcal 

from sucrose) was used to mimic human obesity and insulin resistance, and a HFHS (45% kcal 

from fat and 17% kcal from sucrose) diet was used because its composition is closer to a human 

“Western diet”. Although there are no specific compositions of fat and sucrose in a HF or a HFHS 

diet, a HFHS diet containing 45% kcal from fat and 17% kcal from sucrose was chosen in the 

present study because of the induction of cardiac dysfunction in C57BL/6 mice fed this HFHS diet 

(Pulinilkunnil et al., 2014). We found that both HF and HFHS diet-fed mice exhibited glucose and 

insulin intolerance, and were considered pre-diabetic, which is consistent with the above studies. 
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However, animals fed the HFHS diet developed more severe systolic and diastolic dysfunction 

after 18 weeks of feeding compared to the HF group, which might be due to the higher level of 

fibrosis found in HFHS group according to our preliminary data.  

Overall, despite similarities of HF and HFHS diets in terms of triggering obesity-associated 

symptoms, the underlying severity of cardiac dysfunction in mouse models of obesity may not 

always be the same between various regimens used and different mouse strains may also respond 

differently. 

1.3.2 ROCK2 heterozygous (ROCK2+/-) mouse 

ROCK2 plays a pivotal role in normal embryonic development and is important for 

cytoskeleton regulation and smooth muscle contraction. Complete ROCK2 knockout (ROCK2-/-) 

mice were first generated in 2003, but more than 90% of ROCK2-/- embryos died due to severe 

thrombus formation, placental dysfunction, and consequent intrauterine growth retardation 

(Thumkeo et al., 2003). Therefore, ROCK2 heterozygous whole-body knockdown mouse models 

have been used to study the effect of ROCK2 heterozygous deletion in vivo.  

 

1.4 Study aim 

Previous studies from our lab have demonstrated that diet-induced obesity in mouse models 

is closely associated with the development of obesity cardiomyopathy (Soliman et al., 2015, 2016). 

WT CD-1 animals fed a HF diet demonstrated significantly elevated ROCK2 activity, mild global 

cardiac contractile dysfunction, whole-body insulin resistance, disrupted insulin signaling in the 

heart and adipose tissue, and increased levels of inflammatory factor in adipocytes. However, CD-

1 mice with heterozygous deletion of ROCK2 were protected from HF diet-induced obesity and 

associated symptoms. Moreover, in preliminary studies, heterozygous deletion of ROCK2 also 
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prevented HF diet-induced disrupted mitochondrial morphology and increased activity of 

mitochondrial mediators of fission. In addition, according to our preliminary data, a HFHS diet 

more closely resembling the human “Western diet”, with a high content of fat and sugar, was 

shown to have a more detrimental effect on cardiac structure and function than a HF diet alone in 

WT C57BL/6J mice.  

The purpose of the research in this thesis was to characterize the effect of heterozygous 

deletion of ROCK2 on cardiac contractile function and insulin tolerance of HFHS diet-induced 

obese CD-1 mice, in comparison to the HF diet-induced obese mice. Specifically, as described in 

Chapter 2, I investigated if a HFHS diet induced cardiac contractile dysfunction and insulin 

resistance in WT CD-1 animals, and if so, whether these were prevented by heterozygous deletion 

of ROCK2. Unexpectedly, the results of the characterization of the effects of a HFHS diet on 

systemic insulin sensitivity and cardiac function were not as predicted. First of all, I found that, 

unlike C57BL/6J mice in our previous studies, despite the development of severe obesity and 

systemic insulin resistance, HFHS diet-fed WT CD-1 animals were resistant to the development 

of cardiac contractile dysfunction. Secondly, ROCK2+/- mice were not protected against the 

development of systemic insulin resistance when fed a HFHS diet, as they had been when fed a 

HF diet in our previous studies.  

In Chapter 3 I focused on investigating the insulin signaling pathway in both the liver and 

adipose tissue. Since we observed suppressed PPARg expression and elevated levels of 

inflammatory factor production in adipose tissue of HF diet-fed WT CD-1 mice, I also investigated 

the same parameters in adipose tissue of HFHS diet-fed animals. I found that the expression of the 

RhoA-ROCK pathway in the liver and adipose tissue was very consistent with what I observed in 

the heart. Moreover, both ROCK2+/- mice and their WT littermates had disrupted insulin signaling 
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in the liver and adipose tissue when fed a HFHS diet. In addition, unlike what we found in HF 

diet-fed ROCK2+/- mice, HFHS diet-fed ROCK2+/- mice had elevated levels of inflammatory 

factor production in adipocytes, which was comparable to WT + HFHS animals. Although the 

exact mechanism of the loss of protection of heterozygous deletion of ROCK2 on insulin resistance 

is yet to be explained, the systemic insulin intolerance found in ROCK2+/- mice may be explained, 

at least in part, by the insulin resistance and increased levels of inflammatory factor production in 

tissues such as the liver and adipose tissue.   
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Chapter 2: Characterization of the effects of a HFHS diet on cardiac function 

and insulin sensitivity in WT and ROCK2+/- CD-1 mice 

2.1 Introduction 

Obesity is one of the major risk factors of heart failure and myocardial diseases and is 

associated with various medical conditions, including stroke, lung disease, and non-alcoholic fatty 

liver disease (Csige et al., 2018). Obesity cardiomyopathy is characterized by left ventricular 

dysfunction with impaired ventricular filling and ejection, known as diastolic and systolic 

dysfunction, respectively (Carbone et al., 2015). It is well-known that obesity is multifactorial, 

and that both genetic factors and a sedentary lifestyle contribute to the rising prevalence of obesity. 

A diet that is composed of a high content of fat and sugar, which is known as the Western diet, is 

considered to be the main cause of obesity nowadays (Bhadoria et al., 2015). However, the effects 

of a HFHS diet on cardiac function and insulin sensitivity in mouse models of diet-induced obesity 

and whether they are different from the cardiac dysfunction and insulin resistance provoked by a 

HF diet are yet to be fully determined. Moreover, previous studies from our lab showed that 

heterozygous deletion of ROCK2 is able to protect mice from cardiac contractile dysfunction and 

insulin resistance induced by a HF diet. Therefore, in the current study, I was interested in 

investigating the effect of heterozygous deletion of ROCK2 on mice with a HFHS diet-induced 

obesity. 

Our lab has previously demonstrated that WT CD-1 mice fed a HF diet (60% kcal from fat 

and 7% kcal from sucrose) for 17 weeks developed mild global cardiac contractile dysfunction, 

indicated by an elevation of the myocardial performance index (MPI). In addition, speckle-

tracking-based strain echocardiography also showed regional wall motion impairment in the left 
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ventricle of hearts from WT + HF animals (Soliman et al., 2015). Moreover, our preliminary 

studies have implied that there is an association between mitochondrial dysfunction and the 

progression of cardiac dysfunction, indicated by decreased phosphorylation of serine 637 in the 

mitochondrial mediator of fission, dynamin-related protein 1 (Drp1), in WT + HF mice. A 

reduction of serine 637 phosphorylation of Drp1 activates mitochondrial fission, which leads to a 

disruption of mitochondrial morphology and contributes to mitochondrial dysfunction. Consistent 

with the decrease in the level of Ser637pDrp1 in hearts from WT + HF mice, we also found that the 

mitochondria in left ventricular tissue of these mice were quite abnormal, as shown by the 

disruption of mitochondrial cristae, and the appearance of more and smaller mitochondria using 

transmission electron microscopy in our preliminary studies. However, ROCK2+/- + HF mice 

demonstrated more regular mitochondrial morphology and organization than WT + HF mice. 

Thus, ROCK2 heterozygous deletion may be able to reduce mitochondrial fission and prevent the 

development of abnormal mitochondrial dynamics and cardiac function.  

A diet composed of a high content of fat and sucrose more closely resembles the human 

daily diet than a diet that is only rich in fat. This “Western-style” diet has been reported to 

contribute to the current epidemic of obesity and associated metabolic disorders (Yang et al., 

2012). Moreover, we observed more detrimental effects on cardiac contractile dysfunction in WT 

C57BL/6J mice fed a HFHS diet (45% kcal from fat and 17% kcal from sucrose) than mice fed a 

HF diet alone after 18 weeks of diet feeding in our preliminary studies. However, it is not clear 

whether a HFHS diet would induce greater cardiac contractile dysfunction than a HF diet in WT 

CD-1 mice, and how long a feeding period would be needed. Therefore, the purpose of the current 

study was to investigate the effect of a HFHS diet containing 45% kcal from fat and 17% kcal 

from sucrose on cardiac contractile function and insulin resistance in WT CD-1 mice, and to 
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determine whether heterozygous deletion of ROCK2 was able to protect animals from resulting 

obesity-induced morbidities.  

I found that despite a significant gain in body weight, and the development of systemic 

glucose and insulin intolerance, HFHS diet-fed WT CD-1 mice were resistant to the development 

of cardiac dysfunction, which differs from what we observed in both HF diet-fed WT CD-1 

animals and in HFHS diet-fed WT C57BL/6J animals. In addition, heterozygous deletion of 

ROCK2 did not protect these mice from systemic glucose and insulin intolerance induced by a 

HFHS diet. 

 

2.2 Materials and methods 

2.2.1 Animals 

CD-1 WT and ROCK2+/- male animals were used in this study. Male CD-1 ROCK2+/- 

mice were generated as previously described and were bred with female WT (ROCK2+/+) mice  

(Zhou et al., 2009). Genotyping of offspring using polymerase chain reaction was performed to 

confirm their genotypes. Since complete ROCK2 knockout (ROCK2-/-) is embryonically lethal, 

ROCK2 mice (ROCK2+/-) were used. The CD-1 strain was chosen for the present study because 

of the minimal detrimental effects of ROCK2 heterozygous deletion on embryonic development 

in this genetic background compared to other strains (Thumkeo et al., 2003).  

Three sets of animals were used. In first 2 sets of animals (set 1 and set 2), at the age of 6 

weeks, WT male mice and their ROCK2+/- male littermates were divided into two groups each 

and fed either a low fat-low sucrose (LFLS) diet (Cat #:D12450J, Research Diets, New Brunswick, 

NJ, USA), containing 10% kcal from fat and 7% kcal from sucrose, or a high fat-high sucrose 

(HFHS) diet (Cat #:D12451, Research Diets, New Brunswick, NJ, USA), containing 45% kcal 
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from fat and 17% kcal from sucrose. In the 3rd set of mice (set 3), at the age of 6 weeks, WT male 

mice and their ROCK2+/- male littermates were divided into groups and were maintained on either 

a chow (CH) diet (Cat #:5053, LabDiet, St. Louis, MO), containing 13% kcal from fat or a high-

fat (HF) diet (Cat #:D12492, Research Diets, New Brunswick, NJ, USA), containing 60% kcal 

from fat and 7% kcal from sucrose. The composition of the diets is described in Appendix. All 

animals were housed under identical conditions and given free access to food and water. Body 

weight was monitored weekly.  

In the 1st set of mice (set 1), cardiac function was assessed using echocardiography in all 

animals after 16 to 18 weeks of feeding. Glucose tolerance tests (GTT) and insulin tolerance tests 

(ITT) were performed 1 and 2 weeks after echocardiography, respectively, to investigate glucose 

and insulin tolerance. Food and fluid intake were monitored for 5 consecutive days in a subgroup 

of animals (n=4-7 in each group). In the 2nd set of mice (set 2), GTT was performed in all mice 

after 21 weeks of feeding, and cardiac function was assessed in all animals using echocardiography 

at week 24. In the 3rd set of mice (set 3), cardiac function was assessed in all animals using 

echocardiography at week 16. Glucose tolerance tests (GTT) and insulin tolerance tests (ITT) were 

performed 1 and 2 weeks after echocardiography, respectively to investigate glucose and insulin 

tolerance.  

On the day of termination (at week 19-20 for set 1, at week 26 for set 2, and at week 23 for 

set 3), all mice were fasted for 5-6 h and then injected with human insulin (Humulin R, Eli Lilly, 

ON, Canada; 10 U/kg ip); 5 min later, they were deeply anesthetized with 4% isoflurane. After 5 

min, the mice were euthanized. Hearts and other organs, e.g. liver, epididymal adipose tissue and 

gastrocnemius muscle, were removed, and the apex of the heart and a small portion of adipose 

tissue were fixed in 10% formalin. The remaining tissues were frozen in liquid nitrogen and stored 
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at -80°C for later biochemical analysis. All animal studies were performed in accordance with the 

Canadian Council for Animal Care’s Guide for the Care and Use of Experimental Animals and 

were approved by the Animal Care Committee of The University of British Columbia. 

2.2.2 Glucose tolerance test (GTT) 

Mice were fasted for 6 hours. Animals were weighed and a basal (time 0) blood sample 

was taken via tail vein sampling. Blood glucose was measured using One Touch Ultra test strips 

and a One Touch Ultra 2 glucometer (LifeScan, Burnaby, BC, Canada). Glucose (2 g/kg body 

weight) as a 40% solution (wt/vol) was then injected intraperitoneally using a 27 G insulin syringe, 

and blood glucose was measured in each animal at 15, 30, 60, 90, and 120 min following the 

glucose injection. 

2.2.3 Insulin tolerance test (ITT)  

Mice were fasted for 6 hours. Animals were weighed and a basal (time 0) blood sample 

was taken via tail vein sampling. Blood glucose was measured using One Touch Ultra test strips 

and a One Touch Ultra 2 glucometer (LifeScan, Burnaby, BC, Canada). Insulin (0.75 units/kg 

body weight) (Humulin R, Eli Lilly, ON, Canada; 10 U/kg ip) was then injected intraperitoneally 

using a 27 G insulin syringe, and blood glucose was measured in each animal at 10, 20, 40, and 60 

min following the insulin injection. 

2.2.4 Echocardiography and speckle-tracking analysis  

To assess cardiac dimensions and function, transthoracic echocardiography of the left 

ventricle was carried out in anesthetized mice using a VisualSonics Vevo 2100 ultrasound 

(Fujifilm VisualSonics, Toronto, ON, Canada) as previously described (Soliman et al., 2015). 

Body hair on the mouse chest area was removed using depilatory cream one day prior to the 

echocardiography. Anesthesia was induced with 4% isoflurane and maintained with 1-1.5% 
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isoflurane. Mice were placed on a heating pad, and body temperature was maintained at 37 ± 

0.5°C. M-mode and two-dimensional parasternal short- and long-axis scans were made to assess 

changes in left ventricular dimensions, fractional shortening (FS), ejection fraction (EF), and 

cardiac output (CO). An apical four-chamber view of the left ventricle was obtained, and a pulsed-

wave Doppler system was used to determine the ratio of early to late transmitral velocities, 

isovolumic contraction and relaxation times (IVCT and IVRT), and MPI. Tissue Doppler was used 

to measure the movement of the mitral valve to generate the ratio of early (E’) to atrial (A’) peak 

velocities. Endocardial radial, longitudinal, and circumferential forward and reverse velocities, 

displacement, strain, and strain rates were determined using speckle-tracking echocardiography 

with VevoStrain software to detect left ventricular wall motion abnormalities. 

2.2.5 Western blot protein analysis  

Tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer with 1X 

protease/phosphatase inhibitors (Cell Signaling Technology, Beverly, MA). 20–40 µg of protein 

was loaded. Proteins were separated by 6-12% SDS-PAGE, transferred to nitrocellulose 

membrane, and immunoblotted using primary antibodies (range from 1:500 to 1: 1,000) against  

ROCK1 (611136) (BD Biosciences, San Jose, CA); RhoA (sc-418), ROCK2 (sc-5561), OPA1 (sc-

393296), Mfn1 (sc-166644), Mfn2 (sc-515647), Fis1 (sc-376447) (Santa Cruz Biotechnology, 

Inc., Dallas, TX); Akt (9272), Ser473-phosphorylated Akt (9271), Thr642-phosphorylated AS160 

(8881), Drp1 (5391), Ser637-phosphorylated Drp1 (4867), IRS-1 (2382), Ser307-phosphorylated 

IRS-1 (2381) (Cell Signaling Technology, Beverly, MA); Tyr612-phosphorylated IRS-1 (44-

816G) (Thermo Fisher Scientific, Waltham, MA) at 4°C overnight. They were subsequently 

incubated with secondary antibodies (range from 1:2,500 to 1:10,000) at room temperature for 1 

hr. Protein expression was visualized using a Li-Cor Odyssey CLX imaging system (Li-Cor 
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Biosciences, Lincoln, NE). Protein band intensity was determined by densitometry and normalized 

to vinculin or alpha-tubulin, or the corresponding total protein in the same preparation. 

2.2.6 Statistical analysis  

All values are shown as mean ± SEM; n denotes the number of animals in each group. 

Results were analyzed using GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA). 

The body weight, GTT, and ITT were analyzed by two-way repeated measures ANOVA followed 

by a Bonferroni’s post-hoc test. All other data was analyzed by one-way ANOVA followed by 

Newman-Keul’s test. Differences were considered statistically significant at p < 0.05. 

 

2.3 Results  

2.3.1 HFHS diet-fed mice 

2.3.1.1 Mouse phenotype  

In HFHS diet-fed mice in set 1, both WT + HFHS and ROCK2+/- + HFHS mice gained a 

significant amount of body weight (p < 0.05) over 16 weeks compared to ROCK2+/- + LFLS 

animals (Fig. 2.1B), despite the fact that all animals started with similar body weight at week 0 

(Fig. 2.1A). In addition, ROCK2+/- + HFHS mice gained slightly more body weight than WT + 

HFHS animals overall, although the difference was not statistically significant (Fig. 2.1A). 

Moreover, at termination (week 19-20), hearts (p < 0.05) and livers (p < 0.05) of ROCK2+/- + 

HFHS mice weighed significantly more than all other three groups of animals (Table 2.1). 
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Table 2.1 Phenotypic characterization (set 1) 

Parameter 
WT ROCK2+/- 

LFLS HFHS LFLS HFHS 

Food intake (g per day) 3.07 ± 0.43 2.86 ± 0.12 3.33 ± 0.23 3.31 ± 0.29 

Water intake (ml per day) 1.90 ± 0.46 2.30 ± 0.31 2.43 ± 0.21 2.39 ± 0.11 

Heart weight (g) 0.234 ± 0.001 0.250 ± 0.010 0.247 ± 0.008 0.277 ± 0.009* 

Liver weight (g) 1.74 ± 0.05 1.99 ± 0.10 1.70 ± 0.04 2.51± 0.21* 

Epididymal fat weight (g) 2.52 ± 0.40 4.14 ± 0.65 2.57 ± 0.36 3.87 ± 0.35 

Tibial length (g) 1.18 ± 0.03 1.10 ± 0.03 1.14 ± 0.03 1.07 ± 0.02 

Heart weight (g)/ 

Body weight (g) 

0.00476 ± 0.0003 0.00438 ± 0.0003 0.00514 ± 0.0002 0.00424 ± 0.0002$ 

Liver weight (g) / 

Body weight (g) 

0.0352 ± 0.002 0.0346 ± 0.002 0.0352 ± 0.001 0.0373± 0.002 

Epididymal fat weight (g) / 

Body weight (g) 

0.0485 ± 0.006 0.0697 ± 0.008 0.0504 ± 0.005 0.0583 ± 0.005 

Food and fluid intake were monitored for 5 consecutive days in a subgroup of animals (n=4-7 in each group) 1 week 

prior to euthanasia. Mice were euthanized, heart weight, liver weight, epididymal fat weight, and tibial length were 

measured at week 19-20. *p < 0.05 compared to all other groups. $p < 0.05 compared to ROCK2+/- + LFLS. Data 

shown as mean ± S.E.M., n= 8-14 in each group.  
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Figure 2.1 Effect of HFHS diet on body weight, and glucose and insulin tolerance (set 1) 

 (A) Body weight, (B) body weight gain over 16 weeks, (C) blood glucose levels measured by glucose tolerance tests 

(GTT), (D) area under GTT curves (AUC), (E) blood glucose levels measured by insulin tolerance tests (ITT), (F) 

area under ITT curves (AUC). *p < 0.05, #p < 0.05 compared to WT + LFLS, $p < 0.05 compared to ROCK2+/- + 

LFLS. Data shown as mean ± S.E.M., n= 8-14 in each group.  
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 In set 2 mice, both WT + HFHS and ROCK2+/- + HFHS mice gained a significant amount 

of body weight (p < 0.05) compared to their LFLS diet-fed littermates over 24 weeks of feeding 

(Fig. 2.2A-B). At termination (week 26), ROCK2+/- + HFHS mice had a slightly increased liver 

weight (p < 0.05) compared to all other animal groups as observed in set 1 (Table 2.2). In addition, 

both WT + HFHS and ROCK2+/- + HFHS mice gained significantly more epididymal fat weight 

(p < 0.05) than their LFLS diet-fed littermates (Table 2.2). However, unlike what I found in set 1, 

there was no difference in heart weight among animals in set 2 (Table 2.2). 

 

Table 2.2 Phenotypic characterization (set 2) 

Parameter 
WT ROCK2+/- 

LFLS HFHS LFLS HFHS 

Heart weight (g) 0.195 ± 0.008 0.198 ± 0.007 0.185 ± 0.009 0.208 ± 0.005 

Liver weight (g) 1.91 ± 0.05 2.14 ± 0.11 1.70 ± 0.08 2.48± 0.17* 

Epididymal fat weight (g) 1.82 ± 0.14 3.50 ± 0.27* 2.05 ± 0.24 4.69 ± 0.37* 

Tibial length (g) 1.17 ± 0.02 1.13 ± 0.03 1.16 ± 0.02 1.14 ± 0.02 

Heart weight (g)/ 

Body weight (g) 

0.00419 ± 0.0002 0.00338 ± 0.0001#$ 0.00408 ± 0.0002 0.00309 ± 0.0001#$ 

Liver weight (g) / 

Body weight (g) 

0.0411 ± 0.001 0.0364 ± 0.002 0.0373 ± 0.001 0.0369± 0.003 

Epididymal fat weight (g) / 

Body weight (g) 

0.0391 ± 0.003 0.0595 ± 0.004#$ 0.0443 ± 0.004 0.0685 ± 0.003#$ 

Mice were euthanized, heart weight, liver weight, epididymal fat weight, and tibial length were measured at week 26. 

*p < 0.05 compared to all other groups. #p < 0.05 compared to WT + LFLS, $p < 0.05 compared to ROCK2+/- + 

LFLS. Data shown as mean ± S.E.M., n= 7-10 in each group. 
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Figure 2.2 Effect of HFHS diet on body weight and glucose tolerance (set 2)  

(A) Body weight, (B) body weight gain over 24 weeks, (C) blood glucose levels measured by glucose tolerance tests 

(GTT), (D) area under GTT curves (AUC), *p < 0.05, #p < 0.05 compared to WT + LFLS, $p < 0.05 compared to 

ROCK2+/- + LFLS. Data shown as mean ± S.E.M., n= 7-10 in each group. 
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2.3.1.2 Glucose and insulin tolerance tests  

The HFHS diet induced systemic glucose and insulin intolerance in both WT and 

ROCK2+/- animals. Fasted, basal blood glucose levels were not significantly different (Time 0) 

(Fig. 2.1C, E). WT + HFHS and ROCK2+/- + HFHS animals showed significantly higher levels 

of blood glucose (p < 0.05) compared to LFLS diet-fed WT and ROCK2+/- mice 30, 60, and 90 

min after 2g/kg intraperitoneal glucose injection (Fig. 2.1C). Overall, HFHS diet-fed animals 

exhibited elevated blood glucose levels (p < 0.05) in contrast to their corresponding littermates, 

which was reflected in the area under the curve (AUC) for GTT (Fig. 2.1D).  

Glucose levels of WT + HFHS and ROCK2+/- + HFHS animals remained above glucose 

levels of WT + LFLS and ROCK2+/- + LFLS animals from 10 min after 0.75U/kg intraperitoneal 

insulin injection (Fig. 2.1E). Elevated glucose levels in WT + HFHS and ROCK2+/- + HFHS 

animals were reflected in the AUC for ITT (Fig. 2.1F). Similar results in the GTT and AUC for 

GTT found in set 2 animals at week 21 further confirmed the glucose intolerance in HFHS diet-

fed WT and ROCK2+/- animals (Fig. 2.2C-D). 

2.3.1.3 Cardiac dimensions and function  

Cardiac function and dimensional measurements were assessed by echocardiography at 

week 16-18 in set 1 animals. Only small variations of cardiac function and dimensions were 

observed among animal groups, and these differences were not statistically significant (Table 2.3-

2.4). The increased left ventricular mass (LV mass) found in WT + HF mice was absent in WT + 

HFHS animals (Soliman et al., 2015). However, WT + HFHS animals exhibited lower heart rate 

compared to WT + LFLS mice (p < 0.05) (Table 2.3). HFHS diet feeding had no significant effect 

on ejection fraction or fractional shortening, both of which are indices of systolic LV function, in 

hearts from WT or ROCK2+/- mice at week 16-18 (Fig. 2.3A-B). IVCT and IVRT, which are 
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measures of systolic and diastolic LV function, respectively, also did not show any significant 

differences among animals at week 16-18 (Fig. 2.3C-D). The MV E/A, E’/A’, and MV E/E’ are 

also measures of LV diastolic function. Although there were small differences among animal 

groups, these were not significant, except that WT + HFHS mice presented a decrease in E’/A’ 

ratio compared to ROCK2+/- + HFHS animals (p < 0.05) (Fig. 2.3E-G). Furthermore, the 

relatively comparable results of LV MPI, which is a reflection of global left ventricular function, 

were also found in different groups of animals, (Fig. 2.3H).  

 

Table 2.3 Effect of HFHS diet on cardiac function (set 1) 

Parameter 
WT ROCK2+/- 

LFLS HFHS LFLS HFHS 

Heart rate (BPM)  483.2 ± 12.97 433.8 ± 16.17# 461.1 ± 4.80 443.7 ± 3.39 

CO (mL/min) 26.24 ± 2.61 24.64 ± 1.34 25.26 ± 1.86 24.65 ± 1.14 

SV (µL) 54.06 ± 4.38 57.13 ± 3.47 54.78 ± 3.98 55.64 ± 3.87 

AET (ms) 44.51 ± 1.92 47.54 ± 2.24 49.17 ± 1.62 51.63 ± 1.36 

MV Decel (ms) 20.97 ± 2.14 23.43 ± 1.20 21.79 ± 0.43 24.40 ± 1.17 

MV PHT (simplified) (ms) 6.08 ± 0.62 6.79 ± 0.35 6.32 ± 0.13 7.08 ± 0.34 

Cardiac function was assessed by echocardiography, at week 16-18. CO, cardiac output; SV, stroke volume; AET, 

aortic ejection time; MV Decel, E wave deceleration time; MV PHT, mitral valve pressure half time. #p < 0.05 

compared to WT + LFLS. Data shown as mean ± S.E.M., n= 4-7 in each group. 
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Table 2.4 Effect of HFHS diet on cardiac dimensional measurements (set 1) 

Parameter 
WT ROCK2+/- 

LFLS HFHS LFLS HFHS 

LV Mass (mg) 163.3 ± 2.69 143 ± 5.57 147.6 ± 9.51 158.5 ± 6.09 

LV Vol;d (µL) 71.78 ± 6.23 83.57 ± 6.86 70.48 ± 4.28 69.58 ± 4.35 

LV Vol;s (µL) 18.07 ± 3.29 24.62 ± 5.08 16.62 ± 2.08 13.94 ± 2.60 

LVAW;d (mm) 1.12 ± 0.07 1.06 ± 0.03 1.17 ± 0.04 1.21 ± 0.04 

LVAW;s (mm) 1.77 ± 0.16 1.73 ± 0.09 1.80 ± 0.05 1.99 ± 0.13 

LVID;d (mm) 4.03 ± 0.15 4.29 ± 0.15 4.00 ± 0.99 3.98 ± 0.10 

LVID;s (mm) 2.26 ± 0.19 2.52 ± 0.24 2.20 ± 0.11 2.03 ± 0.15 

LVPW;d (mm) 1.18 ± 0.05 0.97 ± 0.04 1.06 ± 0.08 1.16 ± 0.06 

LVPW;s (mm) 1.92 ± 0.06 1.54 ± 0.09 1.71 ± 0.16 1.91 ± 0.09 

Cardiac dimensional measurements were assessed by echocardiography, at week 16-18. LV Mass, left ventricular 

mass; LV Vol;d, left ventricle volume systole; LV Vol;s, left ventricle volume diastole; LVAW;d, left ventricular 

anterior wall (diastole); LVAW;s, left ventricular anterior wall (systole); LVID;d, left ventricular internal wall 

(diastole); LVID;s, left ventricular internal wall (systole); LVPW;d, left ventricular posterior wall (diastole); 

LVPW;s, left ventricular posterior wall (systole). Data shown as mean ± S.E.M., n= 4-7 in each group. 
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Figure 2.3 Echocardiographic measures of cardiac function at week 16-18 (set 1) 

LV systolic function was assessed by measuring (A) ejection fraction, (B) fractional shortening, and (C) IVCT. LV 

diastolic function was assessed by determining (D) IVRT, (E) MV E/A, (F) E’/A’, and (G) MV E/E’. (H) LV MPI IV 

reflects both LV systolic and diastolic function. *p < 0.05. Data shown as mean ± S.E.M., n= 4-7 in each group.  
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In order to assess whether there were any regional changes of wall motion in the left 

ventricles in mice at week 16-18, speckle-tracking-based strain echocardiography, which is a more 

sensitive measure of function than ejection fraction and fractional shortening (Stanton et al., 2009; 

Kraigher-Krainer et al., 2014), was used for early detection of myocardial dysfunction. However, 

there were only small variations in wall motion among the different animal groups with no 

significant differences between them (Fig. 2.4-2.6), except that WT + HFHS mice exhibited a 

significantly reduced endocardial radial forward displacement in contrast to ROCK2+/- + HFHS 

animals (p < 0.05) (Fig. 2.5C). 

The cardiac function data obtained at week 16-18 suggested that cardiac dysfunction might 

be developing in WT + HFHS mice. Therefore, the second set of mice was followed for 24 weeks 

to determine whether more severe cardiac dysfunction could be detected with a longer period of 

HFHS diet feeding. In set 2 animals, cardiac function and dimensional measurements were 

assessed by echocardiography at week 24. Although ROCK2+/- + HFHS mice seemed to have 

enlarged left ventricles (LV) represented by slightly increased LV mass, and left ventricular 

volume during systole and diastole (LV Vol;d and LV Vol;s) (Table 2.6), these differences were 

not significant. The results of cardiac dimensions and function found in set 2 animals were similar 

to set 1 mice, in that despite the presence of small variations among animal groups, no statistically 

significant differences were observed (Table 2.5-2.6, Fig. 2.7). In addition, differences found 

between in set 1 animals, for example, in the heart rate and E’/A’ ratio, were not observed in set 2 

animals.  
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Table 2.5 Effect of HFHS diet on cardiac function (set 2) 

Parameter 
WT ROCK2+/- 

LFLS HFHS LFLS HFHS 

Heart rate (BPM) 464.1 ± 6.49 472.1 ± 10.03 445.7 ± 7.21 439.9 ± 15.16 

CO (mL/min) 23.27 ± 1.46 24.32 ± 1.48 22.04 ± 1.13 23.90 ± 1.43 

SV (µL) 50.35 ± 3.46 51.60 ± 3.07 49.46 ± 2.49 55.08 ± 4.44 

AET (ms) 42.89 ± 1.58 43.75 ± 1.86 43.73 ± 1.04 45.00 ± 1.98 

MV Decel (ms) 23.72 ± 0.78 22.00 ± 1.17 21.83 ± 1.32 22.26 ± 1.48 

MV PHT (simplified) (ms) 6.88 ± 0.23 6.38 ± 0.34 6.33 ± 0.38 6.46 ± 0.43 

Cardiac function was assessed by echocardiography, at week 24. CO, cardiac output; SV, stroke volume; AET, aortic 

ejection time; MV Decel, E wave deceleration time; MV PHT, mitral valve pressure half time. #p < 0.05 compared 

to WT + LFLS. Data shown as mean ± S.E.M., n= 7-10 in each group. 
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Table 2.6 Effect of HFHS diet on cardiac dimensional measurements (set 2) 

Parameter 
WT ROCK2+/- 

LFLS HFHS LFLS HFHS 

LV Mass (mg) 159.3 ± 15.6 156.6 ± 7.34 142.2 ± 9.59 176.3 ± 11.2 

LV Vol;d (µL) 69.00 ± 5.06 66.79 ± 3.38 67.82 ± 5.48 78.92 ± 5.81 

LV Vol;s (µL) 22.74 ± 2.27 17.22 ± 1.81 23.25 ± 4.94 27.11 ± 2.83 

LVAW;d (mm) 1.15 ± 0.05 1.17 ± 0.05 1.09 ± 0.05 1.27 ± 0.05 

LVAW;s (mm) 1.72 ± 0.07 1.83 ± 0.06 1.65 ± 0.09 1.85 ± 0.05 

LVID;d (mm) 3.95 ± 0.12 3.91 ± 0.09 3.93 ± 0.14 4.19 ± 0.14 

LVID;s (mm) 2.49 ± 0.10 2.23 ± 0.10 2.47 ± 0.21 2.67 ± 0.13 

LVPW;d (mm) 1.16 ± 0.07 1.16 ± 0.05 1.12 ± 0.08 1.11 ± 0.05 

LVPW;s (mm) 1.61 ± 0.08 1.73 ± 0.07 1.65 ± 0.13 1.59 ± 0.07 

Cardiac dimensional measurements were assessed by echocardiography, at week 24. LV Mass, left ventricular mass; 

LV Vol;d, left ventricle volume systole; LV Vol;s, left ventricle volume diastole; LVAW;d, left ventricular anterior 

wall (diastole); LVAW;s, left ventricular anterior wall (systole); LVID;d, left ventricular internal wall (diastole); 

LVID;s, left ventricular internal wall (systole); LVPW;d, left ventricular posterior wall (diastole); LVPW;s, left 

ventricular posterior wall (systole). Data shown as mean ± S.E.M., n= 7-10 in each group. 
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Figure 2.4 Speckle-tracking analysis of endocardial longitudinal wall motion along the long axis 

Endocardial longitudinal forward (LF) and reverse (LR) velocity (A-B), displacement (C-D), strain (E-F), and strain 

rate (G-H) were assessed at week 16-18 in hearts from WT and ROCK2+/- mice fed LFLS and HFHS diets. Data 

shown as mean ± S.E.M., n= 4-7 in each group.  
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Figure 2.5 Speckle-tracking analysis of endocardial radial wall motion along the long axis 

Endocardial radial forward (RF) and reverse (RR) velocity (A-B), displacement (C-D), strain (E-F), and strain rate 

(G-H) were assessed at week 16-18 in hearts from WT and ROCK2+/- mice fed LFLS and HFHS diets. *p < 0.05. 

Data shown as mean ± S.E.M., n= 4-7 in each group.  
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Figure 2.6 Speckle-tracking analysis of endocardial circumferential wall motion along the short axis  

Endocardial circumferential forward (CF) and reverse (CR) velocity (A-B), displacement (C-D), strain (E-F), and 

strain rate (G-H) were assessed at week 16-18 in hearts from WT and ROCK2+/- mice fed LFLS and HFHS diets. 

Data shown as mean ± S.E.M., n= 4-7 in each group.  
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Figure 2.7 Echocardiographic measures of cardiac function at week 24 (set 2) 

LV systolic function was assessed by measuring (A) ejection fraction, (B) fractional shortening, and (C) IVCT. LV 

diastolic function was assessed by determining (D) IVRT, (E) MV E/A, (F) E’/A’, and (G) MV E/E’. (H) LV MPI 

IV reflects both LV systolic and diastolic function. *p < 0.05. Data shown as mean ± S.E.M., n= 7-10 in each group.  
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2.3.1.4 Effect of HFHS feeding on cardiac RhoA-ROCK signaling 

There was no significant difference in terms of cardiac RhoA and ROCK1 expression 

among animals fed the different diets for 19-20 weeks (Fig. 2.8A-B). Cardiac expression of 

ROCK2 was about 50% lower (p < 0.05) in ROCK2+/- animals compared to their WT littermates, 

which confirmed the ROCK2 knockdown in ROCK2+/- animals (Fig. 2.8C). However, there was 

no over-expression of ROCK2 induced by a HFHS diet and the ROCK2 expression was 

comparable in WT + LFLS and WT + HFHS animals. 

  



48 

 

 

Figure 2.8 Effect of HFHS diet on cardiac RhoA-ROCK signaling in WT and ROCK2+/- mice  

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) RhoA, (B) ROCK1, 

and (C) ROCK2. *p < 0.05. Data shown as mean ± S.E.M., n= 8-14 in each group. 
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2.3.1.5 Effect of HFHS feeding on cardiac expression of mitochondrial mediators of fission 

and fusion 

Disrupted mitochondrial structure in the left ventricular tissue of HF diet-fed WT CD-1 

mice was observed in our preliminary data. Mitochondrial morphology is maintained by the 

balance of mitochondrial fission and fusion. A group of mediators are responsible for the process 

of fission and fusion. For example, Drp1 and fission 1 (Fis1) are primary mediators of fission, 

while mitofusins 1 and 2 (Mfn1 and Mfn2), along with optic atrophy protein 1 (OPA1) are crucial 

for the fusion of the membranes of mitochondria (Galloway and Yoon, 2015). A highly regulated 

cycle of mitochondrial fission and fusion is essential for cellular homeostasis. In our preliminary 

data, we found that the phosphorylation of Drp1 at serine 637 decreased significantly in WT + HF 

mice, while this was prevented in ROCK2+/- + HF mice. A decrease in phosphorylation of 

Ser637pDrp1 activates Drp1 and promotes mitochondrial fission. However, in the present study, the 

cardiac expression of mitochondrial mediators of fission and fusion was relatively consistent 

among animal groups with small variations. In particular, there was no change in phosphorylation 

of Ser637pDrp1 (Fig. 2.9). Overall, it is possible that no disrupted mitochondrial morphology was 

found in hearts from these HFHS diet-fed mice.  



50 

 

 
Figure 2.9 Effect of HFHS diet on the cardiac expression of mitochondrial mediators of fission and fusion in 

WT and ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of mitochondrial fission, 

which was determined by measuring (A) phosphorylation of Drp1 at Ser637 and (B) Fis1, and mitochondrial fusion, 

which was determined by measuring (C) Mfn1, (D) Mfn2, and (E) OPA1. Data shown as mean ± S.E.M., n= 8-14 in 

each group.  
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2.3.1.6 Effect of HFHS feeding on cardiac insulin signaling 

The activity of IRS-1 is regulated by phosphorylation of serine and tyrosine residues. In 

particular, phosphorylation of IRS-1 at tyrosine 612 activates IRS-1, while phosphorylation of 

IRS-1 at serine 307 inhibits the activity of IRS-1. Hence, increased phosphorylation of Ser307pIRS-

1 and decreased phosphorylation of Tyr612pIRS-1 are indicators of disrupted insulin signaling. In 

the present study, the expression of IRS-1 and the phosphorylation of IRS-1 at serine 307 and 

tyrosine 612 were very similar among different animal groups (Fig. 2.10A-C). Moreover, the levels 

of downstream targets of IRS-1 such as Ser637pAkt and Thr642pAS160 were also very comparable 

regardless of the diet and genotypes (Fig. 2.10D-F). Therefore, the hearts of HFHS diet-fed mice 

seem not to be susceptible to diet-induced resistance to insulin signaling.  
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Figure 2.10 Effect of HFHS diet on the cardiac insulin signaling in WT and ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) phosphorylation of 

IRS-1 at Ser307, (B) phosphorylation of IRS-1 at Tyr612, (C) IRS-1, (D) phosphorylation of Akt at Ser473, (E) Akt, 

and (F) phosphorylation of AS160 at Thr642. Data shown as mean ± S.E.M., n= 8-14 in each group.  
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2.3.2 HF diet-fed mice  

2.3.2.1 Mouse phenotype  

Another set of animals from the same generation of set 2 mice were placed on a HF diet 

and were followed for 18 weeks as described before to confirm that the results obtained previously 

were still evident (Soliman et al., 2015). These are referred to as set 3. In set 3 animals, heart 

weight of WT + HF mice was significantly higher than WT + CHOW animals (p < 0.05), while 

there was no significant difference between ROCK2+/- + HF and WT + CHOW mice or 

ROCK2+/- + HF and WT + HF mice (Table 2.7). Moreover, the liver weights of both HF diet-fed 

animals were significantly larger than WT + CHOW animals (p < 0.05) (Table 2.7).  

HF diet-fed animals gained slightly more body weight over the same period of feeding 

compared to HFHS diet-fed animals, although differences were not significant (Fig. 2.11A-B). 

Both HF diet and HFHS diet-fed animals had significantly increased body weight compared to 

their LFLS diet-fed littermates over 18 weeks of feeding. 

 

Table 2.7 Phenotypic characterization (set 3) 

Parameter WT + CHOW WT + HF ROCK2+/- + HF 

Heart weight (g) 0.196 ± 0.009 0.241 ± 0.014# 0.221 ± 0.012 

Liver weight (g) 1.86 ± 0.14 2.81 ± 0.27# 2.94 ± 0.26# 

Heart weight (g)/ 

Body weight (g) 

0.00378 ± 0.0002 0.00319 ± 0.0001# 0.00299 ± 0.0001# 

Liver weight (g) / 

Body weight (g) 

0.0358 ± 0.002 0.0409 ± 0.004 0.0420 ± 0.004 

Mice were euthanized, heart weight and liver weight were measured at week 23. #p < 0.05 compared to WT + CHOW. 

Data shown as mean ± S.E.M., n= 7-10 in each group.  
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Figure 2.11 Effect of HF diet on body weight, and glucose and insulin tolerance (set 3) 

 (A) body weight, (B) body weight gain over 18 weeks, (C) blood glucose levels measured by glucose tolerance tests 

(GTT), (D) area under GTT curves (AUC), (E) blood glucose levels measured by insulin tolerance tests (ITT), (F) 

area under ITT curves (AUC). *p < 0.05, #p < 0.05 compared to WT + CHOW, @p < 0.05 compared to ROCK2+/- + 

HF. Data shown as mean ± S.E.M., n= 7-10 in each group.  
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2.3.2.2 Glucose and insulin tolerance tests  

In the 3rd set of animals, HF diet feeding provoked systemic glucose and insulin intolerance 

in WT animals. On the other hand, GTT showed improved glucose tolerance in ROCK2+/- + HF 

mice in contrast to WT + HF mice as blood glucose levels after glucose injection were not 

significantly different from those in WT + CHOW mice during the whole monitoring time. 

However, blood levels in WT + HF animals were significantly higher 30, 60, and 90 min after 

glucose administration than their littermates fed a chow diet (Fig. 2.11C). The improvement was 

also reflected in the AUC for GTT (Fig. 2.11D).  

In addition, ROCK2+/- + HF mice demonstrated better insulin tolerance in contrast to WT 

+ HF mice, in that blood glucose levels were not distinct from WT + CHOW animals, but were 

significantly lower compared to WT + HF animals after the insulin injection (Fig. 2.11E). This 

difference was reflected in the AUC for ITT, which was significantly greater in WT + HF than 

ROCK2+/- + HF mice (Fig. 2.11F). The results observed in the 3rd set of animals indicated that 

ROCK2+/- + HF mice have improved glucose and insulin tolerance, and are consistent with what 

we found in our previous studies (Soliman et al., 2015, 2016). 

2.3.2.3 Cardiac dimensions and function  

Set 3 mice were placed on a HF diet for 16 weeks before cardiac function and dimensional 

measurements were determined by echocardiography. Both WT + HF and ROCK2+/- + HF mice 

exhibited a much lower heart rate than WT + CHOW mice (Table 2.8). WT + HF mice showed 

signs of left ventricle enlargement and dilation in comparison to WT + CHOW animals, as 

indicated by significantly increased LV Mass and left ventricular volume at both diastole and 

systole (LV Vol;d and LV Vol;s) (p < 0.05) (Table 2.9). The rest of the cardiac function and 

dimensional measurements were quite comparable among different animal groups (Table 2.8-2.9).  
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Although systolic dysfunction was not observed in either HF group, WT + HF mice had a 

tendency to a slightly decreased ejection fraction and fractional shortening compared to the other 

two groups (Fig. 2.12A-B). However, WT + HF animals exhibited overt diastolic dysfunction, as 

indicated by increased IVRT and LV MPI, and a decrease in E’/A’ in contrast to WT + CHOW 

(Fig. 2.12D, F, H). These changes were not seen in hearts from ROCK2+/- + HF animals.  

In summary, the results of cardiac functional and dimensional measurements indicated the 

development of cardiac contractile dysfunction in HF diet-induced obese WT CD-1 mice, whereas 

ROCK2+/- + HF mice were protected. These data are consistent with the results of our previous 

study (Soliman et al., 2015), and confirm the adverse cardiac effects of a HF diet in WT CD-1 

mice in contrast to the results I obtained with the HFHS diet.  

 

Table 2.8 Effect of HFHS diet on cardiac function (set 3) 

Parameter WT + CHOW WT + HF ROCK2+/- + HF 

Heart rate (BPM) 457.6 ± 18.7 401.6 ± 12.5# 409.4 ± 13.9# 

CO (mL/min) 23.15 ± 1.46 24.26 ± 1.01 24.68 ± 1.79 

SV (µL) 51.12 ± 3.94 60.41 ± 1.82 59.94 ± 3.09 

AET (ms) 49.37 ± 0.94 41.90 ± 1.82 43.28 ± 0.96 

MV Decel (ms) 25.75 ± 1.15 23.50 ± 0.67 22.75 ± 1.03 

MV PHT (simplified) (ms) 7.47 ± 0.33 6.82 ± 0.19 6.60 ± 0.30 

Cardiac function was assessed by echocardiography, at week 16. CO, cardiac output; SV, stroke volume; AET, aortic 

ejection time; MV Decel, E wave deceleration time; MV PHT, mitral valve pressure half time. #p < 0.05 compared 

to WT + CHOW, &p < 0.05 compared to WT + HF. Data shown as mean ± S.E.M., n= 7-10 in each group. 
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Table 2.9 Effect of HFHS diet on cardiac dimensional measurements (set 3) 

Parameter WT + CHOW WT + HF ROCK2+/- + HF 

LV Mass (mg) 128.8 ± 9.38 158.6 ± 6.27# 149.3 ± 7.40 

LV Vol;d (µL) 71.44 ± 5.70 90.39 ± 4.74# 80.17 ± 3.63 

LV Vol;s (µL) 24.99 ± 2.91 39.02 ± 3.70# 30.72 ± 3.12 

LVAW;d (mm) 1.06 ± 0.07 1.07 ± 0.05 1.10 ± 0.04 

LVAW;s (mm) 1.62 ± 0.10 1.62 ± 0.04 1.63 ± 0.05 

LVID;d (mm) 4.02 ± 0.13 4.45 ± 0.10 4.23 ± 0.08 

LVID;s (mm) 2.60 ± 0.11 3.11 ± 0.12 2.82 ± 0.12 

LVPW;d (mm) 0.98 ± 0.03 1.04 ± 0.05 1.04 ± 0.04 

LVPW;s (mm) 1.39 ± 0.05 1.33 ± 0.04 1.47 ± 0.04 

Cardiac dimensional measurements were assessed by echocardiography, at week 24. LV Mass, left ventricular mass; 

LV Vol;d, left ventricle volume systole; LV Vol;s, left ventricle volume diastole; LVAW;d, left ventricular anterior 

wall (diastole); LVAW;s, left ventricular anterior wall (systole); LVID;d, left ventricular internal wall (diastole); 

LVID;s, left ventricular internal wall (systole); LVPW;d, left ventricular posterior wall (diastole); LVPW;s, left 

ventricular posterior wall (systole). #p < 0.05 compared to WT + CHOW. Data shown as mean ± S.E.M., n= 7-10 in 

each group. 
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Figure 2.12 Echocardiographic measures of cardiac function at week 16 (set 3) 

LV systolic function was assessed by measuring (A) ejection fraction, (B) fractional shortening, and (C) IVCT. LV 

diastolic function was assessed by determining (D) IVRT, (E) MV E/A, (F) E’/A’, and (G) MV E/E’. (H) LV MPI IV 

reflects both LV systolic and diastolic function. *p < 0.05. Data shown as mean ± S.E.M., n= 7-10 in each group.  
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2.4 Discussion  

The results of this study show that despite the development of severe obesity and systemic 

insulin resistance, HFHS diet-fed WT CD-1 animals were resistant to the development of cardiac 

contractile dysfunction. In addition, ROCK2+/- CD-1 mice were not protected against the 

development of systemic insulin intolerance when fed a HFHS diet, as they had been when fed a 

HF diet in our previous study (Soliman et al., 2015). The set 3 animals confirmed the development 

of cardiac dysfunction and insulin resistance in WT + HF animals, and the protection by 

heterozygous deletion of ROCK2 against cardiac contractile dysfunction and glucose and insulin 

intolerance. The results in HF diet-fed mice confirmed the response to HF diet-induced obesity 

and associated complications in different generations of WT and ROCK2+/- CD-1 mice and 

eliminated the possibility of generational variations contributing to the findings observed in HFHS 

diet-fed mice.  

In the current study, HFHS diet-fed mice gained significantly more body weight than LFLS 

diet-fed littermates, which is consistent with what we observed of weight gain in HF diet-fed 

animals in our previous study (Soliman et al., 2015), as well as in other studies of HFHS diet-

induced obesity conducted in CD-1 mice (Carbone et al., 2015, 2017; Chen et al., 2017; Zhang et 

al., 2017). The higher body weight found in ROCK2+/- + HFHS mice compared to WT + HFHS 

mice may be explained at least in part by enlarged organ and tissue weight, including heart, liver, 

and epididymal fat tissue, since there exists a positive correlation between body weight and organ 

weight in rodents (Walter and Addis, 1939). Moreover, the fact that both WT + LFLS and 

ROCK2+/- + LFLS animals had similar body weights over the period of feeding, and there were 

no distinguishable differences between the food and water intake of the different animal groups 
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suggests that heterozygous deletion of ROCK2 did not have detrimental effects on the normal 

development of mice. 

In obesity cardiomyopathy, in 54% of cases, diastolic dysfunction develops first and is 

followed by systolic dysfunction, while in 42% of cases the reverse is true (Boudina and Abel, 

2010; Reuvekamp et al., 2016). In the set 1 animals, WT + HFHS mice showed a significant 

decrease in E’/A’, which could be an indicator of the development of diastolic dysfunction. 

Nevertheless, it is hard to conclude that diastolic dysfunction had developed in those animals, 

given that the E’/A’ was the only parameter of diastolic function that was statistically significantly 

different between WT + HFHS and ROCK2+/- + HFHS mice. Furthermore, no cardiac dysfunction 

was detected in the 2nd set of animals, which were placed on the same diet for a longer period, 24 

weeks. Therefore, in the current study, WT CD-1 mice fed a HFHS diet that contains 45% kcal 

from fat and 17% kcal from sucrose were resistant to the development of cardiac contractile 

dysfunction.  

Several studies have shown that WT C57BL/6J mice exhibited cardiac dysfunction when 

placed on the same HFHS diet (45% kcal from fat and 17% kcal from sucrose) for periods ranging 

from 16 to 24 weeks (Fang et al., 2008; Pulinilkunnil et al., 2014; Cao et al., 2016). Specifically, 

WT C57BL/6J mice fed a HFHS diet for 16 weeks developed moderate systolic dysfunction, as 

represented by reduced ejection fraction and fractional shortening using echocardiography 

(Pulinilkunnil et al., 2014). Moreover, cardiac dysfunction, demonstrated through decreased 

fractional shortening, was also observed in WT C57BL/6J mice fed a HFHS diet for 20 weeks 

(Cao et al., 2016). In addition, increased left ventricular mass and reduced fractional shortening 

were reported in WT C57BL/6J mice placed on a HFHS diet for 24 weeks (Fang et al., 2008). 

Furthermore, in a previous study from our lab, a decline in systolic function was seen at 18 weeks 
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of feeding. At 24 weeks, not only was systolic dysfunction maintained and even slightly worsened, 

but diastolic dysfunction was detected at this point in WT C57BL/6J animals on a HFHS diet 

(Nyamandi et al., submitted). Therefore, these studies suggested that a HFHS diet, which has 45% 

kcal from fat and 17% kcal from sucrose contributes to a prolonged cardiac contractile dysfunction 

in WT C57BL/6J mice.  

On the other hand, others have reported that feeding WT CD-1 mice a HFHS diet with a 

higher sucrose content (42% kcal from fat and 30% kcal from sucrose) results in the development 

of systolic and  diastolic dysfunction as early as 8 weeks (Carbone et al., 2015, 2017; Chen et al., 

2017; Zhang et al., 2017). For instance, CD-1 mice fed this HFHS diet developed cardiac systolic 

dysfunction indicated by reduced ejection fraction and increased IVCT, and diastolic dysfunction 

represented by elevated IVRT and MPI after 8 weeks of feeding (Carbone et al., 2015, 2017; Chen 

et al., 2017; Zhang et al., 2017). Therefore, it is possible that a HFHS diet containing a higher 

amount of calories from sucrose is required to induce cardiac dysfunction in WT CD-1 animals 

for the periods that I monitored.  

In our previous study, WT CD-1 mice fed a HF diet (60% kcal from fat and 7% kcal from 

sucrose) for 17 weeks demonstrated cardiac contractile dysfunction, as indicated by elevated MPI 

and regional wall motion impairment in the left ventricle, determined using echocardiography 

(Soliman et al., 2015). Moreover, in the current study, HF diet-fed WT CD-1 mice gained a bit 

more body weight than HFHS diet-fed mice over 18 weeks of feeding, 32 g and 25 g, respectively. 

The slightly increased body weight gain in HF diet-fed animals in contrast to HFHS diet-fed mice 

may be explained by the higher energy density of HF diet. The HF diet has an energy density of 

5.21kcal/g, while a HFHS diet contains a slightly lower energy density of 4.7kcal/g. Therefore, 

the failure to develop cardiac contractile dysfunction in WT CD-1 animals fed the HFHS diet used 
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here may be explained in part by overall lower body weight and a lower energy density in the 

HFHS diet than in the HF diet.  

Although there is no direct evidence comparing left ventricular function in diet-induced 

obesity in CD-1 and C57BL/6J mice, studies have shown that different mouse strains can result in 

model-associated variations because of their genetic backgrounds (Fengler et al., 2016; Kohut et 

al., 2016). For example, CD-1 mice are less prone to hepatic inflammation caused by diet-induced 

obesity in contrast to C57BL/6J mice, since CD-1 animals exhibit much lower levels of 

inflammatory factors such as IL-6, TNFα and monocyte chemoattractant protein-1 (MCP-1) after 

high fat diet feeding (Fengler et al., 2016). A study reported that CD-1 mice fed a high fat (72% 

fat from corn oil and lard) diet did not develop any features of diabetes after 9 months of feeding 

when C57BL/6J mice started to show symptoms as early as 12 weeks (Burcelin et al., 2002). 

Moreover, the fact that dimensions of the right heart are quite distinct in CD-1 mice compared to 

C57BL/6J mice (Kohut et al., 2016) makes it possible that the left ventricle of these two strains is 

different from each other. Taken together, all this evidence suggests that the differences of the 

susceptibility of CD-1 and C57BL/6J mice to HFHS diet-induced cardiac dysfunction may be due 

at least in part to the variations in genetic determinants in the two strains. A higher content of 

sucrose, a diet with a higher energy density, and/or a longer feeding period might be needed before 

the detection of cardiac dysfunction in CD-1 than C57BL/6J animals. 

The detection of decreased LV cardiac function is one of the key signs of the development 

of cardiac contractile dysfunction in both human and mouse models of obesity. However, a number  

of studies were unable to detect dysfunction in obese human subjects and diet-induced obese 

mouse models (Pascual et al., 2003; Movahed and Saito, 2009; Yan et al., 2009; Sung et al., 2011; 

Böhm et al., 2013; Brainard et al., 2013). It is possible that when cardiac function is assessed under 
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baseline resting conditions, subtle functional differences may be masked and difficult to detect. A 

pharmacological stress simulator, dobutamine, which is a b-adrenergic agonist with a high affinity 

for b1-receptors expressed in the heart, can be administered systemically to increase cardiac 

demand and produce cardiac stress (Zaugg et al., 2002), and under these circumstances, diet-

induced cardiac dysfunction may be unmasked. For instance, under resting conditions, no 

differences were found in systolic strain rates or torsion, and only a slight reduction in longitudinal 

strain was observed in C57BL/6J mice after 42 weeks of a HF (60% kcal from fat and 7% kcal 

from sucrose) diet. Nevertheless, under dobutamine stress conditions, cardiac dysfunction was 

detected in these mice as early as 22 weeks on diet, indicated by reductions in longitudinal strain 

and circumferential and radial strain rates (Haggerty et al., 2015). Moreover, the administration of 

dobutamine revealed impaired cardiac contractile and relaxation response in HF (60% kcal from 

fat and 7% kcal from sucrose) diet-induced obese C57BL/6J mice. However, cardiac dysfunction 

was masked in these mice, which exhibited normal cardiac function under basal conditions 

(Calligaris et al., 2013). It is possible that had dobutamine been administered, the resulting stress 

might have assisted in unmasking underlying cardiac dysfunction and allowing its detection in 

mice fed a HFHS diet in the present study. 

At the molecular level, the lack of development of cardiac contractile dysfunction in WT 

+ HFHS mice may be explained at least partially by the fact that there was no over-expression of 

ROCK2 in these animals. Both LFLS and HFHS diet-fed WT animals had very comparable levels 

of cardiac ROCK2 expression, indicating that HFHS diet did not induce ROCK2 over-expression 

in the hearts of CD-1 mice. Previously, the cardiac contractile dysfunction observed in WT + HF 

mice was associated with the overexpression of ROCK2 in the hearts of these animals, and both 

were prevented in mice with heterozygous deletion of ROCK2 (Soliman et al., 2015). In addition, 
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there were no differences in terms of the expression of mitochondrial mediators of fission and 

fusion, as well as no evidence of disrupted cardiac insulin signaling in the hearts of WT + HF mice.  

Ultrastructural changes of cardiac muscle cells such as degradative changes of the 

myofilament apparatus and abnormal structural changes of mitochondria have been implicated in 

the development of cardiomyopathy (Rudge and Duncan, 1988). The proper function of 

mitochondria is essential in tissues and organs that have a high energy demand, such as the heart 

(Chistiakov et al., 2018). Regular mitochondrial morphology plays an important role in regulating 

mitochondrial dynamics, and in maintaining normal cardiac function. Mitochondrial morphology 

is maintained by the balance of mitochondrial fission and fusion, and a group of mediators are 

responsible for these processes. For example, Drp1 and Fis1 are primary mediators of fission, 

while Mfn1 and Mfn2, along with OPA1 are crucial for the fusion of the membranes of 

mitochondria. A highly regulated cycle of mitochondrial fission and fusion is essential for cellular 

homeostasis, as mitochondria are closely involved in a series of cellular processes, including 

apoptosis, metabolism, and cell signaling (Galloway and Yoon, 2015). However, the homeostasis 

of mitochondria often changes in pathological situations such as obesity and associated 

cardiovascular diseases. Several studies have reported a relationship between mitochondrial 

dysfunction and heart diseases, and that reduced mitochondrial oxidative capacity contributes to 

cardiac dysfunction in rodent and human obesity (Christoffersen et al., 2003; Szczepaniak et al., 

2003; Ballinger, 2005; Siasos et al., 2018). Mitochondrial dysfunction has also been implicated in 

the development of insulin resistance, which is closely associated with the progression of obesity 

and cardiovascular diseases (Montgomery and Turner, 2015; Ormazabal et al., 2018). For 

example, free fatty acids accumulation contributes to apoptosis and mitochondrial dysfunction by 

elevating levels of ROS production through fatty acid oxidation. Increased levels of ROS 
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production, in turn, leads to insulin resistance through activating the serine phosphorylation and 

inhibiting the tyrosine phosphorylation of IRS-1 (Unger and Orci, 2002; Morino et al., 2005; 

Goldberg et al., 2012). Moreover, the defect in myocardial energy production impairs cardiac 

systolic and diastolic contractile function and further leads to cardiomyopathy and heart failure 

(Feuvray et al., 1979; Lewis and Steiner, 1996; Fricovsky et al., 2012). Preliminary studies from 

our lab demonstrated that WT + HF mice had disrupted mitochondrial morphology via increased 

activity of mitochondrial mediators of fission, Drp1, disruption of mitochondrial cristae, and the 

appearance of more and smaller mitochondria. In addition, decreased insulin signaling mediated 

through IRS-1 and downstream targets including Akt and AS160 was also found in WT + HF 

mice. However, ROCK2+/- + HF mice showed improvements in terms of mitochondrial 

morphology in left ventricular tissue, and insulin signaling (Soliman et al., 2015). In the current 

study, both cardiac expression of mitochondrial mediators of fission and fusion, and insulin 

signaling regulators were relatively comparable amongst all 4 groups of animals. Hence, the lack 

of cardiac contractile dysfunction in WT + HFHS mice could be explained in part by the lack of 

ROCK2 over-expression and the absence of disrupted mitochondrial structure and insulin 

signaling in the heart.  

To conclude, my study demonstrated that a HFHS diet containing 45% kcal from fat and 

17% kcal from sucrose was not able to induce cardiac contractile dysfunction in WT CD-1 mice 

over a period of 24 weeks of feeding. Furthermore, heterozygous deletion of ROCK2 failed to 

protect CD-1 mice from the development of systemic glucose and insulin resistance as it did when 

fed a HF diet. The lack of cardiac contractile dysfunction detected in WT + HFHS mice may be 

explained in part by the lack of ROCK2 over-expression, cardiac mitochondrial dysfunction and 

disrupted cardiac insulin signaling in these animals. A slightly lower fat content in the current 
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HFHS diet in comparison to the HF diet that we used in our previous studies, a relatively low 

sucrose content compared to other studies that provoked cardiac dysfunction in CD-1 mice, a lower 

energy density of the HFHS diet, and genetic variations between C57BL/6J and CD-1 mouse 

strains are possible reasons for the failure of a HFHF diet to induce cardiac contractile dysfunction 

in WT CD-1 mice. Nonetheless, it is not clear why heterozygous deletion of ROCK2 failed to 

protect systemic glucose and insulin tolerance in HFHS diet-fed animals. This is explored further 

in the next chapter.  
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Chapter 3: The effect of ROCK2 heterozygous deletion on insulin signaling and 

inflammation in mouse models of diet-induced obesity 

3.1 Introduction  

As a progressive chronic disease, obesity is characterized by expanded adipose tissue and 

an elevated degree of chronic inflammation. Obesity has severe impacts on the body systems of 

overweight and obese individuals. It is one of the leading causes of other health problems and 

morbidities, including diabetes, heart disease, stroke, high blood pressure, arthritis, and cancer. 

(Qureshi and Abrams, 2007). 

Obesity is associated with an increased risk of non-alcoholic fatty liver disease (NAFLD), 

which is characterized as excessive fat build-up in the liver with insulin resistance due to causes 

other than alcohol use (Huang et al., 2018). NAFLD occurs when the rate of hepatic fatty acid 

uptake and synthesis exceeds the rate of fatty acid oxidation and export. There are two types of 

NAFLD, non-alcoholic fatty liver and non-alcoholic steatohepatitis. Inflammation or liver damage 

usually does not present in non-alcoholic fatty liver. However, as fat continues to accumulate, it 

can lead to non-alcoholic steatohepatitis and eventually cirrhosis and liver failure (Rinella and 

Sanyal, 2016; Chalasani et al., 2018).  

Obesity is the direct consequence of an imbalance between energy intake and energy 

expenditure (Jernås et al., 2006). As individuals become obese, their adipocytes enlarge, and 

adipose tissue undergoes molecular and cellular alterations affecting systemic metabolism. 

Increased release of free fatty acids and glycerol from adipocytes promotes insulin resistance in 

tissues such as skeletal muscle and liver (Shulman, 2000). Moreover, as obesity progresses, 
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elevated production of inflammatory factors, including TNFα, MCP-1, and IL-6 are also found in 

the adipose tissue (Chan and Hsieh, 2017). 

Liver and adipose tissue both play important roles in metabolic regulation. As the adipose 

tissue becomes insulin resistant and accumulates inflammatory factors, increased amounts of free 

fatty acids are delivered to the liver instead of being stored in the adipose tissue, leading to the 

progression of fatty liver disease (Parker, 2018). An excessive amount of hepatic free fatty acids 

represents an imbalance of body metabolism (Fabbrini et al., 2010). The existence of adipose-liver 

crosstalk contributes to the development of obesity-associated complications. The two most 

important mechanisms underlying the complications of obesity are insulin resistance and 

inflammation (Kinlen et al., 2018). In obesity, impaired insulin signaling and an increased degree 

of inflammation lead to fatty liver and adipocyte hypertrophy, and further contribute to the 

development of a cluster of metabolic syndromes and increase the risk of heart diseases, NAFLD, 

and diabetes (Yang et al., 2012).  

Although both HFHS diet and HF diet can lead to obesity and insulin resistance, a HFHS 

diet differs from a HF diet mainly because of its increased sucrose content (Soliman et al., 2015, 

2016). Sucrose is a disaccharide that is composed of glucose and fructose. One molecule of sucrose 

can be broken down into one molecule of glucose and one molecule of fructose by a digestive 

enzyme called sucrase. After being absorbed, glucose and fructose require further metabolism to 

be converted into forms that can be used for energy production (Tappy and Lê, 2010). The 

metabolism of glucose is distinct from fructose. Glucose is metabolized primarily by glucokinase 

or hexokinase to yield pyruvates and ATP through a process called glycolysis. On the other hand, 

extra steps are needed before fructose enters the glycolysis pathway. Fructokinase in the liver plays 

an important role in fructose metabolism, since most fructose is metabolized in the liver. In 
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particular, one of the isoforms of fructokinase, fructokinase C, metabolizes fructose to fructose-1-

phosphate very rapidly, with large ATP consumption (Froesch, 1976). Increased fructose 

metabolism through fructokinase C leads to fat accumulation in the liver and further contributes 

to fatty liver disease (Jensen et al., 2018). In addition, fructose induces an increased rate of hepatic 

de novo lipogenesis through serving as a substrate for fatty acid synthesis and stimulating the 

expression of enzymes involved in lipogenesis via activation of the lipogenic transcription factors, 

such as srebp1c, and decreased fat oxidation in comparison to glucose (Zakim, 1972; Samuel, 

2011; Janevski et al., 2012; Kim et al., 2016; Softic et al., 2017). For example, human subjects 

have demonstrated decreased post-prandial fat oxidation and resting energy expenditure after 

consuming fructose-sweetened beverages in comparison to those who consuming calorically 

equivalent glucose-sweetened drinks (Cox et al., 2012). Therefore, the progression of obesity-

associated liver disease has been shown to be related to an increased intake of fructose. 

Ishimoto et al showed that, WT C57BL/6J mice fed a HFHS (36% kcal from fat and 30% 

kcal from sucrose) diet and mice fed a HF (36% kcal from fat) diet both gained a significant amount 

of body weight over a period of 15 weeks. However, hepatic steatosis, indicated by the 

development of inflammation and fibrosis, was found in mice fed a HFHS diet, but not in mice fed 

a HF diet. Furthermore, these symptoms were improved in fructokinase knockout mice fed the 

same HFHS diet. Their results indicated that the sucrose content in the HFHS diet contributes to 

the greater inflammation and hepatic fibrosis through fructose metabolism in the liver (Ishimoto 

et al., 2013). Furthermore, according to Sato et al, WT C57BL/6J mice also responded differently 

to a HFHS (42% kcal from fat and 30% kcal from sucrose) diet and a HF diet (60% kcal from fat 

and 7% kcal from sucrose) after a period of 20 weeks of feeding. Although both HFHS and HF 

mice developed a similar extent of obesity, hyperglycemia, hyperinsulinemia and hepatic steatosis 
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were more severe in the HFHS animals compared to the HF group, and this was associated with 

increased hepatic mRNA expression of lipogenic enzymes (Sato et al., 2010). These studies 

suggest that there may be differences in the underlying mechanisms contributing to obesity and 

insulin resistance resulting from a HF and a HFHS diet, related to adverse effects of fructose on 

the liver.  

Adipocyte hypertrophy is also closely associated with the development of obesity as an 

adaptive response to protect other tissues from lipotoxicity (Muir et al., 2016). Increasing evidence 

from studies of dietary-induced mouse models of obesity has suggested a relationship between 

obesity, insulin resistance, and chronic inflammation of adipose tissue (Bastard et al., 2006). In 

our previous study, in HF diet-fed WT CD-1 mice, the activation of ROCK2 in adipose tissue was 

associated with the development of systemic insulin intolerance and reduced insulin signaling. 

This was attributed to the suppression of PPARg expression, which regulates fatty acid storage and 

glucose metabolism, leading to adipocyte hypertrophy and increased inflammatory cytokine 

production. However, HF diet-fed ROCK2+/- mice showed improved insulin sensitivity and 

reduced adipose tissue inflammation (Soliman et al., 2016).  

In Chapter 2, HFHS diet-fed animals were shown to develop significant whole-body 

glucose and insulin intolerance, although the hearts of these animals did not appear to be insulin 

resistant at the level of insulin signaling. Unlike what we observed in ROCK2+/- + HF animals, 

ROCK2+/- + HFHS animals were as insulin resistant as WT + HFHS animals. Furthermore, the 

liver weight of ROCK2+/- + HFHS mice was greater than that of WT + HFHS mice. The purpose 

of the present study was to investigate the effect of HFHS diet feeding on insulin signaling in the 

liver and adipose tissue, and inflammatory status in the adipose tissue. I found that the liver 

triglyceride levels increased significantly in both WT + HFHS and ROCK2+/- + HFHS mice in 
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comparison to their LFLS diet-fed littermates. Moreover, WT + HFHS mice demonstrated 

impaired insulin signaling mediated through IRS-1 in both liver and adipose tissue, and had a 

significant amount of inflammatory factor production in the adipose tissue, which was consistent 

with what we had previously found in WT + HF mice (Soliman et al., 2016). However, distinct 

from HF diet-fed ROCK2+/- animals, no activation of PPARγ was observed in adipose tissue from 

ROCK2+/- + HFHS animals, and these mice had disrupted insulin signaling mediated through 

IRS-1 and its downstream target in the liver and adipose as observed in their WT littermates. 

Moreover, levels of inflammatory factor production in adipose tissue from ROCK2+/- + HFHS 

animals were as high as those in WT + HFHS animals. No over-expression or over-activation of 

ROCK2 was observed in adipose tissue of these mice, and this was believed to be the factor that 

leads to adipocyte hypertrophy, insulin resistance and increased inflammation in WT + HF mice 

(Soliman et al., 2016). Therefore, the increased sucrose content in the HFHS diet may affect the 

mechanisms of insulin resistance and adipose tissue inflammation differently than a HF diet.  

 

3.2 Materials and methods 

3.2.1 Animals 

CD-1 WT and ROCK2+/- male animals were used in this study. Male CD-1 ROCK2+/- 

mice were generated as previously described and were bred with female WT (ROCK2+/+) mice 

(Zhou et al., 2009). Genotyping of offspring using polymerase chain reaction was performed to 

confirm their genotypes. Since complete ROCK2 knockout (ROCK2-/-) is embryonically lethal, 

heterozygous ROCK2 mice (ROCK2+/-) were used. The CD-1 strain was chosen for the present 

study because of the minimal detrimental effects of ROCK2 heterozygous deletion on embryonic 

development in this genetic background compared to other strains (Thumkeo et al., 2003).  



72 

 

These studies were conducted in tissues from animals in set 1, described in Chapter 2. At 

the age of 6 weeks, WT male mice and their ROCK2+/- male littermates were divided into two 

groups each and fed either a low fat-low sucrose (LFLS) diet (Cat #:D12450J, Research Diets, 

New Brunswick, NJ, USA), containing 10% kcal from fat and 7% kcal from sucrose, or a high fat-

high sucrose (HFHS) diet (Cat #:D12451, Research Diets, New Brunswick, NJ, USA), containing 

45% kcal from fat and 17% kcal from sucrose. The composition of the diets is described in 

Appendix. All animals were housed under identical conditions and given free access to food and 

water. Body weight was monitored weekly.  

On the day of termination, at week 19-20, all mice were fasted for 5-6h and then injected 

with human insulin (Humulin R, Eli Lilly, ON, Canada; 10 U/kg ip); 5 min later, they were deeply 

anesthetized with 4% isoflurane. After 5 min, the mice were euthanized. Hearts and other organs, 

e.g. liver, epididymal adipose tissue and gastrocnemius muscle, were removed, and the apex of the 

heart and a small portion of adipose tissue were fixed in 10% formalin. The remaining tissues were 

frozen in liquid nitrogen and stored at -80°C for later biochemical analysis. All animal studies 

were performed in accordance with the Canadian Council for Animal Care’s Guide for the Care 

and Use of Experimental Animals and were approved by the Animal Care Committee of The 

University of British Columbia. 

3.2.2 Western blot protein analysis  

Tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer with 1X 

protease/phosphatase inhibitors (Cell Signaling Technology, Beverly, MA). 20–40 µg of protein 

was loaded. Proteins were separated by 6-12% SDS-PAGE, transferred to nitrocellulose 

membrane, and immunoblotted using primary antibodies (range from 1:500 to 1: 1,000) against 

ROCK1 (611136) (BD Biosciences, San Jose, CA); RhoA (sc-418), ROCK2 (sc-5561) (Santa Cruz 
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Biotechnology, Inc., Dallas, TX); ACC (3662), Ser79-phosphorylated ACC (3661), AMPK 

(2532), Thr172-phosphorylated AMPK (2531), Akt (9272), Ser473-phosphorylated Akt (9271), 

MYPT1 (2634), Thr853-phosphorylated MYPT1 (4563), IRS-1 (2382), Ser307-phosphorylated 

IRS-1 (2381) (Cell Signaling Technology, Beverly, MA); Tyr612-phosphorylated IRS-1 (44-

816G) (Thermo Fisher Scientific, Waltham, MA) at 4°C overnight. They were subsequently 

incubated with secondary antibodies (range from 1:2,500 to 10,000) at room temperature for 1 hr. 

Protein expression was visualized using a Li-Cor Odyssey CLX imaging system (Li-Cor 

Biosciences, Lincoln, NE). Protein band intensity was determined by densitometry and normalized 

to vinculin or alpha-tubulin, or the corresponding total protein in the same preparation. 

3.2.3 Hepatic triglycerides and cholesterols  

Hepatic triglycerides and cholesterol were measured by enzymatic analysis using 

commercially available kits (Pointe Scientific. Inc., Canton, MI). Liver triglyceride (TG) levels 

were determined using glycerol phosphate oxidase (GPO) reagent (catalog #: T7532) (Pointe 

Scientific. Inc., Canton, MI) according to the protocol of Palmer et al. (2009). Briefly, 

approximately 70-80 mg of liver tissue was homogenized in the KOH-EtOH solution. Samples 

were heated at 70°C for 1 hour and subsequently incubated at room temperature overnight. The 

next day, the volume in each sample was brought up to 1000μL using 2M Tris-HCL and samples 

were then diluted 1:5 with Tris-HCL for colometric quantification of TG using GPO reagent at 

500nm. Liver cholesterol levels were measured using cholesterol reagent (catalog #: C7510) 

(Pointe Scientific. Inc., Canton, MI). One ml of the reagent in each tube was pre-warmed at 37°C 

for at least 5 min, then 10µl of each sample was added to respective tubes, mixed and heated at 

37°C for another 5 min. After that, absorbances of all test tubes were read and recorded at 500nm. 
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Absorbance to concentration calculation was performed to determine the cholesterol levels in each 

sample.  

3.2.4 Quantitative real-time PCR 

RNA was extracted from tissue samples using TRIzol reagent (Invitrogen, Burlington, ON, 

Canada). Reverse transcription was carried out using a SuperScript VILO cDNA synthesis kit 

(Invitrogen, Carlsbad, CA) with 1 µg of total RNA. Quantitative RT-PCR was performed on an 

Applied Biosystems StepOnePlus PCR system using SYBR Select Master Mix (Applied 

Biosystems, Foster City, CA). Relative mRNA expression was calculated by the comparative 

threshold (2DDCT) method and normalized to the 36b4 endogenous control, which is an acidic 

ribosomal phosphoprotein.  

3.2.5 Adipocyte area and number 

The size and number of adipocytes per mm2 of tissue were determined according to the 

protocol described previously (Parlee et al., 2014). Briefly, formalin-fixed, paraffin-embedded 

epididymal fat tissue was sectioned with a thickness of 5 μm, and stained with hematoxylin and 

eosin. Five representative digital images were taken under a 10X objective from 2 different 

sections per animal using a Zeiss microscope (North York, ON, Canada; LSM700). The area and 

number of adipocytes were measured using ImageJ v1.45 s (NIH, Bethesda, MD, USA). 

3.2.6 Statistical analysis 

All values are shown as mean ± SEM; n denotes the number of animals in each group. 

Results were analyzed using GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA). 

The adipose tissue properties were analyzed by two-way repeated measures ANOVA followed by 

a Bonferroni’s post-hoc test. All other data was analyzed by one-way ANOVA followed by 

Newman-Keul’s test. Differences were considered statistically significant at p < 0.05. 
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3.3 Results  

3.3.1 Liver 

3.3.1.1 Effect of HFHS feeding on hepatic triglyceride and cholesterol levels  

At termination, both HFHS diet-fed mouse groups had significantly (p < 0.05) increased 

levels of liver triglycerides, which were about 2-fold higher than their LFLS diet-fed counterparts 

(Fig. 3.1A). However, although both ROCK2+/- + HFHS and WT + HFHS animals had elevated 

levels of liver cholesterol, the differences were not statistically significant in comparison to LFLS 

diet-fed animals (Fig. 3.1B). 

 

 

Figure 3.1 Effect of HFHS diet on hepatic triglyceride and cholesterol level in WT and ROCK2+/- mice 

Levels of (A) liver triglyceride and (B) liver cholesterol were assessed. *p < 0.05. Data shown as mean ± S.E.M., n= 

8 in each group. 
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3.3.1.2 Effect of HFHS feeding on hepatic RhoA-ROCK signaling  

Similar to what I found in the heart of these animals (Chapter 2), there was no significant 

difference in hepatic ROCK1 expression among the different groups of animals (Fig. 3.2A). Liver 

expression of ROCK2 was about 50% lower (p < 0.05) in both ROCK2+/- + LFLS and ROCK2+/- 

+ HFHS animals compared to their WT littermates, which confirmed the ROCK2 knockdown in 

ROCK2+/- animals (Fig. 3.2B). Also consistent with what I observed in the heart, there was no 

over-expression of hepatic ROCK2 in WT + HFHS mice compared to WT + LFLS mice. This 

indicated that HFHS diet feeding failed to induce ROCK2 over-expression in WT mice. In 

addition, the phosphorylation level of MYPT1 at Thr853, an index of total ROCK activity, was 

very comparable among animals fed the different diets (Fig. 3.2C).  
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Figure 3.2 Effect of HFHS diet on hepatic RhoA-ROCK signaling in WT and ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) ROCK1, (B) ROCK2, 

and (C) phosphorylation of MYPT1 at Thr853. *p < 0.05. Data shown as mean ± S.E.M., n= 8 in each group. 
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3.3.1.3 Effect of HFHS feeding on hepatic insulin signaling  

As reported in Chapter 2, I observed systemic glucose and insulin intolerance in HFHS 

diet-fed animals, but hearts of these animals did not exhibit impaired insulin signaling. Since I 

found significantly enlarged liver weight in HFHS diet-fed animals and the liver plays an important 

role in metabolizing fructose, I was interested in investigating insulin signaling in the liver. I found 

that the expression level of IRS-1 and the phosphorylation of IRS-1 at Ser307 decreased (p < 0.05) 

more than 80% in both HFHS diet-fed animals in contrast to their LFLS diet-fed littermates (Fig. 

3.3A, C). The massive decreased expression level of IRS-1 and reduced level of Ser307pIRS-1 

indicate severely disrupted insulin signaling in the liver mediated through IRS-1. However, no 

difference was found in the phosphorylation of IRS-1 at Tyr612 (Fig. 3.3B). In addition, the 

phosphorylation of Akt at Ser473, which is a downstream target of IRS-1, was significantly (p < 

0.05) reduced in both WT + HFHS and ROCK2+/- + HFHS mice compared to WT + LFLS and 

ROCK2+/- + LFLS mice (Fig. 3.3D-E), further indicating impaired insulin signaling in the liver. 

Overall, WT + HFHS and ROCK2+/- + HFHS mice had very comparable levels of disrupted IRS-

1 mediated insulin signaling, indicating that heterozygous deletion of ROCK2 did not protect CD-

1 mice from HFHS diet-induced impaired insulin signaling in the liver. 
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Figure 3.3 Effect of HFHS diet on the hepatic insulin signaling in WT and ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) phosphorylation of 

IRS-1 at Ser307, (B) phosphorylation of IRS-1 at Tyr612, (C) IRS-1, (D) phosphorylation of Akt at Ser473, and (E) 

Akt. *p < 0.05. Data shown as mean ± S.E.M., n= 8 in each group.  
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3.3.1.4 Effect of HFHS feeding on the hepatic expression of Thr172pAMPK and Ser79pACC 

According to a study by Huang et al, inactivation of ROCK1 signaling was able to protect 

mice from obesity-associated insulin resistance, and hepatic lipid accumulation induced by a diet 

containing 58% kcal from fat and 13% kcal from sucrose (Huang et al., 2018). Liver-specific 

ROCK1 deletion prevented the development of hepatic steatosis and decreased hyperglycemia in 

obese mice through the activation of AMPK signaling (Huang et al., 2018). In the present study, 

HFHS diet-fed animals seemed to have reduced phosphorylation of AMPK at Thr172 in the liver, 

which indicates a decreased activation of AMPK (Willows et al., 2017), although the difference 

was not statistically significant (Fig. 3.4A-B). A downstream target of AMPK, acetyl-CoA 

carboxylase (ACC), is also involved in the process of fatty acid synthesis and the activation of 

ACC can promote de novo lipogenesis. I found that both the expression level of ACC and the 

phosphorylation of ACC at Ser79 were dramatically decreased (p < 0.05) in both WT and 

ROCK2+/- mice fed a HFHS diet (Fig. 3.4C-D). 
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Figure 3.4 Effect of HFHS diet on the hepatic expression of Thr172pAMPK and Ser79pACC in WT and 

ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) phosphorylation of 

AMPK at Thr172, (B) AMPK, (C) phosphorylation of ACC at Ser79, and (D) ACC. *p < 0.05. Data shown as mean 

± S.E.M., n= 8 in each group. 
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3.3.1.5 Effect of HFHS feeding on hepatic mRNA expression of lipogenic enzymes 

The mRNA expression of several hepatic lipogenic enzymes that are regulated by AMPK, 

such as fatty acid synthase (fas), elongation of very long-chain fatty acid protein 3 (elovl3), and 

sterol regulatory element-binding protein 1c (srebp1c) was also investigated. In general, I found 

that there was no significant difference in hepatic mRNA expression among animals fed different 

diets (Fig. 3.5). Although HFHS diet-fed mice had a slight decrease in FAS mRNA expression 

compared to their LFLS diet-fed littermates, differences were not statistically significant (Fig. 

3.5A). In addition, ROCK2+/- + LFLS mice showed a drop (p < 0.05) in Elovl3 mRNA expression 

compared to WT + LFLS mice (Fig. 3.5B).  
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Figure 3.5 Effect of HFHS diet on the hepatic mRNA expression of lipogenic enzymes in WT and ROCK2+/- 

mice 

mRNA expression levels of (A) FAS, (B) Elovl3, and (C) SREBP1c normalized to the endogenous control 36b4 were 

assessed. *p < 0.05. Data shown as mean ± S.E.M., n= 8 in each group. 
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3.3.2 Adipose tissue 

3.3.2.1 Effect of HFHS feeding on adipose tissue RhoA-ROCK signaling  

In accordance with what I observed in the heart (Chapter 2), the expression levels of RhoA 

and ROCK1 were very comparable among the different animal groups, and no significant 

differences were detected (Fig. 3.6A-B). LFLS and HFHS diet-fed ROCK2+/- mice demonstrated 

reduced ROCK2 expression by about 50% compared to their WT littermates (p < 0.05). No over-

expression of ROCK2 was found in the adipose tissue of WT + HFHS animals, in comparison to 

their WT LFLS diet-fed littermates (Fig. 3.6C). In order to investigate the activity of ROCK 

isoforms, the phosphorylation of MYPT1 at Thr853 was measured. However, the levels of 

Thr853pMYPT1 were very similar among different animal groups, indicating that there was no over-

activation of ROCK isoforms in HFHS diet-fed animals (Fig. 3.6D). 
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Figure 3.6 Effect of HFHS diet on adipose tissue RhoA-ROCK signaling in WT and ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) RhoA, (B) ROCK1, 

(C) ROCK2, and (D) phosphorylation of MYPT1 at Thr853. *p < 0.05. Data shown as mean ± S.E.M., n= 8 in each 

group. 
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3.3.2.2 Effect of HFHS feeding on adipose tissue properties  

Histological examination of the adipose tissue showed that WT + HFHS mice had larger 

adipocyte size than ROCK2+/- + HFHS mice (Fig. 3.7A-B). The morphometric analysis also 

revealed that ROCK2+/- + HFHS mice had a greater frequency of adipocytes that are smaller than 

5000 μm2 in comparison to WT + HFHS mice, which was also evident in the corresponding AUC 

(Fig. 3.7C-D). In addition, the average adipocyte area in WT + HFHS mice was around 6400 μm2, 

which was significantly larger compared to that in ROCK2+/- + HFHS mice (4800 μm2) (Fig. 

3.7E). Consistent with average adipocyte area, ROCK2+/- + HFHS mice also had a higher number 

of adipocytes per mm2 epididymal fat tissue compared to WT + HFHS mice (Fig. 3.7F).   
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Figure 3.7 Effect of HFHS diet on adipose tissue properties in WT and ROCK2+/- mice 

(A-B) Representative photomicrographs of epididymal adipose tissue stained with hematoxylin and eosin, (C) 

adipocyte area frequency distribution, (D) area under the adipocyte area frequency distribution curve for cells less 

than or more than 5000 μm2, (E) average adipocyte area, (F) number of adipocytes per mm2 epididymal fat tissue in 

each group. *p < 0.05. Data shown as mean ± S.E.M., n= 3 in each group.  
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3.3.2.3 Effect of HFHS feeding on adipose tissue insulin signaling  

I observed impaired insulin signaling in livers of HFHS diet-fed mice. In addition, the 

previous study from our lab showed disrupted insulin signaling mediated via IRS-1 in the adipose 

tissue of WT + HF mice, while insulin signaling was much improved in ROCK2+/- + HF mice 

(Soliman et al., 2016). Therefore, I also investigated insulin signaling pathway in the adipose 

tissue. The expression of IRS-1, and the phosphorylation of IRS-1 at Ser307 and Tyr612 were 

reduced dramatically in WT + HFHS diet-fed animals (p < 0.05) (Fig. 3.8A-C). Moreover, 

ROCK2+/- + HFHS mice also demonstrated disrupted insulin signaling, and heterozygous deletion 

of ROCK2 was not able to protect mice from HFHS diet-induced insulin resistance in the adipose 

tissue. In addition, significantly decreased phosphorylation of Akt at Ser473, which is a 

downstream target of IRS-1, was also found in both HFHS diet-fed WT and ROCK2+/- animals 

(p < 0.05) (Fig. 3.8D-E). 
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Figure 3.8 Effect of HFHS diet on the hepatic insulin signaling in WT and ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) IRS-1, (B-C) 

phosphorylation of IRS-1 at Ser307, (D-E) phosphorylation of IRS-1 at Tyr612, and (F) phosphorylation of Akt at 

Ser473. *p < 0.05. Data shown as mean ± S.E.M., n= 8 in each group.



90 

 

3.3.2.4 Effect of HFHS feeding on adipose tissue expression of PPARγ and inflammatory 

makers 

Increased expression of PPARγ isoforms (PPARγ1 and PPARγ2) accompanied by reduced 

production of inflammatory factors including TNFα, MCP-1, and F4/80 was found in ROCK2+/- 

+ HF animals (Soliman et al., 2016). However, the expression of both PPARγ isoforms was 

approximately the same among various animal groups in the present study (Fig. 3.9A-B). 

Moreover, both WT + HFHS and ROCK2+/- + HFHS mice showed significantly increased mRNA 

expression of mRNA of inflammatory factors (p < 0.05), and heterozygous deletion of ROCK2 

did not demonstrate a protective effect in HFHS diet-fed mice (Fig. 3.9C-E). 
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Figure 3.9 Effect of HFHS diet on adipose tissue expression of PPARγ and inflammatory makers in WT and 

ROCK2+/- mice 

Representative Western blot images (top) and relative protein expression levels (bottom) of (A) PPARγ1 and (B) 

PPARγ1 were assessed. mRNA expression levels of (C) TNFα, (D)MCP-1, and (E) F4/80. *p < 0.05. Data shown as 

mean ± S.E.M., n= 8 in each group. 
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3.4 Discussion 

In the present study, no over-expression of the RhoA-ROCK pathway was found in either 

liver or adipose tissue, which was consistent with what I observed in the heart in Chapter 2. 

However, distinct from the hearts of HFHS diet-fed mice, the liver and adipose tissue of both WT 

and ROCK2+/- HFHS diet-fed mice developed severe insulin resistance at the level of insulin 

signaling. Moreover, significantly elevated levels of hepatic triglycerides were observed in HFHS 

diet-fed mice in comparison to their LFLS diet-fed counterparts. Although ROCK2+/- + HFHS 

mice had smaller adipocyte size compared to WT + HFHS mice, both WT + HFHS and ROCK2+/- 

+ HFHS mice developed similar extents of insulin resistance and inflammation in adipose tissue. 

My findings in adipose tissue of WT + HFHS mice were consistent with what we observed in our 

previous study in HF diet-fed WT CD-1 mice, in that the HFHS diet feeding induced adipocyte 

hypertrophy, reduced insulin signaling and increased inflammation levels in adipose tissue 

(Soliman et al., 2016). However, heterozygous deletion of ROCK2 failed to protect CD-1 mice 

from these HFHS diet-induced complications through the activation of PPARg isoforms as it did 

when mice were fed a HF diet. 

Obesity is associated with excessive accumulation of triglyceride-rich lipid droplets in the 

liver. High levels of liver triglycerides and cholesterol indicate the rapid build-up of fatty acids in 

the liver (Kraegen et al., 1991; Samuel and Shulman, 2012). There are three main sources of free 

fatty acids used for hepatic triglyceride formation: diet (15%), de novo lipogenesis (DNL) (25%), 

and adipose tissue lipolysis (60%) (Donnelly et al., 2005). Impaired regulation of DNL and adipose 

tissue lipolysis are believed to play crucial roles in promoting hepatic steatosis (Utzschneider and 

Kahn, 2006). Unlike adipose tissue that can store excess fat safely to some extent, the liver cannot 

(Tolman et al., 2007). As the adipose tissue becomes insulin resistant, there is an increased 
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production of free fatty acids from the adipose tissue, which is the primary source of fatty acids. 

These free fatty acids circulate in the bloodstream and are taken up by other organs, such as liver, 

to be stored in the form of triglycerides and cholesterol. In the present study, I observed greater 

liver weight in the ROCK2+/- + HFHS mice than the WT + HFHS mice, which is opposite to the 

effects on liver weight found in HF diet-fed mice in our previous study (Soliman et al., 2016). In 

addition, significantly elevated levels of liver triglycerides were found in both WT + HFHS and 

ROCK2+/- + HFHS mice. It’s possible that there may be differences in the underlying mechanisms 

contributing to obesity and insulin resistance resulting from a HF and a HFHS diet in the liver. 

Therefore, I investigated the effect of a HFHS diet on the liver and adipose tissue and the role of 

heterozygous deletion of ROCK2 in improving insulin signaling and adipocyte inflammation in 

this chapter.  

A recent study of male C57BL/6J mice fed a diet containing 58% kcal from fat and 13% 

kcal from sucrose showed increased hepatic activity of ROCK1, which was associated with 

obesity, systemic insulin resistance, and hepatic lipid accumulation. On the other hand, mice with 

hepatic ROCK1 deletion had reduced weight gain and improved systemic glucose and insulin 

sensitivity, as well as decreased hepatic steatosis and inflammation. This suggests that upregulated 

expression and activation of ROCK1 in the liver is involved in the development of obesity, insulin 

resistance, and fatty liver disease (Huang et al., 2018).  

AMPK plays a crucial role in de novo lipogenesis through maintaining a balance between 

energy supply and demand. Lipogenesis, a complex but highly regulated metabolic pathway of 

fatty acid synthesis, contributes to an increased fat mass in the liver and adipose tissue. Therefore, 

a reduction in lipogenesis may be able to protect against the development of obesity. AMPK 

activation inhibits fatty acid synthesis and promotes fatty acid oxidation by phosphorylating ACC, 
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and decreasing malonyl-CoA levels (Wu et al., 2018). Phosphorylation of AMPK at Threonine 

172 stimulates AMPK activity, which then leads to a suppression in ATP-consuming anabolic 

pathways and an elevation in ATP-producing catabolic pathways (Woods et al., 2017; Huang et 

al., 2018). Studies have shown that obesity is associated with reduced AMPK activation, along 

with alterations in glycolysis, insulin sensitivity, hepatic lipid metabolism, and inflammation (Jeon, 

2016). For example, in obese human patients with whole-body insulin resistance, the ratio of 

pAMPK to AMPK was reduced in visceral adipose tissue (Gauthier et al., 2011). Moreover, 

decreased steatosis and obesity, reduced inflammation and fibrosis, and improved glucose 

homeostasis were observed in mice with inducible liver-specific AMPK activation (Garcia et al., 

2019). Huang et al demonstrated over-activation of hepatic ROCK1 activates de novo lipogenesis 

by suppressing the phosphorylation and activation of AMPK (Huang et al., 2018). However, in 

the present study, no over-expression of ROCK1 or significantly decreased activity of AMPK was 

found in HFHS diet-fed mice. 

As a downstream target of AMPK, ACC is closely associated with the process of DNL in 

the liver and adipose tissue. Phosphorylation of ACC at Ser 79 by AMPK leads to its inactivation 

and a reduction in the production of malonyl CoA, and further contributes to decreased fatty acid 

synthesis and increased fatty acid oxidation (Galic et al., 2018). Several studies have shown that 

the inhibition of ACC activity in the liver of mice and human subjects reduces levels of 

triglycerides, hepatic steatosis, and hepatic insulin resistance through suppressing lipogenesis 

(Mao et al., 2006; Kim et al., 2017; Goedeke et al., 2018). In the present study, I found that both 

the expression of total ACC isoforms and the phosphorylation of Ser79ACC1 and Ser79ACC2 were 

reduced significantly in HFHS diet-fed mice compared to their LFLS diet-fed counterparts, which 

suggests that there may be a decrease in hepatic fatty acid synthesis in these animals. Although 
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DNL is one of the main pathways of generating triglycerides, dietary intake and adipose tissue 

lipolysis also contribute to the accumulation of liver triglycerides (Utzschneider and Kahn, 2006; 

Saponaro et al., 2015). Therefore, the high levels of liver triglycerides found in HFHS diet-fed 

mice may be explained by the accumulation of lipids via dietary intake and adipose tissue lipolysis. 

It’s also possible that increased levels of liver triglycerides form a negative feedback loop acting 

on ACC to decrease the expression of ACC and further inhibit DNL.  

AMPK interacts with lipogenic enzymes such as fas, elovl3, and srebp1c to regulate the 

process of lipogenesis. According to Huang et al, suppressed AMPK activity was associated with 

elevation of mRNA expressions of several hepatic lipogenic enzymes, including fas, elovl3, and 

srebp1c in obese mice, and was associated with increased lipogenesis in the liver during the 

development of hepatic steatosis (Huang et al., 2018). Several recent studies have been 

demonstrated that increased mRNA and protein expression of lipogenic enzymes are associated 

with the suppression of AMPK activity and the development of fatty liver disease (Fang et al., 

2019; Luo et al., 2019; Zhou et al., 2019). In the current study, no significant variations of hepatic 

lipogenic enzyme mRNA expression were found in the HFHS diet-fed mice, except that 

ROCK2+/- + LFLS mice exhibited a reduced elovl3 mRNA expression compared to WT + LFLS 

mice. Despite the significantly elevated levels of liver triglycerides and severe insulin resistance 

in the livers of HFHS diet-fed mice, the lack of changes of AMPK activation and AMPK-mediated 

mRNA expression of lipogenic enzymes may be due in part to the variations between mice strains 

and a relatively lower level of fat in the diet in the present study.  

I also investigated the insulin signaling pathway in the liver as I did in hearts of these 

animals. A significant decreased hepatic expression of IRS-1, which regulates glucose metabolism 

in cells upon stimulation with insulin, found in HFHS diet-fed mice indicates that the normal 
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cellular response to glucose might be disrupted in livers of those animals (Shaw, 2011). 

Phosphorylation of IRS-1 at Ser307 inhibits insulin action by impairing insulin receptor-mediated 

phosphorylation of tyrosine residues such as Tyr612 (Rask-Madsen and Kahn, 2012). Decreased 

phosphorylation of IRS-1 at Ser307 in HFHS diet-fed mice was consistent with significantly 

reduced expression of total IRS-1 (Aguirre et al., 2002). Furthermore, both WT + HFHS and 

ROCK2+/- + HFHS animals also exhibited decreased levels of Ser473pAkt, which is an indicator of 

the development of impaired insulin signaling, in contrast to their corresponding littermates (Abel 

et al., 2012).  

In summary, expression levels of ROCK1 and ROCK2 and the total ROCK activity were 

very comparable among different groups of animals, and there was only a tendency to a decrease 

in the phosphorylation of AMPK at Thr172 in HFHS diet-fed animals compared to LFLS diet-fed 

animals. Therefore, a diet containing 45% kcal from fat and 17% kcal from sucrose might be 

insufficient to elevate ROCK1 activity, suppress of AMPK activity and reduce AMPK-mediated 

inhibition of lipogenesis. In the face of significantly reduced expression of total and Ser 79 

phosphorylated ACC levels, the elevated levels of liver triglycerides in livers of HFHS diet-fed 

mice may be explained by high levels of lipid accumulation from dietary intake and adipose tissue 

lipolysis. Moreover, severely impaired hepatic insulin signaling mediated through IRS-1 and its 

downstream target Akt may contribute to the insulin resistance found in the liver of these HFHS 

diet-fed animals, and further to the systemic glucose and insulin insensitivity. Furthermore, no 

reduction of levels of liver triglycerides or improvement of hepatic insulin signaling was found in 

HFHS mice with heterozygous deletion of ROCK2, possibly explaining in part why ROCK2+/- + 

HFHS mice were not protected from systemic glucose and insulin intolerance.  
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Previous studies from our lab showed that over-activation of ROCK2 in adipose tissue of 

CD-1 mice fed a HF diet suppressed the activation of PPARg, and was associated with significantly 

enlarged adipocytes and increased production of inflammatory factors. On the other hand, 

heterozygous deletion of ROCK2 appeared to protect ROCK2+/- + HF mice from adipocyte 

hypertrophy and insulin resistance by activating PPARg (Soliman et al., 2016). In the present 

study, I characterized the effect of a HFHS diet on adipose tissue of CD-1 mice and investigated 

the effect of heterozygous deletion of ROCK2 in these animals. In accordance with our previous 

study in adipose tissue of HF diet-fed CD-1 mice, the expression levels of RhoA and ROCK1 were 

very comparable among all animal groups (Soliman et al., 2016). In our previous study, WT + HF 

mice had significantly elevated adipose tissue ROCK2 activity compared to chow diet-fed mice, 

and heterozygous deletion of ROCK2 prevented HF diet-induced over-activation of ROCK2 

(Soliman et al., 2016). However, in the present study, although I did not measure ROCK2 activity 

directly, no over-expression of ROCK2 or increase in total ROCK activity were found in adipose 

tissue of WT + HFHS mice, suggesting that there was no over-activation of ROCK2 in the adipose 

tissue of WT + HFHS mice. Overall, there was no detection of over-expression or over-activation 

of the RhoA-ROCK pathway in adipose tissue of HFHS diet-fed mice, which is consistent with 

what I observed in hearts and livers of these animals.  

As the enlargement of adipose tissue to store excess energy intake is also an important 

mechanism during the development of obesity, I investigated the adipose tissue properties in WT 

+ HFHS and ROCK2+/- + HFHS mice. There are two main mechanisms of adipocyte expansion: 

hyperplasia and hypertrophy (Verboven et al., 2018). Hyperplasia represents an increase in 

adipocyte numbers, and hypertrophy is defined as an increase in adipocyte size. In overnutrition 

and obesity, in order to adapt to the fat mass expansion and additional fat storage capacity in the 
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progression of obesity, mature adipocytes accumulate more fat and undergo cellular hypertrophy 

(Chan and Hsieh, 2017). Hypertrophy of adipocytes in visceral adipose tissue in obesity 

contributes to the development of insulin resistance, increased levels of inflammation and 

production of inflammatory cytokines, including TNFa and MCP-1 (Xu et al., 2003; Bastard et 

al., 2006). Adipocyte size in visceral adipose tissue was found to be positively related to the 

severity of whole-body insulin resistance in obese diabetic human patients, possibly through the 

presence of inflammatory macrophages and increased production of inflammatory cytokines (Jung 

and Choi, 2014). In addition, elevated production of inflammatory cytokines and chemokines, such 

as TNFα, MCP-1, and IL-6 was found in the enlarged adipose tissue of diet-induced obese 

C57BL/6J mice (Chan and Hsieh, 2017).  

Activation of PPARg isoforms in adipocytes of HF diet-induced obese mice has been 

demonstrated to lead to increased numbers of smaller adipocytes, decreased production of 

inflammatory factors, and improved adipose tissue insulin signaling and systemic insulin 

sensitivity (Sugii et al., 2009). In the present study, WT + HFHS mice developed hypertrophy of 

adipocytes compared to ROCK2+/- + HFHS mice, which is consistent with our previous study in 

HF diet-fed animals (Soliman et al., 2016). In addition, the size of adipocytes in ROCK2+/- + 

HFHS mice was reduced compared to WT + HFHS mice. Although the lack of LFLS diet-fed 

comparators makes it hard to conclude that there was no adipocyte hypertrophy in ROCK2+/- + 

HFHS mice, it is clear that ROCK2+/- + HFHS mice did not develop the same degree of 

hypertrophy as WT + HFHS mice. The reason for this is not known, since it was not associated 

with increased expression of PPARg isoforms in adipose tissue from ROCK2+/- + HFHS mice. 

However, the lack of increase in PPARg may explain why ROCK2+/- + HFHS mice were as 

insulin resistant as WT + HFHS mice, and the mRNA expression levels of inflammatory factors 
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such as TNFa, MCP-1, and F4/80 were comparable in both WT+ HFHS and ROCK2+/- + HFHS 

mice.  

To conclude, dietary intake and adipose tissue lipolysis are the possible main sources of 

significantly increased levels of triglycerides in the liver of HFHS diet-fed mice. No over-

activation of the RhoA-ROCK pathway, no suppression of AMPK, and no elevation of AMPK-

mediated lipogenic enzyme expression in these mice may due at least in part to a diet containing a 

relatively lower content of fat and/or sucrose used in the present study compared to previous ones 

(Sato et al., 2010; Huang et al., 2018). The different mouse strain used in my study in comparison 

to Huang et al (CD-1 vs. C57BL/6) may be another reason contributing to the variations of the 

expression of AMPK and lipogenic enzymes found in HFHS diet-fed mice. The heterozygous 

deletion of ROCK2 appeared to protect CD-1 mice from HF diet-induced obesity-associated 

complications, such as insulin resistance and inflammation, by preventing increased activity of 

ROCK2 and allowing increased expression of PPARg isoforms in adipose tissue. However, the 

HFHS diet used in the present study did not appear to increase ROCK2 activity in adipose tissue 

in WT  mice, and there was no increase in expression of PPARg isoforms in ROCK2+/- + HFHS 

mice. This might explain the disrupted insulin signaling and increased level of inflammation found 

in the adipose tissue of ROCK2+/- + HFHS animals, even though ROCK2+/- + HFHS mice did 

not develop the same degree of adipocyte hypertrophy as WT + HFHS mice. Ishimoto et al found 

that, although both HFHS diet-fed and HF diet-fed developed similar degree of obesity, more 

severe hepatic steatosis indicated by an increased degree of inflammation and fibrosis was found 

in mice fed a HFHS diet than mice fed a HF diet, while fructokinase knockout was able to protect 

HFHS diet-fed mice from the above symptoms (Ishimoto et al., 2013). Therefore, it is possible 

that the mechanisms contributing to insulin resistance and increased inflammation in HFHS diet-
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fed mice are distinct from those fed a HF diet. In addition, insulin resistance found in the liver and 

adipose tissue of HFHS diet-fed mice might explain the severe systemic glucose and insulin 

intolerance in these animals. Moreover, the fact that heterozygous deletion of ROCK2 had no 

effect on improving insulin signaling in either the liver or adipose tissue, and reducing the 

production of inflammatory factors in adipose tissue, possibly explains why ROCK2+/- + HFHS 

mice were not protected from systemic glucose and insulin intolerance. 
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Chapter 4: Conclusions 

4.1 Summary and conclusions  

As a worldwide phenomenon, obesity contributes to an impaired quality of life, shortened 

life expectancy, and increased mortality rate in the human population (Abdelaal et al., 2017). In 

particular, cardiovascular disease accounts for the greatest mortality risk associated with obesity. 

One of the complications, obesity cardiomyopathy, is associated with changes in the structure and 

function of the myocardium, which contribute to LV dysfunction independent of other risk factors, 

including hypertension and coronary artery disease (Regan et al., 1977; Rodrigues et al., 1998).  

Increased activation of the RhoA-ROCK pathway has been shown to be involved in 

diabetic and obesity cardiomyopathy (Soliman et al., 2012, 2015). Previous studies from our lab 

demonstrated that HF diet-induced obesity leads to over-activation of ROCK2 in the heart and 

adipose tissue of CD-1 mice, as well as mild cardiac contractile dysfunction, systemic insulin 

resistance, and adipose tissue inflammation. On the other hand, heterozygous deletion of ROCK2 

protected mice from these HF diet-induced complications through suppressing the activity of 

ROCK2 (Soliman et al., 2015, 2016). In addition, in our preliminary study, we found that a HFHS 

diet, containing 45% kcal from fat and 17% kcal from sucrose, which more closely resembles the 

human “Western diet” leads to a more detrimental effect on cardiac structure and function than a 

HF diet, containing 60% kcal from fat and 7% kcal from sucrose, in WT C57BL/6J mice. However, 

it was not clear whether a HFHS diet would also lead to cardiac dysfunction and obesity-associated 

comorbidities, including insulin resistance and inflammation, in CD-1 mice, and if heterozygous 

deletion of ROCK2 would be able to protect these mice from obesity-related complications as it 

did in HF diet-fed animals.  
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In order to address these concerns, in Chapter 2, I investigated the effect of a HFHS diet 

on cardiac function, systemic glucose and insulin tolerance, and insulin signaling in hearts of WT 

and ROCK2+/- CD-1 mice. Consistent with our previous findings in HF diet-fed animals, WT + 

HFHS mice developed severe obesity and whole-body glucose and insulin intolerance. 

Importantly, no over-expression of ROCK2 was observed in hearts of mice fed a HFHS diet, and 

hearts of these HFHS diet-fed animals were resistant to the development of cardiac contractile 

dysfunction and disrupted cardiac insulin signaling even after a period of 24 weeks of feeding. The 

lack of cardiac contractile dysfunction detected in WT + HFHS mice may be explained in part by 

the lack of ROCK2 over-expression, cardiac mitochondrial dysfunction and impaired cardiac 

insulin signaling in these animals. The exact underlying mechanisms are still not clear, but it’s 

possible that the (1) relatively low sucrose content used in my study, compared to other studies 

that observed cardiac dysfunction in a CD-1 mice fed a HFHS diet (42% kcal from fat and 30% 

kcal from sucrose) (Carbone et al., 2015, 2017; Chen et al., 2017; Zhang et al., 2017), (2) the 

slightly lower energy density of the HFHS diet in comparison to the HF diet, and (3) genetic 

variations between C57BL/6J mouse strain and CD-1 mouse strain, might help to explain the lack 

of development of cardiac dysfunction in HFHS diet-fed WT CD-1 mice. However, the loss of 

protection of heterozygous deletion of ROCK2 on the systemic glucose and insulin intolerance 

still needed further evaluation.  

The liver is one of major sites of glucose metabolism and storage, and impaired glucose 

metabolism contributes to insulin resistance in obesity and diabetes (Adeva-Andany et al., 2016). 

The significantly greater liver weight found in ROCK2+/- + HFHS mice than WT + HFHS mice 

and the elevated sucrose content in the HFHS diet in comparison to the HF diet suggested that the 

adverse effects of fructose may contribute to the underlying mechanisms that lead to obesity and 
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insulin resistance in livers from mice fed a HFHS diet. Therefore, I characterized liver properties, 

lipogenic enzyme expression, and insulin signaling in the liver in Chapter 3. The comparable levels 

of the expression of AMPK, which is a main regulator of lipogenesis, and the mRNA expression 

of AMPK-mediated lipogenic enzymes observed among the different diet groups may due in part 

to the relatively lower fat and sucrose content in the HFHS diet compared to other studies (Sato et 

al., 2010; Huang et al., 2018), and to variations between mouse strains. Although levels of liver 

triglycerides increased dramatically in HFHS diet-fed mice, the expression of ACC dropped 

significantly in HFHS diet-fed mice. Hence, elevated levels of liver triglycerides may be explained 

by increased dietary intake of fatty acids and adipose tissue lipolysis, instead of through DNL 

mediated through ACC. Severely impaired insulin resistance at the level of insulin signaling in the 

liver may contribute to the systemic glucose and insulin insensitivity in HFHS diet-fed mice.  

According to our previous study, heterozygous deletion of ROCK2 protected HF diet-fed 

CD-1 mice from obesity-induced adipocyte hypertrophy, disrupted insulin signaling, and 

inflammation in the adipose tissue via inhibiting the activity of ROCK2 and promoting the 

activation of PPARg. In the present study, no over-expression of ROCK2 and no increased activity 

of total ROCK isoforms were found in HFHS diet-fed animals. Even though ROCK2+/- + HFHS 

mice did not develop the same degree of adipocyte hypertrophy as WT + HFHS mice, there was 

no elevation in expression of PPARg. This may explain the similar extent of impaired insulin 

signaling and inflammation observed in both WT + HFHS and ROCK2+/- + HFHS mice. Whole-

body glucose and insulin intolerance in ROCK2+/- + HFHS diet-fed mice may due at least in part 

to the loss of effect of heterozygous deletion of ROCK2 on improving insulin signaling and 

reducing levels of inflammatory factor production in adipose tissue.  
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Taken together, the results of Chapter 2 characterized the effect of a HFHS diet containing 

45% kcal from fat and 17% kcal from sucrose on cardiac function, and systemic glucose and 

insulin tolerance in CD-1 mice. Chapter 3 further evaluated the underlying mechanisms of the 

whole-body glucose and insulin intolerance at the level of the liver and adipose tissue, and whether 

heterozygous deletion of ROCK2 was able to promote normal insulin signaling and decreasing 

levels of inflammatory factor production. The major findings of these studies were that:  

• The lack of the development of cardiac contractile dysfunction in WT CD-1 mice after a 

24-week of a HFHS (45% kcal from fat and 17% kcal from sucrose) diet feeding may be 

explained by (1) relatively low sucrose content used (2) the slightly lower energy density 

of the HFHS diet in comparison to the HF diet, and (3) genetic variations between 

C57BL/6J mouse strain and CD-1 mouse strain.  

• Although ROCK2+/- + HFHS mice were as insulin intolerant as WT + HFHS mice per 

GTT and ITT measurements, no insulin resistance was identified at the level of insulin 

signaling in hearts of HFHS diet-fed mice.  

• The development of cardiac dysfunction found in WT + HF mice and the effect of 

heterozygous deletion of ROCK2 to improve cardiac function in ROCK2+/- + HF mice 

confirmed the protective effects of heterozygous deletion of ROCK2 on HF diet-induced 

cardiac contractile dysfunction in CD-1 mice. 

• Systemic glucose and insulin intolerance found in HFHS diet-fed mice may due in part to 

the impaired insulin signaling in the liver and adipose tissue, and elevated levels of 

inflammatory factor production in these animals.  

• Heterozygous deletion of ROCK2 failed to improve insulin signaling in the liver and 

adipose tissue and to reduce inflammation in the adipose tissue of HFHS diet-fed mice.  
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The greatest strength of the work presented in this thesis is the characterization of the 

effects of a HFHS diet containing 45% kcal from fat and 17% kcal from sucrose in CD-1 mice, 

and the role of heterozygous deletion of ROCK2 in HFHS diet-induced obesity and associated 

comorbidities. Although the work and findings in this thesis are novel, there are several limitations 

to the studies conducted here. First of all, due to the limitation of study period, cardiac contractile 

function in CD-1 mice was only assessed at week 16-18 (set 1 mice) and at week 24 (set 2 mice). 

Thus, it was not clear whether a HFHS diet containing 45% kcal from fat and 17% kcal from 

sucrose would be able to induce cardiac dysfunction and impair cardiac insulin signaling with a 

longer period of diet feeding. Secondly, the lack of direct comparison of changes in the liver of 

HF diet-fed mice to HFHS diet-fed mice means that I do not know whether the differences between 

HF and HFHS diet-fed mice in the effects of ROCK2+/- heterozygous deletion on insulin and 

glucose tolerance arise from differences in the response of the liver to these 2 diets. Lastly, 

although I measured the expression levels of the RhoA-ROCK pathway and total ROCK activity, 

I cannot conclude whether over-activation of ROCK2 was present because no isoform specific 

activity was investigated in the current study.  

In conclusion, this study characterized the effect of a HFHS diet containing 45% kcal from 

fat and 17% kcal from sucrose on cardiac function and systemic insulin sensitivity of WT CD-1 

mice, and investigated the differences in the effect of heterozygous deletion of ROCK2 on HFHS 

diet-induced obesity in comparison to HF diet-induced obesity. Although over-activation of 

ROCK2 does not appear to contribute to the complications of obesity arising from a HFHS diet in 

CD-1 mice, my results suggest the goal of improving HFHS diet-induced impaired insulin 

signaling and inflammation may be achieved at the level of the liver and adipose tissue.  
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4.2 Future directions 

4.2.1 Determining the effect of a HFHS diet with increased sucrose content on cardiac 

contractile function and insulin signaling in hearts of WT CD-1 mice 

Despite the development of severe obesity and systemic insulin resistance, HFHS diet-fed 

WT CD-1 animals were resistant to the development of cardiac contractile dysfunction when fed 

a HFHS diet containing 45% kcal from fat and 17% kcal from sucrose. Several studies have shown 

that CD-1 mice fed a HFHS with a similar amount of fat but 30% kcal from sucrose diet develop 

cardiac systolic and diastolic dysfunction after 8 weeks of feeding (Carbone et al., 2015, 2017; 

Chen et al., 2017; Zhang et al., 2017). Hence, it would be of interest to determine whether a HFHS 

diet with increased sucrose content is able to induce cardiac contractile dysfunction and impair 

cardiac insulin signaling in WT CD-1 mice, and whether this is associated with increased 

activation of ROCK2.  

4.2.2 Evaluating whether disrupted mitochondrial morphology contributes to the 

development of mitochondrial dysfunction and cardiac dysfunction  

Since mitochondrial homeostasis plays a crucial role in maintaining normal cardiac 

function, if a HFHS diet with increased sucrose content is able to induce cardiac contractile 

dysfunction and impair cardiac insulin signaling in WT CD-1 mice, it will be important to 

determine whether disrupted mitochondrial morphology contributes to the development of 

mitochondrial dysfunction and cardiac dysfunction.  

4.2.3 Determining whether heterozygous deletion of ROCK2 protects HFHS diet-induced 

obesity-associated complications  

If a HFHS diet with increased sucrose content is able to induce cardiac contractile 

dysfunction and impair cardiac insulin signaling in WT CD-1 mice, it will be crucial to determine 
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whether heterozygous deletion of ROCK2 improves HFHS diet-induced obesity-associated 

complications.  

4.2.4 Assessing insulin sensitivity at the level of insulin signaling in skeletal muscle in 

HFHS diet-fed WT and ROCK2+/- animals 

As the skeletal muscle is one of the key sites of glucose uptake and utilization, assessing 

insulin signaling in skeletal muscle may help to further understand the basis of insulin resistance 

in HFHS diet-fed animals. The expression and activity of ROCK isoforms will be evaluated to 

determine the effect of heterozygous deletion of ROCK2 on skeletal muscle of these animals.  
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Appendix 

Compositions of diets used in this study 

Diets CH LFLS HFHS HF 

Class 

description 

Ingredient Calories  

(% total) 

Grams 

(g) 

Calories 

(% total) 

Grams 

(g) 

Calories 

(% total) 

Grams 

(g) 

Calories 

(% total) 

Protein Casein, Lactic, 30 Mesh 25 200.00 20 200.00 20 200.00 20 

Cystine, L 3.00 3.00 3.00 

Carbohydrates Starch, Corn 59 506.20 63 72.80 18 - 13 

Lodex 10 125.00 100.00 125.00 

Sucrose 3 72.80 7 176.80 17 72.80 7 

Fat Soybean oil 13 25.00 10 25.00 45 25.00 60 

Lard 20.00 177.5 245.00 

 
 

 


