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ABSTRACT OF THE DISSERTATION 

 

The Sex Chromosome Complement  

is an Important Determinant  

in Obesity and Related Diseases 

 

by 

 

Jenny Chen Link 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2015 

Professor Karen Reue, Chair 

 

Obesity is associated with numerous metabolic disorders, including hypertension, 

hyperlipidemia, insulin resistance, and atherosclerosis. In addition, obesity is a risk factor for 

cardiovascular disease and cancer, the leading causes of mortality. It is thus critical to 

understand the environmental and genetic components that contribute to the development of 

obesity, one of which is sex. 

The sexual dimorphism in fat accumulation and distribution has been well established for a 

few decades. Premenopausal women tend to gain fat near the hips and thighs, while men and 

postmenopausal women tend to accumulate fat in the abdominal cavity. These sex differences 

have often been attributed to sex hormones, but sex differences in metabolic traits remain long 

after gonadal hormones have declined. This suggests that factors other than sex hormones 

could contribute to sex differences in metabolism. 
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The sex chromosome complement is the fundamental difference between male and female 

cells. Because XX chromosomes often coexist with ovaries and XY chromosomes are coupled 

with testes, the distinct effects of gonadal type and sex chromosomes are difficult to distinguish. 

A unique mouse model called the Four Core Genotypes (FCG) generates XX female, XX male, 

XY female, and XY male mice, and is an innovative tool to study effects of the sex chromosome 

complement (XX male/female vs. XY male/female) independently from effects of gonadal 

hormones (XX/XY male vs. XX/XY female).  

We used FCG mice to study sex differences in obesity and related metabolic disorders. We 

compared gonadally intact mice with gonadectomized mice to assess acute effects of gonadal 

hormones, and we nutritionally challenged mice with a high fat diet and a high cholesterol diet to 

identify diet-sex interactions. Male and female mice with two X chromosomes gain more weight, 

have increased adiposity, and accumulate more hepatic lipid compared to XY mice. In addition, 

XX mice have increased HDL cholesterol levels, regardless of the dietary or hormone milieu. 

Sex chromosome differences were also detected at the molecular level, modulating mRNA and 

microRNA expression. 

Our studies demonstrate that the sex chromosome complement is a major determinant of 

body weight, adiposity, and associated metabolic traits such as hepatic lipid and plasma lipid 

levels. The key findings from this dissertation will shed light on sex differences in obesity and 

are important for improving prevention and treatment of metabolic disease. 

  



iv 

The dissertation of Jenny Chen Link is approved. 

 

Kathrin Plath 

Stephen G. Young 

Peter Tontonoz 

Arthur P. Arnold 

Karen Reue, Committee Chair 

 

 

 

University of California, Los Angeles 

2015 

  



v 

 

 

 

 

 

 

 

For Mom and Dad 

and Natee 

  



vi 

TABLE OF CONTENTS 

 

Abstract of the Dissertation ............................................................................................................ ii 

List of tables and Figures .............................................................................................................. ix 

Acknowledgements ..................................................................................................................... xiii 

Vita ............................................................................................................................................. xvii 

 

Chapter 1: Introduction .............................................................................................................. 1 

The prevalence of obesity ................................................................................................. 2 

Sex differences in obesity and related diseases ............................................................... 2 

Identifying the impact of the sex chromosome complement ............................................. 4 

The dissertation ................................................................................................................ 4 

References ...................................................................................................................... 11 

Chapter 2: Metabolic Impact of the Sex Chromosomes ....................................................... 13 

Preface ............................................................................................................................ 14 

Abstract ........................................................................................................................... 15 

Hormonal and Genetic Factors Contribute to Sex Differences ....................................... 15 

Sex Chromosomes Influence Obesity and Associated Metabolic Dysregulation ............ 16 

Determinants of Sex Differences in Food Intake and Circadian Rhythms ...................... 16 

Relevance to Humans ..................................................................................................... 18 

Future Perspectives ........................................................................................................ 18 

References ...................................................................................................................... 19 

Chapter 3: The Number of X Chromosomes Causes Sex Differences in Adiposity  

in Mice ............................................................................................................................ 21 

Preface ............................................................................................................................ 22 



vii 

Abstract ........................................................................................................................... 23 

Introduction ..................................................................................................................... 23 

Results ............................................................................................................................ 24 

Discussion ....................................................................................................................... 32 

References ...................................................................................................................... 35 

Supplemental Information ............................................................................................... 37 

Chapter 4: The Sex Chromosome Complement is a Determinant of Sexual Dimorphism in 

Diet-Induced Obesity in Mice ....................................................................................... 43 

Preface ............................................................................................................................ 44 

Abstract ........................................................................................................................... 46 

Introduction ..................................................................................................................... 47 

Results ............................................................................................................................ 49 

Discussion ....................................................................................................................... 55 

Methods .......................................................................................................................... 60 

Figure Legends ............................................................................................................... 64 

Supplemental Figures ..................................................................................................... 73 

References ...................................................................................................................... 81 

Chapter 5: The Sex Chromosome Complement and Gonadal Hormones Mediate Sex 

Differences in White Adipose Tissue miRNAs ........................................................... 85 

Preface ............................................................................................................................ 86 

Abstract ........................................................................................................................... 88 

Introduction ..................................................................................................................... 89 

Results ............................................................................................................................ 92 

Discussion ....................................................................................................................... 97 

Methods .......................................................................................................................... 99 

Figure Legends ............................................................................................................. 109 



viii 

References .................................................................................................................... 114 

Chapter 6: The Presence of XX Versus XY Sex Chromosomes is Associated with 

Increased HDL Cholesterol Levels in the Mouse ..................................................... 119 

Preface .......................................................................................................................... 120 

Abstract ......................................................................................................................... 123 

Introduction ................................................................................................................... 124 

Results .......................................................................................................................... 126 

Discussion ..................................................................................................................... 133 

Materials and Methods .................................................................................................. 146 

Supplemental Tables and Figures ................................................................................ 150 

References .................................................................................................................... 158 

Chapter 7: Conclusion ........................................................................................................... 161 

The study of sex differences in obesity is important for human health ......................... 162 

The sex chromosome complement drives sex differences in metabolic traits .............. 163 

Future directions — molecular mechanisms of sex chromosome-mediated  

differences ......................................................................................................... 165 

Concluding remarks ...................................................................................................... 168 

References .................................................................................................................... 170 

 

 

  



ix 

LIST OF TABLES AND FIGURES 

 

Chapter 1 

Figure 1.1 Genetic basis of the Four Core Genotypes ............................................... 9 

Figure 1.2 Using the FCG model to determine causes of sex differences ............... 10 

Chapter 2 

Figure 2.1 Genetic and epigenetic consequences of sex chromosome  

complement ............................................................................................. 16 

Figure 2.2 The four core genotypes mouse model ................................................... 17 

Figure 2.3 Metabolic impact of two X chromosomes ................................................ 17 

Chapter 3 

Figure 3.1 Increased body weight and fat mass in XX versus XY on  

a chow diet .............................................................................................. 25 

Figure 3.2 Altered food intake and RQ in XX versus XY mice ................................. 27 

Figure 3.3 Enhanced weight gain and fat mass in XX compared to XY mice fed a 

high fat–high carbohydrate diet ............................................................... 28 

Figure 3.4 Diet-induced fatty liver and impaired glucose homeostasis are more 

pronounced in XX than XY mice .............................................................. 30 

Figure 3.5 The number of X chromosomes determines differences in body weight 

and adiposity ........................................................................................... 31 

Figure 3.6 Differential gene expression in liver and fat tissues of X chromosome 

genes that escape inactivation ................................................................ 32 

Figure 3.S1 Energy metabolism measurements in FCG mice fed a chow diet ........... 39 

Figure 3.S2 Glucose homeostasis and gene expression in FCG mice fed  

a chow diet .............................................................................................. 40 

Table 3.S1 Sex chromosome composition of offspring from XY* x XX mice ............. 41 



x 

Table 3.S2 Primer sequences for gene expression analyses by qPCR .................... 42 

Chapter 4 

Figure 4.1 XX mice gain more weight than XY mice on a high fat diet ..................... 67 

Figure 4.2 XX mice consume more food than XY mice during inactive phase of the 

circadian cycle  ........................................................................................ 68  

Figure 4.3 XX mice develop fatty liver ...................................................................... 69 

Figure 4.4 Sex chromosomes and gonadal hormones influence  

insulin sensitivity ...................................................................................... 70 

Figure 4.5 Genes that escape X inactivation have elevated expression in adipose 

tissue of XX compared to XY mice .......................................................... 71 

Figure 4.6 Kdm5c dosage affects body weight, food intake, and weight gain on a 

high fat diet .............................................................................................. 72 

Figure S4.1 Respiratory quotient amplitude is suppressed on high fat diet ................ 75 

Figure S4.2 Weight gain in XX mice is not associated with altered energy  

expenditure .............................................................................................. 76 

Figure S4.3 Weight gain in XX mice is not associated with altered locomotor  

activity ...................................................................................................... 77 

Figure S4.4 Upregulation of inflammatory markers, but not fibrosis in XY livers ........ 78 

Figure S4.5 Glucose tolerance tests ........................................................................... 79 

Table S4.1 Mouse primer sequences for qPCR ........................................................ 80 

Chapter 5 

Table 5.1 Predicted targets of miRNAs with sex differences in gonadally  

intact mice ............................................................................................. 104 

Table 5.2 Predicted targets of miRNAs with sex differences in gonadectomized 

mice ....................................................................................................... 105 



xi 

Table 5.3 Predicted targets of miRNAs with sex differences in gonadectomized 

mice fed a high fat diet .......................................................................... 107 

Table 5.4 Enriched KEGG pathways of predicted miRNA target genes ............... 108 

Figure 5.1 miRNA sequencing of gonadal fat reveals sexual dimorphism ............. 110 

Figure 5.2 Gonadectomy reveals long-term organizational hormone regulation of 

miRNAs ................................................................................................. 111 

Figure 5.3 High fat diet brings out sex chromosome differences  

in miRNAs .............................................................................................. 112 

Figure S5.1 Clustering of miRNAs abundant in gonadal fat ..................................... 113 

Chapter 6 

Table 6.1 Sex differences in hepatic gene expression .......................................... 139 

Figure 6.1 Plasma lipid levels are regulated by both gonadal sex and sex 

chromosome complement ..................................................................... 140 

Figure 6.2 Composition of HDL lipoproteins differs between sexes ....................... 141 

Figure 6.3 High cholesterol diet interacts with gonadal sex and sex chromosome 

complement to modulate plasma lipid levels ......................................... 142 

Figure 6.4 High cholesterol diet increases VLDL/LDL levels and suppresses HDL 

activity .................................................................................................... 143 

Figure 6.5 Plasma cholesterol levels are increased in gonadectomized mice with two 

X chromosomes ..................................................................................... 144 

Figure 6.6 Factors influencing circulating HDL cholesterol ..................................... 145 

Table 6.S1 Apolipoprotein quantification ................................................................. 150 

Table 6.S2 Mouse primer sequences for qPCR ...................................................... 151 

Figure 6.S1 Plasma levels of apolipoproteins ........................................................... 152 

Figure 6.S2 Key enzymes of cholesterol synthesis are not associated with sex 

differences in plasma cholesterol levels ................................................ 153 



xii 

Figure 6.S3 Components of lipoprotein synthesis, remodeling, and uptake are not 

associated with plasma HDL cholesterol levels ..................................... 154 

Figure 6.S4 Key enzymes of bile acid synthesis do not explain sex differences in 

plasma cholesterol levels ...................................................................... 156 

Figure 6.S5 Genes escaping X-inactivation are consistent with XX–XY differences in 

HDL cholesterol levels ........................................................................... 157 

Chapter 7 

Figure 7.1 Sex chromosome differences are enhanced with gonadectomy or high fat 

diet ......................................................................................................... 169 

 

  



xiii 

ACKNOWLEDGEMENTS 

 

This thesis would not be possible without the support and advice of many wonderful 

scientists, friends, and family. 

First and foremost, I want to express my unwavering gratitude for my thesis advisor, 

Karen Reue. This project was an avenue into sex differences and lipid metabolism new to both 

of us, and I am eternally thankful for her guidance and fierce support. She is an incredible role 

model not only in scientific rigor, but also in personal integrity. I strive to have her clarity, her 

diplomacy, and her knack for injecting humor into any situation. 

I am extremely fortunate to work with Art Arnold, who is my co-advisor in all senses. This 

project was his brainchild, and I am thrilled to have been a part of it. I learn something new after 

every meeting we have, from sex differences and statistics to grant writing and public speaking. 

His enthusiasm for seeking the truth has been a constant source of motivation. I would also like 

to thank Xuqi Chen, my counterpart in this project. Her dedication and tenacity in science are 

unrivaled. In addition, I want to thank the Arnold lab members for their insight in sex differences, 

and helping me obtain the mice I needed for my studies. 

I must thank my current and former lab members for their daily support. Laurent Vergnes, 

Peixiang Zhang, and Ping Xu welcomed an inexperienced graduate student into their arms and 

patiently trained me and answered all questions, no matter how trivial they were. Jessica Lee, 

Jennifer Dwyer, and Lauren Csaki have been my mentors in all things related and unrelated to 

graduate school. They made the lab environment a joy to work in. I would also like to thank our 

lab manager Qin Han for her motherly compassion and care. 

When this project loomed too large, my undergraduate students were more than willing 

to give a helping hand. I want to thank Christopher Prien, Gary Zhang, Kristin Harrington, Emilio 

Ronquillo, and Nikko Gonzales for following my outrageous ideas and tolerating my constant 

change of mind. 



xiv 

I cannot express enough appreciation for my committee members. Kathrin Plath, 

Stephen Young, and Peter Tontonoz have been incredibly supportive of this project and have 

given me many ideas when I was at a standstill. Tamer Sallam from the laboratory of Peter 

Tontonoz is an extremely knowledgeable and patient collaborator. His expertise in the mouse 

metabolic chambers was crucial in advancing my studies forward. I also want to extend my 

thanks to Jake Lusis and his lab members, especially Yehudit Hasin and Elin Org, for teaching 

me the world of sequencing and downstream analyses. Their knowledge of programming 

language, sequencing methods, and current literature was essential in distilling massive 

datasets into workable information. 

UCLA is a wonderful place to forge collaborations and exchange ideas. Our incoming 

graduate class, ACCESS 16, was small compared to the classes before and after us, which 

allowed us to deeply support each other, celebrating each other’s accomplishments. I want to 

thank all the peers and colleagues who have given me advice in one way or another. You have 

helped shape me into a critical-thinking scientist. 

I am grateful for Dr. Tama Hasson, who afforded me an opportunity to work at the 

Undergraduate Research Center. The experiences I gained from speaking to undergraduate 

students, inspiring them to partake in research, and providing them feedback on research 

statements are invaluable. Through the URC, I found that science education and outreach are 

extremely important for disseminating research findings and creating the next generation of 

scientists. I also want to thank Desiree Alaniz for all her hard work and dedication in keeping the 

graduate student mentors organized and informed. 

I want to thank all my friends for reminding me that we all need a bit of fun to keep 

ourselves sane. Special thanks to Stephen and Michael Chang, Patrick Aghajanian and Lisa 

Wang for taking my mind off science once in a while. I always re-focus much more sharply after 

being with them. 



xv 

Finally, I want to thank my family for their unconditional love and support. Even though 

they may not fully understand the science, they understood my passion and encouraged me to 

achieve my goals. My parents nurtured my love for mysteries and developed my sense of 

curiosity, without which I would not be in science. And last but not least, I want to express my 

sincerest love and gratitude for my husband, Natee Link. When my ideas or emotions run away 

with me, he is my anchor. When my days are filled with stress and frustration, he somehow 

finds a way to dissolve them. Words cannot convey enough how much he means to me. 

 
 

 

Chapter 2 is a reprint of “Metabolic Impact of Sex Chromosomes” from Adipocyte 2013 

Apr 1; 2(2):74-9, used with permission. Xuqi Chen, Arthur P. Arnold, and Karen Reue are co-

authors. 

Chapter 3 is a reprint of “The number of X chromosomes causes sex differences in 

adiposity in mice” from PLoS Genet. 2012 May; 8(5): e1002709 under the Creative Commons 

Attribution (CC BY) license. Xuqi Chen, Rebecca McClusky, Simon W. Beaven, Peter Tontonoz, 

Arthur P. Arnold, and Karen Reue are co-authors. 

For Chapter 4, I acknowledge the following co-authors: Xuqi Chen, Emilio Ronquillo, 

Tamer Sallam, Elin Org, Iina Tuominen, Ryan Mackie, Yang Shi, Shigeki Iwase, Simon W. 

Beaven, Aldons J. Lusis, Peter Tontonoz, Arthur P. Arnold, and Karen Reue. 

For Chapter 5, I acknowledge the following co-authors: Yehudit Hasin-Brumshtein, Xuqi 

Chen, Arthur P. Arnold, Aldons J. Lusis, and Karen Reue. 

Chapter 6 is a version of “The presence of XX versus XY sex chromosomes is 

associated with increased HDL cholesterol levels in the mouse,” to be published in Arterioscler. 

Thromb. Vasc. Biol (in press). Xuqi Chen, Christopher Prien, Mark S. Borja, Bradley 

Hammerson, Michael N. Oda, Arthur P. Arnold, and Karen Reue are co-authors. 



xvi 

This research was supported in part by the Cellular and Molecular Biology Training 

Grant (Ruth L. Kirschstein National Research Service Award GM007185). 

 

  



xvii 

VITA 

Jenny Chen Link 

EDUCATION 

2009 – present University of California, Los Angeles 
 Ph.D. candidate, Molecular Biology Interdepartmental Program 
 
2005 – 2009 University of California, Berkeley 
 B.A., Molecular and Cell Biology 

 

EMPLOYMENT 

2012 – 2015 Graduate Student Mentor 
 Undergraduate Research Center – Sciences 
 University of California, Los Angeles 

 

PUBLICATIONS 

1. Link JC, Chen X, Prien C, Borja MS, Oda MN, Arnold AP, Reue K. The presence of XX 
versus XY sex chromosomes is associated with increased HDL cholesterol levels. 
Arterioscler Thromb Vasc Biol. In press. 

2. Link JC, Chen X, Arnold AP, Reue K. Metabolic impact of sex chromosomes. Adipocyte 2, 
74-9. (2013) 

3. Arnold AP, Chen X, Link JC, Itoh Y, Reue K. Cell-autonomous sex determination outside of 
the gonad. Dev Dyn 242, 371-9. (2013) 

4. Chen X, McClusky R, Chen J, Beaven SW, Tontonoz P, Arnold AP, Reue K. The number of 
X chromosomes causes sex differences in adiposity in mice. PLoS Genet 8, e1002709. 
(2012) 

5. Beigneux AP, Davies BS, Tat S, Chen J, Gin P, Voss CV, Weinstein MM, Bensadoun A, 
Pullinger CR, Fong LG, Young SG. Assessing the role of glycosylphosphatidylinositol-
anchored high density lipoprotein-binding protein 1’s three-finger domain in binding 
lipoprotein lipase. J Biol Chem 286, 19735-43. (2011) 

 

PRESENTATIONS 

1. Genetic sex differences in obesity. Invited talk for UCLA/Santa Monica College Science and 
Research Initiative. Santa Monica, CA. May 2014 



xviii 

2. Link JC, Ronquillo E, Chen X, Arnold AP, Reue K. The sex chromosome complement 
causes sex differences in diet-induced obesity. Poster abstract for the Organization for the 
Study of Sex Differences meeting. Minneapolis, MN. Apr 2014 

3. Gonadal hormones and the sex chromosome complement mediate diet-induced obesity. 
Oral presentation for UCLA Lusis Program Project Grant Retreat. Lake Arrowhead, CA. Oct 
2013 

4. Link JC, Chen X, Prien C, Arnold AP, Reue K. The sex chromosome complement is a 
determinant of plasma lipid levels. Poster abstract for Tri-Campus NIGMS Training Program 
Symposium. Los Angeles, CA. Apr 2013 

5. Chen J, Chen X, McClusky R, Prien C, Wang X, Lusis AJ, Arnold AP, Reue K. Sex 
chromosome complement and male/female sex have independent effects on lipid 
metabolism and atherosclerosis. Poster abstract for Kern Conference. Vail, CO. Jul 2012 

6. Chen J, Chen X, Arnold AP, Reue K. The number of X chromosomes is a risk factor in 
obesity and diabetes. Poster abstract for UCLA Molecular Biology Institute annual retreat. 
Lake Arrowhead, CA. Oct 2011 

7. The number of X chromosomes is a determinant in adiposity and metabolic dysregulation. 
Oral presentation for UCLA Lusis Program Project Grant Retreat. Lake Arrowhead, CA. Oct 
2011 

 

HONORS AND AWARDS 

2011 – 2014 Cellular and Molecular Biology Training Grant 
 Ruth L. Kirschstein National Research Service Award GM007185 

2014 Florence P. Haseltine Outstanding Poster Award 

2012 Paul Boyer Outstanding Teaching Award 

2011 UCLA Life Sciences Core Certificate of Distinction in Teaching 

2010 Molecular Biology Department Stipend Award 

2009 B.A. cum laude, Molecular and Cell Biology with Honors 

 



 

1 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 

Introduction 
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The prevalence of obesity 

Obesity is a worldwide epidemic, affecting both developed and developing countries. In 

2013, the American Medical Association recognized obesity as a disease, bringing attention to 

the prevalence and health costs of excess weight. In the past three decades, the incidence of 

obesity nearly doubled in the United States (1). Over one-third of the population is reported to 

be obese, creating a multibillion-dollar burden on healthcare (1–3). 

Obesity is defined as having a body mass index of at least 30 kg per squared meter of 

height. The excess weight in relation to height is typically due to expansion of fat tissue. 

Sedentary lifestyles and increased access to processed and fast food have contributed to 

bulging waistlines in recent decades. Mammals are genetically programmed to store excess 

energy when available in preparation for future starvation conditions, an adaptation that is 

detrimental in modern society (4). Economic globalization has led to fewer food shortages, 

allowing us to simultaneously consume more and move less. Thus, there is a critical need to 

understand the interplay of genetic and environmental factors on the development of obesity. 

Increased body fat accumulation perturbs numerous physiological and cellular functions, 

leading to metabolic dysregulation. As the incidence of obesity rises, so does the incidence of 

its comorbidities, including heart disease, diabetes, fatty liver, infertility, sleep disorders, and 

cancer. It is crucial to understand the risk factors for obesity in order to improve prevention and 

remedial intervention. 

 

Sex differences in obesity and related diseases 

Sex is a key determinant in obesity and the associated diseases diabetes and 

cardiovascular disease, which are leading causes of morbidity and death in the United States 

(5,6). Major risk factors for these diseases include adiposity, insulin resistance, and elevated 

plasma lipid levels, all of which exhibit sex differences (7,8).  
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Sexual dimorphism in fat accumulation and distribution is well characterized. 

Premenopausal women tend to gain fat subcutaneously near the hips and thighs, a distribution 

that is often referred to as a “pear shape” (9,10). Men and postmenopausal women tend to gain 

fat in the abdominal cavity, leading to the “apple shape.” Expansion of the visceral fat depot is 

associated with increased risk for heart disease and type 2 diabetes (11–13).  

Increased adiposity is closely tied to insulin resistance, a hallmark of type 2 diabetes that 

is characterized by the reduced ability of peripheral tissues to respond to insulin signaling and 

properly clear glucose from the bloodstream. Studies in rodents and humans suggest that 

females are more insulin sensitive than males (14). In females, glucose production is more 

readily suppressed in the liver, and glucose clearance from the plasma is more efficient (15). 

Despite this protective effect in females, diabetic women have a greater risk of mortality 

compared to diabetic men, but the contributing mechanisms are not understood (16). 

Hyperlipidemia is a common co-morbidity of obesity. Increased levels of serum low 

density lipoprotein cholesterol (LDL-C) and triglyceride levels are risk factors for cardiovascular 

disease. Men tend to have higher LDL-C and lower high density lipoprotein cholesterol (HDL-C) 

compared to premenopausal women (8,17). After menopause, women have proatherogenic lipid 

levels that are similar to or worse than those in men (18). 

Taken together, the observed male–female differences in adiposity, insulin resistance, 

and plasma lipid levels suggest that estrogen is metabolically protective. Studies in humans and 

animals have shown that estrogen administration can lead to decreased food intake, reduced 

adipose tissue, and overall cardioprotective effects. However, hormone replacement therapy in 

women does not always yield the same protection in women of various ages (19,20). In fact, 

hormone replacement therapy increases the risk of stroke (21,22).  Overall, post-menopausal 

women have elevated risk of mortality from cardiovascular disease or diabetic complications 

(16,23). This suggests that factors other than sex hormones contribute to sex differences in 

metabolic disorders. 
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Identifying the impact of the sex chromosome complement 

The sex chromosome complement defines the fundamental difference between female 

and male mammalian cells. Upon oocyte fertilization, the sperm cell dictates the sex of the 

zygote depending on the sex chromosome it carries. The presence of a Y chromosome triggers 

a cascade of molecular events leading to male development, while the presence of two X 

chromosomes leads to female development (24). Because XX chromosome complement is 

usually coupled with female gonadal hormones and XY chromosomes with male gonadal 

hormones, the independent effects of gonadal hormones and sex chromosomes are difficult to 

differentiate. 

The Four Core Genotypes (FCG) mouse model is an innovative tool to distinguish 

effects of the sex chromosome complement from gonadal hormones (25). This model generates 

four mice roughly equivalent to XX female, XX male, XY female, and XY male. The Y 

chromosome in this model (denoted Y–) harbors a mutation in the endogenous Sry gene, which 

determines testis development (Fig. 1A). Thus, XY– mice develop as females with ovaries. In 

addition, FCG mice carry an Sry transgene on an autosome, so that the testis-determining gene 

independently segregates from the Y– chromosome. By mating XX females with XY–(Sry+) 

males, the four combinations of sex chromosome complement and gonad type are created: XX 

female, XX(Sry+) male, XY– female, and XY–(Sry+) male (Fig. 1B). Effects of gonadal hormones 

are identified when comparing XX and XY males to XX and XY females (Fig. 2). The 

comparison of XX females and males with XY females and males allows the detection of effects 

associated with the sex chromosome complement. This mouse model is a unique instrument for 

separating the etiologies of sex differences in disease. 

 

The dissertation 

This dissertation reports the analysis of roles played by gonadal hormones and the sex 

chromosome complement in modulating adiposity, dyslipidemia, and fatty liver. We have used 
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the FCG mouse model described in the preceding section to parse sex differences derived from 

gonadal hormones and sex chromosome complement. We demonstrate that the number of X 

chromosomes is a determinant of obesity and related metabolic dysregulation. Our results 

suggest that specific candidate genes on the X chromosome may be involved in driving these 

sex differences. 

Chapter 2 is a reprint of "Metabolic impact of sex chromosomes," a review published in 

Adipocyte. It provides an overview of how hormones and the sex chromosome complement 

determine sex differences in obesity. In addition, the article touches upon the tight regulation of 

circadian rhythms and food intake, the disruption of which leads to metabolic disorders. 

Furthermore, we discuss metabolic disease in humans with sex chromosome aneuploidies, 

such as Turner syndrome (X0) and Klinefelter's syndrome (XXY). The review also summarizes 

key findings from our studies in gonadectomized FCG mice, which comprise Chapter 3 of the 

thesis. 

Chapter 3 is a reprint of "The number of X chromosomes causes sex differences in 

adiposity in mice," originally published in Public Library of Science (PLoS) Genetics. This was 

the first study demonstrating that the sex chromosome complement influences adiposity and 

fatty liver in gonadectomized FCG mice. We studied body weight and body composition in FCG 

mice after the removal of acute effects of gonadal hormones by gonadectomy of adult mice.  

Under these conditions, the influence of sex chromosomes on body weight and adiposity was 

dramatic. When eating a mouse chow diet, XX mice had greater body weight than XY mice, 

regardless of the original presence of male or female gonads. The difference between XX and 

XY mice was enhanced by feeding a high fat diet for several weeks after their recovery from 

gonadectomy. Within 3 days of eating the high fat diet, XX mice weighed more than XY mice 

and after several weeks, XX mice had nearly twice the fat mass as XY mice. The XX mice, but 

not XY mice, also developed fatty liver in response to the high fat diet. The underlying 

mechanism of increased adiposity in XX mice is associated with increased food consumption 
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during the inactive phase of the circadian cycle; this might be roughly akin to “midnight snacking” 

in humans. We suspect that a few genes on the X chromosome, which are expressed at higher 

levels in XX compared to XY mice, drive the sex chromosome difference in food intake and 

adiposity. 

As described in Chapter 3, XX vs. XY chromosome complement promotes adipose 

tissue accumulation in mice after removal of the gonads. The question remained, however, 

whether chromosome complement influences metabolism under conditions typically 

encountered in humans, i.e., in the presence of normal gonadal hormone levels. We addressed 

this question in Chapter 4, entitled “The sex chromosome complement is a determinant of 

sexual dimorphism in diet-induced obesity in mice.” In gonadally intact FCG mice fed a low-fat 

mouse chow diet, male mice have substantially higher body weight than female mice, in the 

presence of XX or XY chromosomes, indicating a role for gonadal hormones as has long been 

accepted. Based on our observations in Chapter 3, we hypothesized that a high fat diet might 

amplify sex chromosome effects on body weight. Indeed, when the gonadally intact FCG mice 

were fed a high fat diet, XX male and female mice gained more weight and body fat, 

accumulated more hepatic lipids, and consumed more food during the inactive phase of the 

circadian cycle. These results demonstrate that the sex chromosome complement is a major 

player in the development of obesity in response to a high fat diet, even in the presence of 

gonadal hormones.  

XX mice exhibit higher expression levels of specific X chromosome genes as a result of 

their escape from X chromosome inactivation. These genes are our leading candidates for the 

effects observed in XX vs. XY mice. Chapter 4 describes the initial investigation of the role of 

genes that escape X chromosome inactivation on body weight and adiposity. We used 

genetically engineered mouse strains to test the effects of two candidate genes, and determined 

that dosage one of these, the histone demethylase Kdm5c, influences body weight, body fat and 

food consumption. Interestingly, these effects were enhanced when mice were fed a high fat 
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diet. This is the first report of X chromosome escapee gene dosage driving sex differences in 

adiposity. 

As described in Chapter 4, we have identified candidate protein coding genes on the X 

chromosome that we suspect contribute to differences in adiposity between XX and XY mice. In 

addition to protein coding genes, small RNA molecules have been shown to play a role in the 

differentiation and maintenance of adipose tissue (26). The potential role of microRNAs 

(miRNAs) in sexual dimorphism in obesity has not been studied.  As a first step, we sequenced 

the miRNA population in gonadal fat of FCG mice under gonadally intact and gonadectomized 

conditions, and in mice fed chow or high fat diets. We present the analysis in Chapter 5, entitled 

“The sex chromosome complement and gonadal hormones mediate sex differences in white 

adipose tissue miRNAs.” We identified specific miRNA species that are regulated by gonadal 

hormones, sex chromosome complement, or diet. Through prediction of miRNA target genes, 

we identified pathways that are likely influenced by sexual dimorphism in miRNA levels. This 

study provides a first “catalog” of miRNAs that exhibit sexual dimorphism in adipose tissue, 

which warrant further study as potential contributors to sexual dimorphism in obesity.  

Dyslipidemia is a common co-morbidity of obesity and a risk factor for diabetes and 

heart disease. Chapter 6 investigates the determinants of sexual dimorphism in serum lipid 

levels using the FCG mouse model. The resulting manuscript, "The presence of XX versus XY 

sex chromosomes is associated with increased HDL cholesterol levels in the mouse," will be 

published in the journal Arteriosclerosis, Thrombosis, and Vascular Biology. We identified some 

sex differences in lipid levels that were dependent on acute effects of gonadal hormones, and 

others that were associated with XX or XY chromosome complement. We also identified 

interactions between gonadal or chromosomal sex and diet. Notably, under all dietary and 

gonadal conditions, the levels of high density lipoproteins (HDL) were higher in mice with two X 

chromosomes compared to mice with an X and a Y chromosome, suggesting that the sex 
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chromosome complement is a strong regulator of HDL cholesterol levels. Our studies shed new 

light on the regulation of sex differences in plasma lipid levels. 

Chapter 7 is a concluding summary of the dissertation and offers a discussion on current 

and future directions for studying the role of the sex chromosome complement in obesity and 

related diseases. 
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Metabolic Impact of Sex Chromosomes 
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Chapter Preface 

The following chapter is a review of sex differences in obesity and related metabolic 

disorders. We discuss origins of sex differences and the methods of teasing apart the effects of 

gonadal hormones from the effects of the sex chromosome complement. We also review the 

current understanding of sexual dimorphism in adiposity and metabolic dysregulation, including 

fatty liver. Factors that affect obesity, such as food intake and circadian rhythms, are also 

discussed. 

The article summarizes key findings from our studies in gonadectomized Four Core 

Genotype mice, which is reprinted in Chapter 3. When these studies were published, I was 

finishing my second year of graduate school. Writing the review afforded me an opportunity to 

critically assess the literature, which helped guide my future studies. 
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CHAPTER 3 

The Number of X Chromosomes Causes Sex Differences in Adiposity in Mice 
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Chapter Preface 

Chapter 3 comprises our studies in gonadectomized Four Core Genotype mice. This 

publication was the first report of the effect of the sex chromosome complement in obesity.  

The Four Core Genotype mouse model was pioneered by Dr. Art Arnold to examine the 

effects of gonadal sex independently from the effects of the sex chromosome complement. To 

fully understand sex differences in obesity and related metabolic disorders, Dr. Arnold began a 

collaboration with Dr. Karen Reue, an expert in identifying novel genes in lipid metabolism. 

When I first joined the laboratory in 2010, the initial studies of gonadectomized Four Core 

Genotype mice had just commenced. Physical metabolic parameters such as body weight, body 

composition, energy expenditure, and hepatic lipid levels were already analyzed. We 

hypothesized that a few genes known to escape X chromosome inactivation may contribute to 

sex chromosomes differences in body weight and adiposity. However, the expression levels of 

these candidate genes in metabolic tissues were unknown. I measured the mRNA levels of 

several escapee genes in liver, gonadal fat, and inguinal fat, and found that some genes (Ddx3x, 

Eif2s3x, and Kdm6a) were expressed at higher levels in XX compared to XY mice. These 

results helped us narrow down our list of candidate genes. We postulated that the dosage of 

these escapee genes in relevant metabolic tissues could drive the sex differences observed in 

adiposity. 
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SUPPLEMENTAL INFORMATION 

 

FIGURE LEGENDS 

 

Figure S1. Energy metabolism measurements in FCG mice fed a chow diet. Oxygen 

consumption (VO2) and physical activity along horizontal and vertical axes were determined in 

mice individually housed in metabolic cages at 4 weeks (A) and 10 months (B) following GDX. 

No significant differences were detected among the four genotypes in these parameters during 

dark or light cycles. (C) Thermogenic gene expression was assessed in brown adipose tissue at 

4 weeks and 10 months following GDX. Uncoupling protein 1 (Ucp1) gene expression was 

higher in male than female mice at 4 weeks after GDX, but this difference was no longer 

apparent at 10 months. No significant differences in peroxisome proliferator-activated receptor γ 

coactivator α (Pgc1) mRNA levels were detected. Each bar represents mean ± SEM for the 

number of mice of each genotype indicated. **, p<0.01. 

 

Figure S2. Glucose homeostasis and gene expression in FCG mice fed a chow diet. (A) 

Glucose and insulin levels were determined after a 4 hour fast (08:00–12:00). Glucose tolerance 

was assessed by intraperitoneal injection of glucose and blood collection at intervals over 3 

hours. The GTT AUC represents the area under the curve of blood glucose levels plotted from 

time 0 to 3 hours post glucose injection. (B) Gene expression determined by qPCR for acyl CoA 

oxidase 1 (Aox1) and carnitine palmitoyltransferase (Cpt) in muscle and liver, as indicated. Each 

bar represents mean ± SEM for the number of mice of each genotype indicated. *, p<0.05; **, 

p<0.01; †, p<0.0001. 

 

Table S1. Sex chromosome composition of offspring from XY* x XX mice. The copy 

number of specific regions of the X and Y chromosomes present in mice of each genotype is 
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indicated. NPX, non-pseudoautosomal region of the X chromosome. MSY, male-specific region 

of the Y chromosome. Xm, maternal X imprint. Xp, paternal X imprint. Refer to [41] for 

illustrations of chromosome structures. 

 

Table S2. Primer sequences for gene expression analyses by qPCR. 
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SUPPLEMENTAL TABLE 1 
 
Offspring from XY* x XX mice. 
NPX, non-pseudoautosomal region of the X chromosome. MSY, male-specific region of 

the Y chromosome. Xm, maternal X imprint. Xp, paternal X imprint. 

 
 
  

similar   Sex    Sry NPX    MSY    Xm Xp
to

XX XX         F        0       2          0         1        1 
XXY* XXY       M       1       2          1         1        1 
XY* XY         M       1       1          1         1        0 
XY*X XO+PAR F        0       1          0         1        0 

similar   Sex    Sry NPX    MSY    Xm Xp
to

XX XX         F        0       2          0         1        1 XX XX         F        0       2          0         1        1 
XXY* XXY       M       1       2          1         1        1 XXY* XXY       M       1       2          1         1        1 
XY* XY         M       1       1          1         1        0 XY* XY         M       1       1          1         1        0 
XY*X XO+PAR F        0       1          0         1        0 XY*X XO+PAR F        0       1          0         1        0 
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SUPPLEMENTAL TABLE 2.  qPCR primers used for gene expression analysis 
Genes  primers 

β2m (beta-2 microglobulin) forward: 5'-TGGTGCTTGTCTCACTGACC-3'  
reverse: 5'-GTATGTTCGGCTTCCCATTC-3'  

Tbp (TATA box binding protein ) forward: 5’-ACCCTTCACCAATGACTCCTATG-3’ 
reverse: 5’ ATGATGACTGCAGCAAATCGC-3’ 

Bc022960 (Mus musculus cDNA BC022960 ) forward: 5’-ATCCCCAAGATCATCAGCAG-3’ 
reverse: 5’-TTCGTTAGCCCACTTGCTTT-3’  

Aox1 (acyl CoA oxidase 1) forward: 5’-CAGGAAGAGCAAGGAAGTGG-3’ 
reverse: 5’-CCTTTCTGGCTGATCCCATA-3’  

Cpt1a (carnitine palmitoyltransferase Ia)  forward: 5' AAACCCACCAGGCTACAGTG-3' 
reverse: 5'-TCCTTGTAATGTGCGAGCTG-3'  

Cpt1b (carnitine palmitoyltransferase Ib)  forward: 5’-GTCGCTTCTTCAAGGTCTGG-3’ 
reverse: 5’- AAGAAAGCAGCACGTTCGAT-3’  

Dgat1(diacylglycerol O-acyltransferase 1) forward  5’-TGCTACGACGAGTTCTTGAG-3’ 
reverse: 5’-CTCTGCCACAGCATTGAGAC-3’  

Leptin forward  5'-GCTCCAGCAGCTGCAAGGTG-3’ 
reverse: 5’-AAGTCCAAGCCAGTGACCCTC-3’ 

Adiponectin forward: 5’-GGAACTTGTGCAGGTTGGAT-3’ 
reverse: 5’-GCTTCTCCAGGCTCTCCTT-3’  

Ucp1 (uncoupling protein1) forward: 5’-GGGCCCTTGTAAACAACAAA-3’ 
reverse: 5’-GTCGGTCCTTCCTTGGTGTA-3’  

Pparγ (peroxisome proliferator activated 
receptor gamma) 

forward: 5’-CCAGAGCATGGTGCCTTCGCT-3’ 
reverse: 5’-CAGCAACCATTGGGTCAGCTC-3' 

Pgc1α (Pparγ, coactivator 1 alpha) forward: 5’-CTCACAGAGACACTGGACAGT-3’ 
reverse: 5’-TGTAGCTGAGCTGAGTGTTGG-3' 

Cd 36 (CD36 antigen) forward: 5’-TGCAGCTGTTATTGGTGCAG-3’ 
reverse: 5’-TGGGTTTTGCACATCAAAG-3'  

Fasn (fatty acid synthase) forward: 5’-CGTGTTGGCCTACACCCAGAG-3’ 
reverse: 5’-GGCAGCAGGGCCTCCAGCAC-3' 

Scd1 (stearoyl-Coenzyme A desaturase 1) forward: 5’-GGT GATGTTCCAGAGGAGGTA-3’ 
reverse: 5’-GGTGCTAACGAACAGGCT-3'  

Ddx3x forward:5'-GGATCACGGGGTGATTCAAGAGG-3' 
reverse:5'-CTATCTCCACGGCCACCAATGC-3'  

Kdm5c forward: 5’-ACCCACCTGGCAAAAACATTGG-3’ 
reverse: 5’-ACTGTCGAAGGGGGATGCTGTG-3' 

Kdm6a forward: 5’-CCAATCCCCGCAGAGCTTACCT-3’ 
reverse: 5’-TTGCTCGGAGCTGTTCCAAGTG-3' 

Eif2s3x forward: 5’-TTGTGCCGAGCTGACAGAATGG-3’ 
reverse: 5’-CGACAGGGAGCCTATGTTGACCA-3' 

Usp9x forward: 5’-GCATGTCAGCGATTTTTCCGAGA-3’ 
reverse: 5’-CACATAGCTCCACCAGGCGATG-3' 

Uba1 forward: 5’-ACACTGGGCCTCTTGTCGAGGA-3’ 
reverse: 5’-CAGGCCTCTTGTATCTGCCACCA-3'  

Mid1 forward: 5’-GCGATCATCAGGTGGCAGCTT-3’ 
reverse: 5’-TTTGGCTTCTTGACGGGATGC-3’  

Car5b forward: 5’-CATTGATGCTTGGGGCTCTGA-3’ 
reverse: 5’-CAGCCAAGCCATTTTCTTCCA-3’  

Shroom4 forward: 5’-CAGGAAGGCAGCCATACAGGA-3’ 
reverse: 5’-TCTCAATGCAAGGTCGGAAGG-3’  

Bgn forward: 5’-GTATCCGCAAAGTGCCCAAGG-3’ 
reverse: 5’-TTTGGGGATGCCAGTGAGCTT-3’  

2610029G23Rik forward: 5’-CTCTCTCACCCTCCGGAGTCATA-3’ 
reverse: 5’-CTCACGGAACTCAGAGTAGATTTGG-3’ 
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CHAPTER 4 

The Sex Chromosome Complement is a Determinant of Sexual Dimorphism  

in Diet-Induced Obesity in Mice 
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Chapter Preface 

In the previous chapter, we demonstrated that the sex chromosome complement is a 

determinant of adiposity. The XX–XY difference in body weight and fat mass became more 

apparent after mice were gonadectomized, and exacerbated when mice were fed a high fat diet. 

The conclusions from the studies in gonadectomized mice were relevant for humans in later 

stages of life, after gonadal hormone levels have waned.  

Typically, studies are conducted in gonadectomized Four Core Genotype mice to remove 

the confounding effect of circulating gonadal hormones. However, this design left a large gap in 

our understanding of sex differences in obesity in the presence of gonadal hormones. Before 

this study, it was unknown whether there were sex chromosome effects in diet-induced obesity 

of gonadally intact mice. 

The diet-induced amplification of sex chromosome differences in body weight piqued my 

interest. In gonadally intact Four Core Genotype mice, XX and XY males weighed more than XX 

and XY females, and the effect of the sex chromosome complement was small but significant. I 

wondered if we could enhance sex chromosome differences in body weight by inducing obesity 

in gonadally intact mice, a diet-sex chromosome effect observed in gonadectomized mice. In 

the summer of 2013, I began feeding gonadally intact Four Core Genotype mice a high fat diet, 

and over the course of 10 weeks, lo and behold, XX male and female mice gained more weight 

than XY mice. When we examined liver tissue for evidence of hepatic steatosis, I was surprised 

at the striking difference between XX and XY mice — large lipid droplets accumulated only in 

XX males and females.  

Chapter 4 details these studies and offers preliminary data on a candidate gene, Kdm5c, 

which may contribute to the differences observed between XX and XY mice. We provide 

evidence that supports the role of sex chromosomes as a mediator of sex differences in obesity, 

independent of gonadal hormones. 
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ABSTRACT 

Body composition, fat distribution, and metabolic disorders are sexually dimorphic. Sex 

differences are often attributed to sex hormones, but the sex chromosome complement can also 

drive differences between males and females. Because ovaries typically co-exist with an XX 

genotype and testes co-exist with an XY genotype, the independent effects of gonadal 

hormones versus sex chromosomes are difficult to distinguish. Here we use the Four Core 

Genotypes mouse model (XX female, XX male, XY female, and XY male) to identify 

independent effects of gonadal hormones and sex chromosome complement in diet-induced 

obesity. When fed a chow diet, the predominant dimorphism in body weight is associated with 

male–female gonads. By contrast, the XX vs. XY chromosome complement influences response 

to a high fat diet. Thus, male and female mice with two X chromosomes gain more weight, have 

higher percent fat mass, consume more food, and have increased hepatic lipid accumulation 

compared to XY male and female mice. We hypothesize that the dosage of genes escaping X 

chromosome inactivation partly explains differences in body weight and adiposity between XX 

and XY mice. In support of this hypothesis, XX mice with two functional alleles of the X 

chromosome inactivation escapee Kdm5c, which encodes a histone demethylase, have greater 

body weight and food intake than XX mice with one functional Kdm5c allele (similar to XY mice). 

These studies demonstrate that the sex chromosome complement is a significant mediator of 

sex differences in obesity and metabolism, and implicate dosage of specific genes that escape 

X chromosome inactivation as likely contributors.  
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INTRODUCTION 

Obesity is a prominent risk factor for some of the leading causes of death, including cancer, 

heart disease, and diabetes (1–4). Perturbations in numerous factors including genes, diet, 

physical activity, and circadian rhythm can impair energy homeostasis. An additional factor that 

has widely recognized effects on energy homeostasis and susceptibility to related diseases is 

sex. 

Fat accumulation and distribution are sexually dimorphic. Women tend to store fat 

subcutaneously on the hips and thighs, whereas men and postmenopausal women tend to 

accumulate fat in the abdominal viscera (5). Because an increase in adiposity is seen after a 

decline in gonadal hormones, these sex differences in obesity have often been attributed to 

ovarian and testicular hormones. Consistent with this, estrogen replacement in postmenopausal 

women results in reduced adipose tissue in the central abdominal cavity (6,7). However, in 

some cases, estrogen hormone therapy does not reduce adipose tissue (8). These data 

suggest that sex hormones contribute to sex differences in adiposity, but raise the possibility 

that additional other sex-biasing factors may also be involved. 

The defining genetic difference between male and female cells derives from the sex 

chromosome complement. Typically, effects of the sex chromosome complement are 

indistinguishable from effects of sex hormones because XX chromosomes are paired with the 

development of ovaries, and XY chromosomes occur in combination with testes. The Four Core 

Genotype (FCG) mouse model is an innovative tool to distinguish the effects of gonadal type 

from sex chromosome complement (9). In FCG mice, gonadal type and sex chromosome 

complement segregate independently to derive four genotypes that are roughly equivalent to XX 

female, XX male, XY female, and XY male mice. This is accomplished through the use of a Y 

chromosome that has an inactivating mutation in the endogenous Sry gene (denoted Y–), 

preventing testes differentiation and causing XY– mice to develop female gonads. In addition, 

FCG mice segregate an Sry transgene that is inserted into an autosome so that it is inherited 
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independently from the Y– chromosome. By crossing XX females to XY–Sry males, the four 

combinations of sex chromosome complement/gonadal type listed above can be obtained. The 

study of FCG mice allows discrimination between the effects of gonadal type (which manifest as 

differences between XX/XY male and XX/XY female mice) from effects of sex chromosome 

complement (which manifest as differences between XX male/female vs. XY male/female mice).  

Using the FCG mouse model, we previously demonstrated that mice with two X 

chromosomes accumulate nearly twice as much fat as mice with XY sex chromosomes when 

gonadal secretions are removed by gonadectomy after mice reach adulthood (10). This 

condition may be viewed as analogous to the declining gonadal hormone levels in humans 

during middle age. However, with the prevalence of obesity increasing in younger populations, it 

is crucial to understand the effect of the sex chromosome complement on obesity in a gonadally 

intact state. In the present study, we demonstrate that sex chromosome complement is a 

determinant of diet-induced obesity and the development of fatty liver in mice with intact gonads. 

These results suggest that sex differences in obesity and related co-morbidities that are 

observed between young males and females are determined, in part, by sex chromosome 

complement. These findings have implications in understanding sex-specific mechanisms that 

influence development of obesity. 
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RESULTS 

Two X chromosomes promote adipose tissue accumulation 

In our previous study, we detected effects of sex chromosome complement on adiposity in 

mice that had been gonadectomized to remove effects of gonadal secretions. These effects 

were evident in mice fed a chow diet, but were exacerbated in response to feeding a high fat 

diet. We wondered whether sex chromosome effects on adiposity can be detected in gonadally 

intact mice, which would more closely relate to humans prior to middle age. To assess the 

contribution of the sex chromosome complement to body weight and adiposity in gonadally 

intact mice, we monitored the body weights of C57BL/6 FCG mice fed a standard chow diet. XX 

and XY males weighed significantly more than XX and XY females from 10 weeks of age to 32 

weeks of age (Fig. 1A). We did not detect sex chromosome differences. We then induced 

obesity by feeding FCG mice a high fat diet (60% calories from fat) beginning at 14 weeks of 

age for 10 weeks (Fig. 1B). We chose to study mice at this age, when mice are sexually mature 

and variations in gonadal secretions that occur during puberty have been stabilized. At 14 

weeks of age, before the start of the high fat diet, XX and XY male mice weighed on average 

6.1 grams more than female mice (Fig. 1C). This was associated with 44% higher lean mass in 

males compared to females. On the other hand, females had proportionally higher fat mass 

(expressed as percent body weight) than males. Sex chromosome complement also influenced 

body weight. XX males and females weighed nearly 2 grams more than their XY counterparts 

(Fig. 1C). These results suggest that in young adult mice fed a chow diet, both gonadal 

hormones and sex chromosome complement influence body weight and composition.  

To determine the contributions of gonadal secretions and sex chromosome complement to 

diet-induced obesity, FCG mice were fed a high fat diet. After 10 weeks on the high fat diet, the 

impact of the sex chromosome complement on body weight was pronounced. While male mice 

remained heavier than female mice (Fig. 1D), mice with two X chromosomes, regardless of 

male or female gonads, gained more weight throughout the diet compared to XY mice (Fig. 1A, 
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E). This increase in body weight was largely due to increased fat mass in XX mice (Fig. 1B). XX 

mice had proportionally more fat mass than XY mice; gonadal sex did not significantly influence 

fat mass, although male mice had higher proportional lean mass than female mice. Gonadal 

and inguinal fat depots were 34% and 64% larger, respectively, in XX mice compared to XY 

mice (Fig. 1F). Our results indicate that the sex chromosome complement is a major sex-biasing 

factor in determining adiposity. The effects of XX vs. XY genotype were detectable on a chow 

diet, and were enhanced by a high fat diet.  

 

XX mice consume more food during the inactive phase of the circadian cycle 

Expansion of fat mass is due to an imbalance in energy homeostasis, either by increasing 

food intake or decreasing energy expenditure. Studies in rodents and humans have shown that 

in addition to the amount of food consumed, the timing of food intake influences its effect on 

weight gain, with enhanced weight gain associated with food consumption during the inactive 

phase of the circadian cycle (11–13). To determine if there were sex differences in food intake, 

we measured food intake during the light and dark periods in FCG mice after 1 week or 8 weeks 

on the high fat diet. After 1 week, XX mice consumed more food than XY mice during both the 

inactive light period and the active dark period of the circadian cycle (Fig. 2A). In addition, males 

consumed more food during the dark period compared to females. After 8 weeks on the high fat 

diet, the four genotypes had similar food intake during the dark period. However, XX mice 

continued to consume more than XY mice during the light period, and males consumed more 

than females. These data suggest that the sex chromosome complement is a significant 

modulator of food intake during the circadian cycle. They further indicate that the effect of sex 

on food intake varies with length of time on the diet, but that XX chromosome complement was 

consistently associated with increased food intake during the inactive (light) period.  

All four genotypes exhibited typical diurnal variations in energy expenditure and locomotor 

activity as assessed by monitoring in metabolic cages (Suppl Fig. 1A, B). No significant sex 
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differences were detected in respiratory quotient or energy expenditure at either 1 week or 10 

weeks of high fat diet (Fig. 2B, Suppl. Figs. 1, 2). Interestingly, there was an effect of gonadal 

sex on physical activity, with females typically traveling greater distance in the horizontal plane 

than male mice (Suppl. Fig. 3). This difference in physical activity cannot account for the 

observed greater weight gain in XX compared to XY mice.  

The gut microbiome has been identified as a significant contributor to energy homeostasis 

and body weight gain (14–17). In addition, the composition of the gut flora is responsive to sex 

hormones (18,19). To investigate the potential contribution of the gut microbiome to sex 

differences in energy balance, we sequenced 16S rRNA in fresh fecal samples collected from 

the same cohort of mice while eating a chow diet and after eating the high fat diet for one week. 

On the chow diet, 74-82% of the gut microbial species belonged to the Bacteroidetes phylum, 

11-17% were Firmicutes, and members of Verricomicrobia and other phyla comprised smaller 

proportions (Fig. 2C). After a single week on the high fat diet, the gut microbiota exhibited a 

major shift, with Bacteroidetes reduced to 32-36% of the total species, and Firmicutes increased 

to 41-48%. These results are consistent with previous observations that a high fat diet leads to 

increased levels of the Firmicutes species, which are associated with efficient energy harvest 

from the diet (20,21). Our data demonstrate that the high fat diet-induced this transition in 

microbiome composition occurs very rapidly, within 1 week of introduction of a high fat diet. 

However, we observed no differences in microbiota composition that were associated with 

gonadal sex or sex chromosome complement (Fig. 2C). 

 

XX mice develop fatty liver 

A common co-morbidity of obesity is the development of fatty liver. After 10 weeks on a high 

fat diet, all four genotypes had gained at least 10 grams of body weight and body fat 

composition had increased by at least 15% (Fig. 1). We determined whether the increased 

adiposity was associated with hepatic lipid accumulation. Histological analysis revealed the 
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presence of lipid droplets in livers of all genotypes after eating the high fat diet, but livers from 

XX mice had substantially larger lipid droplets than those from XY mice (Fig. 3A). Consistent 

with this, biochemical analysis revealed that XX mice, regardless of male or female sex, 

accumulated more than twice the amount of hepatic triglyceride as XY mice (Fig. 3A). 

Expression of key fatty acid synthesis genes (Srebp1c, Fasn, Elovl6, and Scd1) were elevated 

in XX mice. In addition, Srebp1c and Scd1 expression levels were increased in males compared 

to females. These data suggest that the sex chromosome complement is a risk factor for the 

development of fatty liver in response to a high fat diet. 

We assessed whether the increased hepatic lipid accumulation in XX mice was associated 

with inflammation and fibrosis. Plasma alanine transaminase (ALT) levels were elevated in XX 

male mice compared to XX female, XY female, and XY male mice (Suppl. Fig. 4A). However, 

expression levels for genes encoding tumor necrosis factor α (Tnfa) and the inflammasome 

component NALP3 (Nalp3) were higher in XY compared to XX mice, despite the higher lipid 

accumulation in XX livers (Suppl. Fig. 4B). Staining for collagen accumulation and analysis of 

expression levels for several genes involved in fibrosis revealed no effects of sex on the minor 

levels of fibrosis elicited by 10 weeks of high fat diet (Suppl. Fig. 4C, D).  

An additional co-morbidity of increased adiposity and hepatic lipid content is impaired 

glucose homeostasis. At 14 weeks of age, before the start of the high fat diet, there were no sex 

differences in fasting glucose levels or glucose tolerance (Suppl. Fig. 5A). After 10 weeks of 

high fat diet, male–female and sex chromosome differences emerged. Fasting glucose and 

insulin levels, and HOMA-IR index of insulin resistance, were higher in males than females (Fig. 

4A). Insulin levels were also influenced by sex chromosome complement, with XX mice having 

higher insulin levels and HOMA-IR than XY mice. In glucose tolerance tests performed after 10 

weeks on the high fat diet, XX and XY males had higher baseline glucose levels and did not 

clear the bolus of glucose as quickly as XX and XY females (Fig. 4B). We assessed the impact 

of diet-induced obesity on several hepatic gluconeogenesis genes. Pdk4, Pcx, and G6p showed 
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sex chromosome effects on expression levels, although Pck1 was not different among the four 

genotypes (Fig. 4C). These results indicate significant and independent effects of gonadal sex  

 

Kdm5c dosage is associated with adiposity 

The results described above indicate that when fed a high fat diet, mice with XX compared 

to XY chromosomes have increased food intake, body weight, adiposity, and hepatic lipid 

accumulation. We previously used mouse models with various numbers of sex chromosomes to 

demonstrate that the number of X chromosomes—rather than the presence/absence of a Y 

chromosome—was a determinant of adiposity in gonadectomized mice (10,22). We hypothesize 

that a key determinant of differences between XX and XY mice is the higher dosage of specific 

genes on the X chromosome that escape transcriptional silencing by X chromosome inactivation. 

We focused on four genes (Kdm5c, Kdm6a, Ddx3x and Eif2s3x) that we and others previously 

identified as having robust evidence of escape from X chromosome inactivation in metabolic 

tissues in gonadectomized mice (adipose tissue, liver, muscle, hypothalamus) (10,23). The 

proteins encoded by these genes have the potential to influence cellular function through effects 

on chromatin modification (histone demethylases Kdm5c and Kdm6a) or RNA structure and 

translation (RNA helicase Ddx3x and translation initiation factor Eif2s3x). We assessed mRNA 

expression levels for X chromosome escapee genes in visceral and subcutaneous adipose 

tissue depots of gonadally intact FCG mice that had been fed high fat diet for 10 weeks. In both 

fat depots, Kdm5c, Kdm6a, Ddx3x, and Eif2s3x had significantly higher expression levels in XX 

compared to XY mice (Fig. 5A–D). In the subcutaneous inguinal depot, all four escapee genes 

also exhibited increased expression levels in male compared to female mice, indicating effects 

of both sex chromosome complement and gonadal secretions in the inguinal fat. The enhanced 

dosage of these X chromosome escapee genes in intact XX mice raises the possibility that one 

or more of these genes contribute to effects on adiposity and related traits.  
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Two of the X chromosome escapees encode histone demethylases: Kdm5c encodes 

histone 3 lysine 4 trimethyl (H3K4me3) demethylase and Kdm6a encodes histone 3 lysine 27 

trimethyl (H3K27me3) demethylase. Histone methylation status has been shown to regulate 

transcription of numerous genes associated with adipogenesis and obesity (24–26). To 

determine whether Kdm5c or Kdm6a dosage differences in XX vs. XY mice may contribute to 

the X chromosome-mediated adiposity effects, we generated mice that mimic the gene dosage 

present on one vs. two X chromosomes. Specifically, using mouse strains carrying loss-of-

function alleles, we generated female XX mice having one (+/–) or two (+/+) functional copies of 

either Kdm5c or Kdm6a and evaluated body weight and adiposity.  

We initially assessed mice fed a chow diet. Kdm6a +/+ and +/– mice had similar body weight, 

and we did not characterize them further (Fig. 6A). By contrast, Kdm5c haploinsufficiency had 

an impact on body weight. Female XX mice with one functional Kdm5c allele had lower body 

weight than mice with two functional alleles from 3 weeks of age on (Fig. 6B). Body composition 

was assessed at 26 weeks of age and showed ~20% difference in body fat percentage between 

Kdm5c +/+ and +/– mice (Fig. 6C). The increased body weight and adiposity were associated 

with increased food intake by Kdm5c +/+ compared to +/– mice (Fig. 6D). The effect of Kdm5c 

dosage on body weight was amplified by feeding mice a high fat diet. In preliminary studies, 

over the course of 14 weeks on a high fat diet, Kdm5c +/+ mice gained 75% of their starting 

body weight, whereas Kdm5c –/– mice gained <30% of their initial body weight (Fig. 6E). After 

14 weeks on the high fat diet, there was a trend to substantially higher body fat mass in Kdm5c 

+/+ compared to +/– mice (Fig. 6F). These data indicate that Kdm5c haploinsufficiency reduces 

food intake, body weight, and high fat diet-induced weight gain and may contribute to 

differences observed in XX (Kdm5c +/+) vs. XY (similar to Kdm5c +/–) mice. 
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DISCUSSION 

Sex is a major factor in determining fat accumulation and distribution. Traditionally, sex 

differences in adiposity have been attributed to sex hormones. Evidence for the influence of 

gonadal hormones on adiposity comes from studies of pre- and postmenopausal women. The 

decline in circulating estrogen levels after menopause is associated with an increase in fat mass 

and a shift in fat distribution from the typical “female” subcutaneous fat in the hips and thighs to 

more closely resemble the typical “male” abdominal fat depots. In addition to hormones, other 

sex-biasing factors may contribute to sex differences in obesity. The sex chromosome 

complement is the fundamental genetic component that defines male (XY) from female (XX) 

mammals. Our previous studies identified sex chromosome complement as a major determinant 

of adiposity in gonadectomized mice (10), findings that may have particular relevance to the 

changes in adiposity that accompany reduced gonadal hormone levels in middle- to late-aged 

humans.  

Obesity is rapidly becoming a significant health problem in juvenile and young adult 

populations (27), and sex differences in adiposity are evident in both early development and in 

adolescence (28). Sex differences in adolescent obesity have been attributed to hormonal, 

genetic, and social factors (29). To identify the relative roles of hormonal and genetic 

differences between males and females in the development of obesity we characterized 

adiposity and related traits in FCG mice with natural levels of circulating sex hormones. In chow-

fed mice, males weighed more than females, and we did not detect significant sex chromosome 

differences in body weight from 10 weeks to 32 weeks of age. This suggests that when fed the 

standard chow diet containing <5% fat, gonadal hormones are the primary driver of sex 

differences in body weight in mice. 

 To induce obesity, 14-week-old FCG mice were fed a high fat diet for 10 weeks. Regardless 

of gonadal type, mice with two X chromosomes gained more weight than XY male and female 

mice. The weight gain was largely due to the expansion of fat mass in XX mice. Male sex and 
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XX chromosome complement each promoted higher body weight. Strikingly, sex chromosome 

complement was the exclusive determinant of total percent fat mass and mass of the inguinal 

subcutaneous fat pad. XX mice had ~10% higher percent fat mass and 30% larger inguinal fat 

depots than XY mice. These data identify sex chromosome complement as a key determinant of 

increases in adiposity that occur in mice in response to a high fat diet.  

Fat accumulation is a result of energy imbalance — increased food intake, reduced energy 

expenditure, or a combination of both can lead to body weight gain. To determine the 

mechanism by which XX mice gain more body fat than XY mice, we measured energy 

expenditure through indirect calorimetry and food intake at multiple points during the diet. 

Energy expenditure (heat production, respiratory quotients) measured at 1 week or 10 weeks 

after the start of the high fat diet did not differ across the four mouse genotypes. Differences in 

physical activity were detected between males and females, but these could not account for the 

XX vs. XY differences in body weight. However, food intake was significantly different between 

XX and XY mice. XX mice consumed more food than XY mice during the light period (inactive 

phase) of the circadian cycle. This pattern was observed both early in the high fat diet (1 week 

of diet), before large changes in body weight had occurred, and near the end of the feeding 

period (8 weeks of diet). Multiple reports in humans and animal models have shown that feeding 

during the inactive phase leads to enhanced weight gain compared to isocaloric feeding during 

the active phase of the circadian cycle (11–13). It has been postulated that the timing of food 

consumption influences metabolism of dietary nutrients (30). These results provide impetus for 

further study of the effect of sex chromosome complement on the circadian regulation of 

appetite and satiety, which may in turn contribute to sex differences in weight gain on a high fat 

diet.  

A common co-morbidity of obesity is fatty liver. Around 30% of the population is thought to 

have hepatic steatosis, the earliest stage in non-alcoholic fatty liver disease (NAFLD) (31). In 

human and rodent studies, sex is a factor in NAFLD, but different human ethnic populations 
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have varying sexual dimorphism (32–35). To determine the effect of sex hormones and the sex 

chromosome complement in fatty liver, we analyzed in the development of fatty liver in FCG 

mice fed a high fat diet. Regardless of sex, XX mice accumulated twice as much hepatic 

triglyceride, and much larger lipid droplets, than XY mice. It is notable that no differences were 

observed based on the presence of male or female gonads, and that lipid accumulation was 

associated solely with having two X chromosomes. Enhanced lipid accumulation in XX livers 

was correlated with higher mRNA levels of fatty acid synthesis genes (Srebp-1c, Fasn, Elovl6, 

and Scd1), suggesting that XX chromosome complement influences hepatic gene expression.  

A small subset of patients with NAFLD progress to steatohepatitis, characterized by 

inflammation and/or collagen accumulation, also known as fibrosis (31). We observed sex 

differences in hepatic inflammation after 10 weeks of a high fat diet, with XY mice having 

substantially higher hepatic expression of genes encoding tumor necrosis factor α and 

inflammasome components. Unexpectedly, sex differences in inflammatory gene expression 

(XY > XX) were decoupled from sex differences in hepatic lipid accumulation (XX > XY). This 

reveals that lipid accumulation and inflammation are regulated by distinct factors and provides 

an interesting basis for further studies. None of the mice developed significant fibrosis; future 

studies in which mice are fed a high fat diet for longer than 10 weeks may be informative to 

determine whether sex differences exist in this process. 

In addition to fatty liver, obesity is also correlated with insulin resistance and impaired 

glucose homeostasis. Recent studies analyzing a panel of 100 inbred mouse strains 

demonstrated that sex is a major determinant of insulin sensitivity (36). After 8 weeks of a high 

fat diet, females were generally more insulin sensitive than males (36). We asked whether sex 

differences in glucose homeostasis are influenced by gonadal sex or sex chromosome 

complement. No sex differences were detected in glucose tolerance in 14-week-old FCG mice 

fed a chow diet. After 10 weeks of a high fat diet, glucose and insulin levels were influenced by 

both gonadal type and sex chromosomes. XX and XY males had increased glucose and insulin 
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levels compared to XX and XY females, suggesting modulation by gonadal hormones. In 

addition, XX mice had higher levels of plasma insulin than XY mice. Taken together, our data 

indicate that both gonadal hormones and the sex chromosome complement modulate glucose 

homeostasis. XX and XY males showed a trend toward glucose intolerance. While our data 

demonstrate that the sex chromosome complement influences expression of hepatic genes 

involved in glucose homeostasis, the effect of the sex chromosomes on glucose- and insulin-

sensitive pathways in other peripheral metabolic tissues, such as adipose and skeletal muscle, 

will require further investigation. 

The sex chromosome effects that we observed in diet-induced obesity, fatty liver, and 

glucose homeostasis raise the question of how the sex chromosome complement influences 

these traits. One determinant of differences between XX and XY mice is gene dosage. Although 

one X chromosome is transcriptionally silenced in XX mice, a few genes escape inactivation 

and are expressed at higher levels in XX compared to XY mice. Genes classified as “X 

chromosome escapees” vary in expression levels from low (≤10% of active X chromosome 

levels) to robust (>50% of active X chromosome levels) (37,38). In addition, individual genes 

have varying tissue-specific levels of escape (37,39). 

We examined the expression of some well-established X escapees (Kdm5c, Kdm6a, Ddx3x, 

and Eif2s3x) in gonadal and inguinal fat depots. Kdm5c, Kdm6a, Ddx3x, and Eif2s3x had higher 

expression in XX compared to XY mice, suggesting that they escape X inactivation in both 

visceral and subcutaneous fat depots. To determine if gene dosage of these escapee genes 

affects body weight, we generated mouse models that are haploinsufficient for Kdm5c and 

Kdm6a. Kdm5c haploinsufficiency had substantial effects on body weight. From weaning to 26 

weeks of age, Kdm5c +/– mice consistently had reduced body weight compared to Kdm5c +/+ 

mice, and this was associated with a 20% reduction in fat mass. Kdm5c dosage was correlated 

with food intake levels, as we have observed for X chromosome dosage, suggesting that the 

same physiological mechanism is responsible for the effects on body weight in XX vs. XY mice 
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and Kdm5c +/+ vs. Kdm5c +/– mice. Kdm5c +/– mice had reduced food intake compared to 

mice with both copies. This suggests that dosage of this X-linked gene contributes directly to 

energy balance. We also determined that dosage of another X escapee gene, Kdm6a, does not 

influence body weight. These results are consistent with a hypothesis that dosage of specific 

genes — but not all genes — that escape X chromosome inactivation underlie the differences in 

body weight that we observed in XX compared to XY mice. This is the first reported evidence of 

an X escapee gene associated with sex differences in disease. 

The physiological role of Kdm5c in metabolic tissues is not known. Kdm5c is a histone 

demethylase for trimethylated and dimethylated H3K4, yielding H3K4me2 and H3K4me1 (40). 

In cultured cells, histone methylation is important for regulating adipogenesis and obesity (24–

26). It is likely that Kdm5c dosage influences chromatin modification and gene expression in 

metabolic tissues, with potential effects on adipocyte biology and other metabolic effects. It is 

known, for example, that the promoter region of the master regulator of adipogenesis, PPARγ, is 

regulated by H3K4 methylation (26). The Kdm5c +/– mouse model will be valuable for 

identifying genes that are influenced by altered dosage of this X chromosome escapee. 

In conclusion, our studies demonstrate that the sex chromosome complement is a 

significant mediator of sex differences in diet-induced obesity, with key effects on food intake 

that likely lead to sex differences in adiposity and development of fatty liver. The identification of 

Kdm5c as a specific X chromosome escapee gene that has similar dosage effects as those 

seen for the entire X chromosome suggests that epigenetic modulation may be an important 

determinant of sexual dimorphism in response to diet-induced obesity.  
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METHODS 

Animals 

Four Core Genotype (FCG) C57BL/6J mice were used for the majority of this study. In these 

mice, the Y–chromosome harbors a deletion of the testis-determining Sry gene. Sry is inserted 

as a transgene onto chromosome 3 (41) and confers testes development in Sry+ mice. XX 

female mice were mated with XY–(Sry+) male mice to generate XX, XX(Sry+), XY–, and XY–

(Sry+) offspring. Genotyping was performed by PCR to detect presence of the Sry transgene 

(forward: AGCCCTACAGCCACATGATA; reverse: GTCTTGCCTGTATGTGATGG) and Y-

chromosome–specific sequence (forward: CTGGAGCTCTACAGTGATGA; reverse: 

CAGTTACCAATCAACACATCAC). 

Floxed Kdm5c C57BL/6J mice were obtained from Dr. Yang Shi from Harvard/Children’s 

Hospital in Boston. Floxed Kdm5c mice were crossed with C57BL/6J Ella-Cre mice (Jackson 

Laboratories) to generate heterozygous knockouts of the floxed allele through Cre-Lox 

recombination. Subsequent generations were crossed with wild-type mice to eliminate Cre and 

the floxed allele. Because Kdm5c is X-linked, only female mice were studied. 

The haploinsufficient mouse model for Kdm6a is on a mixed 129/C57BL6 background and 

carries a “knocked-out first” (KOF) allele, generated through promoterless targeting cassettes in 

C57BL/6N embryonic stem cells (Wellcome Trust Sanger Institute). Mice were crossed with 

C57BL/6J Gt(ROSA)26Sor–Flp mice (Jackson Laboratories) to generate floxed Kdm6a. 

Offspring were then crossed with C57BL/6J Ella-Cre mice to generate heterozygous knockouts 

of Kdm6a. Because Kdm6a is X-linked, only female mice were studied. 

FCG mice were pair-housed with identical genotypes, and mice haploinsufficient for Kdm5c 

and Kdm6a were group-housed in 12:12 light:dark cycle. All mice were initially fed Purina 

mouse chow diet containing 13% fat from calories (Purina 5053). Where indicated, FCG and 

Kdm5c mice were fed a high fat diet containing 60% fat from calories (Bio-Serv). 
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Mouse studies were conducted in accordance with and approved by the Institutional Animal 

Research Committee of the University of California, Los Angeles. 

 

Measurement of body composition and energy balance 

All mice were weighed at weekly intervals. Body composition was measured on live FCG 

mice at 14 weeks of age, before the start of the high fat diet, and after 10 weeks of the high fat 

diet, using a Mouse Minispec apparatus with Echo Medical Systems software. Food intake was 

measured per cage over three 24-hour periods at 0800 and 1800. Due to logistical reasons, two 

separate FCG cohorts were used to measure energy balance. Six calibrated Oxymax metabolic 

chambers were used to detect oxygen consumption, CO2 production, locomotor activity, and 

heat production over 72 hours at weeks 1 and 10 of the high fat diet (Oxymax, Columbus 

Instruments). Mice were housed individually in the chambers during the measurements. 

Parameters were monitored dynamically at 20-minute intervals. Mice had ad libitum access to 

food and water. Average RQ (Fig. 2B), cumulative heat production (Suppl. Fig. 2B), and 

cumulative locomotor activity (Suppl. Fig. 3A, B) were calculated from the second dark and 

second light intervals of the 72-hour measurement period. 

 

Gut Microbiome Analyses 

Microbial DNA was extracted from fresh fecal pellets obtained from mice before and one 

week after starting the high fat diet (PowerSoil DNA Isolation Kit, MoBio). Sample preparation 

and filtering was performed as previously described (42). Briefly, phyla composition was 

assessed by pyrosequencing 16S rRNA genes and using the software package Quantitative 

Insights Into Microbial Ecology (QIIME) to count and map sequences to phylogenetic clusters 

(43). 
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Liver analyses 

At time of dissection, liver sections were either fixed in 10% formalin or snap-frozen in liquid 

nitrogen. Fixed tissue was mounted in paraffin, sliced, and stained with hemotoxylin and eosin 

or Picrosirius Red. Lipids were isolated from 15 mg frozen tissue using Folch extraction. After 

drying under nitrogen gas, lipids were resuspended in 200 uL isopropanol and used in 

subsequent colorimetric triglyceride assay (Wako Diagnostics). 

 

Glucose Homeostasis 

Blood samples were obtained by retro-orbital bleeding at time of dissection after fasting 

(0800-1300). Plasma was collected after centrifugation of whole blood at 3,400 x g for 10 

minutes at 4°C, at which point glucose and insulin levels were measured. The HOMA ratio was 

calculated using the equation [(Glucose mg/dL x Insulin pg/mL)/405]. Plasma ALT levels were 

determined using an enyzmatic colorimetric assay (BQ Kits). 

A separate FCG cohort was used to perform glucose tolerance tests at 15 weeks of age, 

before the start of the high fat diet, and at 10 weeks of the high fat diet. After fasting (0800-

1300), mice were given a bolus (2 mg per gram body weight) of glucose through intraperitoneal 

injection. Blood was drawn through a clipped tail and glucose was measured through AlphaTrak 

glucometer before injection and 15, 30, 60, 120, and 180 minutes after injection. Area under the 

curve was calculated by setting the glucose levels of the first timepoint to zero and summing all 

positive increments. 

 

Quantitative RT-PCR 

Liver, gonadal fat, and inguinal fat tissues were dissected out rapidly, flash frozen in liquid 

nitrogen, and stored at –80°C. RNA was isolated from tissue using TRIzol (Life Technologies). 

First strand cDNA was generated by reverse transcription with iScript (Bio-Rad). Quantitative 
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RT-PCR was performed with a Bio-Rad CFX Connect Real-Time PCR Detection System using 

SsoAdvanced SYBR Green Supermix. 36B4 and β2 microglobulin mRNA were amplified in 

each liver sample as normalization controls. 36B4 mRNA served as a normalization control for 

gonadal and inguinal fat samples. All primer sequences are shown in Supplemental Table 1. 

 

Statistical Analysis 

Groups were compared using two-factor ANOVA (NCSS) with main factors of sex (gonadal 

male vs. gonadal female) and sex chromosome complement (XX vs. XY). For growth curves 

and the glucose tolerance test, repeated measures ANOVA was used to include time as a 

variable. Statistically significant comparisons or interactions are presented (p<0.05). All error 

bars represent one standard deviation.  
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FIGURE LEGENDS 

 

Figure 1. XX mice gain more weight than XY mice on a high fat diet. (A) In gonadally intact 

FCG mice fed a chow diet, males weigh more than females from 10 weeks of age to 32 weeks 

of age (p<0.000001). (B) Body weight and weight gained in FCG mice over 10 weeks on high 

fat diet, starting at 14 weeks of age. Significant comparisons determined by repeated measures 

2-way ANOVA are shown. Body composition was measured by MRI for FCG mice (C) before 

the start of high fat diet and (D) at the tenth week of the diet. (E) Appearance of FCG mice after 

10 weeks on a high fat diet. (F) Gonadal and inguinal fat pad mass normalized to kidney mass. 

All values represent the mean ± standard deviation. Data were analyzed by 2-way ANOVA. 

Statistically significant differences for sex chromosome complement and for gonadal sex are 

denoted by brackets. A significant interaction of sex chromosome complement and gonadal sex 

is denoted by “Int.” *, p<0.05; **, p<0.01; ***, p<0.001; †, p<0.0001; ‡, p<0.00001. F, gonadal 

female; M, gonadal male; HFD, high fat diet.  

 

Figure 2. XX mice consume more food than XY mice during inactive phase of the 

circadian cycle. (A) Food intake was measured per pair of co-housed mice over three 24-hour 

periods after 1 week and 8 weeks of the high fat diet. Cumulative food intake was divided into 

light and dark periods. (B) Average respiratory quotient during the first and tenth weeks on the 

high fat diet. (C) Gut microbiome composition was determined by sequencing microbial 18S 

RNA from fresh feces. Samples were collected from mice fed a chow diet, and from the same 

mice 1 week after eating a high fat diet. Percent reads of the three most populous gut microbial 

phyla are shown. Values represent the mean ± standard deviation. Data were analyzed by 2-

way ANOVA. Significant comparisons for sex chromosome complement and for gonadal sex are 

denoted by brackets. A significant interaction of sex chromosome complement and gonadal sex 
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is denoted by “Int.” **, p<0.01; †, p<0.0001. White horizontal bar, light period; black horizontal 

bar, dark period; F, gonadal female; M, gonadal male; HFD, high fat diet 

 

Figure 3. XX mice develop fatty liver. (A) Hematoxylin and eosin staining of fixed liver tissue 

shows an accumulation of large lipid droplets in XX mice. In right panel, hepatic triglyceride 

concentration was quantitated after Folch extraction of hepatic lipids. (B) Relative mRNA 

expression of hepatic genes involved in fatty acid synthesis determined by qPCR. Values 

represent the mean ± standard deviation. Data were analyzed by 2-way ANOVA. Significant 

comparisons for sex chromosome complement and for gonadal sex are denoted by brackets. *, 

p<0.05; **, p<0.01; ***, p<0.001; †, p<0.0001. F, gonadal female; M, gonadal male; TG, 

triglyceride. 

 

Figure 4. Sex chromosomes and gonadal hormones influence insulin sensitivity. (A) 

Fasting levels of glucose, insulin, and homeostatic model assessment (HOMA) were measured 

at 10 weeks on high fat diet. (B) Glucose tolerance tests after 10 weeks on the high fat diet. 

Asterisks denote statistical significance between males and females. XX–XY differences were 

not significant. (C) Relative mRNA expression levels in liver of key enzymes in gluconeogenesis 

determined by qPCR. Values represent the mean ± standard deviation. Data were analyzed by 

2-way ANOVA. Significant comparisons for sex chromosome complement and for gonadal sex 

are denoted by brackets. A significant interaction of sex chromosome complement and gonadal 

sex is denoted by “Int.” *, p<0.05; **, p<0.01; ***, p<0.001; †, p<0.0001; ‡, p<0.00001. F, 

gonadal female; M, gonadal male. 

 

Figure 5. Genes that escape X inactivation have elevated expression in adipose tissue of 

XX compared to XY mice. Relative mRNA expression levels of Kdm5c (A), Kdm6a (B), Ddx3x 

(C), and Eif2s3x (D) in gonadal fat and inguinal fat depots of FCG mice fed a high fat diet for 10 
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weeks were determined by qPCR (n=3-8). Data were analyzed by 2-way ANOVA. Significant 

comparisons for sex chromosome complement and for gonadal sex are denoted by brackets. *, 

p<0.05; **, p<0.01; ***, p<0.001. F, gonadal female; M, gonadal male. 

 

Figure 6. Kdm5c dosage affects body weight, food intake, and weight gain on a high fat 

diet. (A) Body weight is not affected by haploinsufficiency for Kdm6a. Kdm6a +/+ and Kdm6a 

+/– mice fed a chow diet and body weight tracked from 3-12 weeks of age. (B) Female mice 

haploinsufficient for Kdm5c (n=7-18) have a lower body weight compared to female control mice 

(n=13-45) when fed a chow diet (p<0.000001). (C) Body fat in Kdm5c +/+ and Kdm5c +/– mice 

at 26 weeks of age. (D) Kdm5c +/+ mice have higher food intake that Kdm5c +/– mice at 10 

weeks of age. White horizontal bar denotes light period; black horizontal bar denotes dark 

period. (E) Kdm5c haploinsufficiency attenuates weight gain on a high fat diet (n=2-3, p<0.02). 

(F) Trend toward higher body fat composition in Kdm5c +/+ compared to Kdm5c +/– mice fed a 

high fat diet for 14 weeks. 
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SUPPLEMENTAL FIGURES 

 

Supplemental Figure 1. Respiratory quotient amplitude is suppressed on high fat diet. 

Related to Figure 2. Average respiratory quotient over three nights and two days during the first 

and tenth weeks of the high fat diet. 

 

Supplemental Figure 2. Weight gain in XX mice is not associated with altered energy 

expenditure . (A) Energy expenditure over three nights and two days during the first and tenth 

weeks of the high fat diet. (B) Cumulative heat produced during the second dark and second 

light periods. F, gonadal female; M, gonadal male. 

 

Supplemental Figure 3. Weight gain in XX mice is not associated with altered locomotor 

activity. Cumulative horizontal (A) and vertical (B) activity measured in 12-hour phase during 

the first and tenth weeks on the high fat diet. (C) Average horizontal locomotor activity over 

three nights and two days. Values represent the mean ± standard deviation. Significant 

comparisons for sex chromosome complement and for gonadal sex are denoted by brackets. A 

significant interaction of sex chromosome complement and gonadal sex is denoted by “Int.” *, 

p<0.05; **, p<0.01; ***, p<0.001. F, gonadal female; M, gonadal male. 

 

Supplemental Figure 4. Upregulation of inflammatory markers, but not fibrosis in XY 

livers. (A) Plasma alanine transaminase (ALT) levels, relative expression of hepatic 

inflammatory markers (B), Picrosirius red staining of fixed liver tissue (C), and relative 

expression of hepatic fibrotic markers (D) after 10 weeks on high fat diet. Values represent the 

mean ± standard deviation. Significant comparisons for sex chromosome complement and for 

gonadal sex are denoted by brackets. A significant interaction of sex chromosome complement 
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and gonadal sex is denoted by “Int.” *, p<0.05; **, p<0.01; ***, p<0.001; ‡, p<0.00001. F, 

gonadal female; M, gonadal male. 

 

Supplemental Figure 5. Glucose tolerance tests. Related to Figure 4. (A) Glucose tolerance 

tests for 14-week-old FCG mice fed a chow fed diet. Area under the curve for glucose tolerance 

tests at (B) the start of the high fat diet (15 weeks of age), and (C) 10 weeks after the high fat 

diet. There were no significant male–female or XX–XY sex differences. F, gonadal female; M, 

gonadal male. 

 

Supplemental Table 1. Mouse primer sequences for qPCR 
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CHAPTER 5 

The Sex Chromosome Complement and Gonadal Hormones  

Mediate Sex Differences in White Adipose Tissue miRNAs 
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Chapter Preface 

In the previous two chapters, we focused on protein-coding genes that were good 

candidates for contributing to differences between XX and XY mice. It is possible that noncoding 

genes, such as microRNAs, could also play a role in sex chromosome differences in obesity. To 

answer this question, we sequenced miRNAs from gonadal fat of Four Core Genotype mice that 

were gonadally intact or gonadectomized. We also sequenced miRNAs from gonadal fat of 

gonadectomized mice fed a high fat diet, the same mice from Chapter 3. Using these hormonal 

and dietary conditions, we compared the effects of gonadectomy and high fat diet on sex 

differences in adipose tissue miRNAs. 

I worked with Dr. Xuqi Chen from the laboratory of Dr. Art Arnold to obtain the gonadal fat 

samples needed for this study. Because this was our laboratory’s first venture in next-

generation sequencing, I needed the expertise of others to guide me through the preparation of 

libraries and analysis of sequencing results. Dr. Yehudit Hasin-Brumshtein from the laboratory 

of Dr. A. Jake Lusis was instrumental in teaching me to prepare miRNA libraries. She processed 

all the raw sequencing reads and distilled the information down to a simple table of counts so 

that I could analyze expression levels of miRNAs. Although she had no obligation to teach me, 

she patiently explained all the steps she took to process the sequencing data. 

Chapter 5 is the first reported study of sex differences in miRNAs from adipose tissue. The 

study of Four Core Genotype mice enables analysis of the effects of gonadal hormones in 

addition to sex chromosomes. When Dr. Karen Reue and I first designed this study, we also 

aimed to identify miRNAs that may escape X chromosome inactivation in adipose tissue. While 

we did not find X-linked miRNAs that were expressed higher in XX compared to XY mice, we 

did find a number of autosomal miRNAs that were differentially expressed between XX and XY 

mice, and between male and female mice. Understanding the sexual dimorphism in adipose 

tissue miRNAs will be a critical step toward understanding regulatory pathways in adipocyte 

development and function. 
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ABSTRACT 

MicroRNAs are key regulators of adipogenesis, and have differential expression between 

lean and obese animals. Fat accumulation and distribution of white adipose tissue are sexually 

dimorphic, and it is unknown whether adipose-specific miRNAs show sex differences in 

expression. Sex hormones, in addition to the sex chromosome complement, may regulate sex 

differences in gene expression in adipocytes. In this study, we use the Four Core Genotype 

mouse model (XX female, XX male, XY female, and XY male) to assess independent effects of 

the sex chromosome complement versus gonadal hormones in gonadal fat miRNAs. Dozens of 

miRNAs have differential expression between XX/XY males and XX/XY females, while others 

show XX–XY differences. In addition, sex differences in miRNA expression change after 

gonadectomy, suggesting that circulating levels of gonadal hormones modulate gonadal fat 

miRNAs. Furthermore, sex differences in miRNA expression change after 16 weeks of high fat 

diet. Our results demonstrate that miRNAs are regulated by gonadal hormones and the sex 

chromosome complement, and expression levels change in response to gonadectomy and diet-

induced obesity. 
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INTRODUCTION 

MicroRNAs (miRNAs) are small noncoding RNA molecules that modulate gene expression 

by targeting mRNA transcripts for degradation or interfering with mRNA translation (1,2). These 

21- to 22-nucleotide molecules are derived from the processing of longer mRNAs transcribed 

from intergenic regions or introns of protein-coding genes, subject to co-transcription under the 

same promoter (3,4). There are around 2000 miRNAs in the human and mouse genomes, many 

of which are expressed in a tissue-dependent manner (5,6). Bioinformatic predictions estimate 

that 30–80% of mammalian mRNAs are targeted by miRNAs, and a given mRNA may be 

targeted by multiple miRNAs (7,8). In addition, a single miRNA can regulate multiple mRNA 

transcripts, potentially affecting several genes within a metabolic pathway (9,10). It is generally 

thought that miRNAs act to fine-tune mRNA levels, but there is also evidence of full repression 

of protein production, allowing miRNAs to act as a molecular switch (11–13). 

miRNAs have important roles in the regulation of metabolic homeostasis. For example, miR-

33a and miR-33b, which are embedded within genes for sterol regulatory element-binding 

proteins 2 and 1, respectively, have key roles in the modulation of cholesterol homeostasis 

(14,15).  The discovery of the cellular roles of miR-33a/b in the repression of genes involved in 

cellular cholesterol export has revealed a new therapeutic target. Indeed, studies in mice and 

non-human primates have shown that antagonism of miR-33a/b reduces plasma lipid levels and 

atherosclerosis (16,17). Many other examples of important roles for miRNAs in metabolism 

have emerged recently (reviewed in 18). Among these are roles for miRNAs in the regulation of 

adipogenesis (18–20). For example, miR-30c, miR-143, miR-146b, and miR-378 have been 

shown to enhance adipocyte differentiation in mouse and human cells (21–24). Other miRNAs, 

such as miR-27, miR-130, and miR-138, inhibit adipogenesis (25–27). Some miRNAs that are 

induced during adipocyte development are dysregulated in obese mice, possibly due to chronic 

inflammation (28,29). While these few miRNAs have been well characterized, the roles of the 

majority of miRNAs expressed in adipose tissue are unknown. 
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Many properties of adipose tissue accumulation, distribution, and metabolism differ in a 

sexually dimorphic manner (30). To understand the basis for sex differences in adipose tissue 

and obesity, previous studies have focused on identifying mRNA species that differ between 

male and females in specific fat depots (31,32). It is likely that sex differences also occur in the 

expression levels of miRNAs in adipose tissue, and that these differences may, in turn, 

contribute to sex differences in mRNA levels. Consistent with this, sex differences in miRNA 

expression have been reported in brain (33), lung (34), and liver (35). However, the effect of sex 

on miRNAs in adipose tissue has not been investigated.  

The mechanisms underlying sex differences in miRNA levels have not been studied. Sex 

differences can be attributed to both hormonal and genetic factors. Gonadal hormones have 

been considered to be the primary drivers of sex differences, and some miRNA levels in a 

variety of tissues may be responsive to estradiols (36). Importantly, however, the sex 

chromosome complement also plays a major role in determining adiposity (37,38), and it is 

possible that this is mediated in part by effects on miRNA levels. 

In traditional human and animal studies, individuals with two X chromosomes also possess 

ovaries, and XY sex chromosomes coexist with testes. This makes it difficult to distinguish the 

effects of gonadal hormones from sex chromosome components. To overcome this limitation, 

we have used the Four Core Genotype (FCG) mouse model, which generates four 

combinations of gonads and sex chromosomes to create XX female, XX male, XY female, and 

XY male mice (39). FCG mice have a Y chromosome that carries a mutation in the testis-

determining gene, Sry (denoted Y–), such that XY– mice develop ovaries rather than testes. In 

addition, FCG mice carry an autosomal Sry transgene that independently segregates from the 

Y– chromosome. Mice that inherit the Sry transgene develop testes. By crossing XX females to 

XY–Sry males, the four combinations of gonads and sex chromosomes can be obtained. Using 

this model, we previously demonstrated that the presence of two X chromosomes leads to 

increased adiposity compared to XY mice in the presence of either ovaries or testes (37).  
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Here, we analyze the genetic determinants of sex differences in miRNA expression levels in 

adipose tissue. We performed RNA sequencing (RNA-seq) of small RNAs present in gonadal 

fat of FCG mice, and determined that sex hormones and sex chromosomes both influence 

miRNA levels in fat. In addition, comparison of lean and obese mice revealed sex-specific 

changes in miRNA profiles in response to diet induced-obesity. These data raise the possibility 

that sexually dimorphic miRNA levels in adipose tissue contribute to the widely observed 

differences between males and females in adipose tissue biology and related diseases. 
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RESULTS 

Study design to identify sex differences in adipose tissue miRNAs under three 

physiological conditions   

To assess the effect of gonadal hormones and sex chromosomes on miRNA levels in 

gonadal adipose tissue, we sequenced miRNAs in FCG mice. Comparisons were made 

between XX/XY males and XX/XY females to reveal sex differences due to gonadal hormones, 

and comparisons between XX male/female mice and XY male/female mice were made to reveal 

sex chromosome effects. Additionally, we analyzed the effect of circulating gonadal hormones 

and dietary stress on sex differences in miRNAs by the analysis of three cohorts of mice: (1)  a 

baseline group—FCG mice fed a chow diet; (2) a gonadectomized group—chow-fed FCG mice 

that were gonadectomized at 75 days of age to remove the acute actions of gonadal hormones; 

and (3)  a high fat diet group—FCG mice that were gonadectomized and then fed a high fat diet 

for 16 weeks to identify changes related to diet and obesity.  Adipose tissue samples from the 

gonadal fat depot were collected from all cohorts at the same age (7.5 months) and miRNA was 

sequenced. The resulting miRNA counts were used to establish a miRNA profile for adipose 

tissue in the basal state (chow fed, gonadally intact), and then to identify miRNAs that are 

responsive to the acute effects of gonadal hormones (comparison of the baseline group to the 

chow fed gonadectomized group), and miRNAs that are responsive to high fat feeding/obesity 

(by comparing the chow and high fat diet groups). 

 

Sexual dimorphism in adipose tissue miRNA profile 

To establish a baseline miRNA profile in adipose tissue, we sequenced and mapped 1,841 

mature and precursor miRNAs in gonadal adipose tissue of FCG mice fed a standard laboratory 

chow diet. Of these, 183 miRNAs (10%) had at least 100 counts per million reads, indicating 

substantial expression levels in gonadal fat. Three miRNA species—miR-10b-5p, miR-143-3p, 

and miR-22-3p—accounted for nearly 50% of all miRNA reads (Figure 1A). 21 additional miRNA 
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species had greater than 0.5% relative abundance in gonadal fat (Figure 1A). Many of the most 

prevalent miRNAs in mouse adipose tissue have previously been shown to be abundant in 

human subcutaneous white adipose tissue (40). 

To investigate the effects of sex on adipose tissue miRNA levels in the basal state, miRNAs 

were clustered based on expression pattern among the four genotypes. This revealed groups of 

miRNAs with sex-specific patterns (Supplemental Figure 1). To identify effects of male/female 

gonads, we searched for miRNA species that differ between mice with male vs. female gonads 

(male XX and male XY– vs. female XX and female XY–). To identify effects related to sex 

chromosome complement, we searched for miRNA species that differ between mice with XX vs. 

XY chromosomes (XX female and XX male vs. XY female and XY male). 10 miRNAs were 

upregulated in gonadal females compared to males, and 19 miRNAs were upregulated in 

gonadal males (Figure 1B). These miRNAs are likely responsive to gonadal hormones. Two 

miRNAs upregulated in females, miR-196a and miR-133a, are known to influence browning of 

white adipose tissue (41,42). It is possible that these miRNAs play a role in the previously 

reported sexual dimorphism of beige/brown fat. Studies in humans showed that females have 

increased brown adipose tissue and increased activity in brown fat (43–45). 19 miRNAs 

exhibited differences in expression levels based on sex chromosome complement, with 13 

miRNAs expressed at higher levels in XX mice, and 6 miRNAs at higher levels in XY mice 

(Figure 1C). Thus, even in the presence of circulating gonadal hormones, the sex chromosome 

complement is a determinant of miRNA expression levels. 

To identify potential target genes of the miRNAs that exhibit differences in expression levels 

dependent on gonadal or sex chromosome effects, we queried a miRNA target prediction 

database (mirdb.org) (46). Predicted targets were then clustered on the basis of gene ontology 

(GO) terms using DAVID (47,48). The predicted targets of the 19 miRNAs showing differences 

between XX and XY mice were associated with transcriptional regulation, chromatin 

organization, and cytoskeleton organization (Table 1). All of these processes have known 
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effects on adipocyte metabolism. For example, genes in the transcription regulation GO term 

include E2f1, Ppargc1b, and Clock, all of which have been implicated in oxidative metabolism 

(49–51). In addition, cytoskeleton remodeling is essential for the occurrence of adipocyte 

differentiation and expansion of fat cells (52). 

 

Adipose tissue miRNAs regulated by gonadal hormones 

Gonadal hormones cause sex differences in two primary ways. First, they impose 

permanent, or “organizational,” sex-specific effects early in development, which remain 

throughout life. Second, male and female gonadal hormones in the circulation have acute 

effects on processes such as gene expression. In this case, when the gonadal hormone levels 

are reduced, the sex difference is also attenuated. To distinguish between organizational and 

acute gonadal hormone effects, we gonadectomized FCG mice as adults to remove the 

circulating gonadal hormones. Any remaining male–female differences can be attributed to 

organizational hormone effects. 

To identify miRNA species that are influenced by male–female gonadal secretions, we 

performed miRNA-seq in the gonadal fat of FCG mice 5 months after gonadectomy. We 

hypothesized that gonadectomy would diminish male–female differences in miRNA levels. 

Unexpectedly, in gonadectomized mice, 61 adipose tissue miRNAs showed differences 

between males and females, which were twice as many as in gonadally intact mice (compare 

Figure 2B and Figure 1B). Because the gonadectomized mice were without circulating gonadal 

secretions for several months, the male–female differences are likely due to organizational 

effects of gonadal hormones that were suppressed by circulating hormones and became more 

evident when acute gonadal effects were removed. The predicted target genes for miRNAs that 

exhibit male–female dimorphism in the absence of gonads are enriched for pathways such as 

transcription regulation and chromatin organization (Table 2).   
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A comparison of miRNA species that exhibit male–female dimorphism in gonadectomized 

mice and gonadally intact mice showed little overlap between the two groups (Figure 2C). Both 

groups of miRNAs are responsive to gonadal secretions. In gonadally intact mice, miRNA 

species that are regulated differentially by circulating male or female gonadally-derived 

hormones are shown in Figure 1B. On the other hand, miRNAs that show male–female 

differences after gonadectomy (Figure 2_) may represent genes that are regulated by circulating 

hormones to normalize the levels between males and females, such that when acute gonadal 

effects are removed, male–female differences are uncovered. Taken together, our data identify 

several miRNA species in fat tissue that are highly responsive to gonadal hormone levels.  

After gonadectomy, XX mice gain more weight and adiposity compared to XY mice, 

regardless of being male or female (37). We postulated that sex chromosome differences in 

miRNAs may contribute to the XX vs. XY differences in body weight. Of the miRNAs that are 

present above our defined threshold level in gonadal fat, 19 miRNAs showed an XX–XY 

difference in gonadectomized mice (Figure 2B). The predicted targets of these miRNAs are 

enriched for genes involved in macromolecule catabolism and transcription regulation (Table 2). 

Some of these targets, such as Ppargc1a and Hoxa3, have been implicated in obesity (53,54). 

In sum, these data provide insight into miRNAs that are influenced by the sex chromosome 

complement and by gonadal hormones. Further work is needed to determine whether these 

miRNAs are determinants of sex differences in adiposity. 

 

Adipose tissue miRNA sex differences influenced by high fat diet or obesity 

Several studies have shown that miRNA expression levels are regulated during 

adipogenesis or are altered in obesity (28,55). However, it is unknown whether sex influences 

miRNA expression levels in obese adipose tissue. We identified miRNAs that exhibit sexual 

dimorphism in obese adipose tissue by performing miRNA-seq on gonadal fat from 

gonadectomized FCG mice fed a high fat diet (60% calories from fat) for 16 weeks. 19 
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abundantly expressed miRNAs showed male–female differences in gonadal fat, and 43 miRNAs 

showed differences between XX and XY mice. Interestingly, there were more miRNA species 

that differed based on sex chromosome content in mice fed a high fat diet than in mice 

maintained on chow (Figure 3A). This raises the possibility that differential miRNA expression 

levels may contribute to the observed dramatic difference in adiposity of XX compared to XY 

mice in response to a high fat diet.  

The targets of miRNAs that show sex differences in response to a high fat diet could be 

categorized into two functional groups. Targets of miRNAs showing XX–XY differences were 

enriched for phosphorus metabolic processes, while targets of miRNAs showing male–female 

differences were enriched for transcription regulation. miRNAs that showed sex chromosome 

differences also had predicted targets that were enriched for multiple KEGG pathways (Table 4). 

Among these were several pathways that are linked to adipogenesis and fat tissue expansion, 

including pathways associated with focal adhesion, MAPK signaling, and endocytosis (56,57). 

Our data show that the sex chromosome complement is a key regulator of miRNA levels, 

especially in mice fed a high fat diet. 
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DISCUSSION 

miRNAs are key regulators of gene expression through their effects on the degradation or 

translation of mRNA transcripts. In metabolic tissues, miRNAs are essential for regulating 

processes that include adipogenesis, cholesterol homeostasis, and glucose homeostasis (18). 

These metabolic processes are also affected by sex. While there is evidence for sexual 

dimorphism in miRNA expression in brain, skeletal muscle, and immune cells, sex effects on 

miRNAs in adipose tissue have not been characterized (36). In this study, we used the FCG 

mouse model to identify sex chromosome complement and gonadal hormone effects on in 

miRNA abundance in gonadal fat. We sequenced miRNAs in three distinct cohorts of FCG mice 

in different hormonal and dietary conditions to determine the effects of circulating gonadal 

hormones and high fat diet on sex differences in gonadal fat miRNAs. Our analyses focused on 

the most abundant miRNAs, as we suspect that sex differences in these miRNAs are the most 

likely to have significant physiological effects. In gonadally intact mice, we identified a number of 

miRNAs for which levels differed between males and females, and other miRNAs that differed 

between XX and XY mouse adipose tissue. As expected, male–female differences in the levels 

of some miRNAs were abolished by gonadectomy. Unexpectedly, gonadectomy also induced 

male–female differences in a few dozen additional miRNA species. Because these male–female 

differences were revealed after gonadectomy, this suggests that organizational effects of 

gonadal hormones establish sex differences in miRNA expression early in development, but that 

circulating gonadal hormones suppress the differences between males and females. 

Sex differences observed in miRNA levels may contribute to sex differences in adipogenesis 

and adipocyte maintenance and function. For example, miR-196a is much more highly 

expressed in females compared to males in both gonadally intact and gonadectomized FCG 

mice, and is a key regulator in brown fat cell development from white fat progenitor cells (41). 

Consistent with this, females have increased brown fat content as well as increased 

thermogenesis (43,44). Predicted targets of sex-specific miRNAs in both gonadally intact and 
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gonadectomized mice are associated with transcription regulation, chromatin organization, and 

catabolic processes. It is possible that these miRNAs fine-tune the expression of transcription 

factors and chromatin modifiers, which in turn modulate expression of their respective targets. 

Further studies are needed to explore the role of miRNAs in sex-specific adipocyte function. 

After 16 weeks of a high fat diet, sex differences in miRNA levels change, suggesting a diet–

sex interaction in miRNA expression. We identified 19 miRNAs with male–female differences, 

and 43 miRNAs with XX–XY differences. Compared to chow-fed mice, mice fed a high fat diet 

show twice as many XX–XY differences in miRNA expression. These miRNAs may contribute to 

the XX–XY difference observed in adiposity, in which mice with two X chromosomes gain more 

fat compared to mice with X and Y chromosomes (37).  

It is known that the mammalian X chromosome encodes at least 100 miRNAs (5) and is 

thought to have to have a higher density distribution of miRNAs compared to autosomes (58). 

By contrast, there are no known miRNA genes on the Y chromosome. This raised the possibility 

that sex chromosome differences in miRNA levels could derive from miRNAs encoded by the X 

chromosome. However, only two of the miRNAs with levels that differed between XX and XY 

mice were encoded on the X chromosome (miR-221-5p, miR-322-5p), suggesting that factors 

other than X chromosome dosage drive the differences in miRNA levels related to sex 

chromosome complement. 

Our study is the first report of sex differences in white adipose miRNAs. We identify specific 

miRNAs that are regulated by the sex chromosome complement and others that are responsive 

to circulating gonadal hormones. The sexually dimorphic miRNAs could potentially affect 

multiple cellular processes, including chromatin modification, cytoskeleton remodeling, and 

transcription regulation, thus altering adipocyte development and function. Future studies will be 

aimed at understanding the physiological roles of these sex-specific miRNAs in adipogenesis 

and diet-induced obesity. 
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METHODS 

Animals 

Four Core Genotypes (FCG) C57BL/6 mice were bred and genotyped as described 

previously (Chen 2012, Link in press). Briefly, XX female mice were mated with XY–(Sry+) male 

mice to generate XX, XX(Sry+), XY–, and XY–(Sry+) offspring, and genotyping was performed 

by PCR to detect the Sry transgene and Y-chromosome–specific sequence. Where indicated, 

gonadectomy was performed at 75 days of age.  

Gonadal males and females were housed in separate cages and maintained at 23°C with a 

12:12 hour light:dark cycle. All mice were initially fed Purina mouse chow diet containing 5% fat 

(Purina 5001; PMI Nutrition International, St. Louis, MO). Where specified, mice were fed a 

chow diet until 3.5 months of age (4 weeks after gonadectomy), and then fed a high fat diet for 

16 weeks (diet #S3282 containing 60% calories from fat, Bio-Serv, Flemington, NJ). Adipose 

tissue was harvested from all mice at 7.5 months of age. 

Mouse studies were conducted in accordance with approval by the Institutional Animal 

Research Committee of the University of California, Los Angeles. 

 

RNA extraction and quality control 

At the time of dissection, gonadal fat tissue was flash frozen in liquid nitrogen and stored at 

–80°C. Small RNAs were isolated from 100 mg tissue using QIAzol and Qiagen’s miRNeasy 

Mini kit (Cat. 217004, Qiagen, Valencia, CA). After homogenization, samples were centrifuged 

at 12,000 x g for 10 minutes to separate the transparent lipid layer from the pink organic layer. 

Only the organic layer was used in chloroform extraction. All subsequent steps followed the 

Qiagen protocol. RNA samples were submitted to Agilent BioAnalyzer Eukaryote Total Nano-

RNA chip analysis, yielding RNA integrity numbers of 7.5 or greater. 
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miRNA library preparation 

Three samples of each genotype were pooled into equimolar amounts for library preparation. 

In total, 12 miRNA libraries were made: 4 libraries for each of the genotypes in chow-fed, 

gonadally intact mice, 4 libraries for chow-fed, gonadectomized mice, and 4 libraries for 

gonadectomized mice fed a high fat diet.  

miRNA libraries were processed individually using standard protocol from Illumina TruSeq 

Small RNA kit, with indexes 1-12 and gel purified according to Illumina protocol instructions. 

Final sequencing library concentration (19.07 nM) was determined using KAPA library 

quantification qPCR kit (KK4854). Sequencing was performed by the Broad Stem Cell Research 

Center core facility at UCLA, on Illumina HiSeq 2000. 

 

Reference preparation 

miRNA gene expression is typically quantified by counting reads that map to the miRNA 

genes. However, in some families of miRNAs, several genes give rise to identical mature 

sequence, thus it is impossible to distinguish which miRNA gene gave rise to the mature 

sequence based on sequencing only. The purpose of reference preprocessing was to compile a 

list of unique expressed mouse miRNA sequences available, regardless of their gene of origin, 

so that quantification is done on the level of mature miRNA sequence, rather than on the gene 

level.  

Reference sequence was compiled based on all mature and precursor miRNA sequences 

available from the main repository of miRNA studies, miRBase, version 18 

(http://www.mirbase.org) and included all mature and precursor sequences. The respective 

mature sequences within precursor sequences were masked to "N", to prevent mature 

sequences mapping both to mature and precursor. Thus reads mapping to precursor sequences 

mapped to precursor exclusively.  
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In cases where several genes gave rise to the same mature sequence, that sequence was 

represented only once in the reference under one name, with additional column listing all 

matching genes as potential targets in the results. In total 1007 mature miRNA sequences were 

unique (listed in Ref_Uq.txt file), while 256 miRNAs grouped into 82 unique sequences (listed in 

Ref_Eq.txt file). Furthermore, in 7 cases the miRNAs were not completely equivalent, rather one 

miRNA was 1 base shorter than the other. In such cases the shorter sequence would map to 

both mature sequences, while the longer one would map uniquely to the longer sequence. For 

these pairs the counts of the shorter sequence was determined as the total count mapping to 

longer sequence minus the unique mappings to longer sequence (listed in Ref_NEq.txt file). 

 

Read processing 

Reads were demultiplexed in .qseq format based on perfect match to barcode sequence, 

and converted to .fastq format using in-house Perl scripts (available upon request). Read quality 

was assessed with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

adaptor sequence was clipped using cutadat tool (https://code.google.com/p/cutadapt/). Clean 

reads 18-30 bp long were retained for subsequent mapping and analysis. Identical reads were 

collapsed using colapse.pl script from mirDeep package (https://www.mdc-

berlin.de/8551903/en/). Reads were then mapped to reference with BWA aligner allowing for up 

to 1 mismatch and no gaps (80-90% of the reads mapped). 

 

Read counting and result table 

Reads that uniquely mapped to one target were counted towards that target. Reads that had 

both perfect and imperfect (1 mismatch) matches, were counted only towards the perfect match 

target.  Results were summarized in a count table that listed the counts for each target in each 

sample. Precursor miRNA counts are based on reads mapping exclusively to precursor 

sequences, and not to any mature miRNA sequence in the reference. For each reference 
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sequence total count of reads, and the number of reads that originate from 1-mismatched reads 

were presented separately. The number of mismatched reads is a subset of total reads mapping 

to the reference.  

Percent abundance of miRNAs was calculated by normalizing the reads from one miRNA to 

the total number of reads mapped for all miRNAs. The mean of the four genotypes is 

represented in Figure 1A and Supplemental Figure 2. 

All mapped miRNA reads will be deposited online. 

 

Hierarchical clustering 

1,841 miRNAs were mapped to the mouse genome. 183 miRNAs having ≥100 counts per 

million reads in at least one of the 12 libraries were identified as “highly expressed” in gonadal 

fat. These miRNAs were submitted to the Hierarchical Clustering module in the Broad Institute’s 

software package GenePattern (59,60). Within the module, we used Pearson correlation for the 

distance measure and pairwise complete-linkage for the clustering method. The color scheme 

for heat map representations was normalized within each miRNA species, such that red 

represents the maximum value, blue represents the minimum value, and white represents the 

mean across four genotypes. miRNAs were selected for further analysis based on clusters that 

showed differences between gonadal male and gonadal female, or differences between XX and 

XY mice. Counts for these miRNAs were transformed to log2 fold-change over the mean of each 

miRNA, and then resubmitted to the Hierarchical Clustering module. The color scheme was 

normalized globally, such that yellow represents upregulated changes greater than 2-fold (log2 

value of 1), magenta represents downregulated changes greater than 2-fold (log2 value of -1), 

and black represents no change. 
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Target prediction 

Targets for miRNAs showing sex differences were predicted by mirdb.org (46). All targets 

with a prediction score of 95 or above were included in subsequent functional analysis using 

DAVID (47,48). The functional annotation tool was used to identify enriched annotation terms in 

the gene ontology (GO) category GOTERM_BP_FAT or in the KEGG Pathway. Unique GO 

terms and KEGG pathways with a Bonferroni-corrected p-value < 0.05 were included in Tables 

1-4. 
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FIGURE LEGENDS 

 

Figure 1. miRNA sequencing of gonadal fat reveals sexual dimorphism. (A) Percent 

abundance of miRNAs in gonadal fat of FCG mice. Gonadal fat miRNAs are expressed 

differently between males and females (B) and between XX and XY (C) gonadally intact mice 

fed a standard lab chow diet.  

 

Figure 2. Gonadectomy reveals long-term organizational hormone regulation of miRNAs. 

(A, B) Sex differences in chow-fed gonadectomized FCG mice. Gonadal fat miRNAs show 

differences between males and females (A) and between XX and XY mice (B). (C) Number of 

gonadal fat miRNAs that show male–female differences in gonadally intact and gonadectomized 

(GDX) mice. 

 

Figure 3. High fat diet brings out sex chromosome differences in miRNAs. (A) Number of 

miRNAs that show XX–XY differences in chow-fed gonadally intact and gonadectomized (GDX) 

mice, and gonadectomized mice fed a high fat diet (HFD). Sex differences between male and 

female (B) and between XX and XY (C) gonadectomized mice fed the high fat diet.  
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CHAPTER 6 

The Presence of XX versus XY Sex Chromosomes is Associated with Increased 

HDL Cholesterol Levels in the Mouse 
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Chapter Preface 

Dyslipidemia is a co-morbidity of obesity. Plasma cholesterol and triglyceride levels are 

associated with the metabolic syndrome and are risk factors for cardiovascular disease. 

Published human studies indicate that sexual dimorphism exists in plasma LDL and HDL 

cholesterol levels, but this is dependent on ethnicity. This chapter examines the effect of 

gonadal hormones and the sex chromosome complement on plasma lipid levels in Four Core 

Genotype mice. 

The Four Core Genotype model is unique in allowing the independent detection of sex 

chromosome effects from gonadal hormone effects. In addition, we can use this model under 

different dietary and hormonal conditions to assess the change in sex differences in metabolic 

parameters. In this chapter, we compare plasma lipid levels of gonadally intact with 

gonadectomized mice, as well as chow-fed mice with mice fed a high cholesterol diet. I worked 

with Dr. Xuqi Chen from the laboratory of Dr. Art Arnold to obtain plasma from these mice and 

measure different lipid species using colorimetric assays and fast protein liquid chromatography 

(FPLC). We noticed that no matter the diet or levels of circulating gonadal hormones, XX mice 

had higher levels of HDL cholesterol than XY mice. We collaborated with Dr. Mark Borja and Dr. 

Michael Oda to determine HDL-apoA-I exchange activity, which is an assessment of HDL 

function. The exchange activity reflected HDL concentrations. 

I sought to determine the molecular mechanisms underlying observed sex differences in 

plasma lipid levels. A dedicated undergraduate student, Christopher Prien, and I measured 

hepatic expression of genes involved in cholesterol synthesis and transport and bile acid 

synthesis. Although we identified several genes that showed sex differences in mRNA 

expression, there was no single canonical pathway associated with the increased HDL 

cholesterol in XX mice versus XY mice. 

However, the hepatic expression of a few X escapee genes (Ddx3x, Eif2s3x, Kdm5c, and 

Kdm6a) was positively correlated with HDL levels. This was consistent across all dietary and 
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hormonal conditions. These results reinforced our hypothesis that these candidate genes have 

key roles in mediating sex differences in lipid metabolism. 

Dr. Karen Reue and I worked closely to design these experiments and critically analyze the 

results. Our studies demonstrate that both gonadal hormones and the sex chromosome 

complement influence plasma lipid levels. In addition, HDL cholesterol levels are increased in 

XX versus XY mice irrespective of diet and gonadal hormone levels. These studies have been 

accepted for publication in the journal Arteriosclerosis, Thrombosis, and Vascular Biology. 
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ABSTRACT 

Objective—The molecular mechanisms underlying sex differences in dyslipidemia are poorly 

understood. We aimed to distinguish genetic and hormonal regulators of sex differences in 

plasma lipid levels. 

Approach and Results—We assessed the role of gonadal hormones and sex chromosome 

complement on lipid levels using the Four Core Genotypes mouse model (XX females, XX 

males, XY females, and XY males). In gonadally intact mice fed a chow diet, lipid levels 

were influenced by both male–female gonadal sex and XX–XY chromosome complement. 

Gonadectomy of adult mice revealed that the male–female differences are dependent on 

acute effects of gonadal hormones.  In both intact and gonadectomized animals, XX mice 

had higher HDL cholesterol (HDL-C) levels than XY mice, regardless of male–female sex. 

Feeding a cholesterol-rich diet produced distinct patterns of sex differences in lipid levels 

compared to a chow diet, revealing the interaction of gonadal and chromosomal sex with 

diet. Notably, under all dietary and gonadal conditions, HDL-C levels were higher in mice 

with two X chromosomes compared to mice with an X and Y chromosome. By generating 

mice with XX, XY and XXY chromosome complements, we determined that the presence of 

two X chromosomes, and not the absence of the Y chromosome, influences HDL-C 

concentration.  

Conclusions—We demonstrate that having two X chromosomes versus an X and Y 

chromosome complement drives sex differences in HDL-C. It is conceivable that increased 

expression of genes escaping X-inactivation in XX mice regulates downstream processes to 

establish sexual dimorphism in plasma lipid levels. 
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ABBREVIATIONS 

HDL — high density lipoprotein 

HDL-C — high density lipoprotein cholesterol 

LDL — low density lipoprotein 

LDL-C — low density lipoprotein cholesterol 

TG — triglyceride 

FFA — free fatty acid 

FCG — four core genotypes 

 

INTRODUCTION 

Plasma lipid levels are used as both clinical predictors and as therapeutic targets for 

cardiovascular disease. As such, substantial effort has been expended to identify genetic and 

environmental factors that influence plasma lipid levels.1–4 A key genetic determinant of plasma 

lipid levels is male–female sex. Inherent sex differences in lipid levels have led to distinct 

standards for the diagnosis of hyperlipidemia in men and women, but the underlying 

mechanisms that contribute to differences in lipid levels are not well understood. Men tend to 

have higher low density lipoprotein (LDL) and triglyceride (TG) levels, and lower high density 

lipoprotein (HDL) levels, than premenopausal women.5,6 After menopause, women often have 

proatherogenic lipid levels that reach or exceed those in men.5–7 These observations support a 

role for gonadal hormones as a key determinant of sexual dimorphism in lipid levels.7 However, 

it is unlikely that differences in lipid levels between men and women can be explained 

exclusively by gonadal hormone levels, since hormone replacement in post-menopausal women 

does not provide an overall cardioprotective effect.8,9 Furthermore, estrogen therapy does not 

benefit both sexes equally.10  

The findings described above suggest that additional factors besides gonadal hormones 

may influence sex differences in lipid levels. Besides gonadal secretions, another fundamental 
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difference between males and females is the presence of an XX or XY sex chromosome 

complement. Sex differences due to gonadal sex vs. sex chromosome complement have been 

difficult to discriminate because, typically, female gonads occur together with XX chromosomes, 

and male gonads with XY chromosomes. In the current study, we used the Four Core 

Genotypes (FCG) mouse model to identify independent effects on plasma lipid levels of gonadal 

sex (testes vs. ovaries) and sex chromosome complement (XX vs. XY). The FCG model 

consists of four types—or “sexes”—of mice: gonadal male mice with either XX or XY sex 

chromosomes, and gonadal female mice with XX or XY sex chromosomes.11–13 In the FCG 

model, the Y chromosome is deleted for the testis-determining Sry gene, which is provided 

instead by an Sry transgene inserted into an autosome. As a result, gonadal sex segregates 

independently from the sex chromosome complement. Sex differences observed between 

gonadal males and females can be attributed to the action of gonadal hormones, whereas 

differences between XX and XY mice can be ascribed to the number of X or Y chromosomes. 

Additionally, by comparing intact and gonadectomized mice, further distinction can be made 

between the effects of gonadal hormones during development and those resulting from acute 

effects of hormones in adulthood.  

We recently used the C57BL/6 FCG mouse model to determine how sex chromosome 

complement contributes to sex differences in metabolic traits, such as body weight, adiposity, 

and hepatic lipid content. Specifically, when gonadectomized as adults to remove acute gonadal 

effects, XX mice have increased obesity and fatty liver compared to XY mice, regardless of 

whether they originally had male or female gonads.14 We hypothesized that sex chromosome 

complement may also contribute to sex differences in plasma lipid profiles. Using FCG mice, 

here we identify independent effects of gonadal hormones and sex chromosome complement 

on plasma lipoprotein levels. These results have implications for understanding the basis for sex 

differences in men and women, and may inform about key risk factors in the metabolic 

syndrome.  
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MATERIALS AND METHODS 

Materials and Methods are available in Supplemental Material. 

 

RESULTS 

 

Acute gonadal hormones and the sex chromosome complement influence plasma lipid 

levels  

To analyze sex differences, we measured fasting lipid levels (total cholesterol, HDL 

cholesterol (HDL-C), TG, and free fatty acids (FFA)) in the four genotypes of FCG mice. We 

defined HDL-C levels as the cholesterol present in particles that lack apoB, and LDL/VLDL 

cholesterol levels as that from all non-HDL particles (see Materials and Methods). Statistical 

analyses were performed by two-way ANOVA, with gonadal sex (male or female) and sex 

chromosome complement (XX or XY) as covariates.  

We first assessed plasma lipid levels in gonadally intact mice fed a chow diet. Total 

cholesterol levels were similar to those reported previously for C57BL/6 mice, with HDL-C 

accounting for the majority of plasma cholesterol, as is typical in mice.15,16 Compared to females, 

male mice had higher levels of total and HDL-C, as well as TG and FFA (Fig. 1A). Males also 

had slightly higher amounts of unesterified cholesterol (UC in Fig. 1). Notably, however, animals 

of both gonadal sexes with XX chromosomes had 20% higher HDL-C levels than XY mice 

(p<0.02). These results indicate that male–female gonads are a determinant of sex differences 

in plasma lipid levels, but also reveal that the sex chromosome complement influences HDL-C 

levels, even in the presence of normal gonadal hormone levels.  

The sex differences in lipid levels that were observed between males and females could 

result from either long-term or short-term effects of gonadal secretions.17 To distinguish between 

these, we gonadectomized mice after they reached adulthood (75 days of age) and determined 

lipid levels 5 months later, at which point acute effects of gonadal hormones should be absent, 
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but long-term effects might persist. Gonadectomized mice did not exhibit the male–female 

differences in lipid levels that were present in gonadally intact mice indicating that much of the 

male–female dimorphism in plasma lipid levels is related to acute effects of gonadal secretions. 

However, as observed in intact mice, HDL and unesterified cholesterol levels were higher in XX 

compared to XY mice (p<0.0003 and p<0.04), regardless of original gonad type (Fig. 1B). After 

gonadectomy, total cholesterol levels and FFA levels were also higher in XX than XY mice 

(p<0.007 and p<0.003). Thus, the effects of XX chromosome complement on HDL and 

unesterified cholesterol levels are robust, occurring in both the presence and absence of 

gonadal secretions, and gonadectomy exposes underlying effects of chromosome complement 

on total cholesterol and FFA levels.  

 

Lipoprotein composition differs in XX and XY mice 

As described above, HDL-C values (determined after fractionation of apoB-containing lipids) 

are higher in mice with XX compared to XY chromosome complement. We wondered if sex 

chromosome complement influences HDL characteristics such as particle size, apolipoprotein 

content, or HDL-apolipoprotein (apo)A-I exchange activity (a measure of HDL function). To 

assess whether HDL particle size differs among the FCG genotypes, we fractionated plasma 

samples by fast protein liquid chromatography (FPLC) and quantified cholesterol content of the 

resulting fractions. HDL-C peaks directly mirrored the results of biochemical fractionation, with 

highest HDL-C levels in the XX mice within each sex (XX males > XY males and XX females > 

XY females), and higher levels in males than females in gonadally intact mice (Fig. 2A). In mice 

that had been gonadectomized as adults, the HDL-sized particles were more abundant in XX 

compared to XY mice, and male–female differences were not detectable (Fig. 2B). Minor sex 

differences were observed in cholesterol levels in LDL-sized particles, with slightly higher levels 

in females than males in both intact and gonadectomized mice (Fig. 2A and B).  
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We assessed the relative plasma apolipoprotein levels in plasma from the FCG mice. 

Consistent with the higher HDL-C levels in intact male mice, levels of the major HDL 

apolipoprotein, apoA-I, were slightly higher in males than females (p<0.02; Fig. 2C; Suppl. 

Table I; Suppl. Fig. I). A similar male–female difference was observed for apoE, a component of 

multiple lipoprotein classes (p<0.0005). Apolipoprotein levels were also influenced by sex 

chromosome complement. The levels of apoA-I, apoA-IV and apoE were higher in XY 

compared to XX mice of both gonadal sexes (p<0.02, p<0.03 and p<0.01, respectively). This 

was unexpected, given the higher HDL-C levels in XX compared to XY mice. Gonadectomy 

abolished the male–female differences in apolipoprotein levels, but maintained the higher apoA-

I levels in XY compared to XX mice (p<0.006). Removal of the gonads also uncovered 

interactions between sex chromosome complement and the original gonadal sex (Fig. 2C; Suppl. 

Table 1). ApoB levels were very low in all chow-fed mice, and neither apoB nor apoA-II levels 

differed among the four genotypes (Suppl. Table I and Suppl Fig. I). Overall, our results reveal 

complex effects of sex chromosome complement on plasma lipoprotein composition, with XX 

chromosome complement favoring higher HDL-C content, but lower total levels of 

apolipoproteins that are often associated with HDL including apoA-I and apoA-IV.  

The lower apolipoprotein-to-cholesterol ratio of HDL from XX compared to XY mice could 

influence HDL function. One assessment of HDL function is the degree to which apoA-I present 

on HDL can be dissociated from the lipoprotein particle (HDL–apoA-I exchange).18 A reduced 

HDL–apoA-I exchange rate correlates with metabolic syndrome and acute coronary syndrome 

in humans, and with increased atherosclerotic plaque burden in rabbits.19 We assessed the 

HDL–apoA-I exchange rate using site-directed spin-label electron paramagnetic resonance.19 In 

both intact and gonadectomized mice, the HDL-apoA-I exchange activity in plasma mirrored 

HDL-C concentrations, with male > female in intact mice (p=0.001) and XX > XY in 

gonadectomized mice (p<0.003) (Fig. 2D and E). Thus, sex differences in HDL–apoA-I 
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exchange rates parallel those in HDL-C levels, and are influenced by both gonadal and 

chromosomal sex determinants.  

 

Sex chromosome–diet interactions influence cholesterol levels and HDL activity 

Lipid levels are highly responsive to diet. We investigated the factors underlying sexual 

dimorphism in lipid levels in response to dietary cholesterol by feeding FCG mice a diet 

containing 1.25% cholesterol (in contrast to 0.02% in chow). As expected, the cholesterol-

enriched diet caused substantial increases in the absolute levels of total and LDL cholesterol 

(LDL-C) in all genotypes compared to levels in mice fed the chow diet. While both sex 

chromosomes and gonadal sex influenced lipid levels on a high cholesterol diet, specific effects 

differed from chow diet. As we observed on chow diet, sex chromosome complement remained 

an important determinant of HDL-C levels, with XX > XY (Fig. 3A). Unlike chow diet, however, 

sex chromosome complement also influenced TG and FFA levels, with XY > XX. HDL and UC 

levels were both influenced by gonadal sex in intact mice fed a cholesterol-enriched diet, with 

female > male. Thus, in some cases, the determinants of sexual dimorphism in lipid traits are 

responsive to diet.  

Removal of the acute effects of gonadal secretions by gonadectomy of adult mice produced 

unique patterns of lipid levels among the four genotypes compared to chow diet or intact mice 

fed cholesterol diet. HDL-C and UC levels were higher in XX compared to XY mice (Fig. 3B). 

Thus, HDL and UC cholesterol levels were consistently influenced by sex chromosome 

complement across diets (chow and high cholesterol) and gonadal state (intact and 

gonadectomized). Unexpectedly, in gonadectomized mice, the cholesterol diet uncovered male–

female differences in several lipid traits that were not apparent in gonadally intact mice. Thus, 

males had higher levels than females of total cholesterol, LDL-C, UC, TG and FFA (Fig. 3B). 

Interestingly, the only condition examined in which LDL-C levels exhibited sexual dimorphism 

was in mice gonadectomized and fed a cholesterol-enriched diet. Detection of male–female lipid 
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level differences in gonadectomized mice suggests that long-lasting (organizational) effects of 

gonadal hormones present in early life are responsible, or an effect of the Sry acting outside of 

the gonads. Furthermore, the emergence of male–female dimorphism in cholesterol traits 

exclusively in gonadectomized animals suggests that acute effects of gonadal secretions in 

intact mice may counteract these organizational hormone effects.  

As described above, the presence of XX sex chromosomes was associated with higher 

HDL-C levels than XY chromosome complement. On the cholesterol diet, HDL-C levels were 

~60% higher in XX than XY mice in both intact and gonadectomized mice fed the high 

cholesterol diet (Fig. 3). In the intact mice on both diets, the sex chromosome effect was 

overlaid with male–female sex differences. The XX > XY differences in HDL-C levels of mice fed 

a cholesterol-enriched diet were recapitulated when HDL particles were defined by size via 

FPLC fractionation (Fig. 4A, B). Analysis of apolipoprotein content on the cholesterol-enriched 

diet showed XX > XY for several HDL apolipoproteins (apoA-I, apoA-II, and apoA-IV) in intact 

mice; female > male effects were also evident for apoA-IV and apoE (Fig. 4C; Suppl. Table I; 

Suppl. Fig. I). In gonadectomized mice fed a cholesterol-enriched diet, the sex chromosome 

effects on apolipoprotein content were less pronounced, but still apparent for apoA-II and apoE.  

Assessment of HDL–apoA-I exchange activity revealed a strong effect of diet. On a chow 

diet, HDL activity in gonadally intact mice was higher in males than females (Fig. 2D); after 

cholesterol feeding, XX mice had higher HDL–apoA-I exchange activity than XY mice, and 

female mice had higher activity than males (Fig. 4D). Gonadectomy in combination with dietary 

cholesterol reduced the absolute levels of HDL–apoA-I exchange activity compared to all other 

dietary–gonadal hormone conditions, particularly in females (Fig. 4E); in chow fed mice, 

gonadectomy reduced HDL–apoA-I exchange activity only in males (Fig. 2E). These results 

suggest that acute effects of gonadal hormones are a determinant of HDL–apoA-I exchange 

capacity, with distinct sexually dimorphic effects that respond to diet.  
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Gene expression levels for components of cholesterol synthesis and metabolism do not 

explain sex differences in plasma cholesterol levels 

In all dietary and gonadal conditions examined here, HDL-C levels were higher in mice with 

XX compared to XY chromosome complement. To investigate potential mechanisms, we 

examined hepatic gene expression levels for key players in cholesterol synthesis and 

metabolism. These included determinants of cholesterol biosynthesis (Hmgcr, Mvk), cellular 

lipoprotein uptake (Ldlr, Scarb1), cholesterol conversion to bile acids (Cyp7a1, Cyp8b1, 

Cyp27a1), and HDL lipid accumulation (Lcat, Pltp, Abca1, Abcg1). We searched for patterns of 

gene expression that mirrored the elevated HDL-C levels in XX compared to XY genotypes 

across the four cohorts of mice, all of which had higher HDL-C levels in XX compared to XY 

mice. Although we identified some instances of XX vs. XY differences in gene expression, we 

did not detect patterns that are consistent with the sex differences in HDL or other lipid levels 

(Table 1 and Suppl. Figs. II-IV).  

 

Differences in X chromosome gene dosage associate with plasma HDL-C levels 

The association of HDL-C levels with XX chromosome complement suggests a mechanism 

that is directly related to the presence of a second X chromosome or the absence of a Y 

chromosome. To distinguish between these two possibilities, we measured plasma lipid levels in 

a mouse model differing in the number of sex chromosomes.12,20 The abnormal Y* chromosome 

undergoes recombination with the X chromosome to produce XX, XXY* (similar to XXY), and 

XY* (similar to XY) mice. Chow-fed, gonadectomized mice with two X chromosomes (XX and 

XXY) had higher levels of total, unesterified, and HDL-C than mice with a single X chromosome 

(XY); p<0.007, p<0.006 and p<0.04, respectively). The presence of the Y chromosome did not 

affect HDL-C levels (compare XX with XXY; Fig. 5). By contrast, mice with a Y chromosome 

(XXY and XY) had higher LDL-C and TG levels than mice without a Y (p<0.03 and p<0.02, 

respectively), regardless of the number of X chromosomes. These data indicate that the 
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presence of X and Y chromosomes have distinct effects on lipid species, with HDL-C influenced 

by the number of X chromosomes, and LDL-C influenced by the presence of the Y chromosome.  

In general, dosage of X chromosome gene expression is normalized between XX and XY 

cells through inactivation of one X chromosome in XX cells. However, a small subset of genes 

escape X chromosome inactivation and exhibit higher expression levels in XX compared to XY 

cells.21 Genes that are well established to escape inactivation in both mice and humans include 

Ddx3x, Eif2s3x, Kdm5c, and Kdm6a. The expression levels of these genes have the potential to 

influence numerous downstream cellular processes through their roles as histone methylases 

(Kdm5c, Kdm6a), a DNA helicase (Ddx3x), and a translation initiation factor (Eif2s3x). To 

assess whether the X-inactivation escapee genes have enhanced expression levels in the four 

cohorts of mice studied here in a relevant metabolic tissue, we quantitated gene expression in 

liver of both intact and gonadectomized FCG mice on chow and high cholesterol diets. These 

genes were expressed at higher levels in XX mice compared to XY mice in nearly all cohorts 

(Table 1 and Suppl. Fig. V). In some cases, male–female dimorphism was also observed. The 

higher hepatic expression levels of X chromosome escapee genes in XX compared to XY liver 

raise the possibility that altered X chromosome gene dosage may contribute to sexual 

dimorphism in HDL-C levels, and likely other metabolic traits.  
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DISCUSSION 

Sexual dimorphism in plasma lipid levels has been observed for decades,22 and the lower 

lipid levels in premenopausal women compared to men has traditionally been attributed to 

effects of estrogens.23 However, the reduction in estrogens during menopause does not fully 

account for the subsequent unfavorable lipid profile associated with metabolic syndrome.23,24 In 

fact, postmenopausal HDL-C levels are only slightly decreased or similar to premenopausal 

HDL-C levels, and these are both elevated compared to HDL-C levels observed in men.25–27 

These observations suggest that additional mechanisms beyond gonadal hormones influence 

sexual dimorphism in lipid levels. We used the FCG mouse model to investigate the relative 

contributions of gonadal secretions and sex chromosome complement to lipid levels. Using this 

model, we were able to detect sex chromosome complement as a determinant of sexual 

dimorphism in plasma lipids and lipoproteins, particularly HDL-C.  

In gonadally intact mice fed a chow diet, total and HDL-C, as well as TG and FFA levels, 

were higher in male mice (XX and XY) compared to female mice (XX and XY). In addition, HDL-

C levels were influenced by sex chromosome complement, with higher levels in XX compared to 

XY mice. Thus, even in the presence of normal levels of gonadal hormones, the effect of sex 

chromosomes on HDL-C levels was apparent. To further explore the influence of sex 

chromosome complement on lipid levels, we reduced hormone levels by gonadectomy, which 

eliminated male–female differences observed in the intact mice, and amplified the XX vs. XY 

effects on HDL-C levels. Gonadectomy also revealed that XX chromosome complement 

promotes higher total cholesterol and FFA levels. These results suggest that sex chromosome 

complement may become a particularly important determinant of lipid levels under conditions 

characterized by reduced gonadal hormones, such as middle age and post-menopause in 

humans.  

Using a high cholesterol diet to increase lipid levels, we detected interactions between sex 

chromosome complement and diet. As with the chow diet, gonadally intact XX mice fed a diet 
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enriched in cholesterol had higher HDL-C levels than XY mice. Additionally, the high cholesterol 

diet brought out a novel sex chromosome effect on TG and FFA levels, with higher levels in XY 

compared to XX mice. Analysis of gonadectomized mice that were fed a high cholesterol diet 

unexpectedly exhibited prominent effects of original gonadal sex. Thus, whereas intact mice did 

not show significant male–female differences for any trait except HDL-C levels (female > male), 

following gonadectomy, male mice had significantly higher levels than females for total 

cholesterol, LDL-C, TG and FFA. Since mice were gonadectomized 5 months prior to lipid 

measurements, the observed male–female dimorphism must be a result of long-lasting (i.e., 

organizational) effects of gonadal hormones, or non-gonadal effects of Sry that are confounded 

with gonadal sex in this model. Together, our results indicate that sex differences in lipid levels 

are determined by a combination of hormonal and sex chromosome effects, and further, these 

difference are dependent on hormonal (high or low gonadal hormone concentrations) and diet 

(chow or high cholesterol) context (Fig. 6A).  

Regardless of diet or sex hormone milieu, HDL-C levels were elevated in mice with two X 

chromosomes. We assessed the efficiency of apoA-I exchange from HDL particles, which has 

been correlated with metabolic syndrome in humans and atherosclerosis in rabbits.19 Total HDL-

apoA-I exchange activity was greater in XX mice, concordant with the increased HDL-C 

concentration. We measured hepatic gene expression of key enzymes in plasma cholesterol 

homeostasis, including Hmgcr, Scarb1, and Cyp7a1, but did not identify sex chromosome 

effects on gene expression that accounted for the XX–XY difference observed in HDL-C levels 

and HDL-apoA-I exchange activity. We cannot rule out that post-transcriptional effects on the 

hepatic pathways investigated exist between XX and XY tissues. Future studies will be 

necessary to assess this possibility, as well as to evaluate extrahepatic pathways that modulate 

HDL-C levels, such as cholesterol efflux from macrophages. 

By altering the number of X and Y chromosomes using the Y* mouse model, we determined 

that the presence of two X chromosomes is associated with increased HDL-C. We previously 
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determined that the presence of two X chromosomes also leads to increased adiposity and fatty 

liver development on a high fat diet.14 Thus, a future goal of broad importance is to understand 

how increased X chromosome dosage impacts metabolism. Here we demonstrate that hepatic 

expression of genes that escape X chromosome inactivation is higher in intact and 

gonadectomized mice fed chow and high cholesterol diets. Proteins encoded by the X 

chromosome escapee genes Ddx3x, Kdm5c, Kdm6a, and Eif2s3x have roles in transcriptional 

regulation, RNA processing, and protein translation.28–35 These proteins, acting alone or in 

combination, could conceivably modulate the levels of mRNAs and proteins that influence lipid 

homeostasis (Fig. 6B). The specific targets of X chromosome escapee gene activity are not well 

characterized at present, but ongoing studies are focused on their identification using large-

scale transcriptional and epigenomic profiling.  

Our data using the Y* mouse model revealed that in addition to effects of two X 

chromosomes on HDL-C levels, the presence of the Y chromosome may influence LDL-C levels. 

The Y chromosome has traditionally been viewed to harbor genes restricted to male gonad 

development and spermatogenesis. However, a recent study using consomic mouse strains 

with Y chromosomes derived from distinct inbred strains suggests that genetic variation in Y 

chromosome genes influences plasma lipoprotein levels.36 The Y chromosome carries a set of 

genes that encode Y-specific proteins that are similar to paralogous genes on the X 

chromosome. These include the Y chromosome counterparts of the X chromosome escapee 

genes that exhibit increased dosage in mice with two vs. a single X chromosome 

(Eif2s3x/Eif2s3y, Kdm5c/Kdm5d, Ddx3x/Ddx3y, Kdm6a/Uty). In our study, all X and Y 

chromosomes were genetically identical, derived from the C57BL/6 strain, so that dosage alone 

was manipulated. Nevertheless, it is interesting to speculate that both dosage and genetic 

variation in these X and Y chromosome genes may influence lipid levels in the general human 

population.  
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In conclusion, our studies demonstrate that sexual dimorphism in lipid levels is a result of 

interactions between gonadal hormones, sex chromosome complement, and diet. The results 

further indicate that XX chromosome complement has a major influence on HDL-C levels, 

irrespective of diet or gonadal status. Future studies with FCG mice will facilitate the 

identification of sex-dependent biomarkers of disease associated with altered lipid levels, such 

as atherosclerosis. Such studies are crucial for improving the assessment and treatment of 

cardiovascular disease risk in men and women.  
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SIGNIFICANCE 

Lipid profiles are an important indicator of the metabolic syndrome. Reports of sexually 

dimorphic LDL and HDL-C levels suggest regulation by sex hormones. Here, we show that the 

sex chromosome complement is also a key factor in modulating plasma lipid levels. HDL-C is 

consistently elevated in mice with two X chromosomes compared to mice with XY sex 

chromosomes, regardless of diet or circulating sex hormone levels. These findings are 

important for understanding cardiovascular disease risk in both men and women. 

 

TABLES 

 

Table 1. Sex differences in hepatic gene expression.  

Hepatic gene expression was measured by quantitative PCR. P-values are represented by 

direction of sex difference and magnitude of significance. *, P≤0.05; **, P≤0.01; ***,P≤0.001; †, 

P≤0.0001; ‡, P≤0.000001; n.s., not significant. F, gonadal female; M, gonadal male; HCD, high 

cholesterol diet.  
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Table 1. Sex differences in hepatic gene expression. 
  Chow Intact Chow GDX HCD Intact HCD GDX 

Cholesterol synthesis and transport 

 Abca1 M > F** n.s. F > M** XY > XX* 
Int.** 

 Abcg1 
F > M

†
 

XY > XX*** 
Int.** 

XY > XX
†
 

Int.* 
F > M** 
XY > XX** XY > XX** 

 ApoB XX > XY** M > F* M > F
†
 n.s. 

 Hmgcr n.s. n.s. M > F** 
XY > XX** n.s. 

 Lcat F > M* M > F* M > F
†
 

F > M* 
XX > XY*** 

 Ldlr XX > XY* n.s. M > F
†
 XX > XY* 

 Lipc F > M* 
Int.** XX > XY** M > F

†
 n.s. 

 Mvk n.s. n.s. Int.* n.s. 

 Pltp F > M*** 
XY > XX* n.s. F > M

†
 

XY > XX** 
XY > XX** 

 Scarb1 n.s. n.s. M > F** XX > XY* 

Bile acid synthesis 

 Cyp7a1 F > M*** 
XX > XY** n.s. F > M* 

Int.* n.s. 

 Cyp8b1 M > F** 
XX > XY** F > M** n.s. n.s. 

 Cyp27a1 XX > XY*** XX > XY* 
Int.* M > F** n.s. 

X-inactivation escape 

 Ddx3x XX > XY*** M > F* 
M > F** 
XX > XY** 
Int.*** 

XX > XY*** 

 Eif2s3x 
M > F** 
XX > XY 

‡
 

Int.** 

M > F* 
XX > XY** XX > XY

†
 XX > XY

†
 

Int.* 

 Kdm5c 
M > F** 
XX > XY 

‡
 

M > F* 
M > F** 
XX > XY 

‡
 

Int.* 

XX > XY
†
 

Int.** 

 Kdm6a XX > XY** F > M* 
XX > XY*** XX > XY 

‡
 

M > F** 
XX > XY** 
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SUPPLEMENTAL MATERIAL 

 

MATERIALS AND METHODS 

Mice 

Four Core Genotypes (FCG) C57BL/6 mice were bred and genotyped as described 

previously.1 Briefly, XX female mice were mated with XY–(Sry+) male mice to generate XX, 

XX(Sry+), XY–, and XY–(Sry+) offspring, and genotyping was performed by PCR to detect 

presence of the Sry transgene (forward: AGCCCTACAGCCACATGATA; reverse: 

GTCTTGCCTGTATGTGATGG) and Y-chromosome–specific sequence (forward: 

CTGGAGCTCTACAGTGATGA; reverse: CAGTTACCAATCAACACATCAC).1 Where indicated, 

gonadectomy was performed at 75 days of age, as previously described.1 

XY* mice, backcrossed to strain C57BL/6EiJ for >10 generations, were bred as described 

previously.1,2 XY* males have the Y* chromosome that recombines aberrantly with the X 

chromosome.  Mating XY* males with XX females generates the three genotypes included in 

this study: XX, XXY*, and XY*, which are similar to XX, XXY, and XY mice, respectively. 

Progeny of XY* mice  were gonadectomized at 75 days of age, as previously described.1  

Gonadal males and females were housed in separate cages and maintained at 23°C with a 

12:12 hour light:dark cycle. All mice were initially fed Purina mouse chow diet containing 5% fat 

(Purina 5001; PMI Nutrition International, St. Louis, MO). Where specified, mice were fed a 

chow diet until 3.5 months of age (4 weeks after gonadectomy), and then fed an atherogenic 

diet for 16 weeks (diet TG90221 containing 7.5% cocoa butter, 1.25% cholesterol, 0.5% sodium 

cholate; Teklad Research Diets, Madison, WI). 

For all studies, blood samples were obtained at 7.5 months of age (FCG mice) or 14 months 

of age (XY* mice) after fasting 0800–1300. Plasma was collected after centrifugation of whole 

blood at 3,400 x g for 10 minutes at 4°C. Mouse studies were conducted in accordance with and 
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approved by the Institutional Animal Research Committee of the University of California, Los 

Angeles. 

 

Measurement of plasma lipid 

Total cholesterol, HDL cholesterol, free cholesterol, triglycerides, and free fatty acid levels 

were determined by enzymatic colorimetric assays.3 Combined LDL cholesterol and VLDL 

cholesterol concentration was determined by subtracting HDL cholesterol values from total 

cholesterol values. Lipoproteins were fractionated from 150 µL of plasma pooled from 3 mice of 

each genotype by fast protein liquid chromatography at the Mouse Metabolic Phenotyping 

Center (Vanderbilt University, Nashville, TN).  

 

HDL-ApoA-I Exchange Assay 

The HDL-ApoA-I exchange assay was performed on freshly thawed plasma using site-

directed spin-label electron paramagnetic resonance (EPR) as described by Borja et al.4 Briefly, 

plasma samples (in triplicate) were diluted by a factor of 4 in PBS and PEG 6000 was added to 

a final concentration of 4%. ApoB-containing lipoproteins were removed by centrifugation 

(13,000 rpm, 10 min, 4°C), and clarified plasma was combined with spin-labeled apoA-I. EPR 

measurements were performed on each sample at 6°C and again after 15 min at 37°C using a 

Bruker eScan EPR spectrometer with temperature controller (Noxygen). HDL-apoA-I exchange 

activity was defined as the value obtained at 6°C (normalized to an internal standard) from value 

obtained at 37°C (normalized to same internal standard) followed by subtracting the baseline 

spectra for spin-labeled apoA-I in PBS. Additional calculations were performed as described.4 

 

Immunoblotting 

Plasma aliquots (0.5 uL) were fractionated by SDS-PAGE in a 4-20% Tris-glycine gel and 

transferred onto a nitrocellulose membrane. Rabbit anti-mouse antibodies against ApoA-I, 
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ApoA-II, and ApoA-IV were described previously5,6 and used at 1:4000 dilution. Rabbit anti-

mouse antibody against ApoE (Cat. K23100R, Meridian Life Science, Memphis, TN) was used 

at 1:2000. A mouse monoclonal antibody against ApoB7 was used at 1:1000. HRP-conjugated 

rabbit anti-mouse antibody against IgG or HRP-conjugated goat anti-rabbit antibody against IgG 

was used at 1:10,000 (Cat. Sc-2030, Santa Cruz Biotechnology, Santa Cruz, CA). 

Chemiluminescence (ECL2, Cat. 80196, Thermo Fisher, Rockford, IL) was detected using 

ChemiDoc XRS+ and quantified by ImageLab 4.0.1 (Bio-Rad, Hercules, CA). 

 

Quantitative RT-PCR 

Mouse livers were dissected, flash frozen in liquid nitrogen, and stored at –80°C. RNA was 

isolated from tissues using Ribozol (Cat. N580, Amresco, Solon, OH). First-strand cDNA was 

generated by reverse transcription with iScript (Cat. 170-8840, Bio-Rad). Quantitative RT-PCR 

was performed with a Bio-Rad CFX Connect Real-Time PCR Detection System using 

SsoAdvanced SYBR Green Supermix (Bio-Rad). b2 microglobulin and TATA box-binding 

protein mRNA were amplified in each sample as normalization controls. All primer sequences 

are shown in Supplemental Table II. 

 

Statistical Analysis 

Groups were compared using two-way ANOVA (NCSS 2001; Number Cruncher Statistical 

Systems, Kaysville, UT) with main factors of sex (gonadal male vs. gonadal female) and sex 

chromosome complement (XX vs. XY). In the XY* study, the three groups were compared using 

one-way ANOVA with Duncan’s multiple comparison test.  Statistically significant comparisons 

or interactions are presented (p<0.05). All error bars represent one standard deviation. 
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The study of sex differences in obesity is important for human health 

Obesity is a worldwide epidemic, affecting people of all ages, ethnicities, and socioeconomic 

backgrounds. It is a major risk factor for the leading causes of death, including cardiovascular 

disease and cancer. The development and morbidity of obesity is highly influenced by many 

environmental and genetic factors, one of which is sex. Fat accumulation and fat distribution are 

highly sexually dimorphic. For example, both premenopausal and postmenopausal women have 

higher percent body fat compared to men (1). Premenopausal women tend to accumulate fat 

below the waist, while men and postmenopausal women tend to accumulate fat in the central 

abdominal cavity. These sex differences are often attributed to sex hormones. While sex 

hormones are no doubt important in differentiating males from females, the sex chromosome 

complement is the fundamental genetic source from which all sex-biasing factors are derived. 

Before the effects of gonadal hormones organize sex-specific development in mammals, the 

presence of two X chromosomes or the presence of X and Y chromosomes distinguish female 

from male cells. It is crucial to understand the effects of sex-biasing factors in the development 

and progression of obesity and related metabolic disorders.  

The study of sex differences in human health and disease is a relatively small field (2). 

Historically, researchers preferred to use only male human subjects and animal models, in an 

effort to reduce variability caused by the female estrous cycle and assuming that findings in 

males can be generally applied to females (3). Interestingly, a meta-analysis of studies 

published between 2009 and 2012 demonstrated that variation in measurements among 

individual females is no greater than that among individual males (4). The National Institutes of 

Health recently released a statement recognizing the negative impact of the lack of research in 

sex differences, especially on women’s health (5). The grant-funding organization plans to 

implement policies requiring inclusion of both sexes, and will actively encourage endeavors in 

sex-related research. This is a critical step forward in understanding how sex influences all 

aspects of biology, from organ and tissue development to pathophysiological disease. 
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The sex chromosome complement drives sex differences in metabolic traits 

Our studies used the Four Core Genotypes (FCG) mouse model, which consists of XX 

female, XX male, XY female, and XY male mice, to investigate the effects of the sex 

chromosome complement independently from the effects of gonadal hormones (6). The 

comparison of XX and XY male mice with XX and XY female mice allows detection of gonadal 

hormone effects. In addition, the comparison of XX males and females with XY males and 

females reveals effects associated with the sex chromosome complement. Using this model, we 

demonstrated that the sex chromosome complement is a key determinant in obesity and related 

diseases. The sex-biasing impact of the sex chromosome complement was detected for multiple 

metabolic traits, from molecular transcript levels and cellular lipid accumulation to circulating 

plasma lipid levels and whole-body adiposity. 

In FCG mice fed a standard chow diet, XX/XY male mice weighed more than XX/XY 

females, consistent with the role of gonadal hormones as a determinant of sex differences in 

body weight. The male–female sexual dimorphism is maintained from the time of weaning (3 

weeks of age) to adulthood and old age. There was also a detectable difference between XX 

and XY mice, indicating a role for the sex chromosome complement. We hypothesized that 

removal of gonadal hormones could accentuate effects of the sex chromosome complement on 

body weight and adiposity. Indeed, after gonadectomy, the effects of the sex chromosome 

complement were very evident — XX mice had nearly twice the adiposity of XY mice (7). This 

difference was amplified in mice fed a high fat diet for 16 weeks. These data demonstrate that 

the sex chromosome complement is an important factor in driving sex differences in obesity.  

The findings described above are particularly relevant to modern society. As human lifespan 

increases, more time is spent in middle to late life stages with low levels of gonadal hormones. 

The decline of estrogens during menopause is associated with increased visceral fat in the 

abdominal cavity, which can be partly attenuated by hormone replacement therapy (8). However, 

hormone therapy is not always effective, and sex differences remain in other metabolic traits 
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associated with obesity, such as atherosclerosis (9–12). It is possible that the sex chromosome 

complement mediates sex differences in human obesity and other risk factors for cardiovascular 

disease. 

Because the prevalence of obesity is increasing in younger populations, it is crucial to 

understand how the sex chromosome complement impacts sex differences in the presence of 

gonadal hormones. To investigate this, we induced obesity in gonadally intact FCG mice with a 

high fat diet. After 10 weeks on the diet, there were striking differences between XX and XY 

mice, regardless of gonadal type. Male and female mice with two X chromosomes gained more 

weight, had increased adiposity, and accumulated more hepatic lipid compared to XY males 

and females. Male–female differences were not detected in these metabolic traits. These results 

revealed a previously unappreciated role for the sex chromosome complement as an important 

determinant in obesity, even in the presence of gonadal hormones.  

Our studies of obesity in gonadectomized and gonadally intact mice demonstrated that 

effects of the sex chromosome complement are sensitive to circulating levels of gonadal 

hormones and a high fat diet. Gonadectomy revealed sex chromosome differences in adiposity, 

and high fat diet enhanced sex chromosome differences in body weight and fatty liver, 

suggesting that sex chromosome-specific effects are responsive to the levels of circulating 

gonadal hormones and to nutritional stressors (Fig. 1). This interaction also occurred in plasma 

lipid levels, a trait associated with obesity and a risk factor for cardiovascular disease. In 

gonadally intact FCG mice fed a standard chow diet, male mice had higher levels of plasma 

triglyceride and cholesterol compared to female mice (13). Consistent with the body weight 

phenotype, gonadectomy eliminated effects of the gonadal hormones and revealed effects of 

the sex chromosome complement. XX mice had elevated cholesterol and fatty acid levels 

compared to XY mice. To analyze sex differences in plasma lipid levels of mice under dietary 

stress, we used a cholesterol-enriched diet to increase plasma lipid levels in both gonadally 

intact and gonadectomized FCG mice. Interestingly, the cholesterol-enriched diet eliminated 
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nearly all male–female differences in plasma lipids that were initially observed in gonadally 

intact mice. In addition, the diet eliminated nearly all XX–XY differences and revealed male–

female differences in gonadectomized mice. These results suggest a complex interaction 

between the sex chromosome complement, gonadal hormones, and the high cholesterol diet. 

Our studies also demonstrated that irrespective of the diet or gonadal status, high-density 

lipoprotein (HDL) cholesterol levels were consistently increased in XX compared to XY mice. 

These data identify the sex chromosome complement as a novel factor for plasma lipid levels. 

Together, our studies in obesity and plasma lipid levels demonstrated that the sex 

chromosome complement mediates sex differences in multiple metabolic traits, including fat 

accumulation, fatty liver, and HDL cholesterol levels. The effects of the sex chromosome 

complement are important to consider when assessing the risk and improving treatment for 

metabolic disease in men and women.  

 

Future directions — molecular mechanisms of sex chromosome-mediated differences 

By modulating the number of X and Y chromosomes, we showed that the effect of the sex 

chromosome complement on obesity and related metabolic traits is derived from the number of 

X chromosomes, and not the presence or absence of the Y chromosome (7,13). Thus, we 

surmised that genes on the X chromosome could play a critical role in observed XX–XY 

differences. Nearly 1,000 protein-coding genes and over 500 noncoding genes reside on the 

mouse X chromosome (14). In general, gene dosage between XX and XY animals is equalized 

through X chromosome inactivation, in which all but one X chromosome is transcriptionally 

active (15). However, a small number of genes escape inactivation and have elevated 

expression in XX compared to XY cells (16). We reasoned that these genes are good 

candidates for mediating XX–XY differences in metabolic traits. We focused on a few genes 

(Ddx3x, Eif2s3x, Kdm5c, Kdm6a) that were known to escape inactivation. Prior to our studies, it 

was unknown whether these genes escape X-inactivation in metabolic tissues. To answer this 
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question, we measured mRNA expression of these genes in liver and white adipose tissue. 

Regardless of diet or gonadal status, Ddx3x, Eif2s3x, Kdm5c, and Kdm6a were expressed at 

higher levels in liver and adipose tissue of XX male and female mice compared to XY mice. 

These data suggest that dosage of these specific genes could contribute to differences in 

metabolic traits observed in XX versus XY mice. 

To assess the influence of gene dosage, we generated two mouse models: one strain that 

was haploinsufficient for Kdm5c, and one strain that was haploinsufficient for Kdm6a. Body 

weights did not differ between female mice with one or two copies of Kdm6a, suggesting that 

dosage of this gene does not contribute to body weight. Mice with two copies of Kdm5c weighed 

more and had increased adiposity compared to mice with only one copy of Kdm5c. Preliminary 

data suggest that mice with two copies of Kdm5c consumed more food. This is consistent with 

the increased food consumption observed in XX versus XY FCG mice. It is likely, then, that the 

dosage of Kdm5c contributes to the difference observed in body weight and adiposity between 

XX and XY mice. 

Kdm5c encodes a histone lysine demethylase, specific for di- and trimethylated H3K4 (17). 

The chromatin modifier has the potential to affect transcription of numerous genes, but the 

specific gene targets in metabolic tissues are currently unknown. We are engineering a cell line 

to identify the targets of Kdm5c in 3T3-L1 preadipocytes. By inducing the expression of Kdm5c 

in vitro, we can assess the dosage effects of Kdm5c in a controlled environment. We plan to use 

an assay for transposase-accessible chromatin using sequencing (ATAC-seq) to profile 

transcriptional changes in 3T3-L1 cells with and without induction of Kdm5c (18). The data from 

this analysis will provide putative targets of Kdm5c in preadipocytes and differentiating 

adipocytes. 

The assay described above is merely one step in characterizing the metabolic effect of 

genes that escape X-inactivation. The dosage of Kdm5c may also influence metabolic pathways 

in other tissues, such as brain, liver, and gut. The haploinsufficient Kdm5c mouse model will be 
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an indispensable tool for exploring these questions. Future studies will include haploinsufficient 

mouse models for other X escapee genes, Ddx3x and Eif2s3x, as well as engineered cell lines 

for these two genes and Kdm6a.  

In addition to protein-coding genes, noncoding genes such as microRNAs (miRNAs) and 

long noncoding RNAs could certainly contribute to sex differences in obesity and related 

metabolic traits. We explored this hypothesis by sequencing miRNAs in gonadal fat tissue of 

FCG mice under three conditions: chow-fed gonadally intact, chow-fed gonadectomized, and 

high fat diet-fed gonadectomized mice. In addition to detecting effects of gonadal hormones and 

the sex chromosome complement on miRNA expression, this study design allowed identification 

of sex-specific miRNAs sensitive to circulating hormones and high fat diet. For example, the 

comparison of gonadally intact mice with gonadectomized mice revealed alterations of miRNA 

expression associated with the removal of circulating gonadal hormones. Likewise, the 

comparison of chow-fed mice with mice fed a high fat diet enabled identification of miRNAs 

responsive to diet-induced obesity. This unique approach allowed analysis of multiple factors 

that influence miRNA expression. Our study is the first report of sex differences in miRNAs in 

adipose tissue. We demonstrate that the sex chromosome complement and gonadal hormones 

influence the expression of miRNAs in gonadal fat. 

Some sex-specific miRNAs had been previously implicated in adipogenesis or obesity. For 

example, miR-196a is essential for brown fat differentiation, a process thought to be increased 

in females compared to males (19–21). No matter the diet or sex hormone milieu, miR-196a 

was upregulated in females compared to males. It is possible that sex differences in miR-196a 

influence the differentiation of brown fat. Likewise, sex differences in other adipose tissue 

miRNAs could potentially affect adipose development and function. Because multiple miRNAs 

can target a single mRNA transcript, and each miRNA can target multiple mRNA transcripts, it is 

conceivable that differential expression of miRNAs influences entire networks of gene regulation 

(22,23). 
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Another area of interest is long noncoding RNAs. A recent study found that long noncoding 

RNAs can regulate adipogenesis (24). One of these RNAs, lnc-RAP-1, also known as Firre, is 

located on the X chromosome and is thought to escape X-inactivation (25). It is possible that the 

dosage of Firre could influence sex differences in obesity and related metabolic traits. To 

assess the expression of Firre in FCG mice, we measured relative mRNA levels in white 

adipose tissue. Our preliminary data suggest that Firre is indeed expressed at higher levels in 

certain adipose depots of XX compared to XY mice, but its function in adipose tisse is unknown.  

In embryonic stem cells, Firre acts as a trans-chromosomal scaffold and may function in 

compartmentalization of nuclear DNA (25). Interchromosomal associations have been shown to 

facilitate active gene transcription (26,27). It is conceivable that the dosage of Firre affects gene 

expression, and this in turn could have important ramifications for sex differences. Indeed, 

knockdown of Firre in a mouse fibroblast cell line was associated with mRNA expression 

changes in hundreds of genes (28). To understand its role in metabolic tissues, we plan to 

engineer a mouse model for the whole-body and tissue-specific knockout of Firre. Using this 

mouse model, we plan to analyze the effects of Firre dosage on body weight and adiposity. The 

results from this study will shed light on the role of long noncoding RNAs in sex differences in 

metabolism. 

 

Concluding remarks 

This dissertation demonstrated the role of the sex chromosome complement in obesity and 

related metabolic diseases. While gonadal hormones are undoubtedly drivers of sex differences, 

we showed that the sex chromosome complement is a significant, independent factor of sex 

differences in fat accumulation, fatty liver, plasma lipid levels, and miRNA expression. The 

genetic mechanisms underlying these sex differences will be an exciting area to explore. 

Considering the prevalence of obesity, it is of paramount importance that we understand the 

factors that drive obesity and associated metabolic disorders.  
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