
Investigating the Role of Obesity and Obstructive
Sleep Apnea in Hepatocellular Carcinoma Progression

Item Type text; Electronic Dissertation

Authors Sweeney, Nathan

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:59:01

Link to Item http://hdl.handle.net/10150/628049

http://hdl.handle.net/10150/628049


 
 

INVESTIGATING THE ROLE OF OBESITY AND OBSTRUCTIVE SLEEP 
APNEA IN HEPATOCELLULAR CARCINOMA PROGRESSION 

 
 
 

By 
 
 

Nathan Sweeney 
 
 
 

 
                                                       

Copyright © Nathan Sweeney 2018 
 
 
 

A Dissertation Submitted to the Faculty of 
 

THE GRADUATE INTERDISCIPLINARY PROGRAM IN CANCER 
BIOLOGY 

 
 

In Partial Fulfillment of the Requirements  
 
 

For the Degree of DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

2018 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Dissertation Committee, we certify that we have read the 
dissertation prepared by Nathan Sweeney, titled "Investigating the Role of Obesity and 

Obstructive Sleep Apnea in Hepatocellular Carcinoma Progression" and recommend 
that it be accepted as fulfilling the dissertation requirement for the Degree of Doctor of 
Philosophy. 

Date: 05/14/2018 

Date: 05/14/2018 

Date: 05/14/2018 
Tom Doetschman, Ph.D 

Date: 05/14/2018 

Date: 05/14/2018 
Frans Tax, Ph.D 

Final approval and acceptance of this dissertation is contingent upon the candidate's 
submission of the final copies of the dissertation to the Graduate College. 

I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 

Date: 05/14/2018 
h.D

2 



 3 

STATEMENT BY AUTHOR 
 

This dissertation has been submitted in partial fulfillment of requirements 
for an advanced degree at the University of Arizona and is deposited in the 
University Library to be made available to borrowers under the rules of the Library.  
 

Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgement of source is made. Requests 
for permission for extended quotation from or reproduction of this manuscript in 
whole or in part may be granted by the head of the major department or the Dean 
of the Graduate College when in his or her judgment the proposed use of the 
material is in the interests of scholarship. In all other instances, however, 
permission must be obtained from the author.  

 
 

SIGNED: Nathan W. Sweeney 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 4 

ACKNOWLEDGMENTS 
 

I would like to thank my mentor and advisor Dr. Jesse Martinez for his 

support, guidance, and unmistakable laugh. Dr Sairam Parthasarathy for his 

expertise and unwavering enthusiasm. My committee members Drs Margaret 

Briehl, Tom Doetchman, Frans Tax, and Nathan Cherrington for their help during 

my graduate career. My lab mates Sara, Jesse, and Cecil for the laughs and good 

times that made grad school survivable.  

Additionally, I would like to thank the Choctaw Nation of Oklahoma and 

Chahta Foundation for enabling me to further my education and achieve my 

aspirations. 

Finally, I ‘d like to thank my parents who raised me to work hard and never 

give up. My sweet wife, Linnley, your unconditional love and support empowers 

me to do anything. Thank you for being a wife, a friend, a mother, and all around 

bad ass. My daughter, Marley, and the joy she brings to me and everyone she 

meets.  

 
 
 
 
 

 
 

 
 

 
 



 5 

DEDICATION 
 
For my mom. 
  



 6 

TABLE OF CONTENTS 
  
LIST OF FIGURES…………………………….……………………………………….……8 

LIST OF TABLES…………………………….…………………………………………......9 

ABSTRACT ………………………………………………………………………………...10 

 
CHAPTER I: INTRODUCTION ………………………………………………………...12 

I. Hepatocellular Carcinoma Statistics .......................................................12 
II. What is Hepatocellular Carcinoma ..........................................................12 
III. Development of Hepatocellular Carcinoma ............................................17 

a. Direct Links to Hepatocellular Carcinoma .................................................17 
1. Hepatitis B .....................................................................................17 
2. Hepatitis C .....................................................................................17 
3. Alcohol ..........................................................................................18 
4. Diet  ...............................................................................................18 

b. Multi-Step Process to Hepatocellular Carcinoma.......................................18 
1. NAFLD ...........................................................................................18 
2. NASH .............................................................................................20 
3. Cirrhosis   .......................................................................................21 
4. Hepatocellular Carcinoma .............................................................22 

IV. Treatment Modalities for Hepatocellular Carcinoma .............................26 
a. Curative Treatments  .................................................................................26 
b. Locoregional Treatments...........................................................................26 
c. Systemic Treatments .................................................................................28 

V. Obesity and Hepatocellular Carcinoma ...................................................30 
VI. What is Obesity ........................................................................................32 
VII. Common Co-morbidities of Obesity ........................................................33 
VIII. Effects of Intermittent Hypoxia ...............................................................34 
IX. The Role of HIF-1a ..................................................................................36 
X. Statement of the Problem ........................................................................39 
 

CHAPTER II: DIET-INDUCED OBESITY PROMOTES HEPATIC HYPOXIA, 
INCREASED HIF-1a  EXPRESSION AND TUMORIGENESIS .........................42 

I. Abstract ...................................................................................................42 
II. Introduction ............................................................................................44 
III. Results .....................................................................................................47 

a. Hypoxia suppresses the weight gain induced by a high fat diet.................47 
b. Micro-CT images reveal tumor burden in D+P+HF and D+P+H+HF mice...50 



 7 

c. Increased liver fat accumulation positively correlates with  
hepatocellular adenoma formation ...........................................................54 

d. A high fat diet increases the presence of liver injury-associated  
Enzymes ....................................................................................................56 

e. HIF-1α is significantly upregulated in animals on a HF diet and  
positively correlates with both fat accumulation and adenoma  
formation ..................................................................................................58 

IV. Discussion  ...............................................................................................61 
 
CHAPTER III: INTRAPERITONEAL INJECTIONS OF POLYIODINATED 
TRIGLYCERIDES EMULSIONS AS AN ALTERNATIVE ADMINISTRATION 
METHOD FOR MICRO-CT CONTRAST ENHANCED DETECTION OF  
MURINE TUMORS ........................................................................................65 

I. Abstract ...................................................................................................65 
II. Introduction ............................................................................................65 
III. Results .....................................................................................................67 

a. Liver and kidney attenuation in micro-CT images from IP injections .......67 
b. Comparison of hepatobiliary contrast enhancement by route ..................69 
c. Histopathology confirmed micro-CT detected lesions  ..............................71 

IV. Discussion  ...............................................................................................74 
 
CHAPTER IV: CONCLUSIONS ......................................................................76 
 
CHAPTER V: MATERIALS AND METHODS ..................................................80 

I. Mouse model and Tissue Collection .......................................................80 
II. Nutritional Treatment ...........................................................................81 
III. Simulation of Sleep Apnea .....................................................................81 
IV. Micro-CT Set-up .....................................................................................82 
V. Micro-CT Image Acquisition ..................................................................82 
VI. Micro-CT Image Evaluation ...................................................................83 
VII. Biochemical Assays ................................................................................84 
VIII. Quantitative Real-Time PCR ..................................................................84 
IX. Immunohistochemistry Staining and Analysis ......................................85 
X. Statistics  ................................................................................................85 

 
APPENDIX A: ABSTRACTS AND MANUSCRIPTS .........................................87 

APPENDIX B: ADDITIONAL FIGURES ..........................................................88 

REFERENCES   ..............................................................................................89  



 8 

LIST OF FIGURES 
 
Figure 1.1. The Hallmarks of Cancer ....................................................................16 
Figure 1.2. Schematic of Progression of Simple Steatosis (NAFLD) .....................25 
Figure 1.3. Correlation Between Obesity and Liver Cancer ..................................31 
Figure 1.4. Pathway for OSA and IH Co-morbidity ..............................................38 
Figure 2.1. High fat diet induces significant weight gain over and similar  

score of CA9 independent of hypoxia .......................................................49 
Figure 2.2. Tumor development detected by non-invasive micro-CT imaging  

and confirm macro- and microscopically ..................................................52 
Figure 2.3. High fat diet promotes hepatic adenoma development .....................53 
Figure 2.4. Percent liver fat increases with consumption of a high fat diet  

independent of hypoxia and correlates with adenoma multiplicity...........55 
Figure 2.5. Liver injury tends to increase with high fat diet consumption  

and correlate with percent liver fat and adenoma multiplicity .................57 
Figure 2.6. Upregulation of hepatic HIF-1α mRNA expression correlates  

with percent liver fat and adenoma multiplicity .......................................60 
Figure 3.1. Serial coronal micro-CT images showing hepatobiliary  

contrast enhancement ..............................................................................68 
Figure 3.2. Comparison of contrast enhancement acquired 16 hours’ post  

IP and 2 hours post-intravenous (IV) injection .........................................70 
Figure 3.3. Detection of carcinogen induced liver tumors using micro-CT..........71 
Figure 3.4. Detection of a xenograft induced liver tumor using micro-CT ..........73 
 
 
  



 9 

LIST OF TABLES 
 

Table 1. Current Available Options for the Treatment of Hepatocellular  
Carcinoma.................................................................................................29 

 
 
 
 
 
  



 10 

ABSTRACT 
 
 

Primary liver cancer is the seventh most common cancer worldwide and the 

second highest cause of cancer mortality. The incidence of hepatocellular 

carcinoma (HCC) has increased 80% in the past two decades and now comprises 

85% of all primary liver cancer. Obesity increases the risk of developing HCC two-

fold in women and five-fold in men. Co-morbidities common to obesity including 

non-alcoholic steatohepatitis (NASH), hepatic inflammation, and lipid 

accumulation increase the risk of developing HCC. Obstructive sleep apnea (OSA), 

a state of chronic intermittent hypoxia which is common in obese individuals, also 

increases the incidence of NASH. With a U.S. population that is approximately 

33% obese, having OSA at 30-50%, we estimate the co-incidence of obesity and 

OSA is 10-16.5% of the entire U.S. population. Diet-induced obesity or 

intermittent hypoxia induces hepatic lipid accumulation and diet-induced obesity 

was recently shown to promote HCC tumor development. Whether obesity, 

chronic intermittent hypoxia, and their combination hasten hepatic lipid 

accumulation and HCC tumor progression remains unclear. In our studies, we 

monitored tumor development utilizing micro-computed tomography imaging 

and discovered that tumors developed fastest in mice that consumed a high fat 

diet. Upon further investigation, these mice also tended to have higher serum 

levels of AST and ALT and gained more weight than their counterparts. However, 
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the addition of hypoxia lead to a decrease in weight gained, as well as a reduction 

in hepatic lipid accumulation and tumor formation.  Extraction of mRNA from 

mouse livers revealed an up-regulation HIF-1α in mice fed a high fat diet without 

treatment with hypoxia that correlated strongly with tumorigenesis. Remarkably, 

hypoxia was found in mice treated with hypoxia as well as the mice that were fed 

a high fat diet only. These findings suggest that hepatic lipid accumulation 

produces endogenous hepatic hypoxia which associates with increased hepatic 

HIF-1α expression that correlates with tumorigenesis. Collectively, these data 

reveal a mechanism that potentially explains progression from early liver disease 

to HCC.   

I present my work in five chapter. The first chapter provides an 

introduction to hepatocellular carcinoma, obesity, and obstructive sleep apnea 

and their underlying molecular mechanisms. Chapters two and three summarize 

work from the manuscripts indicated in Appendix A. Chapter four encompasses 

conclusions. Chapter five details the materials and methods used for the studies.  
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CHAPTER I: INTRODUCTION 
 
I. Hepatocellular Carcinoma Statistics 

 It is estimated that approximately 40,710 new cases of hepatocellular 

carcinoma (HCC) will be diagnosed in the U.S. in 2017. In addition, 28,920 men 

and women will succumb to HCC [1]. During the period of 2010-2014 the median 

age at diagnosis was 63 years-old while the median age of death was 67 years-old. 

Age-adjusted incidence rate of HCC was 8.6 per 100,000 men and women per year 

and the number of deaths was 6.3 per 100,000 men and women per year based on 

2010-2014 cases and deaths. Data from 2012-2014 estimates that 1.0% of 

individuals will be diagnosed with HCC at some point in their lifetime. HCC is 3x 

more prevalent in males compared to females regardless of ethnicity [1]. From 

1977 to 2007 HCC incidences have been declining in several Asian countries, 

possibly due to vaccinations against viral infections. On the contrary, HCC 

incidence has increased in American, European, and Oceanian during that same 

time frame, possible due to obesity [2]. 

 

II. What is Hepatocellular Carcinoma? 

Primary liver cancer is characterized as cancer that originates in the liver. 

The most common form of primary liver cancer is hepatocellular carcinoma (HCC) 

[3]. Other types of primary liver cancer are intrahepatic cholangiocarcinoma (bile 

duct cancer), angiosarcoma and heptoblastoma. Secondary liver cancer are 
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cancers that metastasized to the liver from another location in the body, such as 

the colon, stomach, pancreas, lung, or breast [4].  HCC is a unique cancer that 

typically arises in the setting of chronic liver disease such as hepatitis B and C 

viruses, excessive alcohol, and nonalcoholic fatty liver disease [5,6]. 

HCC, and cancer in general, is characterized as a multi-step process that 

can be conceptualized through underlying organizing principles [7]. The 

hallmarks of cancer proposed by Hanahan and Weinberg suggest that cancers 

exhibit distinctive and complementary processes that help explain tumor growth 

and metastatic potential [7] (Figure 1.1). In 2000, it was proposed that there are 

six general hallmarks and two emerging hallmarks, with specific enabling 

characteristics underlying the hallmarks. The hallmarks of cancer include the 

following acquired capabilities: self-sufficiency in growth signals, insensitivity to 

growth-inhibitory signals, evasion of programmed cell death, limitless replicative 

potential, sustained angiogenesis, and tissue invasion and metastasis [7]. 

Enabling these hallmarks are genomic instability, mutation and inflammation [7]. 

Taken together these hallmarks help identify fundamental features that can be 

exploited for treatment purposes. 

Hepatocarcinogenesis is a complicated multistep process in which many 

signaling cascades are altered, leading to a heterogeneous molecular profile [6]. A 

majority of these genetic alterations found in human cancer fall into two 

categories: gain-of-function mutations in proto-oncogenes, which stimulate cell 
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growth, division and survival; and loss-of-function mutations in tumor 

suppressor genes that normally help prevent unrestrained cellular growth and 

promote DNA repair and cell cycle checkpoint activation. There is abundant 

evidence that supports that TP53, CTNNB1, and AXIN1 as the most frequently 

mutated genes and major drivers in the development of HCC [8–10]. Loss-of 

function tumor suppressor gene TP53 and gain-of-function of oncogene CTNNB1 

and AXIN1 are present in 40, 25, and 13 percent of cases of HCC, respectively 

[6,11]. Other mutations are less frequent, such as chromosomal amplifications 

and deletions which affect important oncogenes (MYC) and tumor suppressors 

(CDH1) [6]. As a result, several signaling cascades are activated such as epithelial 

growth factor receptor (EGFR), Ras, MTOR (mammalian target of rapamycin), or 

inactivated such as PTEN [6]. Furthermore, HCC is a highly vascularized cancer 

through signaling through VEGFA, a downstream target of hypoxia inducible 

factor 1a (HIF-1a), which leads to sustained angiogenesis and tissue invasion and 

metastasis [6].    Hepatocarcinogenesis commonly begins with chemical or viral 

induced genetic changes [12]. Over a 20-30 year period, if not repaired, the liver 

could endure a selective clonal expansion as well as additional genetic changes 

sustained by angiogenesis, inflammation and fibrosis [12,13]. The length of time 

of tumor establishment can be accelerated when compounded with multiple risk 

factors [14].  
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Once established, HCCs then generally progress and invade veins, most 

commonly the portal vein, followed by the hepatic vein, and, finally, the inferior 

vena cava [15]. The process whereby HCC cells breach tissue boundary and 

disseminate to other regions of the body is referred to as metastasis. Once cancer 

has metastasized, it is generally very difficult to treat due to the propensity of 

these cells to undergo epithelial to mesenchymal transition which makes cells 

more drug resistant [16]. HCC cells travel through the blood and seed in other 

organs. The lungs are the most common site of HCC metastases, followed by 

regional and distant lymph nodes [15,17].  

Early diagnosis of HCC can be achieved by means of surveillance of at-risk 

populations, nonetheless, even after careful monitoring more than half of 

patients with HCC are diagnosed late, particularly when curative treatments 

cannot be applied [18].   
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Figure 1.1. The Hallmarks of Cancer as Proposed by Weinberg and Hanahan. 
The original cancer hallmarks consisted of six features, which included: evading 
growth suppressors, maintenance of proliferative signaling, resistance to cell 
death, angiogenesis induction, activation of invasion and metastasis, and 
replicative immortality. Avoiding immune destruction and deregulation of 
metabolism is now suggested to be emerging hallmarks. Moreover, genome 
instability and inflammation underlie many of the hallmarks of cancer. Figure 
adapted from [7]. 
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III. Development of Hepatocellular Carcinoma 

HCC usually has an insidious course of development that can begin with 

simple steatosis, or fatty liver, and eventually progression to carcinoma (Figure 

1.2). Moreover, the accumulation of risk factors and their molecular alterations 

contributing to the development of HCC is a multi-step process. A risk factor is 

anything that affects one’s chance of getting a disease, such as cancer.  Most major 

risk factors for HCC are either viral (chronic hepatitis B or hepatitis C), toxic 

(alcohol), or metabolic (non-alcoholic fatty liver disease). Some risk factors for 

HCC have direct links to carcinogenesis, while others require a multi-step process.  

a. Direct Links to Hepatocellular Carcinoma 

1. Risk Factor - Hepatitis B 

The most frequent risk factor for hepatocellular carcinoma is chronic hepatitis B 

virus (HBV) infection, which accounts for more than 50% of all cases [6]. The link 

between HBV and HCC is not completely known but may be related to the 

inflammatory response to HBV infection as well as the HBV X gene which 

regulates gene expression of several oncogenes [12].  

2. Risk factor - Hepatitis C  

Currently, the most common cause of chronic liver disease in the USA is hepatitis 

C virus (HCV). A side by side analysis of HBV-related and HCV-related HCC 

revealed that the development of HCV is similar to HBV with an exception that 
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DNA methylation might play an important role in HCV-related HCC by silencing 

cancer-related pathway inhibitors [19]. 

3. Risk factor – Alcohol 
 
Alcohol is a well-established cardinal risk factor for HCC development. There is 

little evidence of a direct carcinogenic effect of alcohol on HCC development. The 

effect of alcohol is driven by the alcohol-induced hepatic inflammation with 

progression to liver cirrhosis. However, alcohol is metabolized to acetaldehyde, 

which causes hepatocellular injury that is capable of damaging DNA [14,20].   

4. Risk factor - Diet  

Evidence is emerging that the composition of one’s diet plays an important role 

in HCC and chronic liver disease development. Shivappa and associates found that 

a pro-inflammatory diet (processed meat, red meat, saturated fats, and dietary 

sugar) is associated with increased risk for HCC, in those without a history of 

hepatitis B/C infection and among males [21]. Additionally, a high caloric diet that 

leads to obesity is associated with the development of non-alcoholic fatty liver 

disease (NAFLD) [22]. 

b. Multi-Step Process to Hepatocellular Carcinoma 

1. Risk factor – NAFLD 

In the clinic, fatty liver disease is commonly divided into two conditions: alcoholic 

and non-alcoholic fatty liver disease (AFLD and NAFLD). NAFLD is defined as the 

accumulation of excessive fat in the liver in the absence of excessive drinking of 
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alcohol and any secondary cause. The pathogenesis of NAFLD is not fully 

understood, although a “two-hit” hypothesis has been proposed [23–25]. The first 

hit represents the accumulation of triglyceride as lipid droplets within the 

cytoplasm of hepatocytes (steatosis). The second hit, which is thought to result in 

progression of steatosis to a necroinflammatory hepatitis (nonalcoholic 

steatohepatitis or NASH), is associated with oxidative stress and cytokine 

expression. Prevalence of NAFLD is 80-90% in obese adults and between 20-30% 

in the global population [26,27]. The principle risk factors for NAFLD are visceral 

obesity, type 2 diabetes mellitus, hypertension, hyperlipidemia, and obstructive 

sleep apnea (OSA) [12,23,24]. Specific gene mutations are unclear, although 

accumulating evidence suggest the involvement of PNPLA3 and TNFα and their 

role in fatty liver and inflammation, respectively [28]. The diagnosis of NAFLD is 

often determined histologically through a liver biopsy. In 2005, the NASH Clinical 

Research Network established a system of histological evaluation for NAFLD 

separated by grading and staging [29]. The grading of NAFLD activity score 

encompasses steatosis, lobular inflammation and ballooning. It is important to 

note that the invasive biopsy has a high risk of sampling error and is not a suitable 

tool for regularly monitoring progression of disease or response to treatment [30]. 

Therefore, the need for a noninvasive approach is necessary, potentially by 

imaging techniques or serum biomarkers. Fortunately, simple steatosis (NAFLD) 

can be reversed, as most patients are overweight or obese; gradual weight loss is 
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often the first line of intervention and since oxidative stress is considered to be 

the main mechanism of progression of steatosis to steatohepatitis an antioxidant, 

such as Vitamin E, is often recommended [24].  

2. Risk factor – NASH 

NASH is liver inflammation and damage caused by a buildup of fat in the liver and 

is regarded either as an independent disease or as a stage proceeding simple 

steatosis in NAFLD progression. NASH is characterized by the accumulation of fat 

droplets in the cytoplasm of hepatocytes and the additional presence of various 

degrees of lobular inflammation, hepatocyte-ballooning, -apoptosis, and –

necrosis, and, perhaps the most determining factor, fibrosis [12,30]. The 

prevalence of NASH is 80% in obese adults and between 1.5%-6.5% in the general 

population [27]. Risk factors for NASH include the risk factors associated with 

NAFLD and their promotion to inflammation [27].  Left untreated, NASH can 

progress to liver cirrhosis and HCC [31]. Inflammation occurs in livers that are 

exposed to a variety of substances i.e. hepatitis viruses, intermediates of alcohol 

metabolism, or drugs. When the hepatic metabolism fails to convert these 

substances to non-reactive or non-immunogenic substances, the intermediates 

may damage hepatocytes or trigger Kupffer and other cells to release 

inflammatory cytokines and mediators [12]. Similar liver damage occurs with the 

accumulation of lipid molecules that injure hepatocytes which also leads to an 

innate immune response [32]. A noteworthy feature in a study done by Farrell et 
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al. was the location of macrophages and neutrophils around heavily lipid-laden 

and swollen hepatocytes.  At the present time, there is no test which can predict 

or explanation that can explain the progression of NAFLD to NASH [24] but there 

are tests to distinguish between the two. Therefore, tests designed to measure 

fibrosis, specifically cytokeratin 18 (CK18) which is a major intermediate filament 

in hepatocytes, correlates well with severity of NASH [30]. Presently, there are no 

pharmacological therapies approved for the treatment of NASH, although a recent 

study by Wang et al. has identified CASP8 and FADD-like apoptosis regulator 

(CFLAR) as a key suppressor of NASH.  These finding indicate that the 

development of a CFLAR-mimicking drug could specifically block ASK1 

dimerization, revealing a new and feasible approach for treating NASH [33]. With 

28% of the NASH population developing cirrhosis and HCC, and a leading cause 

for liver transplantation, it is of immediate importance to identify effective 

therapeutic targets and strategies for NASH treatment [30,33].  

3. Risk factor – Cirrhosis 

Cirrhosis results from liver injury that leads to irreversible necroinflammation and 

fibrogenesis. Histologically a cirrhotic liver is characterized by an abundance of 

dense fibroblasts, parenchymal extinction (coagulation) and collapse of liver 

structure [12]. Risk factors for cirrhosis include chronic infection with HBV or 

HCV, alcohol abuse, metabolic disorders, and recently, NASH [12]. Cirrhosis is 

responsible for significant morbidity and mortality and is one of the most 
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important risk factor for the development of HCC [12], in fact, it is present in 80-

90% of patients with HCC [5]. While cirrhosis is strongly associated with the 

development of HCC the molecular basis for the cancer-promoting effect of 

cirrhosis remains far from clear [12]. There are only a handful of genes that have 

been implicated in the pathogenesis of cirrhosis such as TGF-Beta, PDGF-Beta, 

CTCF, and TIMP. Most chronic liver diseases are notoriously asymptomatic until 

cirrhosis with clinical decompensation occurs and includes events such as: 

ascites, sepsis, variceal bleeding, and jaundice [34]. Along with the symptoms, 

imaging by ultrasound, CT, or MRI is sufficient for the diagnosis of cirrhosis. A 

liver biopsy is seldom needed, but a sample can provide definitive diagnosis. The 

severity of cirrhosis is commonly classified with the Child-Pugh score. This 

scoring system uses bilirubin, albumin, INR, the presence and severity of ascites, 

and encephalopathy to classify patients into class A, B, or C. Class A has a 

favorable prognosis, while class C is at high risk of death [35]. Removing the 

etiological factors is the most direct and effective method for treating liver 

cirrhosis [36], although removing the genes implicated in the pathogenesis of 

cirrhosis such as TGF-Beta, PDGF-Beta, CTCF, and TIMP may work as therapeutic 

targets by inducing anti-proliferation and pro-apoptotic effects [37,38]. Clinically, 

cirrhosis has been regarded as an end-stage disease that invariable leads to death, 

unless liver transplantation is done. 

4. Hepatocellular Carcinoma 
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HCC is a primary malignancy of the liver. Classical features of HCC include: 

vascularization, irregular cell structure, mitotic activity, absence of Kupffer cells 

and loss of reticulin [39]. HCC rarely occurs before the age of 40 years and reaches 

a peak at approximately 70 years of age, this is largely due to the fact that HCC 

develops within an established background of cirrhotic or chronically inflamed 

livers [6,13]. In 2010, HCC was diagnosed in more than half a million people 

worldwide, including approximately 20,000 new cases in the United States [3,40]. 

The incidence of HCC has almost reached a plateau in some countries while in 

others it is declining; however, in the USA, incidence is still increasing, which 

could be a result of an increasing rate of non-alcoholic fatty liver disease [6]. Major 

risk factors of HCC include infection with HBV or HCV, alcoholic liver disease, 

NAFLD, NASH, and cirrhosis [5,6,13]. Obtaining a molecular classification of 

hepatocellular carcinoma, however, remains a striking challenge because of the 

overwhelming genomic complexity of HCC [6,12,13]. The main mutations 

involved in HCC include the tumor suppressor gene TP53 and the gene for Beta 

catenin, CTNNB1, at an incident rate of 40% and 25%, respectively [6,13]. 

Interestingly, neither p53 nor CTNNB1 are therapeutic targets, in fact, until 

recently, no systemic chemotherapy was shown to be consistently efficacious in 

treating HCC. The diagnosis of HCC can be made with the use of noninvasive 

imaging tests or by image-guided biopsy to determine the presence of cirrhosis 
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and focal hepatic masses 2 cm in diameter or larger [5]. The choice of treatment is 

driven by cancer stage and the resources available. The Barcelona Clinic Liver 

Classification (BCLC) system is used to not only stage liver disease but also takes 

into consideration the choice of treatment [41,42]. The BCLC staging system 

divides HCC associated with cirrhosis into five stages: Very early stage, early 

stage, intermediate stage, advanced stage, and terminal stage. A very early stage 

is defined as an asymptomatic lesion measuring less than 2 cm in diameter, with 

no vascular or distant metastases. Very early stage typically only requires surgical 

resection. Early-stage HCC is defined as some preserved liver function with 1-3 

liver nodules measuring less than 5 cm in diameter. Early stage traditionally 

requires local ablation or a liver transplant. Intermediate stage HCC has no 

vascular invasion but large or multifocal lesions. Treatment may involve 

transarterial chemoembolization, which is image guided chemotherapy, 

medication, and embolization materials directly to the liver.  Advanced stage HCC 

is similar to the intermediate stage with the addition of cancer-related symptoms, 

vascular invasion, or extrahepatic spread. Treatment involves oral chemotherapy 

such as sorafenib, a multi-kinase inhibitor that targets and inhibits VEGFR, 

PDGFR and Raf, resulting in antiproliferative and antiangiogenic properties. 

Finally, terminal stage HCC has symptoms related to liver failure, vascular 

involvement, or extrahepatic spread. Treatment is a conservative therapy as 

patients do not benefit from the treatments previously mentioned [5,13].  
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Figure 1.2 Schematic of Progression of Simple Steatosis (NAFLD). The 
accumulation of triglycerides within lipid droplets in hepatocytes leads to 
steatosis. Steatosis together with inflammation, cell death, and fibrosis is 
referred to as NASH, which can progress to cirrhosis. Individuals with cirrhosis 
have a greater risk of developing hepatocellular carcinoma. Image was adapted 
from [43]. 
  



 26 

IV. Treatment Modalities for Hepatocellular Carcinoma 

 Treatment options available for HCC include curative therapies, 

locoregional therapies, and systemic therapies intended to control tumor 

growth. 

a. Curative Treatments 

Surgical resection in carefully selected patients is a curative treatment option 

typically reserved for patients with single nodules and adequate hepatic function 

[44]. Surgical resection is often not feasible due to a lack of adequate hepatic 

reserve, even when the lesion is technically resectable, or the high postoperative 

mortality risk. Liver transplant is another curative option that is considered the 

gold standard for curative therapy for HCC when patients are not candidates for 

surgical resection or ablation [45]. Depending on the patient’s stage in the BCLC 

and as defined within the Milan criteria, patients with HCC must wait at least 6 

months and not have either progression or complications with their HCC before 

being listed on the organ allocation system [44].  

b. Locoregional Treatments 

Treatment of HCC has rapidly evolved with interventional radiology. 

Percutaneous ethanol injection (PEI), radiofrequency ablation (RFA), microwave 

ablation (MWA), cryoablation, and transarterial chemoembolization (TACE) are 

the major modalities utilized to control growth of HCC lesions. PEI is one of the 

oldest image-guided modalities that directly injects ethanol into the lesion, which 
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induces tumor necrosis [44,46]. The procedure is known to cause significant 

postprocedural pain, require multiple sessions, and carry a high risk of recurrence 

[44]. RFA utilizes a probe that is inserted percutaneously or laparoscopically under 

ultrasound guidance, and alternating current is applied to the tumor. The 

radiofrequency waves generate heat, leading to tumor necrosis [44]. Multiple 

reports have demonstrated the efficacy of RFA to lesions smaller than 3 cm, with 

the only potential risk being injury to adjacent organs [47,48]. With the exception 

of generating a high-frequency waves with a needle electrode to generate heat, 

MWA is quite similar to RFA. In fact, there is no statistically significant difference 

between the two modalities in terms of response [44]. Cryoablation, as the term 

suggests, is an approach that applies liquid nitrogen or argon gas directly on the 

HCC lesion. A high complication rate of 50% that includes cardiac arrhythmia and 

liver fracture is the main reason why cryoablation is rarely considered [49]. TACE 

is the most commonly used treatment modality for HCC with a mortality rate as 

low as 4%. In TACE, chemotherapeutic drugs and procoagulant material are 

injected selectively through a catheter into an artery directly supplying the tumor 

[50]. Tumor necrosis is induced by TACE via direct cytotoxicity from the 

chemotherapy as well as ischemia. The success to these treatments may be due to 

the fact that after extensive damage it has been found that hepatocytes tend to 

become senescent, making them invulnerable to cell cycle inhibiting drugs 

[12,13].  
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c. Systemic Treatments  

Chemotherapy is reserved for patients with advanced HCC or when lesions are 

unresectable. The first oral chemotherapeutic agent proven to have survival 

benefit in HCC is sorafenib, an oral multikinase inhibitor (see above). A new 

treatment structurally and functionally similar to sorafenib is Regorafenib, which 

acts as a second-line therapy for advanced HCC in patients who failed treatment 

with sorafenib [44]. Multiple other drugs are under investigation. To date, albeit 

the direct genetic evidence supporting the involvement of HIFs await further 

characterization, a growing body of literatures has reported the identification and 

function of HIF target genes in HCC. The functional relevance of hypoxia/HIF 

target genes have been implicated in most cancer hallmarks [51]. These and newer 

therapies, such as immunotherapy are expected to significantly improve the 

landscape for treatment of HCC [44].  
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 Indications Benefits 
Curative treatments 
Surgical resection • Solitary liver tumor  

• Unilobar disease 
• Increased 
survival 
 

Liver Transplant • Solitary liver tumor ≤5 cm in size  
• Up to 3 tumors, each ≤3 cm in size  
• Decompensated cirrhosis 

• Increased 
survival 
 

Locoregional treatments 
Radiofrequency 
ablation/microwave 
ablation 

• Liver tumor ≤4 cm in size • Better local 
conrol 

Transarterial 
chemoembolization 
(TACE) 
 

• Lesions that are unresectable because 
of portal hypertension or lesion 
location  
• Patients awaiting liver transplant  
• Decreasing tumor burden for resection 

• Increased 
survival 

Cryoablation • Liver tumor ≤5 cm in size • Treatment 
response 

Systemic treatments 
Sorafenib • Unresectable lesions  • Increased 

survival 
Future therapies:  
Regorafenib, 
Immunotherapy 

• Unresectable lesions 
• Non-candidates for other therapies 

• Uncertain 

 
 
 
 
Table 1. Current Available Options for the Treatment of Hepatocellular 
Carcinoma. List of therapies intended to control tumor growth, symptoms that 
suggest certain medical treatment, and the benefit of receiving treatment option. 
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V. Obesity and Hepatocellular Carcinoma 
 

Research reveals that obesity is commonly associated with an increased 

risk of nonalcoholic fatty liver disease (NAFLD) [52,53]. Steatosis, the hallmark of 

NAFLD, occurs when the rate of hepatic fatty acid from plasma and de novo fatty 

acid synthesis is greater than the rate of fatty acid oxidation and export [52]. 

Therefore, an excessive amount of intrahepatic triglyceride, as seen in obesity, is 

associated with alterations in glucose, fatty acid, and lipoprotein metabolism and 

inflammation, which have adverse consequences on health [52,54]. NAFLD has 

become an important public health problem because of its high prevalence and 

potential progression to severe liver disease, such as NASH, cirrhosis, and liver 

failure [52,53].  

Interestingly, the epidemiology of NADLF/NASH-HCC is changing as the 

number of patients with metabolic syndrome increases every year [55] (Figure 

1.3). A significant proportion of these patients develop HCC in the setting of a 

noncirrhotic liver, and hence outside surveillance programs [56]. Compared with 

patients with other causative factors, patients with NAFLD/NASH-HCC tend to be 

older, with less severe liver dysfunction, and more frequently display 

comorbidities such as diabetes, obesity, dyslipidemia, and hypertension [55,56]. 

The pathogenesis of HCC in the context of NAFLD/NASH is only partially 

understood, but emerging evidence indicates obesity as a crucial risk factor for 

patients who develop HCC developed from a noncirrhotic liver setting [55,57].   
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Figure 1.3 Correlation Between Obesity and Liver Cancer. (Top left) Trends 
in overweight, obesity, and extreme obesity among men and women aged 20-74 
in the United States 1960-2008. (Top right) Number of new cases and deaths of 
liver cancer per 100,000 men and women per year in the United States 1974-
2013. (Bottom) NASH to HCC without cirrhosis. Images were adapted from 
CDC/NCHS, NCI/NIH, and [43].  

NAFLD
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VI. What is Obesity 

Obesity is a complex, multifactorial, and largely preventable disease. Obese 

and overweight individuals comprise over a third of the world’s population [58]. 

Obesity is typically defined by an individual’s body mass index (BMI), which is 

determined by the weight in kilograms divided by the height in meters squared 

(kg/m2). BMI is the most widely used measure of obesity due to its low cost and 

simplicity. The World Health Organization (WHO) and the National Institutes of 

Health (NIH) have defined overweight as having a BMI between 25.0 and 29.9 

kg/m2; and obesity as having a BMI greater than 30.0 kg/m2 [59].   

The prevalence of obesity in adult men and women in the US aged 20-74 

years old have increased significantly since 1980s [60]. In the US, the percent of 

adults aged 20 and over with obesity was 37.9% in 2014 [59]. The percent of 

overweight and obese adults aged 20 and over was 70.7% in 2014. Furthermore, 1 

in 3 men and 1 in 4 women are considered overweight. Obesity is higher in women 

(~40%) than men (~35%). Taken together almost 3 in 4 men (73.3%) are considered 

to be overweight or have obesity; and about 2 in 3 women (66.9%) were considered 

to be overweight or have obesity [59]. The percentage of US adults with obesity 

varies by race/ethnicity. Obesity in the non-Hipanic black adult population was 

48.4% in 2014, while obesity in the Hispanic population was 42.6% [59].  
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VII. Common Co-morbidities of Obesity 

Obesity has long been associated with increased morbidity and mortality. 

It is well-known to greatly increase the risk of chronic disease morbidity – namely 

depression, type 2 diabetes, cardiovascular disease, hypertension, asthma, 

obstructive sleep apnea, osteoarthritis, and certain types of cancer [58,61,62]. 

Obstructive sleep apnea (OSA) is characterized primarily by recurrent occlusion 

of the upper airway that is caused by elevations in upper airway collapsibility 

during sleep, which results in intermittent hypoxia (IH) and periodic arousals 

from sleep [63,64].  Obesity intensifies OSA by increasing pharyngeal collapsibility 

through mechanical effect on pharyngeal soft tissue and lung volume, and 

through central nervous system-acting signaling proteins that may affect airway 

neuromuscular control [63].   

OSA is a common disorder whose prevalence is increasing due to the 

obesity epidemic in Western society [63]. The pathophysiology of OSA is 

intimately linked with obesity with an estimated 58% of the moderate to severe 

cases attributable to a BMI greater than or equal to 25 kg/m2 [65]. Furthermore, it 

has been repeatedly shown that in severe obesity (BMI > 40 kg/m2) the prevalence 

of sleep apnea is estimated to vary between 40 and 90% [66–68]. It is well 

recognized that the male gender also constitutes a particularly strong risk factor 

and confers a two- to three-fold increased risk of sleep apnea in the population at 

large [65]. This increased risk may be related to the differences in the distribution 
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of adipose tissue in men, who exhibit a predominantly central fat deposition 

pattern around the neck, trunk, and abdominal viscera compared to women 

[69,70]. These findings indicate that, despite marked variation in body weight and 

fat distribution, the most potent sleep apnea risk factors only predict a proportion 

of the variability in sleep apnea severity and suggest that underlying mechanisms 

linking sleep apnea and obesity remain to be elucidated [63]. 

OSA is associated with hypertension, diabetes, and cardiovascular risk. It 

can also contribute to the development of obesity hypoventilation syndrome, cor 

pulmomale, and respiratory failure [63].  

 The apnea-hypopnea index (AHI) is commonly used to categorize the 

severity of OSA and it represents the average number of apneas and/or hypopneas 

per hour of recorded sleep. In adults, 5, 15, and 30 events/hour indicate mild, 

moderate, and severe levels of OSA [71]. 

Continuous positive airway pressure (CPAP) is a device worn by the patient 

to reverse OSA-related symptoms and comorbidities. It has been shown to provide 

variable benefit in some but not all patient groups [64]. Weight loss remains a 

highly successful approach for treating sleep apnea [72]. Effective strategies to 

achieve long-term weight loss are desperately needed in order to limit the 

concurrent epidemics of obesity and obstructive sleep apnea [73]. 

 

VIII. Effects of Intermittent Hypoxia  
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IH is cyclical oxyhemoglobin desaturation-reoxygenation. It’s thought that 

IH creates a positive feedback loop that exacerbates OSA by reducing upper airway 

muscle endurance. Both animal and human models of chronic IH appear to show 

significant role for IH recognizing it as a major factor contributing to the 

pathogenesis of OSA-related comorbidities [64,74]. IH promotes oxidative stress 

by increased production of reactive oxygen species and angiogenesis, increased 

sympathetic activation with blood pressure elevation, and systemic and vascular 

inflammation with endothelial dysfunction that contributes to diverse multi-

organ chronic morbidity and mortality affecting cardiovascular disease, metabolic 

dysfunction, cognitive decline, and progression of cancer [64,74].  

 IH generally leads to maladaptive responses by differential modulation of 

hypoxia-inducible factor (HIF) 1 and 2 [64,75]. Prabhakar wrote that, “Hypoxia is 

a fundamental physiological stimulus that evokes adaptive (homeostatic) 

responses. Perhaps one of the most important examples of a homeostatic 

response to hypoxia (from the point of view of evolutionary selection) is the 

erythropoietic response to hemorrhage. Blood loss leads to systemic hypoxia, due 

to reduced O2-carrying capacity; in response, increased erythropoiesis restores 

blood O2-carrying capacity, thereby correcting the hypoxia. Ascent to high 

altitude results in the same physiological stimulus (systemic hypoxia) but due to 

a different underlying cause (reduced atmospheric O2). At very high altitude 

(>3,000 m), erythropoiesis represents a failed response because markedly 
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increased erythroid mass leads to increased blood viscosity, which impairs 

capillary blood flow, thereby negating any increase in O2 delivery that might be 

afforded by higher hemoglobin levels. In the case of ischemia, an important 

physiological response to local tissue hypoxia is angiogenesis, the sprouting of 

new capillaries from existing vessels. It can be argued that intermittent hypoxia 

almost always represents a pathological stimulus that evokes maladaptive 

responses. Natural selection against these responses has not occurred due to the 

recent origin (in evolutionary terms) of the underlying pathology, which is, most 

commonly, obesity-related transient upper airway obstruction during sleep.” 

 
IX. The Role of HIF-1a 
  

The most well-characterized response to hypoxia is the transcriptional 

regulation of gene expression that is mediated by HIF-1 and HIF-2 [75]. HIF-1 

functions as a master regulator of cellular and systemic homeostatic response to 

hypoxia by activating transcription of many genes, including those involved in 

energy metabolism, angiogenesis, apoptosis, and other genes whose protein 

products increase oxygen delivery or facilitate metabolic adaptation to hypoxia 

[76]. Hence, HIFs serve as the paradigm for understanding the molecular 

physiology of oxygen homeostasis 

 In vitro studies have demonstrated the pro-oncogenic properties of 

hypoxia. This is mediated mainly by the enhanced posttranslational effect of HIF, 
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which in turn results in increased expression of vascular endothelial growth factor 

(VEGF), formation of new capillaries, tumor growth, and metastasis [64] (Figure 

1.4).  

 Hepatic HIF-1a has been found to be overexpressed in obese individuals as 

it appears that an influx of free fatty acids monopoliizes the available oxygen 

limiting the supply to downstream hepatocytes [77]. Overexpression of HIF-1a 

has also been found in patients with OSA/IH, in fact IH-induced HIF-1a signaling 

increases flux through lipogenic pathways, accelerating progression to hepatic 

steatosis [78]. Finally, studies support a role for hepatic HIF-1a in the 

development and prognosis of HCC [79]. Therefore, it is hypothesized that liver-

specific expression of HIF-1α is a necessary, early-acting and a modifiable 

mechanism that links obesity, OSA and metabolic pathophysiologies to HCC and 

targeting HIF-1a could	prevent	hepatocellular	carcinogenesis.	 
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Figure 1.4 Pathway for OSA and IH Co-morbidity. OSA-associated IH promotes 
increased activity of HIF-1 which potentially contributes to tumor growth by 
increased expression of VEGF and angiogenesis. 
 

OSA Mediated Intermi/ent Hypoxia

↑ NADPH oxidase
↑ HIF-1

↓Mitochondrial activity
↓ Antioxidants

↓ HIF-2

↑ VEGF

↑ Angiogenesis

↑ Tumor growth
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X. Statement of the Problem 
 
 Primary liver cancer is the 7th most common cancer and 2nd leading cause 

of cancer mortality worldwide, of which hepatocellular carcinoma (HCC) is the 

most common. Interestingly, incidence of HCC with cryptogenic liver disease has 

escalated congruently with obesity. Comparative to normal weight individuals, 

risk of HCC is five times higher in obese men and nearly two times for obese 

women. Non-alcoholic steatohepatitis (NASH), has been shown to increase the 

risk of developing cirrhosis and HCC, is more frequent in the obese. Similarly, 

obstructive sleep apnea (OSA), a state of chronic intermittent hypoxia (IH), is 

common in obese individuals and is also associated with NASH and cancer 

mortality. Thus, chronic IH may be a significant comorbidity of obesity for HCC 

and other cancers. 

Presently, the U.S. population is approximately 33% obese, having OSA at 

30-50%, we estimate the co-incidence of obesity and OSA is 10-16.5% of the entire 

U.S. population. Diet-induced obesity or intermittent hypoxia are capable of 

inducing hepatic lipid accumulation and diet-induced obesity was recently shown 

to promote HCC tumor development. Additionally, both obesity and intermittent 

hypoxia increase HIF-1a, which also promotes hepatic lipid accumulation and is 

associated with the development and prognosis of HCC. However, it still remains 

to be answered whether liver-specific activation of HIF-1a is a necessary and 

early-acting mechanism that links obesity and OSA to HCC. Our hypothesis is 
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that obesity (high fat diet) combined with OSA (hypoxia), compared to 

either factor alone, will significantly increase the degree of hepatic lipid 

accumulation and progression of chemically-induced HCC.  

To study the effects of obesity and OSA on chemically induced HCC 

promotion, we conducted our experiments on BALB/c mice. This mouse strain is 

known to be susceptible to diethylnitrosamine (DEN) and phenobarbital (Pheno) 

HCC initiation and promotion.  The DEN and Pheno model was selected for the 

similarity in gene expression patterns of mouse tumors to those of human HCC. 

Diet-induced obesity and simulation of sleep apnea are both based off well- 

established models employed by numerous invesigators [80–84]. 

The hypothesis was addressed by asking the following fundamental questions: 

• Do obesity and OSA each lead to hepatic lipid accumulation and 

increase tumor multiplicity and size, while decreasing time to 

development? 

• Does the combination of obesity and OSA increase hepatic lipid 

accumulation and tumor progression more than either alone? 

• Does hepatic lipid accumulation will correlate with tumor size, 

multiplicity, and rate of progression? 

• Does the combination of obesity and OSA increase hepatic HIF-1a 

mRNA and protein expression? 
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In order to answer these questions, we used a variety of methods. To answer the 

time to development, we utilized noninvasive micro-CT imaging. A veterinary 

pathologist provided macroscopic interpretation and scoring, while computer 

software provided an accurate measure of hepatic lipid accumulation. Finally, to 

adequately answer the remaining questions, we used a wide range of molecular 

assays to detect mRNA and protein expression. 
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CHAPTER II: DIET-INDUCED OBESITY PROMOTES HEPATIC 

HYPOXIA, INCREASED HIF-1a  EXPRESSION AND TUMORIGENESIS  

 

I. Abstract 

Nonalcoholic fatty liver disease (NAFLD) is considered the most common 

form of silent liver disease in the U.S. Obesity is associated with increased risk of 

NAFLD, which has been linked to risk of hepatocellular carcinoma (HCC). 

Obstructive sleep apnea (OSA) which is common in obese individuals, increases 

the occurrence of NAFLD and potential risk of HCC. Meanwhile, an early-acting 

mechanistic link between obesity and OSA leading to HCC remains unclear. In this 

study, male BALB/c mice received diethylnitrosamine and phenobarbital followed 

by 48 weeks of either standard chow diet (chow), chow with hypoxia (H), high fat 

diet (HF), or a combination of hypoxia and high fat diet (H+HF). We noninvasively 

monitored tumor development using micro-CT imaging and tracked the total 

weight gained over the course of the study. We evaluated liver histology, fat 

accumulation, carbonic anhydrase (CA9) and hypoxia-inducible factor 1alpha 

(HIF-1α) expression, as well as, serum AST and ALT. A high fat diet without 

hypoxia lead to obesity that induced hepatic steatosis, the primary feature of 

NAFLD, and promoted tumorigenesis. Serum AST and ALT levels had the 

tendency to be higher in mice fed a high fat diet. Treatment with hypoxia lead to 

lower total weight gain, steatosis, serum levels, and tumors. Up-regulation of HIF-
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1α was found in mice fed a high fat diet without hypoxia that correlated strongly 

with tumor development. These findings suggest that NAFLD strongly associates 

with HIF-1α expression which promotes increased hepatic tumor incidence. 
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II. Introduction 
 

Primary liver cancer is the second largest contributor to cancer-related 

mortality globally and seventh largest contributor in the United States [85]. 

Incidence rates of hepatocellular carcinoma (HCC), the most common form (70-

90%) of liver cancer, has nearly tripled over the past three decades [86]. Incidence 

of HCC with cryptogenic liver disease (HCC in the absence of Hepatitis B, C, and 

alcohol), has risen in parallel with obesity [87,88]. Large scale epidemiological 

analyses have confirmed a strong link between an increase in liver cancer and 

obesity [89]. Additionally, a body-mass index (weight in kilograms divided by the 

height in meters squared [kg/m2]) of ³30.0 significantly associates with higher 

rates of cancer related death, including liver cancer [57]. Relative to normal weight 

individuals, the risk of HCC is nearly doubled for obese women and five times 

higher in obese men [90]. One co-morbidity associated with obesity is obstructive 

sleep apnea (OSA), a state of chronic intermittent hypoxia. Similar to obesity, OSA 

has also been associated with liver disease, primarily nonalcoholic fatty liver 

disease (NAFLD) as well as increased cancer mortality [71,91,92]. Chronic hypoxia 

can alter hepatic lipid metabolism and induce pathological changes in the liver 

that predispose to HCC [93]. NAFLD occurs when excess fat is stored in the liver 

that is not caused by alcohol. NAFLD has become an important public health 

problem because of its high prevalence and potential progression to severe liver 

disease, such as non-alcoholic steatohepatitis (NASH), cirrhosis, and liver failure 



 45 

[52,53]. Additionally, in human cancers, the hypoxic tumor environment is 

recognized as an important condition driving cancer metastasis [94]. Diet-induced 

obesity and hypoxia individually increase hepatic lipid accumulation, a key 

characteristic of NAFLD, thereby creating a fertile soil for liver carcinogenesis 

[80,95]. In HCC, hypoxia inducible factor 1-alpha (HIF-1α) was consistently found 

to be overexpressed in tumor tissue [96]. In fact, HIF-1α, upregulated by a high 

fat, high sucrose diet, appears to facilitate the lipogenic effects of a high fat diet, 

while suppression of HIF-1α attenuates the metabolic effects of diet-induced 

obesity (DIO) [77,97–99]. Hypoxia-induced HIF-1α signaling exacerbates 

lipogenic pathways, accelerating NAFLD development [80]. 

Here we hypothesize that liver-specific expression of HIF-1α is a necessary 

mechanism that links obesity and OSA to NAFLD and HCC. To test this, we 

investigated the joint effect of hypoxia and a high fat diet on the development of 

HCC and determined the dependence of HCC progression on HIF-1α in mice. 

Unlike humans, obesity in mice does not predispose to OSA [100]. Thus, we used 

chronic hypoxia (intermittent and persistent exposure) to simulate OSA in order 

to separate the individual and combined effects of DIO and hypoxia on HCC. To 

our surprise, we found that hypoxia abated the effects of a high fat diet, primarily 

associated with weight gain. We found that mice injected with DEN and fed a high 

fat diet developed liver steatosis and accelerated chemical carcinogen-induced 

hepatocellular adenomas compared to other treatment groups. Our results 
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suggest that NAFLD-related tumor development strongly correlated to HIF-1α 

mRNA and protein expression levels, and may provide new early therapeutic 

intervention. 

 

  



 47 

III. Results 

a. Hypoxia suppresses the weight gain induced by a high fat diet 

At 28 days of age mice were weighed and randomly assigned to an 

experimental group. Groups options were intermittent and persistent hypoxia (H), 

high fat diet (HF), or combination of hypoxia and high fat (H+HF), after first being 

treated with a liver carcinogen (diethylnitrosamine, D) and concurrently treated 

with a tumor promoter (phenobarbital, P). The D+P+HF and D+P+H+HF groups 

were fed a high fat diet while control, D+P, and D+P+H groups were fed a 

comparable low fat diet and maintained on that diet for the duration of the study. 

Body weights were measured and recorded twice weekly for 48 weeks and the 

group averages over time are graphed in Figure 2.1A. As can be seen from the 

graph, the weights of the animal in the control, D+P, and D+P+H groups steadily 

increased and then plateaued at about 14 weeks with most animals attaining a 

final weight gain of 11 to 14 grams. The weight of the D+P+HF animals continued 

to increase until about week 24 and then remained steady for the remainder of the 

experiment with the average weight gain of these animals being about 22 grams 

or approximately 8 grams more than the animals in the control group. Overall 

results showed that animals on the high fat diet showed a significant weight gain 

compared to the D+P only group (p = 0.01) and the D+P+H group (p = 0.001). 

Importantly, the animals on the high fat diet attained obesity around week 

twenty-two which according to the Mouse Phenome Database is defined as two 
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standard deviations above the average gross body weight of control mice. 

Interestingly, the D+P+H group gained the least amount of weight and the 

D+P+H+HF group gained significantly less weight than the D+P+HF group (p = 

0.05), suggesting that hypoxia could suppress the weight gain induced by a high 

fat diet.  

Mice are not prone to OSA, therefore in order to expose mice to hypoxia, 

mice were housed in hypoxic chambers during the light cycle every day for the 

duration of the experiment. Exposure to hypoxia was done by timed 

administration of nitrogen to intermittently and persistently to a reduced 

ambient concentration of oxygen which ranged from ~21% to 9%. In order to 

ensure that our hypoxia treatments successfully achieved hypoxia in the liver we 

examined the expression of carbonic anhydrase 9 (CA9), a marker of hypoxia, in 

liver sections from control and treatment animals. Liver sections were 

immunohistochemical stained for CA9 and analyzed (Fig 2.1B). Image analysis of 

the resulting slides showed that mice exposed to hypoxia and/or high fat diet had 

more cytoplasmic CA9 staining then control or D+P groups which indicates more 

hypoxia (Fig. 2.1C). Remarkably, sections from the livers of the D+P+H+HF group 

showed reduced CA9 staining compared to animals on a high fat diet (D+P+HF). 
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Figure 2.1. High fat diet induces significant weight gain over and similar 
score of CA9 independent of hypoxia. Weight gain over time and tissue Male 
Balb/C mice were exposed to diethylnitrosamine and phenobarbital (D+P), or 
additionally exposed to hypoxia (D+P+H), given a high fat diet (D+P+HF), or both 
hypoxia and a high fat diet (D+P+H+HF) for 48 weeks. Control animals were left 
untreated. Weights of the animals were determined twice weekly. (A) The average 
weight of the animals for control and each of the treatment groups over 48 weeks 
is shown. Asterisks indicate a significant difference between D+P and D+P+HF (p 
<0.001) and D+P and D+P+H (p <0.05). (B) Liver sections from control and 
treatment mice were immunostained with an anti-carbonic anhydrase antibody 
(CA9) as an indirect measure of hypoxia. (C) The extent of the staining in panel B 
was determined by the average immunoreactivity score (IRS) for each of the 
groups. Each bar represents the mean ± s.e. Scale bar; 100 µm.  
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b. Micro-CT images reveal tumor burden in D+P+HF and D+P+H+HF mice 

We examined tumorigenesis in the groups in several ways. In the first method 

micro computed tomography (CT) was used to noninvasively quantify the tumors 

in each of the groups. Micro-CT analysis performed at 48 weeks showed that out 

of the five groups the D+P+HF and D+P+H+HF groups showed evidence of liver 

abnormalities (Fig. 2.2A). Gross macroscopic examination of the livers taken at 

harvest time revealed abnormalities in all groups except control animals (Fig. 

2.2B). Importantly, animals on the high fat diet showed significantly more 

abnormalities of all types when compared to the control group (p = 0.01) (Data 

shown in Appendix B). We next examined livers at the microscopic level. Liver 

sections were stained with hematoxylin and eosin (H&E) and lesions were 

histologically classified into three morphological types; hepatocellular foci of 

cellular alteration (foci), hepatocellular adenoma, and hepatocellular carcinoma 

(Fig. 2.2C). We also examined the liver sections for markers of fatty liver including 

microvesicular and macrovesicular steatosis, representative examples are show in 

Figure 2.2C. Steatosis was observed in both D+P+HF and D+P+H+HF groups. 

Histological analysis was used to determine the number of hepatocellular foci, 

adenoma, and carcinoma per mouse in control, D+P, D+P+H, D+P+HF, and 

D+P+H+HF mice after 48-weeks on study (Fig. 2.3). Control mice exhibited no 

hepatic lesions of any kind. D+P mice had hepatocellular foci but neither 

adenomas or carcinomas were detected. Furthermore, hepatocellular foci were 
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significantly different between D+P+HF and D+P+H+HF groups (p = 0.05). 

Adenomas were detected in the D+P+H, D+P+HF, and the D+P+H+HF groups. The 

largest number of adenomas were seen in the D+P+HF group which was 

significantly greater than in either the D+P or D+P+H groups. Taken together, 

these suggest that the effects of hypoxia can, to some extent, counteract the 

deleterious effect of a high fat diet. Nevertheless, only one carcinoma developed 

and it was detected in the D+P+H+HF group. 
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Figure 2.2. Tumor development detected by non-invasive micro-CT imaging 
and confirm macro- and microscopically. (A) Representative micro-CT images 
of mouse livers at 48 weeks on control, D+P, D+P+H, D+P+HF, and D+P+H+HF 
mice are shown. (B) The mice were euthanized at 48 weeks and the livers 
harvested. Pictures of gross morphology of the livers, front and back are shown 
for representative mice from each group. Dashed circles indicate grossly observed 
liver abnormalities >3mm. White arrows point to abnormalities <3mm in size. (C) 
A portion of the livers shown in panel B were fixed, embedded, and stained with 
hematoxylin and eosin (H&E). Images of stained sections from the liver of 
representative mice from each of the groups is shown. Magnification is 10x and 
the scale bar represents 300 µm.  Black arrowheads show macro- and 
microvesicular fatty change. Black arrows show diffused hyperplasia lipofuscin-
laden kupffer cells. L; liver, HV; hepatic vein, St; stomach, Sp; spleen, K; kidney, 
T; tumor, N; normal. 
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Figure 2.3. High fat diet promotes hepatic adenoma development. The 
average number of lesions per mouse was determined by histology. The bars 
depict the average number of foci of altered hepatocytes (foci, black bars), 
hepatocellular adenoma (adenoma, dark gray bars) and hepatocellular carcinoma 
(carcinoma, light gray bars) per mouse for control and each treatment group. 
Asterisks indicate a significant difference between D+P and D+P+HF (p <0.05) and 
D+P and D+P+H+HF (p <0.05). N ≥ 3 mice per group. 
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c. Increased liver fat accumulation positively correlates with 

hepatocellular adenoma formation. 

Our observation that the largest number of adenomas occurred in the D+P+HF 

group prompted us to quantify the extent of fat deposits in the liver and then to 

test whether fat accumulation could predict development of adenomas.  In order 

to quantify the accumulation of fat in the liver we imaged representative H&E 

stained slides, analyzed the images as described in materials and methods, and 

then calculated the average percent liver fat for each of the animals in each of the 

groups.  The results (Fig. 2.4A) show that average percent liver fat for the D+P+HF 

group was significantly higher that the D+P group (p = 0.05) and was higher than 

even the D+P+H+HF group indicating that fat accumulation was the most 

prevalent in the livers of the D+P+HF animals. Consistent with this, we observed 

microvesicular and macrovesicular steatosis in the livers of D+P+HF and 

D+P+H+HF mice. There was no significant difference in the percent liver fat of the 

D+P+H+HF and the D+P group, suggesting that hypoxia moderated the 

accumulation of fat in the liver. We then tested whether the percent liver fat 

correlated with the development of hepatocellular adenomas and found a strong 

correlation between the two (p = 0.001) (Fig. 2.4B). Thus, a high fat diet leads to 

steatosis, a typical pathological attribute of NAFLD, that can potentiate the 

development of hepatocellular adenomas.  

  



 55 

 

 

 

 

 

 
Figure 2.4. Percent liver fat increases with consumption of a high fat diet 

independent of hypoxia and correlates with adenoma multiplicity. The 
percent of fat in the liver was determined from H&E stained liver sections for each 
of the groups as described in the materials and methods. (A) The bars depict the 
average percent liver fat accumulation for each of the groups. The asterisk 
indicates a statistical difference between D+P and D+P+H+HF (p <0.05). Error bars 
show standard error. (B) The percent liver fat was compared with the number of 
adenomas for all of the animal groups combined and a Spearman’s rank 
correlation coefficient test was performed. The line depicts the correlation 
between the percent liver fat and the number of liver adenomas per animal (r=75, 
p=<0.001, n=17). 
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d. A high fat diet increases the presence of liver injury-associated 

enzymes  

Given the prevalence of hepatic lesions in some of the treatment groups we 

suspected that some of the groups might be experiencing liver damage. Two 

enzymes, aspartate aminotransferase (AST) and alanine aminotransferase (ALT), 

are well known markers of liver injury and useful surrogate measures of NAFLD.  

Hence, we sought to evaluate the state of the liver of the animals in our 

experimental groups by analyzing serum samples for AST and ALT. We found that 

serum levels of both AST and ALT had a tendency to increase in both D+P+HF and 

D+P+H+HF groups relative to D+P (Fig. 2.5A & 2.5D).  When we compared AST & 

ALT serum levels with percent liver fat we found a strong correlation between 

both enzymes and percent liver fat (p = 0.01) (Fig. 2.5B & 2.5E) suggesting that 

the increase in liver fat, and therefore steatosis, resulted in hepatocellular injury. 

These results prompted us to test whether serum enzyme levels could predict 

adenoma formation.  While we found a significant correlation between AST and 

hepatocellular adenomas (p = 0.05) we found no correlation between serum ALT 

levels and adenoma formation (Fig. 2.5C & 2.5F).  Taken together these results 

indicate that the steatosis caused by the high fat diet leads to liver damage and 

release of AST and ALT but that that type of liver damage is only weakly associated 

with the development of liver adenomas. 
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Figure 2.5. Liver injury tends to increase with high fat diet consumption 
and correlates with percent liver fat and adenoma multiplicity. At 48 weeks 
mice were sacrificed. Whole blood was collected from control, D+P, D+P+H, 
D+P+HF, and D+P+H+HF mice, via cardiac puncture. Serum was separated from 
the whole blood and analyzed for the levels of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST). (A) Graphs the units per liter of serum. Each 
bar represents the average AST for all the animals in each of the groups. Error bar 
represents the standard error. (B) Data for AST levels and percent liver fat was 
pooled for all of the animals and the levels of AST were compared with the percent 
liver fat using Spearman’s rank correlation coefficient test (r=.63, p=<0.01, n=17). 
(C) A similar test for the correlation between serum AST levels and number of 
adenomas per mouse was conducted also using the Spearman’s rank correlation 
coefficient test (r=0.52, p=<0.05, n=18). (D) The average serum levels of ALT in 
units per liter serum for each of the animal groups is depicted. Error bars represent 
the standard error. An asterisk indicates a statistically significant difference 
between groups (p <0.05). (E) Data for ALT serum levels and percent liver fat was 
pooled for all of the animals and the levels of ALT compared with the percent liver 
fat using Spearman’s rank correlation coefficient test (r=0.6, p=<0.02, n=17). (F) 
The graph shows a Spearman’s rank correlation coefficient test of ALT serum 
levels and the number of adenomas per animal (r=0.46, p=not significant, n=18). 
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e. HIF-1α is significantly upregulated in animals on a HF diet and 

positively correlates with both fat accumulation and adenoma 

formation 

Hypoxia is an initiator of several molecular processes that drive tumor 

development. For example, hypoxia-inducible factor 1-alpha (HIF-1α), a master 

regulator of hypoxic response, is overexpressed in HCC and is accepted as a 

pharmacological target. Since some of our groups of mice were exposed to hypoxia 

we quantified HIF-1α expression in the livers of our test animals using qRT-PCR.  

The average fold change in the D+P was approximately 1.5 fold over the untreated 

control group (Fig. 2.6A).  Surprisingly, the D+P+H group showed no significant 

increase in HIF-1α expression over and above the D+P group even though we 

clearly showed that the livers of these animals become hypoxic when exposed to 

hypoxia (Fig. 2.1B).  Instead, we found the greatest increase of liver HIF-1α 

expression in the D+P+HF group (Fig. 2.6A). Liver HIF-1α expression was 

significantly higher in the D+P+HF group compared to both the D+P+H and 

D+P+H+HF groups (p = 0.05).  

These observations suggested that HIF-1α expression was stimulated by the 

steatosis induced by the high fat diet. To test this, we assessed the correlation 

between HIF-1α expression and percent liver fat and found a significant 

correlation between the two (p = 0.05) (Fig. 2.6B). Next, we looked and found a 

strong correlation between HIF-1α expression and the number of hepatocellular 
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adenomas (p = 0.001) that developed in the test mice (Fig. 2.6C). These results 

suggest that liver fat accumulation (NAFLD) leads to increased expression of HIF-

1α and that it promotes hepatocellular adenoma development. 
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Figure 2.6. Upregulation of hepatic HIF-1α mRNA expression correlates with 
percent liver fat and adenoma multiplicity. HIF-1α mRNA expression was 
analyzed for control, D+P, D+P+H, D+P+HF, and D+P+H+HF mice using qRT-PCR. 
(A) Box plots depict fold change calculated using the 2-(ΔΔCt) method and 
normalized to GAPDH for each of the groups (n ≥3 mice per group). Asterisks 
indicate a significant difference between compared groups (*p ≤ 0.05). (B) HIF-1α 
expression levels were compared with the percentage of liver fat using Spearman’s 
rank correlation coefficient test (r=0.54, p=<0.05, n=17). (C) Similarly, HIF-1α 
expression levels were compare with the average number of adenomas developed 
per mouse using Spearman’s rank correlation coefficient test (r=0.80, p=<0.001, 
n=17). 
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IV. Discussion 

Obese individuals are at higher risk of developing a number of cancers, including 

HCC [57,101]. Non-alcoholic fatty liver disease (NAFLD) is the most prominent 

hepatic manifestation of obesity. Non-alcoholic steatohepatitis (NASH) is an 

asymptomatic subgroup of NAFLD that increases the risk of HCC [102]. 

Furthermore, OSA is a common co-morbidity associated with obesity and an 

established risk factor for NAFLD [103]. In this context the degree of hypoxia in 

patients with OSA predicts the severity of liver pathology [104,105]. In this study, 

we tested whether there was a synergistic effect between these co-morbidities. 

Our findings demonstrated that a high fat diet leads to steatosis (NAFLD), which 

accelerates hepatocellular adenoma development in D+P treated mice. 

Interestingly, we found that hepatic steatosis was decreased in mice treated with 

hypoxia compared to the high fat only group and that these mice also had fewer 

hepatocellular adenomas. Similarly, our evaluation of liver enzymes ALT and AST 

also followed the same patterns, indicating more overall liver damage in the high-

fat only group compared to all other groups including the combination group that 

experienced hypoxia and a high-fat diet. The use of hypoxia led us to investigate 

HIF-1α expression levels. We discovered by qRT-PCR and confirmed by 

immunohistochemistry (data not shown) the up-regulation of HIF-1α in diet-

induced obese mice. We also showed a strong association of tumor development 

potentially through steatosis activated HIF-1α.    
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A recent study examined the composition of a high fat diet on lipid 

accumulation in the liver and found that monounsaturated fat induced more 

hepatic steatosis that saturated fat [106]. In our study the high fat diet had 

approximately 60% of the total calories come from fat, of which roughly 37% were 

saturated, 47% were monounsaturated, and 16% were polyunsaturated. 

Therefore, we suspect that the liver fat accumulation that we saw was due to not 

just the quantity of fat but its composition that resulted in an increase of hepatic 

steatosis.  

 In the liver oxygen-rich arterial blood and oxygen-depleted venous blood 

enter via the portal artery and vein (periportal) [107]. Oxygen-rich arterial blood 

gets depleted when it mixes with venous blood and navigates through the liver 

lobule by way of the sinusoids to the hepatic vein (pericentral) creating an oxygen 

gradient. While not completely clear, there is a current theory that exposure to a 

high fat diet leads to a ‘hypermetabolic state’ in the liver, in which continuous 

flow of free fatty acids fuel oxygen consumption in mitochondria-rich periportal 

hepatocytes, limiting the supply of the already oxygen-depleted downstream 

pericentral hepatocytes [77,107]. Similarly, we noticed that lipid accumulation 

(steatosis) occurred mostly in the area of the periportal hepatocytes, while HP-1 

and HIF-1α were largely expressed in the pericentral hepatocytes of liver treated 

with high fat diet with or without hypoxia. This theory would explain why we 
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found that HIF-1α expression increased in the liver of mice fed a high fat diet 

without exposure to hypoxia.  

Additionally, it has been shown that high-altitude is capable of causing 

body weight reduction in obese subjects even without physical exercise [108,109]. 

To provide an explanation in the weight reduction we saw in our hypoxic mice we 

briefly examined sleep, physical activity, feeding and energy expenditure between 

control and D+P+H+HF mice by concurrently measuring them with high-

resolution sensors. We found a significant increase in energy expenditure in the 

D+P+H+HF group compared to the control while other factors were not significant 

(data not shown). Therefore, we suspected that the hypoxia in the chambers the 

mice were housed forced an increase in ventilatory response which was indicated 

by the increase of CO2. We believe that other factors, such as appetite suppression, 

could have influenced the weight reduction but time did not permit any 

significant changes. On the other hand, Savransky et al used a mouse model of 

chronic intermittent hypoxia (CIH) and showed that CIH leads to liver 

peroxidation in mice fed high fat diet [81]. This coincides with other results which 

indicate that the severity of OSA, as measured by the apneahypopnea index and 

the hypoxemia index, is significantly associated with cancer mortality in a dose-

dependent manner [91,110]. It is possible that our hypoxia dose, although 

meticulously calculated, may have fallen outside the necessary range to synergize 

with diet-induced obesity. Nonetheless, we theorize that the mice who were fed a 
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high fat diet resulted in steatosis which created an “endogenous hypoxic” 

microenvironment near the pericentral hepatocytes which lead to an increase in 

the expression of HIF-1α that appeared to function as a tumor promoter. 

Meanwhile, the mice that were exposed to hypoxia received an “exogenous 

hypoxia” which resulted in a weight reduction potentially due to a promotion of 

lipid peroxidation which induced liver injury as indicated by accumulation of 

lipofuscin that could explain the development of our HCC.           

 Our results show that a high fat diet results in hepatic steatosis which leads 

to a greater incidence of hepatocellular adenomas that correlated strongly to HIF-

1α expression.  Hypoxia decreases the effects of a high fat diet as observed by 

suppression of fat accumulation, tumor formation, serum AST/ALT, HIF-1α 

expression, and hepatocellular adenoma formation. Therefore, we propose that 

HIF-1α signaling acts as an early and important driver of obesity associated 

tumorigenesis and provides a rationale for preclinical testing of HIF-1α inhibitors 

to prevent/treat NASH and obesity associated HCC. 
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CHAPTER III: INTRAPERITONEAL INJECTIONS OF POLYIODINATED 

TRIGLYCERIDES EMULSIONS AS AN ALTERNATIVE ADMINISTRATION 

METHOD FOR MICRO-CT CONTRAST ENHANCED DETECTION OF MURINE 

TUMORS 

 

I. Abstract 

Micro-computed tomography (micro-CT) coupled with tissue, or vascular, specific 

contrast agent has emerged as a powerful tool for detecting and monitoring tumor growth 

in the liver of murine animals. Intravenous injections of contrast agents can be 

technically difficult and lead to errors that can considerably influence the outcome of a 

pre-clinical study. We assessed the effectiveness of intraperitoneal injections of 

Fenestra® LC in micro-CT imaging of young (8 weeks) and old (48 weeks) mice with 

xenograft or carcinogenic induced liver tumors, respectively, and determined an optimal 

acquisition time. A 16 hour wait post-intraperitoneal injection produced the greatest 

contrast between liver and lesion with mean liver CT values of 575.25 ± 44.67 HU, mean 

tumor CT values of 428.18 ± 47.31 HU, and a liver to tumor attenuation difference of 

146.97 ± 2.64 HU (P value <.05). Utilizing an intraperitoneal injection is a viable 

alternative administration route for using Fenestra® in detection and quantification of 

murine liver tumor burdens. 
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II. Introduction 

Contrast enhanced micro-computed tomography (micro-CT) provides a 

promising approach for noninvasively studying models of human disease in vivo 

in small animals. Fenestra® LC polyiodinated triglyceride emulsion is a contrast 

agent that has been used for micro-CT liver tumor imaging in mice and rats[111–

113]. It is thought that the lipid spheres of Fenestra® LC mimic chylomicron 

remnants and incorporate apolipoprotein E (APO-E) from plasma for selective 

targeting of hepatocyte but not liver tumor cells since liver tumor cells do not 

contain the APO-E receptor[114,115].  

The typical administration route for Fenestra® LC is with a tail vein 

intravenous (IV) injection. IV injections via the tail vein are technically 

challenging, involve failed attempts, and have been found to involve inter-

technologist variability[116,117]. To circumvent these issues, we set out to test 

the efficacy of intraperitoneal (IP) injections as an alternative administration 

route for Fenestra® LC in a murine tumor model. Previous investigators have 

reported success with a dual IV and IP injection method of Fenestra® but IP 

injections of Fenestra® LC alone have never been tested to our 

knowledge[118,119].  

The aim of this study was to determine if IP injections of Fenestra® LC 

allowed for identification and quantification of murine liver tumors using micro-
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CT and therefore it enables the same applications as with IV injections of 

Fenestra®. 

III. Results 

a. Liver and kidney attenuation in micro-CT images from IP injections 

As an initial step towards optimizing IP injections we injected control BALB/c 

mice with our contrast agent, Fenestra® LC, and evaluated image development 

over time (pre-contrast, 6, 16, and 24 hours) using serial micro-CT images (Fig. 

3.1).  Liver and kidney enhancement was measured at each time point and the 

attenuation difference were compared to each other. As expected the baseline 

image (pre-contrast) showed a lack of contrast within the liver and surrounding 

soft tissues (i.e. kidney) of the mouse (Fig. 3.1a).  At 6 hours post-injection 

contrast enhancement reached a signal intensity of 28.8 Hounsfield units (HU) 

over liver baseline values and 1.7 HU over kidney baseline values (Fig. 3.1b). 

Contrast enhancement reached a value of 101.33 HU over liver baseline values as 

well as 70.5 HU over kidney baseline values at 16 hours post-injection (Fig. 3.1c) 

which decreased thereafter (Fig. 3.1d).  The attenuation difference between the 

liver and kidney was significant at the 16-hour time point with a P value of less 

than .05 (Fig. 3.1e).  
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Figure 3.1. Serial coronal micro-CT images showing hepatobiliary contrast 
enhancement. (A) Baseline micro-CT image prior to contrast agent. A 10 mL/kg 
intraperitoneal (IP) injection of contrast agent Fenestra® LC was injected and 
micro-CT images were taken at (B) 6 hours, (C) 16 hours, and (D) 24 hours post-
injection. (E) The graph represents the mean computed tomography value of the 
liver and kidney at each time point. Error bars represent the standard deviation. 
* indicates a significant difference in value between liver and kidney (P value < 
0.05). White dashed line: Liver, St: stomach, K: kidneys, Sp: spleen, HV: hepatic 
vein, HU: Hounsfield unit. 
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b. Comparison of hepatobiliary contrast enhancement by route 

We next compared the liver to tumor enhancement values for IP vs IV 

injections.  We achieved micro-CT hepatobiliary contrast enhancement using 

either an intraperitoneal or intravascular injection of the contrast agent into mice 

that were treated with DEN and had developed liver tumors.  Liver and tumor 

enhancement was measured, and the attenuation difference were compared. The 

mean liver CT values were 575.25 ± 44.67 and 520.58 ± 9.04 HU for the IP and IV 

contrast agent injections, respectively. The mean tumor CT values were 428.18 ± 

47.31 and 426.91 ± 22.14 HU for the IP and IV contrast agent injections, 

respectively. Therefore, the liver to tumor attenuation differences were 146.97 ± 

2.64 and 93.67 ± 13.10 HU for the IP and IV contrast agent injections, respectively. 

The mean liver CT values were significant with a P value of less than 0.05, while 

the liver to tumor attenuation differences were significant with a P value of less 

than 0.001 (Fig. 3.2).  
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Figure 3.2. Comparison of contrast enhancement acquired 16 hours’ post 
IP and 2 hours post-intravenous (IV) injection.  The bar graph represents an 
average CT value of the liver and tumor tissue. The comparison was done on the 
same mouse 4 days apart and assessed liver to tumor enhancement as well as the 
route of injection. * represents a significant difference between route of 
injection (P value < 0.05). *** represent significant difference in value between 
liver and tumor (P value < 0.001). 
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c. Histopathology confirmed micro-CT detected lesions 

In order to confirm that the imaging using contrast agent delivered by IP 

yielded suitable images, we first imaged mice that developed tumors as a 

consequence of being treated with DEN.  Contrast enhanced micro-CT detected a 

large lesion within the quadrate lobe of the liver from a mouse from the DEN-

induced tumor model group (Fig. 3.3a). The harvest confirmed the large 1 x 1.5 cm 

liver lesion which was photographed, then prepared for histopathology (Fig. 3.3b). 

The large lesion was determined to be a hepatocellular adenoma with mild cellular 

hypertrophy and extensive telangiectasia (Fig. 3.3c).  

We used the same procedure to determine whether IP-administered contrast 

agent could detect xenograft liver tumors produced by injection of Hep3B cells 

into the liver.  Contrast enhanced micro-CT detected multiple lesions of various 

sizes throughout the liver (Fig. 3.4a). The harvest confirmed multiple liver lesions 

that ranged from .25 cm to 2 cm in diameter, which were photographed and 

prepared for histopathology (Fig. 3.4b). The lesions were determined to be 

hepatocellular carcinoma with irregular margins that expanded and effaced 

normal hepatic architecture in multiple liver lobes (Fig. 3.4c). 
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Figure 3.3. Detection of carcinogen induced liver tumors using micro-CT. 
(A) Coronal micro-CT image of a chemically induced tumor, 48 weeks post DEN 
injection and phenobarbital administration with large hepatocellular adenoma 
tumor (dashed line). (B) Upon gross examination of the liver the adenoma was 
confirmed (dashed line). (C) A hematoxylin and eosin stained section of the liver 
with tumor [100x magnification].    
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Figure 3.4. Detection of a xenograft induced liver tumor using micro-CT. 
(A) Coronal micro-CT image of a xenograft induced tumor, 60 days’ post 
injection of Hep3B cells showing hepatobiliary contrast enhancement and severe 
hepatocellular carcinoma burden (dashed line). (B) Gross examination confirmed 
multiple hepatocellular carcinoma tumors (dashed line). (C) A hematoxylin and 
eosin stained section of the liver with tumor [100x magnification].  
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IV. Discussion 

This study investigated IP injections of hepatobiliary contrast agent, Fenestra® 

LC, as an alternative to IV injection for detecting and monitoring liver cancer in a murine 

model. IP injections were suitable for serial imaging as well as imaging mice at multiple 

time points, which would be ideal for longitudinal drug treatment experiments. Of the 

time points we tested (6, 16, 24 hours) our results showed that a 16-hour post-

intraperitoneal injection image scan provided the best contrast in mice regardless of age 

or disease burden. These data combined with our observation that the quality of the 

micro-CT image obtained is comparable to that using IV injections makes IP injection a 

suitable alternative.   

Furthermore, this study revealed that a dual injection with another contrast agent 

as done by other investigators mentioned previously is not necessary to obtain 

hepatobiliary contrast. 

The only down side that we experienced was that image quality suffered if the 

animals were dehydrated, which was generally resolved by administering a saline 

injection 24 hours prior to imaging.  

Future studies could compare Fenestra® LC administration by using the oral route 

and also compare the ability to quantify murine liver tumor burden for different 

administration routes. Additionally, future studies could compare IP injection of 

Fenestra® LC with other commercially available micro-CT contrast agent and we 

hypothesize that colloidal micro-CT based nanoparticle contrast agent with materials 

such as bismuth and gold will not work in IP injections due to the viscosity of these 

agents. 
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Our data revealed that IP injections of Fenestra® LC produced high-quality micro-

CT images of the liver which enabled serial imaging of mice at multiple time points and 

facilitated the identification of organ tissues within the body and visualization of hepatic 

adenomas and carcinomas. 
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CHAPTER IV: CONCLUSIONS 

Liver disease is often viewed as a linear multi-step process to 

hepatocellular carcinoma (HCC), beginning with the accumulation of risk factors 

and their molecular alterations and progressing from nonalcoholic fatty liver 

disease (NAFLD) to nonalcoholic steatohepatitis (NASH), cirrhosis, and finally, 

carcinoma. A diet, specifically a high caloric diet that leads to obesity, is a risk 

factor that is associated with the development of NAFLD and NASH [22]. An 

abundance of research has linked obesity to greatly increasing the risk of chronic 

disease morbidity – namely cardiovascular disease, diabetes, hypertension, 

obstructive sleep apnea, and many types of cancers [58,61,62].  

Independent of obesity, obstructive sleep apnea (OSA) has been associated 

with increased cancer mortality and in a multicenter clinical cohort study of 4,910 

patients researchers found that increased overnight hypoxia as a surrogate of OSA 

was also associated with increased cancer incidence [91]. Furthermore, OSA alone 

increases the risk of NASH [80,81,120].  

In the liver both obesity and hypoxia individually increase lipid 

accumulation, a key characteristic of NAFLD [80,95]. The overexpression of HIF-

1a has been found in both obese and OSA individuals [77]. HIF-1a was found to 

be active in HCC tumor tissue [96].  

In these experiments, we set out elucidate whether obesity and OSA act 

jointly in HCC development through combined effect on HIF-1a activation. Our 
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goal was to use hypoxia to simulate OSA in order to separate the individual and 

combined effects of obesity and hypoxia on HCC. We also developed a novel 

micro-CT method to non-invasively image mice while simultaneously reducing 

animal stress and increasing survivability, an essential for longitudinal studies.  

Through the utilization of micro-CT imaging we were able to determine in 

vivo that a high fat diet leads to an earlier onset of hepatic tumors compared to 

mice fed a standard diet. An approximate tumor count and measurement were 

performed on the acquired images and later confirmed at harvest.  

Histological examination of the livers showed hepatic lipid accumulation 

on the mice that were fed a high fat diet. Mice that were fed a high fat diet 

experienced an increase in tumor multiplicity and size. Serum analysis indicated 

a tendency for higher AST and ALT levels which confirmed an abundance of 

damage within these livers. Somewhat surprising was the increase of HIF-1a 

expression particularly in the mice that were on a high fat diet only. Further 

review reminded us that arterial and venous blood mix upon entry into the liver, 

the low oxygenated arterial blood gets decreased upon mixing and diluted further 

while traversing the sinusoid [77,107]. The continuous flow of fat fuels oxygen 

consumption in mitochondria-rich periportal hepatocytes, further limiting the 

supply of the oxygen downstream, thus creating a hypoxic microenvironment. 

Favorably, HIF-1a localized downstream in the area of the pericentral 
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hepatocytes. Our results fit well with other research that emphasize that hazards 

of a diet that leads to obesity with the addition of a potential mechanism.   

The application of the hypoxia treatment had an unexpected result. Based 

on our initial literature review we expected hypoxia to synergize with the high fat 

diet, what we found was that it blunted the effects of a high fat diet. Treatment 

with hypoxia lead to a reduction in overall weight, hepatic lipid accumulation, 

tumor formation, serum enzymes AST and ALT, and HIF-1a expression. While we 

found this result to be unusual we did find similar results in studies that utilized 

hypobaric chambers or high altitude. In these experiments researchers only 

change the atmospheric pressure through oxygen reduction. As a result, obese 

individuals lost weight potentially due to a higher metabolic rate and reduced food 

intake [108,109]. Intrigued by these experiments we measured the energy 

expenditure (physical movement, food intake, and CO2 levels) of mice under our 

experimental settings. In our results we found no difference between the physical 

activity nor food intake between mice exposed to hypoxia and not exposed to 

hypoxia. However, we did find a significance in the CO2 levels indicating an 

increase of ventilatory response. Therefore, we determined that one possible 

explanation for our findings was due to “exercise”.  

A logical next step would be to inhibit HIF-1α. Inhibition would confirm 

our findings and also provide rationale to justify moving forward with preclinical 

testing of drugs that target HIF-1α to prevent HCC. Our imaging method would 
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be ideal for these drug treatments as it facilitates longitudinal imaging. Finally, 

elucidating whether obesity and OSA act jointly may require a different hypoxia 

treatment or animal model capable of obesity-induced OSA.  
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CHAPTER V: MATERIALS AND METHODS 

I. Mouse model and Tissue Collection  

15-day old BALB/c male mice (Jackson Laboratory, Sacramento, CA, USA) 

received a one-time injection of Diethylnitrosamine (D) (Sigma, #N0756) at a 

dose of 25 ug/g of body weight in saline. At 21 days of age, the mice were then 

administered 0.05% phenobarbital (P) (Sigma, #P1636) through their drinking 

water at 21 days of age, which continued until they were sacrificed. At 28 days of 

age mice were randomly assigned to one of the four treatment groups: D+P only, 

D+P with hypoxia, D+P with a high fat diet, D+P with hypoxia and a high fat diet. 

Age and gender matched groups of mice without diethylnitrosamine or 

treatment were included in the study as controls. Mice were housed in an IACUC 

compliant facility (under protocol #14-431) with a 12-hour day/night light cycle 

and had access to standard mouse chow and water ad libitum. Mice were 

euthanized with CO2 gas 48 weeks post-initiation of treatment exposure and 

blood and liver tissue were collected for further analysis. Whole blood was 

collected by cardiac puncture (EDTA). Livers were harvested, washed in sterile 

saline, weighed, observed for abnormalities (OA) which included, but was not 

limited to, foci of cellular alteration, hepatocellular adenoma, hepatocellular 

carcinoma. Livers were then photographed and either fixed in 10% formalin or 

snap frozen. Once fixed the livers were transferred to 70% EtOH and embedded 

in paraffin or stored at 4°C. 
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II. Nutritional Treatment 

Diet induced obesity groups were fed a high fat diet (TD 06414, Teklad WI, 5.1 

kcal/g, 60.3% kcal from fat, 21.3% kcal from carbohydrate, 18.4% kcal from 

protein) and maintained on that diet for the duration of the study. Remaining 

mice were fed a comparable low fat diet (7013 NIH-31, Teklad WI, 3.1 kcal/g, 

18% kcal from fat, 59% kcal from carbohydrate, 23% kcal from protein) and 

maintained on that diet for the duration of the study. 

 

III. Simulation of Sleep Apnea 

Intermittent and persistent hypoxia was induced by exposure to 9% O2 and room 

air (20.95% O2). Simulation of sleep apnea consisted of 10 cycles per hour for 3 

hours of intermittent hypoxia, followed by 6 hours of persistent hypoxia (9% O2) 

then another 3 hours of intermittent hypoxia. Hours were consecutive per day 

(7am to 7pm) during the 12-hour light cycle. This O2 concentration was 

maintained by continuous flow of gas circulated through a sealed commercially 

designed chamber that holds 4 cages of mice (30" W X 20" D X 20" H; OxyCycler 

A44XO, BioSpherix, Redfield, NY). A control normoxia group was exposed to 

continuous flow of room air. The degree of hypoxia exposure was verified and 

continuously monitored via internal oxygen sensors within the chamber. 

External oxygen sensors (ISO-OXY-2, World Precision Instruments, Sarasota, 
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FL) were used periodically as a quality control measure of the internal oxygen 

sensors. This data was recorded continuously throughout each 12-hour period of 

hypoxia exposure for subsequent quantification that ensured that the hypoxia 

exposure was delivered appropriately. Normoxia and hypoxia treatments were 

maintained for the duration of the study until mice reached 48 weeks post-

initiation of treatment exposure. Body mass was measured and recorded twice 

weekly. 

 

IV. Micro-CT Set-up  

Mice were imaged using a Siemens Inveon micro-CT scanner (Malvern, PA, 

USA), which is a variable zoom cone-beam X-ray CT system with the capacity to 

generate images with a spatial resolution of 20 microns over an 8.4 cm x 5.5 cm 

field of view. Images were acquired at 55 kVp with and anode current of 500 µA 

and a shutter speed of 500 ms/frame. Scans completed a full 360-degree rotation 

of the X-ray tube with 450 projections.  Reconstructions were generated using 

the Feldkamp cone-beam algorithm. The axial field of view was set at 55.69 mm 

with an effective pixel size of 36.26 µm resulting in a reconstruction image size 

of 2048 x 3072 pixels. Final reconstructed data were analyzed using Inveon 

Research Workplace software.  

 

V. Micro-CT Image Acquisition 
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All mice received a 0.5 mL sterile subcutaneous saline injection 24 hours prior to 

imaging. Mice then received 10 mL/kg of the contrast agent, Fenestra LC 

(MediLumine, Toronto, ON, Canada) 16 hours prior to imaging for 

intraperitoneal (IP) injections. IP injections were injected in the lower right 

abdominal quadrant, the syringe plunger was drawn back and the needle hub 

was inspected for urine, blood, or digesta. At the time of imaging mice were 

placed in an induction chamber and anesthetized with 4% isoflurane in oxygen. 

The mice were then transferred to a respiratory pillow on the Inveon bed and 

kept under anesthesia with approximately 2% isoflurane in oxygen, depending 

on the rate of respiration of the mouse. Images were acquired without 

respiratory or cardiac gating. The total scan time took 11 minutes with an 

estimated radiation dose of 8 REM (PEN dosimeter, S.E. International, 

Summertown, TN).  

 

VI. Micro-CT Image Evaluation 

Micro-CT images were analyzed and scored using Inveon Research Workplace 

software. Image scores were determined by their average CT value which was 

determined by the mean voxel intensity from random slices and locations within 

the liver, kidney or tumor. Images were analyzed by two experts and four 

untrained observers to determine the reliability of the hepatobiliary 
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segmentation process. The mean CT value and standard deviation was collected 

for every region of interest and compared between all the images.  

 

VII. Biochemical assays 

Whole blood was collected in a heparin tube, then centrifuged in 4C at 10,000 

rpm for 10 minutes. Serum aspartate aminotransferase (AST) and serum alanine 

aminotransferase (ALT) were measured by the University Animal Care 

Pathological Services at The University of Arizona.  

 

VIII. Quantitative Real-Time PCR 

Total RNA was isolated using the quickRNA miniPrep according to the 

manufacturer’s protocol (Zymo Research, Irvin, CA #R1055). RNA was quantified 

using Nanodrop ND-1000 (Thermo Fisher, Wilmington, DE). cDNA was 

synthesized using the qScript cDNA synthesis kit (Quanta Biosciences, Beverly, 

MA. #84033) and incubated using the SimpliAmp thermal cycler (Applied 

Biosystems, Foster City, CA). Real Time quantitative PCR was completed using 

the StepOne Plus real time PCR system (Applied Biosystems). Primers were 

synthesized by Sigma Aldrich (St. Louis, MO). PCR products were detected using 

PerfeCTa SYBR Green Fastmix Rox (Quanta Biosciences, #95073). Relative gene 

expression was determined using the comparative cycle threshold (Ct). GAPDH 

was used as the normalizing control and the fold-change was calculated and 
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expressed. The qRT-PCR primers were: GAPDH F 5’- ACCCACTCCTCCACCTTT-

3’, and R 5’-CTCTTGTGCTCTTGCTGGG-3’; HIF-1α F 5’-

GGCGCGAACGACAAGAAAA, and R 5’- CCTTATCAAGATGCGAACTCAC-3’. 

 

IX. Immunohistochemistry staining and analysis 

Sections of formalin-fixed, paraffin-embedded livers were cut at a 4 µm 

thickness and stained with haemotoxylin and eosin (H&E) or 

immunohistochemically stained with carbonic anhydrase 9 (CA9). The H&E 

stained sections were blindly examined for tumors by an independent veterinary 

pathologist. Slides were scanned and imaged on an Aperio A2 slide scanner from 

Leica (Buffalo Grove, IL). Quantification of percent liver fat was determined 

using Tissue Studio 4.4.2 software (Definiens, Cambridge, MA). Percent liver fat 

was measured by eliminating general white space, large holes, and tissue edges, 

leaving behind fat vacuoles which were subtracted from the remaining tissue 

area. CA9 stains were quantitatively analyzed using an immunohistochemical 

scoring system. This immunoreactivity scoring (IRS) system takes into account 

the percentage of positive cells and the intensity of the observed staining [121].   

 

X. Statistics  

Statistical significance was determined using a repeated measures 2-way 

ANOVA to compare means of multiple groups. Differences among groups were 
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carried out by Mann-Whitney U test. Ranking correlations were done using 

Spearman’s test. Data are expressed as mean ± SEM and a P value of ≤0.05 was 

considered statistically significant. 
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Polyiodinated Triglycerides Emulsions as an Alternative 
Administration Method for micro-CT Contrast Enhanced Detection of 
Murine Tumors. BMC Medical Imaging (Submitted) 
 

2. Sweeney NW, Gomes CJ, De Armond R, Centuori SM, Parthasarathy S, 
Martinez JD: Diet-Induced Obesity promotes hepatic hypoxia, 
increased hif-1a  expression and Tumorigenesis. International Journal 
of Obesity (Submitted) 
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APPENDIX B: ADDITIONAL FIGURE 

 

 

 

 

 

Figure 5.1. At 48 weeks control, D+P, D+P+H, D+P+HF, and D+P+H+HF mice 
were euthanized, and the livers were harvested. The number of grossly observed 
abnormalities (OA) per mouse for control, D+P, D+P+H, D+P+HF, and 
D+P+H+HF mice were determined. The average number of abnormalities that 
were <3mm (black bars) and >3mm (gray bars) is shown. 
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