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ABSTRACT 

 

Nearly a third of the US population is currently obese.  The recent rise in liver cancer prevalence 

correlates with the obesity epidemic and non-alcoholic fatty liver disease (NAFLD).  The 

underlying mechanisms behind the increased risk of liver cancer in the obese population remain 

to be elucidated.  My hypothesis is that NAFLD causes elevated levels of the promutagenic lipid 

peroxidation (LPO)-derived cyclic adduct γ-hydroxy-1,N
2
-propano-2′-deoxyguanosine (γ-

OHPdG), which may initiate hepatocarcinogenesis.  Immunohistochemistry (IHC) of γ-OHPdG 

in human liver samples representing the disease stages of steatosis, fibrosis, cirrhosis and 

hepatocellular carcinoma (HCC) was used to discern if there was a correlation between adduct 

formation and disease progression.  γ-OHPdG formation in these samples was elevated in early 

stages of liver disease, suggesting it may be a source of mutagenic DNA damage.  Furthermore, I 

propose that Theaphenon E (TE), a formulated green tea extract, can prevent γ-OHPdG 

formation.  Using a C57Bl/6J bioassay, mice were subjected to a high fat (HFD), low fat (LFD) 

and high fat with 2% TE (HFD+TE) diet in order to investigate γ-OHPdG formation and HCC 

prevention through TE.  HFD+TE mice maintained a healthy body weight, liver to body weight 

ratio and low levels of alanine aminotransferase and aspartate aminotransferase, enzymes 

commonly elevated in liver disease.  TE also effectively prevented lipid accumulation in human 

and mouse liver cell lines treated with fatty acids (FAs).  Additionally, increased CD4+ T cell 

survival and apoptosis in HFD+TE mice may be responsible for prevention of liver damage from 
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lipid accumulation.  The overall incidence of HCC in the bioassay was 15% in LFD, 33% in 

HFD and none in HFD+TE mice. Levels of γ-OHPdG were significantly lower between the 

HFD+TE mice compared to both HFD and LFD at the final timepoint indicating that TE may 

have a preventative role in γ-OHPdG formation.  A significant decrease was also found in the 

number of G>T mutations between HFD and HFD+TE liver tissue, a mutation that is common in 

HCC as well as γ-OHPdG-related DNA modifications. The relationships characterized in this 

research between γ-OHPdG formation and HCC will contribute to a better understanding of its 

role in obesity-related hepatocarcinogenesis. 
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INTRODUCTION 

 

  

Liver cancer is the fifth most common cancer and the second most common cause of cancer-

related mortality globally in males (1).  For females, it is the seventh most common and the sixth 

most fatal (1).  Liver cancer is one of the most lethal cancers with a 5-year survival rate near 4-

8% (2).  HCC is the most prevalent form of liver cancer worldwide and is responsible for nearly 

700,000 deaths annually (1). Hepatitis B and C (HBV and HCV) viral infection, alcohol 

consumption and exposure to the fungus Aspergillus flavus and its difuranocoumarin compound 

aflatoxin account for the majority of risk factors associated with liver cancer development. In 

recent years, obesity has become a significant and increasingly prevalent non-viral causal factor, 

particularly in the US and developed countries, due to unhealthy dietary habits (3, 4).   

 

The increase in liver cancer incidence correlates with the prevalence of non-alcoholic fatty liver 

disease (NAFLD) and non-alcoholic steatohepatitis (NASH).  Steatosis is an early stage of 

NAFLD where fat builds up in the liver to at least 5% of the liver weight as a result of a high fat 

diet, obesity, diabetes and/or metabolic syndrome (5).  NAFLD describes a range of liver disease 

stages; from steatosis to fibrosis and cirrhosis, and it is the most common cause of chronic liver 

disease in North America (6, 7).  NASH is a severe form of NAFLD where excess hepatocellular 

lipid accumulation and increased inflammation occur, which can lead to a higher risk of HCC 

(7). Metabolic syndrome is a metabolic disorder that arises from obesity and it is diagnosed with 

symptoms of high triglycerides, low levels of high density lipoproteins (HDL), cholesterol, high 

blood pressure and high fasting blood sugar (8).  Metabolic syndrome has an estimated 

prevalence of 30-40% in the US population and within HCC patients, making it the most 

prevalent risk factor for HCC in the US (9).  The symptoms of HCC include ascites, jaundice, 
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abdominal pain, encephalopathy, bone pain and irregular metabolism (10).  These symptoms are 

often not severe or specific enough for the diagnosis of HCC until it has progressed to an 

untreatable stage.  The mechanisms underlying the increased risk of liver cancer in the obese 

population has become an important topic in recent years. There is a desperate need to develop 

tumor markers for early detection in patients at a high risk for developing liver carcinogenesis.   

 

Byproducts of normal cellular metabolic processes include metabolites with an unpaired electron 

known as reactive oxygen species (ROS). ROS are highly reactive molecules that participate in 

oxidative reactions.  ROS are normally detoxified by antioxidant enzymes in cells to prevent 

oxidative damage; however, oxidative stress will occur in situations where ROS levels exceed 

the capacity for the detoxification system to remove them. Lipids can become targets of 

oxidative damage and undergo LPO, particularly polyunsaturated fatty acids (PUFAs) in the 

cellular membranes.  PUFAs have double bonds with reactive hydrogens that can bind an OH 

radical, generating H2O and a lipid radical.  Lipid radicals react with molecular oxygen to 

produce lipid peroxide (-OOH), which can further generate reactive aldehydes, notably acrolein 

and 4-hydroxy-2-nonenal (HNE), collectively known as α,β-unsaturated aldehydes.  These 

aldehydes are toxic end products that can react with DNA to form modified bases known as 

“DNA adducts”.  DNA adducts are covalent modifications caused by the binding of reactive 

chemical species to DNA bases.  DNA adducts can become fixed into mutations if they are left 

undetected or unrepaired as cells divide (11).  DNA adducts derived from known carcinogens 

(acrolein and crotonaldehyde) have been shown to be mutagenic in many types of cancer (12-

14).   In liver cancer there is a linear association between Aflatoxin B1-induced DNA adduct 

formation and liver tumorigenesis (15, 16) .  Tumor incidence has also been correlated to adduct 
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formation in experimental rodent studies using diethylnitrosamine (DEN), a potent liver 

carcinogen (17, 18).  Recent studies from whole genomic sequencing of HCC have identified 

mutations in driver genes of seven HCC pathways; among them, missense mutations on 

CTNNB1 (33%) and TP53 (21%) are the most prevalent (19, 20).   G to T and G to C 

transversions are overly represented in HCC which indicates that a substantial number of the 

mutations in HCC could be induced by bulky DNA lesions (21, 22).  LPO-derived DNA adduct 

formation from lipid accumulation in the liver may therefore constitute an underlying mechanism 

of obesity-related hepatocarcinogenesis. 

 

The reactive aldehyde acrolein can form cyclic 1,N
2
-propanodeoxyguanosine adducts after 

reacting with deoxyguanosine (23).  This reaction leads to the formation of two diastereomers, 

namely α and γ-hydroxyl-1,N
2
-propano-2′-deoxyguanosine (α and γ-OHPdG). The γ-isomer has 

been shown to be preferentially formed in vivo (8, 24).    

 

 

 

 

 

 

 

Figure I.  Diastereomers α and γ-hydroxyl-1,N
2
-propano-2′-deoxyguanosine (α and γ-

OHPdG). 
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The formation of γ-OHPdG has been associated with increased LPO in rat livers and PUFA 

oxidation (25, 26).  γ-OHPdG could then be a mechanism-based and biologically relevant 

biomarker for predicting the risk of HCC.  Our laboratory has developed a monoclonal antibody 

and an LC-MS/MS method for detection of γ-OHPdG in tissue and cells, making it possible to 

analyze its formation under a variety of experimental conditions (27). 

 

Because γ-OHPdG is a product of oxidative stress, we hypothesized that antioxidant 

supplementation may prevent its accumulation.  Plants are a source of antioxidants that protect 

against damage from oxidative stress. A high consumption of fruits and vegetables in the diet has 

been associated with a decreased risk of many types of cancer (28, 29).   Our laboratory has 

previously investigated green tea-derived catechins in the prevention of liver cancer.  Xeroderma 

pigmentosum group A (Xpa) knockout mice which are deficient in nucleotide excision repair 

(NER), develop spontaneous liver tumors containing predominately GC>TA somatic, which is a 

mutational signature that may be related to adduct binding (30).  It was found that the levels of γ-

OHPdG had an age-dependent increase and were higher in Xpa-/- mice livers than in WT mice.  

Theaphenon E (TE), a green-tea derived antioxidant formulation, effectively decreased γ-

OHPdG levels in the livers of Xpa -/- mice and reduced HCC incidence to 14%, from 100% in 

the untreated control group (Fu et al. unpublished data).  γ-OHPdG was also found to be elevated 

in the livers of DEN-treated C57/BL6J mice and similarly in Long-Evans Cinnamon rats, a 

model of Wilson’s disease-related liver damage; both models are known to have elevated LPO in 

the liver.  Furthermore, TE in the diet effectively inhibited DEN-induced HCC formation in these 

mice.   
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My hypothesis is that obesity-related NAFLD can lead to elevated LPO, which increases the 

formation of γ-OHPdG, a promutagenic cyclic DNA adduct,  from aldehydes derived from 

PUFA oxidation.  This may cause an increase in mutations in critical liver cancer driver genes 

such as TP53 and CTNNB1 that lead to hepatocarcinogenesis. I believe γ-OHPdG may play a 

role in the progression of liver disease from steatosis, fibrosis, cirrhosis and eventually to HCC 

as a result of chronic inflammation and compensatory proliferation and differentiation of 

hepatocytes, which are underlying mechanisms for accumulation of mutations and HCC 

development.  I propose that TE, a formulated of green tea extract, can decrease formation of γ-

OHPdG in the livers of obese mice during HCC development by acting as an antioxidant to 

reduce LPO.  

 

In order to study the role of γ-OHPdG and the effects of TE on lipid accumulation and 

hepatocarcinogesis in obese mice, I conducted an 80-week tumor bioassay using C57Bl/6J mice 

on a high fat (HFD), low fat (LFD) and high fat with 2% TE (HFD+TE) diet.  C57BL/6J mice 

are susceptible to diet induced obesity and are often used to study liver disease and HCC (31, 

32).  I have also used primary human hepatocytes (HH) and AML12 cells, a mouse hepatoma 

cell line, to verify the mechanisms of lipid accumulation and γ-OHPdG formation in vitro.  In the 

C57BL/6J mouse model, the HFD+TE treated mice maintained a healthy body weight, liver to 

body weight ratio and low levels of alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST), enzymes which are elevated in liver disease.  Additionally, increased 

CD4+ T cell presence and apoptosis in HFD+TE mice may have helped prevent liver damage. 

The overall incidence of HCC in the bioassay was 15% in the LFD, 33% in the HFD and 0% in 

the HFD+TE mice. There was a significant decrease in γ-OHPdG levels between HFD and 



6 

 

HFD+TE mice and between LFD and HFD+TE mice at the termination of the bioassay 

indicating a preventative role of TE in γ-OHPdG formation in vivo.  G>A mutations were 

predominant mutations across all diet groups. Interestingly, there was a significant decrease in 

the number of G>T mutations between HFD and HFD+TE liver tissue, a mutation that is 

common in HCC and associated with γ-OHPdG modifications in DNA. HH treated with oleic 

and palmitic acid, common unsaturated and saturated fatty acids (FAs) found in the diet, showed 

increased lipid accumulation, corresponding with increased γ-OHPdG formation compared to 

controls.  Treatment of HH and AML12 cells with FA plus TE effectively prevented lipid 

accumulation.  Using the monoclonal antibodies developed in our lab, the immunohistochemical 

studies of γ-OHPdG in human liver samples representing the disease stages of steatosis, fibrosis, 

cirrhosis and HCC were performed and showed a correlation between adduct formation and 

disease progression.  γ-OHPdG levels were found to be consistent with LPO in early stages of 

liver disease only, suggesting that it may be a source of DNA damage that leads to the mutations 

for HCC development.  The relationships characterized in this research between γ-OHPdG 

formation and HCC will contribute to a better understanding of its role in obesity-related 

hepatocarcinogenesis.   

 

OBESITY AND CANCER 

 

Obesity is an increasingly prevalent public health concern in both adults and children particularly 

within developed nations due to availability of food and prevalence of a western diet.  Excess 

caloric intake, a sedentary lifestyle and metabolic dysregulation can lead to obesity (33). Obesity 

is determined using body mass index (BMI), a measure of body fat based on a person’s height 
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and weight.  An obese person has a BMI of 30 or above, or roughly a bodyweight that is 20% 

higher than it should be.  The prevalence of obesity is over 30% in the US population (34).  Body 

fat from obesity consists of expanded connective tissue, which contains adipocyte cells that 

function mainly to store energy as lipids.   

 

Obesity increases the risk of many types of cancer, including liver, colon, kidney, pancreatic, 

gallbladder, esophageal, breast and endometrial (35, 36).  In addition to the increased risk of 

cancer, obesity can result in a poor prognosis in cancer of the breast and colon (37, 38). The 

accumulation of visceral adiposity (fat storage accumulating near the abdominal area) has a 

strong correlation with increased cancer development (38). Men store 20-30% of their body fat 

as visceral fat and, on average, have twice as much visceral fat as women. This may account for 

the higher prevalence of obesity-related metabolic disease in men, including HCC which is now 

the leading cause of obesity-related cancer deaths in middle aged men in the USA (39, 40). The 

protumorigenic environment caused by visceral adiposity in obesity includes insensitivity to 

growth inhibitors, evasion of apoptosis, sustained angiogenesis, increased cellular replication, 

invasion and metastasis (41, 42). There is a strong correlation between obesity and cancer of the 

liver (2). The chronic inflammation in the tissue of obese individuals is likely to play a major 

role in the development of disease, however the mechanisms involved have yet to be defined, 

which limit treatment and prevention options (2).  

 

Diet has an obvious link to obesity, and a diet high in fat and sugar is usually the culprit for 

weight gain.  The traditional approach to moderating weight gain is to consume fewer calories 

than are used each day, combined with increased physical activity.  Recent scientific evidence 
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has added complexity to this approach by demonstrating that the source of the calories consumed 

is a more critical component than the number of “calories in, calories out” perspective.  Calories 

derived from omega-6 FA (soybean oil, sunflower, corn oil), common in processed foods, lead to 

chronic inflammation and fat stored in the form of white adipose tissue (43).  In contrast, fats in 

the diet from sources high in omega-3 FA (flaxseed oil, canola oil, chai oil, fish) are anti-

inflammatory and antithrombotic (44).  Although both omega-6 and omega-3 FA are essential to 

the body and are only obtained from the diet, it is important to moderate their consumption to 

maintain a healthy diet and weight.  High amounts of sugar in the diet, mainly in the form of 

fructose, have been associated with obesity and metabolic syndrome which are risk factors for 

heart disease and cancer, the leading causes of death in the US. (45).  Metabolic syndrome is 

associated with a greater than two-fold increase in risk of HCC development and the risk of liver 

cancer death is greater than four-fold higher in obese people (46).  Obesity can work 

synergistically with the other liver cancer risk factors such as aflatoxin exposure, viral infection 

and alcohol consumption, to increase the risk of HCC (47).   

 

The liver has and important function to maintain carbohydrate, fat and protein metabolism in the 

body.  Excess carbohydrates and proteins are converted into FA and triglycerides in the liver.  

The liver oxidizes triglycerides to produce energy and synthesizes cholesterol and phospholipids 

to release into the body.  A fatty liver can develop when FA intake (from the diet and de novo 

synthesis) exceeds the rate of FA output.  Steatosis is an early form of NAFLD where 5% of the 

liver volume consists of intrahepatic triglyceride accumulation (48).  NAFLD affects 33% of the 

general population and is prevalent in obese persons (74%) and in morbidly obese persons (90%) 

(49, 50).  A national, population-based survey in the US showed that a high BMI is correlated 
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with elevated ALT activity, an indicator of NAFLD (51). Hepatocytes that are damaged in fatty 

liver disease lose microvilli and have a reduced ability to clear toxins, secrete bile and perform 

their routine functions (52). Lipid accumulation and inflammatory damage in NAFLD initiates 

the release of cytokines from damaged hepatocytes.  Cytokines such as Il-6 and transforming 

growth factor-β (TGF-β) activate quiescent hepatic stellate cells which induces their fibrogenic 

activation (53).  Activated stellate cells release extracellular matrix (ECM) components as a 

wound-healing response in damaged liver tissue (54).   NASH, which develops in 10% of 

NAFLD cases, is a major cause of liver fibrosis where inflammatory damage and extracellular 

matrix deposition lead to advanced liver damage (55).  There is a greater incidence of NASH 

progressing to HCC in patients that are obese and have type 2 diabetes and hypertension (56, 57).  

Anti-fibrotic therapies and lifestyle changes to remove exposure to risk factors of liver damage 

can ameliorate or even reverse fibrosis (54).  Accumulation of fibrotic scar matrix over time can 

lead to cirrhosis where there is extensive liver architecture breakdown and damage to liver 

vasculature.  Hepatocytes proliferation occurs in response to liver damage, but it is reduced in 

cirrhosis (58).  There are no interventions currently available that can reverse the damage from 

advanced cirrhosis. Cirrhosis is the major risk factor for HCC; up to 15% of cirrhosis cases per 

year advance to HCC depending on the associated genetic and environmental risk factors (59, 

60).  HCC is the most common cause of lethality in cirrhosis patients despite the etiology of the 

disease (58).  In autopsies of individuals who succumbed to HCC, 80-90% had underlying 

cirrhosis (61).  There is currently no cure for HCC and few promising therapeutic options.  The 

ability to manage HCC symptoms has improved in recent years, and in April 2017 a new drug, 

Stivarga (regorafenib) was approved by the FDA to treat HCC.  Stivarga is a kinase inhibitor that 

was previously approved to treat colorectal cancer through blocking angiogenesis and metastasis 
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though VEGFR1, 2 and 3.  A phase III clinical trial of 573 patients with HCC showed that the 

median overall survival for patients treated with Stivarga was almost 11 months compared to 

nearly 8 months for patients on a placebo (62). Sorafanib (NEXAVAR), a tyrosine kinase 

inhibitor that inhibits tumor angiogenesis and cell proliferation was previously the only FDA 

approved drug in the last decade to treat HCC systemically (42).  It has also shown little 

effectiveness, only prolonging survival by an average of 9-10 months in Phase II and III clinical 

trials (63, 64).  The current standard of care in the US for patients with liver cancer is liver 

resection and liver transplant, which are only practiced and successful at earlier stages of the 

disease.  Cirrhosis as a result of NAFLD may soon be the leading reason for liver transplantation 

within the US, surpassing cases of chronic hepatitis which are declining in comparison (39).  

HCC patients who have received liver surgery or percutaneous ablation have nearly a 50% 

recurrence rate by 3 years (65).  A separate study showed a 5-year disease-free survival rate of 

36% after hepatic resection on patients with an increased background of liver damage, such as 

cirrhosis, correlating with a worse prognosis (66). There are cases of HCC that develop without 

evidence cirrhosis or fibrosis and they are largely related to NAFLD (67, 68).   

 

The study of molecular mechanisms that may contribute to NAFLD progression to HCC are 

focused on the protumorigenic environment induced by lipid accumulation.  Adipose tissue 

produces cytokines, cell-signaling proteins known as adipocytokines or adipokines.  Increasing 

amounts of adipose tissue can cause cytokine signaling to become dysregulated, leading to 

chronic inflammation that may contribute to obesity-related metabolic disease and cancer (69, 

70).  Tumor necrosis factor (TNF) is an adipose-derived cytokine that activates downstream pro-

oncogenic pathways through inflammatory mediators NF-κB, JNK and mTOR (71).  Adipocytes 
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release stored free fatty acids (FFAs), cytokine signaling proteins and hormones that regulate 

appetite. FFAs circulate throughout the body and can accumulate in the liver leading to the 

development of protumorigenic factors such as insulin resistance, oxidative stress and LPO (41).  

Insulin resistance is associated with the progression of NAFLD to HCC, however it has yet to be 

determined if it is a cause or consequence of the disease (41). The release of adipose-derived 

FFAs can become dysregulated in obesity, which can cause insulin resistance, and suppression of 

adipose tissue lipolysis in NAFLD patients (72).  FFAs can undergo β-oxidation in the 

mitochondria or ω-oxidation through cytochrome P450. The oxidized FFA can be used to 

generate adenosine triphosphate (ATP) or they become esterified to produce triglycerides (73). 

Triglycerides are either incorporated into very low-density lipoproteins (VLDL) for export from 

hepatocytes, or are stored within hepatocytes, leading to steatosis if stored in excess (74). 

Triglyceride accumulation in NAFLD occurs when the liver cannot regulate changes in 

lipogenesis during the transition from a fasted to fed state. Elevated levels of peripheral FA and 

increased de novo lipogenesis contribute to the accumulation of hepatic and lipoprotein fat in 

NAFLD (72).  Peroxisome proliferator-activated receptors (PPAR) PPARα and PPARγ facilitate 

the upregulation of enzymes that metabolize FFA, however, ethanol intake and other fatty liver 

disease risk factors can impair this pathway, leading to liver damage from errors in lipid 

metabolism (75, 76). The related nuclear receptor family member PPARδ is a mediator of FA 

oxidation and fat storage.  A PPARδ agonist has been proposed as a potential target for obesity 

prevention as it has shown hepatoprotective and antifibrotic effects in mouse models of obesity 

(77, 78).  Another PPAR family member, PPARγ2, regulates lipogenesis and increases de novo 

lipid synthesis in steatotic hepatocytes (79).  Targeting these key regulators may be a therapeutic 

option for preventing lipid accumulation in NAFLD.  
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Ob/ob obese mice as a model of NAFLD have an increased liver to body mass ratio attributed to 

both lipid accumulation and hepatocyte proliferation (80).  Hyperplasia development 

demonstrated in an ob/ob model suggests that the disruption of homeostasis through increased 

cellular proliferation and decreased apoptosis can be an initiating mechanism for 

hepatocarcinogenesis, even if devoid of damage through fibrosis and cirrhosis. In fact, HCC has 

developed in as high as 54% of patients without cirrhosis, likely due to NAFLD (81). The lipid 

accumulation and associated inflammation in the liver can be a source of mutagens that can 

promote cancer development.  Inflammation and damage of lipid membranes by ROS causes 

accumulation of DNA damage in target organs, where the damage accumulates and disrupts 

cellular homeostasis and initiates a protumorigenic environment.  Accumulation and expansion 

of adipose tissue can cause hypoxia by limiting oxygen delivery through blood vessels that 

become inefficient when surrounded by the enlarged tissue. Oxygen and nutrient delivery from 

the blood to organs in the body can be limited by adipose expansion.  Hypoxia stimulates 

inflammation and growth factors to promote angiogenesis in tumor formation (42).  

Inflammation driven TGF-β signaling may promote hepatocarcinogenesis through inducing 

apoptosis and compensatory proliferation of liver cells during early stages of tumorigenesis (82).  

TGF-β–activated kinase 1 (TAK1) maintains homeostasis in the liver by activating NF-κB, JNK 

and receptors for proinflammatory signaling.  TAK1 deficient mice have been shown to develop 

increased liver injury, fibrosis and inflammation driven carcinogenesis (83).  A mouse model of 

obesity recently demonstrated that a HFD can have toxic effects on the gut bacteria through 

increased production of deoxycholic acid (DCA) (84). DCA accumulates in the liver and causes 

DNA damage and inflammation.  Increased levels of DCA were shown to promote a senescence-
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associated secretory phenotype (SASP) in hepatic stellate cells. SASP causes hepatic stellate 

cells to release inflammatory cytokines and oncogenic factors in the liver rendering them 

susceptible to HCC development after treatment with a chemical carcinogen 7,12-

dimethylbenz(a)anthracene (DMBA).  Blocking DCA production or reducing the gut bacteria 

that produced DCA worked effectively to prevent HCC development in the obese mice (84).  

This work shows that chemoprevention strategies can be implemented in the early stages of HCC 

if adequate prognostic biomarkers can be developed. Among them, mechanism-based 

promutagenic DNA adducts have been shown to have a causative role in carcinogenesis.   

 

FATTY ACIDS, LIPID PEROXIDATION AND OXIDATIVE STRESS 

  

LPO, the oxidative degradation of lipids which targets the double bonds of PUFAs in cellular 

membranes, can produce lipid epoxides, peroxyl radicals, lipid hydroperoxides, lipid alkoxyl and 

enals (α,β-unsaturated aldehydes) as byproducts (85). The reactive aldehyde products of LPO 

include HNE, acrolein, crotonaldehyde and malondialdehyde, which can bind DNA forming 

cyclic DNA adducts.  Foods that are processed or heated at high temperatures have increased 

levels of glycotoxins (advanced glycation end products) which increase HNE adduct formation, 

steatosis, fibrosis and inflammation (86, 87).  γ-OHPdG is a cyclic adduct that is derived from 

acrolein.  LPO-generated adducts have been characterized by the presence of a five or six-

membered carbon ring attached to a DNA base which designates them as etheno or propano 

adducts respectively (88).  DNA bases that are modified may serve as biomarkers of mutagenic 

lesions for carcinogenesis associated with increased levels of LPO (89).  The oxygen-derived 
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free radical damage that occurs in the inflammatory state of obesity can cause mutations in 

cancer-related proteins leading to aberrant apoptosis, LPO and DNA repair.  

 

Phospholipids are a class of lipid with a glycerol molecule that binds to a nonpolar, hydrophilic 

FA “tail” with a polar, hydrophobic phosphate “head”.  Because of the hydrophobic nature of the 

FA tails, phospholipids form a semipermeable membrane bilayer, with the tails facing each other 

on the inside.  This lipid bilayer is the major component of all cellular membranes.  Unsaturated 

FA phospholipid tails allow for movement and fluidity in the cellular membrane.  In addition to 

phospholipids, cellular membranes contain varying amounts of FA, phosphoglycerides, 

sphingolipids and sterols such as cholesterol.  The fluidity, thickness, and cellular signaling in 

the membrane can be affected by the type of FA (saturated and unsaturated) and the amount of 

cholesterol in the diet (90, 91).  The composition of cellular membranes can vary from 30-80% 

lipids, 20-60% proteins and 1-10% carbohydrates  (92).  The PUFA composition in cellular 

membranes can influence the type and extent of lipid radical formation as products of oxidative 

stress (93).  Many naturally-occurring FA have an even number of carbon atoms on their chain 

with a terminal end made of a carboxylic acid group (-COOH).  PUFAs have at least one double 

bond which is designated by the position of the first site of an unsaturated bond relative to the 

omega end of the FA chain. For example, an omega-3 FA has a carbon-carbon double bond 

between the third and fourth carbon from the omega end. Omega-3 FA are essential and must be 

obtained in the human diet and are first consumed in the form of α-linolenic acid (ALA), which 

is converted to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in subsequent 

reactions (94). Omega-3 FAs are important for reducing inflammation and enhancing cognitive 

function and development.  Omega-6 FA are also essential; however, in high levels they are 
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proinflammatory.  The conversion of ALA to EPA and DHA is inefficient in a diet that is high in 

omega-6 FAs, as there is competition for the enzymes that mediate the downstream reactions of 

elongation and desaturation during FA metabolism.  The omega-6 FA, linoleic acid (LA), is the 

most abundant PUFA in human tissue.  Excessive LA, from a diet high in processed food and 

corn products, such as a western-style diet, can increase the risk of NAFLD and tumorigenesis 

by activating inflammatory pathways (TNF-α, NF-κβ, Wnt and macrophage recruitment) (95, 

96).  LA released by hepatocytes in NAFLD is absorbed by CD4
+
 T cells, which can lead to their 

death and a reduced antitumor immune response (97).   

 

Cancer cell membranes have been shown to consist of high levels of arachidonic acid (AA), an 

omega-6 FA (98, 99).   Many cellular functions rely on membrane composition for proper 

signaling and metabolism.  High levels of cholesterol and low levels of phosphatidylcholine, an 

essential eukaryotic membrane phospholipid, are associated with decreased fluidity in carcinoma 

tissue (100).  Long chain FAs, decreased saturated FAs and an increased omega-6 to omega-3 

FA ratio are also evident in carcinoma tissues.  The alterations in membrane composition suggest 

that dysregulated lipid metabolism and cellular redox may play a role in survival and growth of 

malignant cells.  A balance of omega-3 and omega-6 FAs in the diet has been shown to affect the 

composition of membrane bilayers and influence health (101).  A healthy ratio of omega-6 to 

omega-3 FAs in the diet is considered to be 1-4/1,  in contrast to the western diet, which has a 

ratio as high as 15-20/1 (102).  Increased omega-6 ratios may also be a result of an imbalance 

from an omega-3 deficient diet (103, 104).  Data from the Singapore Chinese health study, a 

population-based prospective cohort study of over 63,000 men and women, showed that omega-6 

PUFA consumption had a dose-dependent, positive association with non-viral HCC risk (105).  
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Omega-3 FA supplementation in the diet of ob/ob mice was shown to have a protective effect 

against NAFLD damage (106). Omega-3 FAs negatively regulate lipogenesis in the liver and 

reduce the inflammatory response that can induce carcinogenesis.   

 

Regardless of their source, PUFAs in the cell membrane are susceptible to oxidation.  Both 

omega-3 and omega-6 PUFAs can lead to endogenous DNA lesions as a result of oxidation 

(LPO) (107).  Normal metabolic and hydrolytic processes are believed to cause oxidative DNA 

damage at a rate of at least 10,000 per cell per day in humans (108).  During aerobic respiration, 

mitochondria consume O2 and produce H2O through a series of subsequent reductions which 

produce three mutagenic byproducts:  superoxide (O2
−
), hydrogen peroxide (H2O2) and hydroxyl 

radical (
•
OH) (109).  Antioxidant mechanisms within the cell remove oxidative damage; 

however, these defenses can become overwhelmed, resulting in damage to DNA and proteins.  

Peroxisomes degrade FAs and produce H2O2 as a byproduct, which is usually degraded, but can 

sometimes escape into other cellular compartments and cause oxidative DNA damage (110).  

Antioxidant enzymes in the cell such as superoxide dismutase, glutathione peroxidase and 

catalase also regulate ROS production. Maintaining the balance of ROS in the cell is important 

because ROS participate in important functions such as cell proliferation, cell cycle arrest, 

apoptosis and cellular senescence (85). Increases in ROS and a dysregulated antioxidant 

responses are underlying risk factors for many chronic diseases.  The accumulation of DNA 

damage from ROS, combined with deficiency in the antioxidant defense creates an environment 

that can lead to tumorigenesis (111).  Damage to the liver epithelial cells from lipid accumulation 

and oxidative stress in obesity can lead to the release of inflammatory mediators such as 

cytokines and chemokines (112).  These pro-inflammatory factors activate stellate cells which 
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lead to fibrotic conditions as an innate immune response to tissue damage that is usually 

preceded by inflammation (54).  Regardless of etiology, liver damage through ROS and chronic 

inflammation can produce a protumorigenic environment.  In HCV-related hepatocarcinogenesis, 

the viral infection causes chronic inflammation, cell proliferation, cell death and cirrhosis.  

Proteins of the HCV virus can enter mitochondrial membranes, causing oxidative stress and 

upregulation of cytokines, leading to inflammation and tumor formation (113).   

  

Mitochondria and the endoplasmic reticulum (ER) maintain cellular homeostasis, which can 

become disrupted by ROS.  FFA’s released by adipocytes in obesity can lead to ER stress and 

inflammation.   ER stress can disrupt lipid synthesis and triglyceride storage and lead to cellular 

destruction, compensatory proliferation, fibrogenesis and carcinogenesis in the liver. The lipid 

composition of the ER can affect its interaction with the mitochondria and can lead to metabolic 

complications in obesity (114).  The proinflammatory environment of obesity due to lipid 

accumulation and LPO may, therefore, lead to a myriad of protumorigenic effects.   

 

DNA ADDUCTS AND MUTATION 

 

Environmental chemical carcinogens can covalently bind DNA, forming DNA adducts.  For 

example, vinyl chloride and urethane are carcinogens that form reactive intermediates known to 

cause DNA lesions (115, 116).  Vinyl chloride is a carcinogen that induces angiosarcoma of the 

liver. Rodent and bacterial studies have shown vinyl chloride to be a strong alkylating agent that 

produces 1,N
6
-ethenoadenosine, an ethenobase DNA lesion that can lead to mutagenesis (117).  

Adducts can vary in structure depending on the metabolization of the chemical they are derived 
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from and which base they react with.  The size of DNA adducts can categorize them as bulky or 

small.  The repair process for bulky adducts is NER, while base excision repair (BER) and 

alkyltransferase is common for small alkyl adducts (118).  Environmental exposure to radiation 

and UV light can also cause damage to DNA.  XPA is a protein that repairs bulky DNA damage 

such as pyrimidine dimers that form from exposure to sunlight. Individuals with a mutation on 

the Xpa gene can develop skin malignancies resulting from deficient DNA repair after sun 

exposure (119).  Exogenous sources of the chemical carcinogen acrolein include cigarette smoke, 

smoke from cooking oil and car exhaust (120). Acrolein exposure can lead to the formation of 

acrolein-derived cyclic DNA adducts, namely γ-OHPdG. Cyclic DNA adducts have been 

detected in untreated tissue among different species, which suggests they are also formed 

endogenously (26). Background levels of a DNA adduct may be on the scale of 1 adduct for 

every 10
8
 adduct specific nucleotides, a range which may increase by 1 or 2 fold in diseased 

tissue, which requires very sensitive and specific methods for detection (88).  Methods that have 

been used for detection in urine, tissue and cells have included immunoaffinity-
32

P-postlabeling, 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) and high-performance liquid 

chromatography with electrochemical detection (HPLC-EC) (88).  Immunologically based 

slotblots and immunohistochemistry have also been used to detect DNA adducts in living 

systems (27, 121).  

 

Modified DNA bases usually consist of a five or six-membered ring that vary in the location and 

number of double bonds.  Propano adducts are formed from the addition of a 3-carbon group and 

are derived from α,β-unsaturated aldehydes or the enals acrolein, crotonaldehyde or trans-HNE.  

Etheno adducts are 2-carbon additions which form an imidazole ring on nucleic acid bases and 
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are produced from reactions with epoxides of enals, or with the hazardous substances 

chloroacetaldehyde and 1-substituted oxiranes (122). Malondialdehyde and HNE adducts are 

elevated in alcohol-related liver disease, demonstrating that LPO contributes to the disease 

development (123).  Different adducts can have different characteristic binding spectra on 

mutational hotspots and between specific nucleotides that can help identify their etiology (124). 

For example, a dihydrodiol epoxide of benzo(α)pyrene can induce G to T transversions on 

specific regions of codon 12 and mutational hotspots on TP53 (118, 125).  γ-OHPdG is known to 

cause GC>TA and GC>AT mutations (126, 127).  GC>TA transversions predominate in Xpa-/- 

mouse tumor nodules, and in human HCC (Fu et al. unpublished data, (20)). Recently, genome-

wide sequencing of human HCC tumors has identified IRS1, TP53, CTNNB1 and SMG5 genes to 

have central roles in HCC tumorigenesis (128). Mutations in TP53 and CTNNB1 are common in 

many types of cancer and IRS1 is overexpressed in 90% of HCC cases (128, 129). SMG5 

protects telomeres from degradation and mutations in these gene cause chromosomal instability.  

Five genes that are involved in diabetes and obesity (IRS1, HMGCS1, ATP8B1, PRMT6 and 

CLU) were also identified in this study, which may suggest a genetic link between insulin 

resistance, inflammation, NAFLD and hepatocarcinogenesis (128).  The mutational spectrum of 

specific adducts that cause mutations in these genes may provide a mechanistic link between 

obesity and HCC.   

 

8-Hydroxydeoxyguanosine (8-OHdG) is a well-known, frequent source of mutagenic DNA 

damage that occurs when there is a modification to the C8 position of guanine. Purines are 

particularly sensitive to oxidation which can cause DNA strand breaks at abasic 

(apurinic/apyrimidinic) sites. To date, 8-OHdG is the major and most widely studied mutagenic 
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base lesion in DNA caused by ROS.  ROS-induced damage to the DNA daughter strand 

generates a point mutation where 8-OHdG binds (130).    8-OHdG can base pair with adenine to 

initiate G:C to T:A transversions (131).  ROS-induced adduct formation can, therefore, be used 

as a marker of oxidative stress as well as the associated cancer risk.  The level of 8-OHdG in 

liver tissue can be used to assess oxidative DNA damage, which may make it useful as a 

prognostic biomarker in cancer development (132).  ROS levels increase in response to HCV and 

HBV-related liver damage in fibrosis and HCC development. 8-OHdG is also elevated in livers 

with chronic hepatitis, which may lead to genomic alterations in hepatocarcinogenesis (133). 

BER, initiated by DNA glycosylases, is an important cellular response to DNA alterations. Loss 

of glycosylase activity has been shown to increase spontaneous mutation rates related to 8-

OHdG in E.coli (134). The glycosylase known as human 8-oxoguanine glycosylase 1 (hOGG1) 

is involved in the base excision repair pathway that removes 8-OHdG from DNA.  Removal of 

the adduct suppresses mutagenic DNA damage and increases cell survival.  Glycosylases have 

been shown to remove and repair etheno adducts, although less is known about the repair of 

propano adducts, NER is believed to be involved. (135-137). The activity of hOGG1 has not 

been investigated in relation to adduct driven hepatocarcinogenesis; however, it has been 

implicated in the development of many other types of cancer.    

 

DNA adducts derived from LPO are believed to be involved in carcinogenesis, particularly in 

cancers that are associated with inflammation (88).  The aldehydes produced from the LPO of 

PUFAs, such as HNE, acrolein, crotonaldehyde and malondialdehyde can modify proteins and 

DNA.  DNA that has been treated with acrolein and crotonaldehyde form modified 

deoxyguanosine bases such as acrolein-dG (AdG) and crotonaldehyde (CdG) adducts (24).  The 



21 

 

AdG adduct has been found in three stereoisomer forms (26). The different reactivity and base 

specify of acrolein, crotonaldehyde and HNE can yield a variety of different DNA modifications 

depending on their chemistry.  Error-prone DNA repair or DNA replication which incorporates 

the damaged base can cause mutations (138). Base substitution and frameshift mutations are 

types of DNA damage that have been detected as a result of adduct formation (139, 140).  

Mutations from DNA adducts can induce cancer formation if they cause critical mutations on 

cancer driver genes such as TP53. T:A >A:T and C:G >T:A are base substitutions that have been 

found in TP53 in human HCC (141). Mutations on TP53 are often associated with the 

development of hepatoblastoma and HCC (20, 142). In some cases DNA adduct formation can 

be correlated with the concentration or duration of exposure to a carcinogen, however, the 

predictive ability of DNA adducts in cancer development remains to be a challenge (12).  DNA 

adducts may be useful indicators of disease progression and cancer risk based on their levels in 

target tissue. When LPO-derived adducts accumulate in an organ over time, there is an increased 

likelihood of tumor development in these target organs (111).  The level of etheno-

deoxyadenosine (εdA) adduct detected in the urine of HBV-infected patients at various stages of 

liver disease was higher than in control patients (143).  The structural stability of a DNA adduct 

appears to be good predictor of tumorigenicity (13). The mutational spectra of DNA damage 

from etheno DNA adducts derived from vinyl chloride, urethane and vinyl carbamate have been 

well documented (117).  My research supports the relationship of a carcinogen with the specific 

mutations that can arise from adduct binding, which may serve as a genetic biomarker of liver 

cancer risk.   
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DNA ADDUCTS AND LIVER CANCER 

 

Aflatoxin and diethylnitrosamine (DEN) are carcinogens that initiate DNA adduct-induced liver 

tumor formation.  Aflatoxin is produced fungi that can contaminate grains and other food 

products and is a common risk factor for HCC development in underdeveloped areas of 

Southeast Asia, India and Africa.  A metabolic byproduct of aflatoxin, aflatoxin B1 (AFB1) can 

cause hepatotoxicity and HCC when consumed (113).  AFB1 can cause covalent modifications 

on guanine after undergoing oxidation reactions in the liver (144).  G to C and T to A 

transversions are common on the third base in codon 249 of TP53 as a result of modification by 

AFB1 (124).  AFB1-DNA adducts can cause mutations and disrupt gene functions, such as on 

TP53 which has been found to be mutated in 50% of HCC cases associated with AFB1 (145).  

G>T transversions at codon 249 of TP53 is a common mutation in HVB-infected patients that 

have been exposed to aflatoxin (20, 22).  There is an over-representation of G>T mutations in 

HCC regardless of etiology, a signature that may be related to bulky DNA adduct binding (20).  

Exposure of rats to AFB1 leads to increased LPO and decreased enzymatic antioxidant levels, 

causing toxicity and promoting DNA mutations in dividing cells (146).  

 

Adduct levels in target tissues are often correlated with tumor yields, however the dose and 

duration of exposure makes this idea somewhat controversial (13). In alcohol-related fatty liver 

disease, fibrosis and cirrhosis there are elevated levels of etheno-DNA adduct formation, 

indicating that DNA damage may be a driver of obesity-related carcinogenesis as well (147).  

HNE is produced by LPO and forms reactive 2,3-epoxy-4-hydroxynonenal which binds DNA to 

form dG, dC and dA adducts (118). HNE-derived products of omega-6 FA LPO can cause DNA 
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damage to TP53 in diabetic patients (148).  Therefore, in obesity, the development of HCC may 

be caused by the lethal combination of increased cellular proliferation and DNA damage.  

Therapeutics targeting either of these mechanisms may help prevent the progression of liver 

disease to cancer in obese patients. 

 

DNA adduct formation has been investigated as a causal factor in alcohol-related 

hepatocarcinogenesis.  Acetaldehyde, the primary oxidative metabolite of ethanol, can form 

mutagenic DNA adducts (149).  εdA levels have been shown to be elevated in patients with 

alcohol-related liver disease as well as those infected with HBV or HCV (147, 150).  Cancer 

arising from HBV-related liver damage has been associated with increased accumulation of 

oxidative DNA damage and inactivation of the IRF2 tumor suppressor that subsequently reduces 

TP53 function (20, 130). The HBx gene from HBV becomes can become integrated into TP53, 

disrupting its ability to initiate repair and apoptosis in HCC development (124).  Evidence 

linking DNA adducts to mutations in liver cancer have come from studies of TP53, where 

mutations in liver cancer were associated with aflatoxin B1 consumption and infection with 

HBV and HCV (19, 151).  Wild-type TP53 can prevent oxidative damage to DNA and genetic 

instability that can lead to HCC.  Cell proliferation in response to liver hyperplasia promotes the 

clonal expansion of mutated cells, causing adducts to become fixed into mutation as the cells 

with damaged DNA divide (11).   

 

HCC tissue has a strong immunoreactivity with 8-OHdG particularly in poorly differentiated 

HCC compared to moderately differentiated HCC, suggesting that markers of oxidative stress 

can be useful for assessing high-grade malignancy (152).   Long-Evans cinnamon (LEC) rats are 
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strain which develop hepatitis and HCC as a model of copper accumulation in Wilson’s disease.  

The high metal concentrations in the liver of LEC rats cause increased LPO and high levels of 

εdA and εdC adducts which corresponded to increased levels of 8-OHdG (26, 153).  In humans, 

elevated levels of etheno DNA adducts were found in patients with Wilson’s disease (154).  εdA 

is prevalent human HCC compared to normal and adjacent tissues and a significant correlation 

has been found between the presence of εdA and mutant p53 (155).  Urethane and vinyl chloride 

exposure cause TP53 lesions that resemble the εdA mutational spectrum (156, 157).  

Accumulation of εdA from chronic inflammation in liver disease may contribute to mutant TP53 

expression and cellular proliferation in hepatocarcinogenesis.  In humans, the presence of 

carcinogenic etheno-DNA adducts, detected by IHC, was found to be correlated with HNE in 

NAFLD (158).  This source of DNA damage may be an indicator of the mechanism of 

hepatocarcinogenesis in NAFLD patients.  

 

Hepatic expression of HNE and 8-OHdG are indicators of oxidative cellular damage which 

occurs with a high frequency in human NAFLD (159). Because γ-OHPdG is derived from 

oxidative stress, it may function in a similar manner as εdA; however, its specific role in forming 

mutations in cancer driver genes is still under investigation.  γ-OHPdG may cause G to A 

transitions and G to T transversions, which are predominant mutations in many cancer types 

(160). The DNA damage caused by ROS and LPO are molecular indicators of the cause of a 

disease, which can become a target for therapeutic intervention.  The cyclic adducts, including γ-

OHPdG, may play a role in the progression of the disease stages steatosis, fibrosis, cirrhosis and 

HCC  through increased LPO and compensatory proliferation of differentiated hepatocytes, 

which is an important mechanism attributed to accumulation of mutations and HCC (161).  The 
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development of methods to use DNA adducts as biomarkers of cancer risk and indicators 

carcinogen exposure may lead to effective therapeutic and prevention strategies.    

 

ANTIOXIDANTS AND CANCER PREVENTION 

 

Antioxidant levels are below normal range in many human cancers (85). Antioxidants treatment 

alone or as an adjuvant therapy with chemotherapy may be an effective treatment option for 

some cancers.  The reduction of ROS and downstream cell proliferation pathways by 

antioxidants is a mechanistic target for prevention of cancer development and recurrence (162).  

Antioxidants may be used to increase recurrence-free survival or as a way to prevent disease 

progression in carcinogenesis. The consumption of foods and supplements that have a high level 

of antioxidants have been shown to have an inverse relationship with cancer risk (85).  Diets 

high in fruit and vegetable intake, and therefore antioxidants, are associated with a lower cancer 

risk (108).  Antioxidants can scavenge free radicals, which decreases ROS-derived DNA damage 

and the related mutations.  Use of antioxidants as a supplement or therapeutic can be a challenge 

however, due to the compounds changing in potency based on the amount of the active 

component, storage, metabolism and other drug interactions, which are sometimes unknown.  In 

two infamous studies, supplementation with β-carotene, a carotenoid found in fruits and 

vegetables increased cancer risk, particularly lung cancer in smokers (163, 164).   

 

Antioxidants that have been studied for their roles against DNA damage include ascorbate 

(Vitamin C), tocopherol (Vitamin E) and carotenoids (165).  Vitamin E and Vitamin C have been 

shown to be protective against cancer by causing selective induction of apoptosis in tumor cells 



26 

 

and by ameliorating oxidative stress (166, 167). Vitamin E supplementation has been 

recommended in conjunction with weight loss for children with NASH (168).  In a study of 

children with obesity-related NASH, Vitamin E treatment was evaluated using aminotransferase 

and alkaline phosphatase levels as biomarkers of liver function (168).  Vitamin E is a fat-soluble 

vitamin that was chosen for its antioxidant properties which is intended to alleviate the oxidative 

stress associated with NASH.  Following treatment, serum levels of enzyme biomarkers of liver 

damage had normalized in the patients, indicating that Vitamin E should be considered as a 

supplement to a healthy lifestyle to reduce the effects of NASH. The use of Vitamin E to treat 

NAFLD is controversial; Vitamin E combined with Vitamin C in NASH patients had no overall 

improvement in fibrosis in some studies (169, 170).  Antioxidants have a known role in boosting 

the immune system response through inducing proliferation of B cells and T cells (171, 172).  

The intrinsic antioxidant cellular defense mechanisms include activation of enzymes such as 

superoxide dismutase, glutathione peroxidase and catalase.   

 

Prevention is the most effective way to avoid obesity-related HCC. Fatty liver can be treated by 

weight loss through exercise and diet control. Unfortunately, due to low compliance and various 

genetic and environmental factors, therapeutics must be implemented to treat or reverse the 

disease stages that can lead to HCC.  Preventative measures such as vaccines and environmental 

care are the best ways to decrease the incidence of liver disease related to viral and AF related 

HCC.  Regardless of etiology, chemoprotective agents that inhibit adduct formation through 

antioxidant pathways may help prevent carcinogenesis, since oxidative damage, inflammation 

and LPO are common risk factors in HCC development.  Overall 5-year survival between 

cirrhosis and NAFLD-related HCC or chronic hepatitis C-related HCC were no different (39).  
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Chemoprotective agents need to be developed to decrease mutagenic damage and inhibit 

proliferation of damaged cells. These compounds can block, slow down or reverse the 

development of cancer.  Current chemoprevention strategies include the use of blocking agents 

to prevent carcinogenic compounds from reaching a targeted site and suppressing agents to 

inhibit cell transformation and tumor progression.  Kolaviron, a natural biflavonoid from 

Garcinia kola seeds has been studied in liver disease for its antioxidant and anti-inflammatory 

effects. Rat in vivo, and human cell in vitro studies have shown that kolaviron can scavenge 

hydroxyl radicals and suppress LPO, preventing hydrogen peroxide-induced strand breaks and 

DNA damage (173, 174). Antioxidant therapy may be an effective treatment to pursue in 

obesity-related HCC development.  Mice lacking IKKβ, an enzyme which regulates NF-κB, 

were treated with the organic compound butylated hydoxyanisole (BHA) which prevented DEN-

induced ROS accumulation and liver damage (175). BHA also reduced ROS-related liver 

damaging effects in a NEMO/IKKγ knockout mouse model (96, 176).   

 

Tauroursodeoxycholic Acid (TUDCA) is an ambiphilic bile acid that has been studied for its 

ability to reduce ER stress, inflammation and insulin resistance in adipocytes.  TUDCA has been 

successfully used in mice in the presence of excess FFAs to mediate the inflammatory factors 

which promote a protumorigenic environment in the liver (177). Another drug under 

investigation for HCC treatment is Metformin, which is currently used to treat diabetes.  

Metformin has been used to target the AMPK-TORC1 pathway that is disrupted by obesity-

related inflammation.  Metformin is able to improve insulin resistance by activating AMPK 

which will block glucose output from the liver and increase its uptake in skeletal muscle  (39).  

Rapamycin, a product of the bacteria Streptomyces hygroscopicus is used therapeutically to 
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suppress inflammation and other immunological responses such as rejection of organ transplants.  

In the liver, Rapamycin targets MAPK and ERK signaling pathways which inhibit autophagy 

through activation of mTOR.  In the PI3K/AKT pathway, AKT is activated by rapamycin and 

mTOR autophagy is reduced in the hepatosteotic liver, thus slowing down HCC development. 

Rapamycin has been used to treat HCC, but has not been very successful due to the development 

of resistance (178).  Recently, a small-molecule TNFα inhibitor, known as C87, was used to treat 

inflammation in a murine hepatitis model (179). C87 effectively targeted and inhibited TNFα-

induced inflammation and liver disease by binding directly to TNFα and effectively blocking 

TNFα-triggered signaling activity.  C87 also successfully improved cell survival by 70% (179).  

The use of sensitive and specific molecules for targeting pathways that lead to increased 

inflammation in obesity may be therapeutic strategies to treat hepatocarcinogenesis in the future.  

 

Antioxidant treatment has been shown to be effective in cancer prevention and natural products 

to protect against aflatoxin-related HCC have been investigated  (180). Some examples of these 

include oltipraz derived from cruciferous vegetables, d-limnonene from citrus and perillyl 

alcohol derived from herb oils (113, 181).  Antioxidant supplements derived from natural 

sources are beneficial because they are relatively low cost, readily available and less toxic than 

chemotherapy.  Green tea has many health benefits associated with its antioxidant properties and 

it has been studied in many ROS driven pathologies.  Green tea contains polyphenolic 

compounds known as catechins.  Epigallocatechin gallate (EGCG) has been widely studied as 

the most active and most abundant (65%) catechin in green tea, while the catechins epicatechin, 

epigallocatechin, and epicatechin gallate may also have beneficial roles, particularly in obesity 

(182, 183).  EGCG as therapeutic has been well tolerated in hepatitis patients (170).  EGCG may 



29 

 

act through reducing apoptosis and lipogenic activity in adipocytes while increasing fat oxidation 

and thermogenesis (184).  Additionally, lipid absorption and liver lipid accumulation are reduced 

in obesity after EGCG treatment in mice through reduction of angiogenic factors during adipose 

tissue expansion, which is a similar mechanism used by the angiogenesis inhibitor TNP-470 

(185, 186).  Ob/ob mice on a green tea diet have been shown to have reduced hepatic lipids as 

well as decreased mRNA expression of FA synthase, TNF-α, sterol regulatory element-binding 

protein-1c and serum alanine aminotransferase levels compared to their standard-diet obese 

counterparts (187, 188).  Green tea consumption has a strong association with weight loss. In a 

study on the influence of green tea catechins on body composition and fat distribution in 

overweight and obese adults during exercise-induced weight loss, it was shown that consuming 

the green tea catechins reduced obesity in either case (189).  This green tea associated weight 

loss occurs independent of the presence of caffeine in both human and mouse studies (189, 190).  

The mechanism for the weight loss may be through upregulation of adiponectin, a cytokine 

secreted by adipose tissue that is involved in regulation of glucose and lipid metabolism. PPARγ 

regulates adiponectin gene expression when it becomes dephosphorylated through ERK1/2.  A 

study using Wistar rats on a green tea polyphenol diet demonstrated this mechanism through the 

reduction of fat deposits, and activation of adiponectin through ERK1/2 and PPARγ regulation 

(191).  PPARγ may therefore act to prevent liver disease if its activity can be upregulated 

through green tea polyphenols.  

 

Green tea antioxidants can prevent oxidative damage to DNA by hydrogen peroxide and 

superoxide radicals in tumor development in mouse skin and hepatocytes (192). The cancer 

prevention mechanism of green tea polyphenols may be through reducing ROS and by 
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upregulating antioxidant enzymes.  The polyphenolic catechins scavenge ROS through the 

availability of OH groups to provide a hydrogen atom or single electron transfer on their 3,4,5-

trihydroxy ring (183).  Antioxidant enzymes such as catalase, superoxide dismutase, and 

glutathione peroxidase have been shown to be elevated in the livers of rats treated with green tea 

polyphenols (193).  Drinking four cups of green tea a day for four months decreased urinary 

levels of the oxidative stress marker 8-OHdG by 31% in a controlled study in a population of 

smokers (194).  Green tea catechins also decreased levels of 8-OHdG in the kidney, liver and 

cerebellum of mice with accelerated senescence, which have oxidative stress-krelated cognitive 

dysfunction (195).  Green tea polyphenols have been an effective treatment for transgenic 

adenocarcinoma in mouse prostate, reducing incidence and increasing survival in these mice 

(196).  Green tea consumption has been linked to an increased metabolic rate in humans treated 

with green tea extract, unrelated to caffeine (197).  A white tea (minimally processed Camellia 

sinensis) which has a high catechin content has been shown to reduce blood triacylglycerol and 

oxidative stress in the liver and adipose tissue of C57BL/6J mice, although no reduction of body 

fat was observed (198).  Both green and white tea protect against DNA damage, oxidative stress 

and LPO from exposure to the polycyclic aromatic hydrocarbon benzo(a)pyrene in Balb/c mice 

(199).  Green tea polyphenols decrease levels of insulin, TNF-α, and IL-6, thereby reducing their 

protumorigenic response in rodent models of obesity (200). EGCG has many cancer preventative 

roles as an anti-angiogenic, anti-inflammatory and hypocholesterolemic agent (183).  ECGC was 

also effective in preventing inflammation and liver tumors in mice treated with the carcinogen 

DEN (201).  The anticancer effects of green tea may also be through a pro-oxidant response.  

Green tea polyphenols can increase ROS production in the presence of iron II or copper II 

causing cellular DNA damage. The DNA damage through this mechanism can cause apoptosis 
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and prevent cancer cell proliferation (202).   This two-sided mechanism is similar to that of 

nuclear factor erythroid 2-related factor 2 (Nrf2), a transcription factor that regulates the 

antioxidant response to oxidative stress (203).  Dietary compounds can increase Nrf2 response to 

oxidative stress to protect against carcinogenic damage.  Nrf2 is overexpressed in some cancers 

which gives cancer cells increased growth and survival signals.  Inhibition of Nrf2 causes cancer 

cells to become more susceptible to ROS and apoptosis (204).  A formulation of green tea extract 

similar in activity and composition to TE, Polyphenon E, has been approved for use in clinical 

trials, however, dosage remains to be a challenge.  Pharmacokinetic profiles need to be 

established in order to control for variation in catechin levels between different processing 

methods, type, age and bioavailability of green tea polyphenols.   

 

Green tea, black tea and the polyphenols and caffeine they contain have shown cancer prevention 

activity in a variety of cancer types and models (205). Our laboratory has shown that tea can 

have an effective role in cancer prevention (206). Both green and black tea consumption can 

increase antioxidant activity, reduce oxidative stress, and improve lipid and glucose metabolism.  

EGCG can inhibit cytochrome P450 (2E1) activity, which is elevated in NASH livers exposed to 

ROS (7).   Coffee also contains polyphenols that can activate anti-oxidant enzyme to prevent 

oxidative stress.  Coffee has been shown to reduce oxidative damage and have a protective effect 

against HCC (130).  Antioxidants that can target ROS damage in the mitochondria may become 

a therapeutic target for inflammation-driven carcinogenesis.  ROS can cause damage to 

mitochondrial DNA, leading to dysregulation of transcription and replication machinery.  

Vitamin K3 and Vitamin E are antioxidants that can target the mitochondria specifically to 

reduce mitochondrial oxidative damage (130).  DNA damage caused by ROS and LPO end 
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products can be promising markers for predicting cancer risk and developing targets for 

intervention.  

BACKGROUND 

 

Around the early 1990’s it had become widely accepted that carcinogen exposure could induce 

the formation of mutagenic DNA adducts. Cyclic 1,N
2
-adducts with a unique 6-membered ring 

structure which formed from reactions of deoxyguanosine with the mutagenic compounds α-

acetoxy-N-nitrosopyrrolidine, 4-(carbethoxynitrosamino) butanal and crotonaldehyde were first 

identified by Dr. Fung-Lung Chung in 1983 (207). From this early work, it appeared that the 

chemical reactions that formed the 1,N
2
-adducts, such as γ-OHPdG, may arise from α,β-

unsaturated carbonyl compounds such as acrolein.  One year later, this assumption was shown to 

be correct.  Cyclic 1,N
2
-propanodeoxyguanosine adducts can be formed from acrolein after 

reacting with deoxyguanosine.  This reaction produced two diastereomers, known and adducts 1 

and 2, as well as adduct 3, which was identified to be analogous to crotonaldehyde-

deoxyguanosine adducts (24).   Because acrolein had a known role as an environmental chemical 

carcinogen, the next steps were to investigate the mutagenicity of the 1,N
2
-

propanodeoxyguanosine adducts.  In 1994, the Chung laboratory developed a 
32

P-postlabeling 

method to detect 1, N
2
-propanodeoxyguanosine adducts derived from acrolein (abbreviated as 

AdG at that time) and crotonaldehyde (CdG) and found them to be present in untreated human 

and rodent liver tissue (23, 208).  Additionally, the AdG 3 (i.e. γ-OHPdG) isomer was shown to 

be preferentially formed in vivo, while AdG 1 and 2 were hardly detectable and perhaps less 

stable or more easily repaired (122).  It was concluded then that these endogenously formed 

adducts may be derived from normal biochemical reactions in cells such as oxidative damage. 
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These early studies elucidated the mechanism of formation of 1,N
2
-propanodeoxyguanosine 

adducts and found that α,β-unsaturated aldehydes or enals derived from LPO of PUFAs were the 

source of the cyclic propano adducts detected in vivo (122). The next steps were to investigate 

whether the level and source of these DNA adducts would determine their mutagenic potential. 

 

By the late 1990’s evidence in the field began to accumulate to show that endogenous cyclic 

adducts were formed as a result of LPO of FAs in cellular membranes.  Mixtures of omega-3 and 

omega-6 FAs incubated under oxidative conditions produced propano adducts as a product of 

oxidation.  The FAs LA and DHA yielded AdG 3 as the predominant AdG adduct (209, 210).  In 

a study using 15 male F344 rats treated with CCl4, which induces LPO in the liver, it was found 

that AdG 3 levels increased significantly following treatment after both 24 and 72 hours (211).  

LEC rats, which develop hepatitis and have high levels of LPO, also showed increased AdG 

levels compared to control rats (25).  Because antioxidants are known to reduce ROS and prevent 

DNA damage, an F344 rat study was performed using l-buthionine (S,R)-sulfoximine (BSO) to 

deplete the antioxidant L-glutathione (GSH).  Not only did the levels of AdG increase, but this 

study also demonstrated that GSH may be effective to reduce endogenous formation of cyclic 

adducts from enals (209).  Additionally, AdG levels were found to be higher in 24 month old rats 

compared to newborn rats, suggesting and age-dependent role in AdG formation.  Other research 

in the field at the time had shown that AdG 3 was mutagenic in experimental strains of 

Salmonella typhimurium, TA 100 and 104, causing G to A and G to T mutations (160).  A study 

by the Chung laboratory investigated oral tissue of human subjects between smokers and non-

smokers; it was shown that AdG levels were increased by over 4-fold in smokers, which may 

indicate that AdG has a role in oral carcinogenesis in smokers (212).  Recently, the AdG adducts 
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were shown to be highly mutagenic in human urothelial cells, potentially leading to bladder 

cancer in smokers through inhibition of NER, BER and induction of repair protein degradation 

(213). It had become clear through these studies that basal levels of cyclic propano adducts may 

be influenced by other endogenous, genetic, environmental or dietary factors.   

 

By the 2000’s, the methods for detection of the cyclic adducts derived from acrolein, 

crotonaldehyde, and HNE had helped to confirm their chemical structure, method of formation 

and potential biological role; the next steps focused on uncovering the mechanisms behind their 

formation.   These endogenous DNA lesions were all derived from LPO of PUFAs and the type 

of PUFA was shown to have a role in their formation (211).  Experiments using dG 

5’monophosphate treated with the omega-3 FAs: DHA, linolenic acid, eicosapentaenoic acid or 

the omega-6 FAs: linoleic acid and AA under oxidative conditions demonstrated that Acr 

adducts were formed preferentially from the omega-3s, but also from the omega-6 FAs.  HNE 

was detected only from AA and crotonaldehyde adducts were formed from omega-3 FAs and 

both HNE and crotonaldehyde adducts formed at a slower rate than Acr adducts (107, 211).  

Omega-3 FAs have known roles in apoptosis.  DHA in particular was investigated because it can 

produce AdG adducts following LPO.  DHA has a known role in chemoprevention through 

initiating apoptosis of damaged cells.  Using colon cancer HT-29 cells treated with DHA, it was 

shown that both AdG levels and apoptosis increased in correlation with the dose of DHA (214).  

The formation of AdG lesions may, therefore, contribute to the DNA strand breaks, apoptosis 

and cell cycle arrest from DHA treatment.  The ability of omega-3 FAs to inhibit carcinogenesis 

may be through apoptosis-inducing pathways.     
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A solid-phase extraction method was developed and combined with HPLC and P
32

-postlabeling 

to improve detection of AdG and the other cyclic adducts at 0.5 fmol levels in only 80 μg of 

DNA (215).  AdG is formed endogenously and it was found to be present as an artifact during 

experimentation.  The addition of GSH to DNA samples during preparation prevented AdG 

artifact formation (216).  This updated method was used to determine the specific regioisomers 

of acrolein that are present in vivo, confirming that the γ-OHPdG (AdG 3) adduct is formed by 

regioselectivity compared to the α-OHPdG diastereomers (AdG 1 and 2).  The mutagenic 

potential of these regioisomers is still under investigation, however, a prior study detected γ-

OHPdG as the predominant form in liver and lung tissue in rodents and humans, making it an 

adduct of interest for future studies in liver carcinogenesis (217).  In recent years the Chung 

laboratory developed a monoclonal antibody that was used initially in human oral cells treated 

with acrolein to detect AdG by IHC (27, 218).  

 

In recent studies, AdG levels in vivo have been found to be two orders of magnitude higher than 

HNE-dG in human colon cells.  Using LC-MS/MS to detect changes in DNA repair rate, it was 

discovered that AdG is repaired by NER, but at a slower rate than HNE-dG.  The repair of AdG 

by NER is inhibited by the presence of HNE-dG, which may account for the high levels of AdG 

in these cells  (219). The repair rates of DNA adducts are determined by their structure, and 

excision efficiency is likely correlated with the presence of a bulky alkyl group on HNE-dG, 

which makes it easier to be recognized by NER proteins.  NER-deficiency can lead to increased 

levels of AdG and apoptosis in cells treated with the omega-3 FA DHA.  Our laboratory has 

shown that XPA cells, which lack NER, have increased acrolein-related apoptosis and increased 

AdG adduct formation (220).  
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Our laboratory has detected a novel etheno-DNA adduct derived from the omega-6 PUFA, 

arachidonic acid, 7-(1’,2’-dihydrosyheptyl)-1,N
6
-ethenodeoxyadenosine (DHHɛdA) (25).  Using 

32
P-postlabeling HPLC and LC-MS/MS, it was found that DHHedA is a lesion formed from the 

endogenous product of omega-6 PUFA oxidation, HNE.  Because DHHɛdA and γ-OHPdG are 

products of PUFA oxidation, a study using LEC rats treated with the antioxidants Vitamin E, 

Polyphenon E and α-lipoic acid was used to determine if the antioxidants could prevent adduct 

formation.  Polyphenon E decreased γ-OHPdG formation, while vitamin E increased γ-OHPdG 

and DHHedA formation (25). The biological role of these adducts in carcinogenesis is still under 

investigation; however, the discovery that polyphenon E effectively reduced γ-OHPdG levels 

helped support the idea of using green tea-derived antioxidant compounds to prevent the 

formation of LPO-derived DNA adducts such as γ-OHPdG in an obesity model. 

 

In order to study the inhibition of γ-OHPdG formation through antioxidant treatment as a 

mechanism of cancer prevention, a C57BL/6J mouse model was designed to study obesity-

related hepatocarcinogenesis in this study.  Previous research in our laboratory has shown high 

levels of γ-OHPdG in human and rat liver tissue under conditions prone to oxidation, suggesting 

it is potentially mutagenic with liver as a target tissue.  γ-OHPdG has also been shown to bind 

mutational hotspots on the human TP53 gene, which is the most commonly mutated gene in 

HCC (221).  The culmination of these data have set the ground work for the current study which 

aims to examine the role of γ-OHPdG in HCC associated with obesity and to determine if γ-

OHPdG formation can be inhibited by TE, thereby reducing tumor formation through reduced 

LPO.   
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SPECIFIC AIMS 

 

AIM I 

To determine the relationship of γ-OHPdG formation with oxidative stress and disease severity 

in progressive stages of liver disease and HCC in human liver samples.  

 

AIM II 

To investigate the effects of lipid accumulation on the CD4+ T cell response and elucidate the 

related cellular changes that occur to prevent fatty liver disease damage using TE-treated 

C57BL/6J mice on a HFD and in human and mouse cell cultures treated with green-tea 

metabolites. 

AIM III 

To study γ-OHPdG- related mutations and its role in tumor formation in obesity-related HCC 

and prevention through TE consumption in an obese C57BL/6J tumor bioassay.   

 

 

 

 

 

  



38 

 

CHAPTER ONE 

DETECTION OF A LIPID PEROXIDATION-INDUCED DNA ADDUCT ACROSS LIVER DISEASE STAGES 

 

INTRODUCTION 

Oxidative stress and chronic inflammation increase cellular levels of ROS and LPO and are 

associated with the pathogenesis of HCC, which can develop following the progression of 

steatosis, fibrosis and cirrhosis.  Using a monoclonal antibody for cyclic γ-OHPdG, a 

promutagenic DNA adduct formed endogenously by LPO, we examined its formation across 

liver disease stages to understand its potential role in HCC development.  Formalin-fixed 

paraffin embedded (FFPE) liver tissue samples from 49 patients representing normal, steatosis, 

fibrosis, cirrhosis and HCC were stained for γ-OHPdG and 8-hydroxydeoxyguanosine (8-

OHdG), an oxidative damage biomarker.  Quantification of immunohistochemical (IHC) staining 

was performed using histological scoring of intensity and distribution.  Using primary human 

hepatocytes and a stellate cell co-culture, immunocytochemical staining of γ-OHPdG and Nile 

Red was performed to determine if the formation of γ-OHPdG was consistent between the 

clinical sample disease stages and the in vitro steatotic and fibrotic conditions.  γ-OHPdG levels 

varied significantly between the stages of normal and steatosis, steatosis and fibrosis, and 

steatosis and cirrhosis (p ≤ 0.005). There was a trend, although not significant, of increased 

levels of γ-OHPdG in HCC compared to the other groups. A strong correlation was observed 

(Pearson’s, R
2
 = 0.85) between levels of γ -OHPdG and 8-OHdG across the disease spectrum.  

The increase of γ-OHPdG in steatosis and decrease in fibrosis was a pattern confirmed in an in 

vitro model using primary human hepatocytes co-cultured with human stellate cells.  γ-OHPdG 

was detected in FFPE liver tissues of patients with different stages of liver disease and in vitro 
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studies, demonstrating that its formation is consistent with LPO in early stages of liver disease 

and suggesting that it may be a source of mutagenic DNA damage in liver disease progression.  

HCC is the third most common cause of cancer-related mortality worldwide (1).  By the time 

most patients are diagnosed with HCC they have only limited palliative treatment options (222, 

223). Most HCC occurs in cirrhotic livers, and the common mechanism for hepatocarcinogenesis 

is chronic inflammation associated with severe oxidative stress.  Other risk factors are dietary 

aflatoxin B1 consumption, cigarette smoking, and heavy drinking (224, 225). Viral hepatitis 

(HBV, HCV) have been the prominent etiology for chronic liver inflammation. Recently the 

population of individuals with chronic liver inflammation but without viral hepatitis is rising. 

These individuals develop chronic hepatitis from the oxidative stress resulting from fatty liver 

disease. NAFLD is a very frequent condition emerging as a global health problem in recent 

years, with prevalence of 20%-30% in the general population, and 70%-90% in obese or diabetic 

patients.; in the US, nearly 35% of the US population categorized as obese (226, 227).  

Consequently, fatty liver disease (hepatic steatosis) has become a significant risk factor for HCC 

development (2).  In patients with steatosis, excess accumulation of triglycerides in the liver can 

induce inflammation and cellular damage which is known as NASH (228, 229). NASH can 

progress to fibrosis through recruitment of inflammatory cells into the liver tissue and production 

of extracellular matrix which forms the scar tissue characteristic of fibrosis (54). From fibrosis, 

liver disease can progress to cirrhosis, in which the liver architecture degrades and scaring is 

abundant. It is estimated that HCC arises from a cirrhotic liver at a rate of 2-7% every year (39).   

 

At the molecular level, inflammation in the liver induces the overproduction of free radicals 

which react with FAs in the cellular membranes forming lipid peroxides during LPO (230). 



40 

 

Acrolein, an α,β-unsaturated reactive aldehyde generated by the LPO of PUFAs, forms the cyclic 

adduct γ-OHPdG upon binding DNA and is ubiquitously detected in vivo as an source of 

endogenous DNA damage  (23, 25, 88).  We have successfully developed the monoclonal 

antibody for IHC detection of γ-OHPdG in human tissue and cells (27).  Previously, we have 

shown γ-OHPdG to be an indicator of oxidative stress-induced DNA damage specifically related 

to LPO (26).   In the liver, chronic inflammation from obesity, alcohol consumption or viral 

hepatitis can cause the release of free radicals which damage DNA through LPO. γ-OHPdG is 

known to cause predominately G to T and G to A mutations across the genome which may 

potentially be involved in carcinogenesis through disruption of TP53 and other critical cancer 

driver genes (126, 219, 221, 231).  Normally, TP53 is activated to facilitate DNA repair or to 

induce apoptosis in tumorigenic cells, however TP53 is often mutated in initial stages of 

hepatocarcinogenesis (124). A spectrum of somatic mutations in HCC has identified an over-

representation of G to T transversions and G to A transitions (20, 232, 233). γ-OHPdG may, 

therefore, play a role in hepatocarcinogenesis as it has been shown to preferentially bind to the 

tumor suppressor gene p TP53 in human cancers at the mutation hotspots found in liver cancers, 

including codon 249, a known location of HCC specific mutations (30, 219, 234). Many cellular 

and molecular mechanisms of hepatocarcinogenesis have been studied, however, the role of 

DNA damage due to chronic inflammation and obesity are still largely unknown. This study also 

examined the relationship of γ-OHPdG with 8-OHdG (Fig.1.1), a commonly used DNA damage 

biomarker of oxidative stress that has been shown to be mutagenic and its formation seems to 

predict a risk in recurrence of HCC in patients with HCV-associated solitary HCC (235-237).  

Currently, there are no biomarkers used in clinical practice to predict the risk of HCC or to 

diagnose HCC.  Serum α-fetoprotein levels are commonly used to follow the response of HCC to 
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treatment or disease progression of HCC.  The purpose of this study was to assess the potential 

of γ-OHPdG to serve as a specific mechanism-based prognostic indicator of DNA damage in 

human hepatocarcinogenesis, a possible predictor for the risk of HCC development.  

 

METHODS 

Patient Samples 

FFPE liver samples were obtained from 49 patients undergoing a surgery or biopsy at Medstar 

Georgetown University Hospital as part of their standard medical care, the tissue samples were 

collected under IRB # 1992-048. Appropriate samples for the study were determined based on 

pathological evaluation of hematoxylin and eosin stained tissue samples by a board certified and 

practicing pathologist.  Normal liver tissue samples were obtained from autopsy samples with no 

background of liver disease. Histological diagnosis designated the category of the patients as 

normal or one of the disease stages of steatosis, fibrosis, cirrhosis or HCC. The patients’ ages 

ranged between 28 and 73 with an average of 52 (standard deviation ± 9.7).  Characteristics of 

the patients from which the samples were obtained are detailed in Table S1.1. of Appendix A and 

are summarized in Table 1.1. 

 

An additional 38 samples from patients who had a liver biopsy or curative resection of HCC as 

part of standard medical care, were obtained from Georgetown University Medical Center. 

Informed consent was obtained from all patients under IRB protocol # 1992-048. The patients 

had different liver pathology diagnoses, including two normal, seven with cirrhosis, three with 

cirrhosis and hyperplasia, four with hyperplasia, and twenty-four with HCC. 

 



42 

 

 

Antibodies and Immunohistochemistry 

IHC staining of liver sections was performed using antibodies for γ-OHPdG (from our laboratory 

(27)) and 8-OHdG (Trevigen, Gaithersburg, MD). The FFPE samples were sectioned into five-

micron thick sections and de-paraffinized using xylenes and rehydrated through a graded alcohol 

series. Heat induced epitope retrieval (HIER) was
 
performed by immersing the tissue sections at 

98
o
C for 20 minutes in 10 mM citrate

 
buffer (pH 6.0) with 0.05% Tween for 8-OHdG and with 

10 mM Tris with 1mM ethylenediaminetetraacetic acid buffer (pH 9.0) for γ-OHPdG.  IHC 

staining was then performed using a horseradish peroxidase-labeled polymer (Dako, Carpinteria, 

CA) according to the instructions provided by the manufacturer. Briefly, each of the slides were 

treated with 3% hydrogen peroxide and 10% normal goat serum for 10 minutes, then exposed to 

primary antibodies for γ-OHPdG (1:500), or 8-OHdG, for one hour at room temperature as 

previously described (27). Slides were treated again with 3% hydrogen peroxide and then 

exposed to anti-mouse horseradish peroxidase-labeled polymer for 30 minutes and 3,3′-

Diaminobenzidinebchromatin (Dako. Carpinteria, CA) for 5 minutes. Slides were counterstained 

with hematoxylin (Fisher, Hampton, NH), blued in 1% ammonium hydroxide, dehydrated, and 

mounted with acrymount embedding resin. As negative controls, consecutive sections without 

primary antibody were used.  Images were then taken using an Olympus BX61 microscope with 

an attached Dp70 camera and Cellsens software system.   

 

Histology and Scoring 

The intensities of γ-OHPdG and 8-OHdG staining were evaluated and scored for each sample. 

All hematoxylin and eosin slides were reviewed and semi-quantitative scoring was performed for 
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both stains by a board certified pathologist who was blinded to all other study related data.  

Clinical diagnosis was confirmed prior to the blind semi-quantitative analyses of all staining. For 

both γ-OHPdG and 8-OHdG, histological scoring was obtained by adding the scores of intensity 

and distribution, which were assigned based on positive nuclear staining with a scale of 0-3 in 

each category. The intensity of nuclear staining on tumor tissue was graded as negative, weak, 

moderate or intense and assigned a value of 0, 1, 2, or 3, respectively. The distribution of nuclear 

staining was graded as negative, focal (up to 10%), regional (11% to 50%), or diffuse (> 50%), 

depending on the percentage of positively stained nuclei. Distribution was also assigned a score 

based on a scale of 0 (normal) to 3 (diffuse) to make the highest additive score of up to 6 per 

sample when combined with the intensity score.  

 

Stability of γ-OHPdG  

To evaluate the stability of γ-OHPdG in liver tissue, serial biopsies of 20 separate cirrhotic 

patients were also obtained.  Six cases had a substantive change in their disease status between 

the two biopsies (i.e., development of HCC, development of cirrhosis, or liver transplant) and 

were excluded from evaluation. The remaining 14 subjects with unchanging disease status 

between biopsies were used for this study 

 

Statistical Analysis 

The distribution of patient characteristics was presented using frequencies and percentages for 

categorical data, and means and standard deviations for numeric data. Pearson’s correlation 

coefficients were calculated to assess the strength of the linear relationships between the five 

diagnosis group of γ-OHPdG and 8-OHdG. Independent sample t-tests were used to compare γ-
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OHPdG between any two of the five diagnostic groups, adjusting for multiple testing using the 

Bonferroni approach. 

 

Cell Culture and Treatment 

Primary HH (#HUFS1M, Lot#HUM4132, Triangle Research Labs, Durham, NC) were cultured 

in hepatocyte medium (#5201, ScienCell Research Laboratories, Carlsbad, CA).  Triangle 

Research Labs provides freshly isolated human hepatocytes, which undergo a proprietary 

isolation procedure that guarantees 96-99% purity, and only healthy and viable cells, determined 

through trypan blue staining, are provided.  The hepatocytes were treated with FAs, oleic and 

palmitic acid, (Sigma, St. Louis) in a 2:1 ratio, respectively and dissolved in 1% bovine serum 

albumin in PBS for a final concentration of 1 mM.  Human SC (#5300, ScienCell Research 

Laboratories, Carlsbad, CA) were grown in hepatocyte medium under either normal or the FA 

conditions described above. Conditioned medium (CM) was created from FA treated HH as 

described and FA treated HH were combined in a co-culture with the SC in a 3:1 ratio (112). 

 

Immunocytochemistry (ICC)  

Following treatment, cells were fixed with 3.7% formaldehyde for 15 minutes at room 

temperature and washed three times with 1X Phosphate buffered saline (PBS).  To stain with 

Nile Red (Sigma, St. Louis, MO), 1 μl of a 1 mg/ml stock solution was added to 10 ml of 150 

mM NaCl in PBS to make a Nile Red solution. The Nile Red solution was added to the cells and 

incubated for 10 minutes in the dark.  Following incubation, the cells were washed three times 

with 1X PBS and stained with DAPI (Thermofisher, Waltham, MA) for three minutes according 

the manufacturer recommendations.  For the γ-OHPdG or α-SMA staining (Bethyl Laboratories, 
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Montgomery, TX), the cells were washed 3 times following fixation with 1X PBS and incubated 

with 0.05% tween in PBS for five minutes. The cells were then washed with PBS two times for 

five minutes and blocked with 10% Normal Goat Serum in PBS for one hour. Following 

blocking, cells were incubated with primary antibody γ-OHPdG, or α-SMA (Bethyl 

Laboratories, Montgomery, TX) in a 1:500 dilution in 1% bovine serum albumin (1ml/10mg 

bovine serum albumin)/PBS for one hour. Cells were washed with PBS two times for 10 minutes 

and then incubated with Fluorescein-conjugated secondary antibody (Invitrogen, Carlsbad, CA) 

in a 1:2000 dilution in PBS for 30 minutes at room temperature (RT) in the dark. The cells were 

washed with PBS three times for five minutes in the dark and stained with DAPI.  Cells were 

imaged on an Olympus IX-71 Inverted Epifluorescence Microscope.  

 

Intensity Measurements 

Intensity of ICC staining was measured using ImageJ (https://imagej.nih.gov/ij/). At least five 

fields of view were taken and analyzed for each time point.  In ImageJ, images were converted 

into grayscale. The area measured was limited to the object (positive stained area). The threshold 

was adjusted to highlight the area of the cells for analysis. Integrated density of the defined area 

was measured and the area of the object in the entire image was quantified by the average pixel 

intensity. The intensity of the object is the quotient of integrated density and measured object 

area. 

RESULTS 

Immunohistochemical Detection of γ-OHPdG Across Various Liver Disease Stages  

The 49 FFPE liver samples from patients, described in Table 1.1, were immunostained for γ-

OHPdG and scored by histological evaluation as described. Positive immunostaining for γ-
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OHPdG was detected in each of the disease stages (Fig.1.2A). Table S1.2. of Appendix A details 

the quantification of positive staining for normal tissue and the subsequent disease stages. 

Quantification of the levels of staining, based on histological scoring in normal tissue had a mean 

score of 1.9 for γ-OHPdG.  The average scores were the highest in steatosis samples with a mean 

score of 3.4 for γ-OHPdG, showing a significant increase (p ≤ 0.005) from the normal samples. 

This suggests that the increased LPO-induced DNA damage, consistent with the onset of fatty 

liver in steatosis, may represent a crucial pathologic event during an early stage of 

hepatocarcinogenesis. The lowest average score was obtained from the fibrosis samples (mean = 

0.8). The decrease in γ-OHPdG levels were highly significant between the stages of steatosis and 

fibrosis (p = 0.0009), illustrated in Fig.1.2B.  A highly significant difference between steatosis 

and cirrhosis for γ-OHPdG was also observed (p = 0.0009).  The overall γ-OHPdG profile 

during the disease stages leading to hepatocarcinogenesis consists of an initial peak in steatosis, 

followed by a significant decrease in fibrosis and cirrhosis, and then an increase in HCC.  

However, there is a wide range of γ-OHPdG levels observed among individual fibrosis, cirrhosis 

and HCC samples, including some with relative high levels as well as non-detectible levels of γ-

OHPdG. 

 

Correlation Between γ-OHPdG and 8-OHdG Levels in Human Liver Samples 

γ-OHPdG and 8-OHdG levels were compared using Pearson’s correlation, which was run using 

the average sample scores across all disease stage groups. The correlation across the five pairs of 

diagnosis types according to histological score was strong (R
2
=0.85) as shown in Fig.1.2D. A 

strong correlation suggests that the formation of γ-OHPdG, as expected, is related to oxidative 

damage. Similarly, when the individual additive histological scores of intensity and distribution 
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for each patient, regardless of disease stage, were compared between γ-OHPdG and 8-OHdG, 

there was also a strong and significant correlation (R
2
=0.63) (The calculations are available in 

the appendix, Table S1.3.).   

 

Complementary Sample Set 

To further examine the levels of γ-OHPdG in different liver disease stages, a separate set of 38 

samples was obtained from patients who had a liver biopsy or curative resection of HCC with the 

pathology diagnoses of normal, cirrhosis, cirrhosis with hyperplasia, hyperplasia or HCC. Again, 

there was a significant association (p=0.0364) between pathology and immunoscore of γ-OHPdG 

(see supplementary table of scores in the appendix, Table S1.4.).  The samples with the highest 

scores for γ-OHPdG were found in the HCC group, while cirrhotic patients were more likely to 

have a lower score.  

 

Stability of γ-OHPdG in Serial Biopsies 

In order to evaluate γ-OHPdG as an indicator of specific DNA damage by LPO for liver 

diseases, its stability was studied in serial liver biopsies of 14 cirrhotic patients.  The interval 

between the serial biopsies ranged from 3.3 weeks to 159 weeks.  All 14 subjects remained in 

either the low (two or less) or the high (three or more) IHC score category (i.e., there was no 

crossing over from low to high or high to low in the interval between the two biopsies) (Table 

1.2).  These results indicate that the levels of γ-OHPdG in the liver remain stable in individual 

cirrhotic patients.   
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γ-OHPdG Detection in Cultured Primary Human Liver Cells 

In order to better study the mechanism of γ-OHPdG formation in liver disease, a cell model was 

developed to study the formation of γ-OHPdG in the transition from steatosis to fibrosis. A 

model has previously been developed which demonstrated that SC could become activated and 

display fibrogenic traits following treatment with CM from steatoic hepatocytes (112). In this 

study, FA-treated HH increasingly accumulated lipids over the course of five days of treatment 

as indicated by the lipophilic stain, Nile Red (Fig.1.3A). Similarly, the FA treatment increased 

the formation of γ-OHPdG over this time course (Fig.1.3B). SC incubated with CM grown in a 

co-culture with FA-treated hepatocytes over three days showed fibrogenic activation of the SC, 

as indicated by alpha-smooth muscle actin (α-SMA) staining (Fig.1.4A). These co-culture 

conditions also resulted in reduction of γ-OHPdG compared to FA-treated hepatocytes alone 

(Fig.1.4B).  As controls, other conditions of this model were tested to ensure that the observed 

effects were not a result of the co-culture alone or exposure of the cells to alternate conditions of 

FA and normal medium (see supplementary figures describing culture conditions and results in 

appendix Fig. S1.1-S1.4). 

DISCUSSION 

Chronic inflammation, and the LPO associated with it, increases the risk of cancer (143, 238).   

LPO-derived DNA adducts may, therefore, serve as indicators of disease etiology.  γ-OHPdG, a 

promutagenic DNA lesion derived from acrolein as a secondary product of LPO, has been 

implicated in cancer development (126, 212, 221, 231).   Acrolein cannot only react with DNA 

to form γ-OHPdG, but can also inhibit DNA repair, enhancing the probability for mutations 

(239).  In this study we examined γ-OHPdG in human liver samples representing normal tissue 
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and the disease stages of steatosis, fibrosis, cirrhosis and HCC and have found evidence that may 

support its association with hepatocarcinogenesis.  

 

γ-OHPdG was detected in FFPE human liver tissue samples by IHC staining using the 

monoclonal antibody that we previously developed (27, 218).  In the present study, we showed 

that γ-OHPdG levels varied greatly in patients with different stages of liver disease during the 

progression of HCC. The highest levels occurred during steatosis, where inflammation is the 

primary response to excess lipid accumulation in hepatocytes which stimulates LPO and impairs 

DNA repair (239, 240).  It is conceivable that as γ-OHPdG accumulates in the liver during 

steatosis there is a greater chance of mutations in the form of G>T transversions. This event may 

be exacerbated in fibrosis and cirrhosis by compensatory growth which occurs with liver injury.  

γ-OHPdG could serve as an early biomarker for HCC in which the free radicals generated by 

inflammation have been shown to act cooperatively during TP53-regulated tumorigenesis (241). 

It is possible that the high levels of γ-OHPdG, particularly in a few of those patients with 

cirrhosis, may predict an increased risk of HCC. This notion, however, needs to be verified 

through future investigations which include a larger cohort of patients.  

 

The increase of γ-OHPdG in steatosis was followed by a dramatic decrease in fibrosis and 

cirrhosis.  While the mechanisms behind the apparent drop of γ-OHPdG in these stages are 

unclear, the induction of apoptosis as a result of elevated DNA damage may play a role (214). 

Furthermore, decreased fat content in the liver following steatosis, where the effects of LPO 

from fat accumulation are conceivably the most severe, might be another factor that contributes 

to the decreased levels of γ-OHPdG. The change in γ-OHPdG levels were replicated in a co-
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culture of HH and SC, treated with FA. FA-treated HH represented steatosis-like conditions and 

the co-culture displayed fibrotic-like conditions, such as activation of the SC, where γ-OHPdG 

levels were reduced compared to steatotic HH cells and CM-treated SC alone. This trend was 

consistent with the γ-OHPdG changes observed in the clinical samples.  

 

8-OHdG is a widely studied marker of oxidative DNA damage related to inflammation and 

tumorigenesis (235, 237).  Our data showing the strong correlation between γ-OHPdG and 8-

OHdG in both the disease groups and individual patients suggests a strong mechanistic link 

between the two markers. To our best knowledge, this is first study to demonstrate the 

relationship of 8-OHdG and γ-OHPdG during liver cancer development.  In an earlier study by 

Kitada et al., IHC staining of  liver tissues from patients with chronic liver disease showed that 

the number of 8-OHdG-positive hepatocytes was significantly correlated with chronic hepatitis 

disease severity, suggesting chronic inflammation is important in hepatocarcinogenesis (242).  

We found, however, that fibrosis consistently had the lowest levels of 8-OHdG and γ-OHPdG 

(Fig.1.2B and 1.2C, Table S1.2).  In a separate set of 38 samples consisting of normal, cirrhosis, 

cirrhosis and hyperplasia and hyperplasia with HCC, a significant association was also found 

between liver disease severity and the immunoscore of γ-OHPdG. This demonstrates that γ-

OHPdG levels are lower in cirrhosis and normal tissue compared to HCC and that γ-OHPdG 

may serve as an indicator of the DNA damage which may lead to hepatocarcinogenesis.  An 

increase of γ-OHPdG was noted in most HCC samples, indicative of oxidative stress, which is 

commonly elevated in tumors compared to normal, fibrosis and cirrhosis cases (243). Our data 

also showed some significant individual variability in γ-OHPdG levels within each disease stage 

(Fig.1.2A and 1.2B), but they remained stable in serial biopsies of individual patients (Table 
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1.2).  The variation of γ-OHPdG levels within stages is especially notable in cirrhosis and HCC 

patients. Additional longitudinal studies that can incorporate prior and current treatment as well 

as the clinical outcomes of patients would provide insight into explaining these results and how 

these differences may be used to predict disease risk.    

 

εdA, a related LPO-derived cyclic DNA adduct has been investigated for its role in 

hepatocarcinogenesis (147, 155) .  Results of these studies showed that a gradual accumulation 

of εdA occurs in diseased livers during HCC development, suggesting that it may contribute to 

mutations.  The formation of the etheno adduct in liver cancer shown by these studies also point 

to the role of lipid accumulation in the liver and the oxidative stress associated with chronic 

inflammation as its source (244). However, unlike εdA, γ-OHPdG levels have been found to 

correlate with 8-OHdG and increase sharply in steatosis compared to that in normal livers, 

rendering it potentially useful in monitoring HCC development and understanding its specific 

role in the process of hepatocarcinogenesis.  

 

There are many factors to be considered for γ-OHPdG to be used in clinical investigations,  

including the variations in the source and pathology of tissue, effects of the disease or treatment, 

study sample size, and time period and method of sample collection (88).  DNA damage caused 

by formalin fixation of tissue may make it difficult to discern γ-OHPdG-specific damage in some 

samples, particularly in biopsies which have a small surface area. The IHC method described in 

this study is more amenable for the detection of γ-OHPdG in clinical samples than the previously 

developed high-performance LC-MS/MS spectrometry method which requires relatively high 

amounts of frozen tissue (100 µg or more) for detection (217, 245, 246).  The antibody-based 
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IHC method provides a sensitive, practical, and cost effective way to efficiently monitor this 

adduct in liver tissue.  As its levels are the highest in steatosis, γ-OHPdG, could be used as a 

biomarker in the pathogenesis of NASH, the early stages of which are currently difficult to 

distinguish (247). Establishing γ-OHPdG as a clinical prognostic biomarker will require further 

method development for its detection in blood or urine.  While our studies have shown a 

potential relationship of γ-OHPdG in HCC development, future clinical studies will be needed to 

examine its validity to monitor patients with a high risk for HCC for better prevention and 

treatment.   
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FIGURES AND TABLES 

 
 
 

 

 

Figure 1.1. Structures of 8-hydroxydeoxyguanosine (8-OHdG) and γ-hydroxy-1,N
2
-

propanodeoxyguanosine (γ-OHPdG). 
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Figure 1.2. Detection and scoring of γ-hydroxy-1,N
2
-propanodeoxyguanosine (γ-OHPdG) 

and 8-hydroxydeoxyguanosine (8-OHdG) in formalin fixed paraffin embedded (FFPE) 

human liver tissues in different stages of diagnosis. (A) Representative immunohistochemical 

(IHC) staining of FFPE human liver tissue sections positive for γ-OHPdG or 8-OHdG. Scale bar 

indicates 100 μm. (B) Dot plots of γ-OHPdG and (C) 8-OHdG levels based on histological 

scoring across the disease spectrum. Center line indicates mean and whiskers standard error of 

the mean (SEM). * indicates significance (p≤0.005) between groups using two-sample 

independent t-tests; (D) Histological score quantification across groups with Pearson’s 

correlation between γ-OHPdG and 8-OHdG, Pearson’s R
2
 = 0.85. 
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Figure 1.3. Immunocytochemistry (IHC) of fatty acid (FA)-treated human hepatocytes 

(HH) (20X magnification). (A) FA-treated HH stained with Nile Red following treatment after 

1, 3 and 5 days. Scale bar indicates 200 μm. (B) γ-hydroxy-1,N
2
-propanodeoxyguanosine (γ-

OHPdG) staining of FA treated HH after 1, 3 and 5 days.  
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Figure 1.4. Immunocytochemistry (IHC) and intensity quantification of α-smooth muscle 

actin (α-SMA) and γ-hydroxy-1,N
2
-propanodeoxyguanosine (γ-OHPdG) in stellate cells 

(SC) and under co-culture conditions with human hepatocytes (HH). (A) SC untreated and 

treated with conditioned media (CM) for 3 days and stained for α-SMA and then co-cultured for 

3 days, and stained for α-SMA and γ-OHPdG (20X magnification, scale bar indicates 200 μm) 

(B) Quantification of the staining intensity of α-SMA and γ-OHPdG of the SC and HH before 

and during co-culture conditions. * Indicates significance (p≤0.005) between groups using two-

sample independent t-tests. NS indicates not significant. 
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Table 1.2. Stability of γ-hydroxy-1,N
2
-propanodeoxyguanosine (γ-OHPdG) based on 

histological score in 14 patients with serial liver biopsies separated by the time in weeks 

indicated. 
 

Weeks  
between 
biopsies 3.3 3.3 8.6 9.4 21.7 30.9 32.7 57.3 64 69.4 70.1 89.6 107.7 159.1 

Biopsy 1 score 0 3 0 2 3 4 0 1 3 5 0 2 0 2 

Biopsy 2 score 2 3 2 2 3 3 0 2 3 5 0 2 0 2 
 

              

 

 
 
 
 
  

 

Table 1.1. Distribution of human clinical sample characteristics 

 Diagnosis 

Variable 

Normal 

(n=9) 

Steatosis 

(n=9) 

Fibrosis 

(n=10) 

Cirrhosis 

(n=10) 

Hepatocellular 

Carcinoma (n=11) 

Age, Mean (SD) 58.2(±27.9) 41(±15.3) 55.6(±6.8) 49.8(±8.6) 50.4(±11.6) 

Gender, n      

Male, 30 7 6 6 4 7 

Female, 19 2 3 4 6 4 

Race/Ethnicity, n      

Black, 11 4 1 3 2 1 

White, 20 1 4 6 6 3 

Other/Unknown, 

n, 18 4 4 1 2 7 

SD = standard deviation; n=number of patients   
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CHAPTER TWO 

THEAPHENON E INCREASES CD4+ T CELL SURVIVAL AND PREVENTS FATTY LIVER DISEASE IN 

HIGH-FAT DIET-FED C57BL/6J MICE 

 

INTRODUCTION 

Green tea consumption has been attributed to weight loss and reduction of the risk of some 

cancers. The green tea-derived extract, TE was used in this study as a dietary supplement in a 

C57BL/6J obesity mouse model to prevent weight gain and fatty liver disease. The mice were 

fed either a LFD, HFD or HFD+TE diet for 35 weeks.  The HFD+TE fed mice maintained a 

healthy body weight, liver to body weight ratio and low levels of ALT and AST enzymes which 

are elevated in liver disease.  Additionally, there was increased CD4+ T cell presence, in 

conjunction with increased apoptosis and decreased proliferation and liver lipid accumulation in 

HFD+TE treated mice as compared to the mice on a HFD. A metabolite of EGCG, a major 

catechin in green tea, 1-(3′,5′-dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl) propan-2-ol 

(M3), reduced lipid accumulation in vitro, suggesting it may have a specific mechanistic role in 

fatty liver disease prevention.  The composition of the lipids in the livers of the C57BL/6J mice 

was analyzed using GC-MS and it was found that there was a decrease in oleic acid and 

palmitoleic acid between HFD and HFD+TE mice and an increase in palmitoleic, linoleic, 

stearic, palmitic, oleic, margaric, myristic, docosahexaenoic and arachidonic acid in the HFD 

over time.  In conclusion, dietary FA composition may contribute to CD4+ T cell death in HFD 

mice, preventing beneficial disease fighting roles such as apoptosis and inhibition of 

proliferation, which are present in mice treated with dietary TE.    
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Obesity and the related diseases of metabolic syndrome and type-2 diabetes are becoming an 

epidemic that has reached global proportions (248).  Nearly a third of the adult population in the 

US is thought to have fatty liver disease or steatosis, a condition in which at least 5% of the liver 

volume is lipid accumulation (39, 249).  Obesity is now the leading risk factor for the 

development of hepatocellular carcinoma in the United States (9).  Consumption of a western 

diet, which includes foods high in fat, cholesterol, sugar and salt leads to obesity, metabolic 

syndrome and other related health complications (250).  Obesity-induced steatosis in NAFLD is 

the manifestation of inflammation and ROS in the liver which can increase the risk of HCC 

(251).  Furthermore, chronic inflammation as a result of obesity can influence the immune 

system response, leading to dysregulation of  T-cell mediated activity (250).    

 

Tea polyphenols, such as EGCG, are antioxidants that have been shown to prevent weight gain 

and tumorigenesis (184, 205).  Because fatty liver disease is associated with oxidative damage 

and obesity, we have investigated the effects of the green tea extract, TE, on fatty liver disease 

development in C57BL/6J mice on a HFD.  Recently it has been shown that oxidative damage in 

NAFLD causes the loss of CD4+ lymphocytes due to damage from lipid accumulation (97).  

CD4+ lymphocytes provide a protective immune response against pathogens and cellular 

damage in the liver (252). Metabolites of EGCG have been shown to protect against CD4+ 

depletion and enhance CD4+ T cell activity in an immunodeficient mouse model (171).  Mice 

fed an EGCG supplemented HFD showed reduced incidence of obesity, steatosis and insulin 

resistance (182).  Similarly, in a study using adoptive transfer of purified CD4 + T cells from 

C57BL/6 wild type mice on C57BL/6 Rag2-null mice fed a western style diet, it was found that 
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there was a significant reduction in body fat deposits, such as subcutaneous fat and improvement 

in  abdominal fat pathology and restoration of CD4+T cell balance (253).  In this study, we 

investigated the mechanisms of the preventative effects of TE on steatosis in a 35 week 

C57BL/6J obesity model. 

 

METHODS 

Mouse Bioassay 

Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME. Stock No. 

000664) at three weeks of age.  They were fed either a HFD, LFD or HFD+TE starting at four 

weeks of age.  Tissue and blood from the mice were collected, five animals per group, after 0, 5, 

10, 25 and 35 weeks on the diet. Livers were weighed and imaged for gross morphology and 

sections were formalin fixed for IHC. Food consumption and body weight were measured 

weekly.  Research was conducted in conformity with PHS policy and the studies were approved 

by the AAALAC accredited Georgetown University institutional review board and institutional 

animal care and use committee.  

 

Diet 

The diet was obtained from Dyets Inc. (Bethleham, PA).  The HFD (Cat # 402400) had 60% kcal 

fat, 20% kcal protein, and 20% kcal carbohydrates.  The LFD (#404360) was 12% kcal fat, 29% 

kcal protein, and 59% kcal carbohydrates.  The HFD+TE diet was the same HFD above, 

supplemented with 2% TE by weight (Tokyo, Japan).  The fat content in each diet are detailed in 

Supplementary Fig.S2.1.  The weekly diet consumption was averaged for each group and the 

statistical significance between groups was calculated using a student’s t-test. 
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Immunohistochemistry (IHC) 

Ki67- Five-micron sections from FFPE tissues were de-paraffinized with xylenes and rehydrated 

through a graded alcohol series. HIER was
 
performed by immersing the tissue sections at 98

o
C 

for 20 minutes in Diva Decloaker (Biocare).  Immunohistochemical staining was performed 

using a horseradish peroxidase labeled polymer from Dako/Agilent (K4003) according to 

manufacturer’s instructions.  Briefly, slides were treated with 3% hydrogen peroxide and 10% 

normal goat serum for 10 minutes each, and exposed to primary
 
antibodies for Ki67 (Biocare, 

cat. CRM325, 1:50 dilution in VanGough diluent) overnight at 4
o
C.  Slides were exposed to anti-

rabbit HRP labeled polymer for 30 minutes and DAB chromagen (Dako/Agilent) for five 

minutes. Slides were counterstained with Hematoxylin (Fisher, Harris Modified Hematoxylin), 

blued in 1% ammonium hydroxide, dehydrated, and mounted with Acrymount.  All washes were 

performed with Tris Buffered Saline with 0.5% Tween. Consecutive sections with the primary 

antibody omitted were used as negative controls.  

 

CD4-Five-micron sections from formalin fixed paraffin embedded tissues were de-paraffinized 

with xylenes and rehydrated through a graded alcohol series. HIER was
 
performed by immersing 

the tissue sections at 98
o
C for 20 minutes in Envision FLEX High pH retrieval solution from 

Dako/Agilent (K8004).  Immunohistochemical staining was performed using a horseradish 

peroxidase labeled polymer from Dako/Agilent (K4003) according to manufacturer’s 

instructions.  Briefly, slides were treated with 3% hydrogen peroxide and 10% normal goat 

serum for 10 minutes each, and exposed to primary
 
antibodies for CD4 (1:600, Abcam 

ab183685) for 1hour at room temperature.  Slides were exposed to an anti-rabbit HRP labeled 

polymer for 30 minutes and DAB chromagen (Dako/Agilent) for five minutes. Slides were 
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counterstained with Hematoxylin (Fisher, Harris Modified Hematoxylin), blued in 1% 

ammonium hydroxide, dehydrated, and mounted with Acrymount.  Consecutive sections with the 

primary antibody omitted were used as negative controls.  

 

TUNEL Assay-Terminal Transferase dUTP Nick End Labeling (TUNEL) Assay was performed 

using the Apotag kit from Millipore with minor modifications.  Briefly, five-micron sections 

from formalin fixed paraffin embedded tissues were de-paraffinized with xylenes and rehydrated 

through a graded alcohol series.  HIER was
 
performed by immersing the tissue sections at 98

o
C 

for 20 minutes in 10 mM citrate
 
buffer (pH 6.0) with 0.05% Tween.   Slides were pretreated with 

3% hydrogen peroxide at room temperature, 10 mM Sodium Citrate at 65
o
C, and Equilibration 

Buffer at RT.  Slides were exposed to terminal transferase and digoxigenin labeled dUTP in 

Reaction Buffer for one hour at 37
o
C, stopped in Wash Buffer and blocked with 10% normal 

goat serum at RT.  Slides were exposed to 1:2100 dilution of HRP-conjugated anti-digoxigenin 

antibody (Roche) for one hour and DAB chromagen (Dako) for five minutes. Slides were 

counterstained with Hematoxylin (Fisher, Harris Modified Hematoxylin) at a 1:9 dilution for two 

minutes, blued in 1% ammonium hydroxide for one minute, dehydrated, and mounted with 

Acrymount.  For negative controls, consecutive sections were treated identically except that the 

terminal transferase enzyme was omitted and replaced by tris buffered saline in the reaction 

mixture.  Images were captured using an Olympus DP70 camera on an Olympus BX61 

microscope. 
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Cell Count Analysis  

A minimum of five fields of view were analyzed for each liver collected at every time point 

following IHC of Ki67, CD4 and TUNEL. Positive stained nuclei as a percentage of total cells 

per image were calculated both manually using ImageJ and using the program TMarker (ETH 

Zurich, Switzerland) (254).  A t-test between the average of each group in every time point was 

used to determine the p-value.  

 

Liver Function And Injury 

The levels of ALT and AST were assessed using Activity Assay Kits (Sigma-Aldrich #MAK052 

and MAK055 respectively) according to manufacturer’s protocol.  ALT and AST were detected 

in the serum of the HFD, LFD and HFD+TE mice collected from each time point.  A t-test 

between the average of each group in every time point was used to determine the p-value. 

 

Immunocytochemistry 

Primary HH (#HUFS1M, Lot#HUM4132, Triangle Research Labs, Durham, NC) were cultured 

in hepatocyte medium (#5201, ScienCell Research Laboratories, Carlsbad, CA).  AML12 cells 

(ATCC, CRL-2254) were cultured in complete DMEMα (Corning, 10-022-CV). The cells were 

treated with either control medium, FA medium, control medium with 10 μg/ml TE or FA 

medium with TE.  FA medium consisted of oleic and palmitic acid, (Sigma, St. Louis) in a 2:1 

ratio, respectively and dissolved in 1% bovine serum albumin in PBS for a final concentration of 

1 mM.  Following treatment, cells were fixed with 3.7% formaldehyde for 15 minutes at room 

temperature and washed three times with 1X Phosphate buffered saline (PBS).  To stain with 

Nile Red (Sigma, St. Louis, MO), 1 μl of a 1 mg/ml stock solution was added to 10 ml of 150 
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mM NaCl in PBS to make a Nile Red solution. The Nile Red solution was added to the cells and 

incubated for 10 minutes in the dark.  Following incubation, the cells were washed three times 

with 1X PBS and stained with DAPI (Thermofisher, Waltham, MA) for four minutes according 

the manufacturer recommendations.  Slides were mounted using EMS Fluoro-Gel (17985-10) 

and imaged on an Olympus IX-71 Inverted Epifluorescence Scope.   

 

Metabolite Treatment 

Metabolites: M3: 1-(3′,5′-dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl) propan-2-ol, M4: 4-

hydroxy-5-(3′,5′-dihydroxyphenyl) valeric acid, and M5: 5-(3′,5′-dihydroxy-phenyl)-γ-

valerolactone were graciously provided by Dr. Masayuki Suzuki (Mitsui Norin Co., Tokyo, 

Japan).  HH and AML12 cells were treated with either control medium, FA medium, control 

medium with 10 μg/ml M3, M4 or M5 or FA medium with M3, M4 or M5.  The cells were fixed 

and stained with Nile Red as described above.   

 

Proliferation Assay 

HH and AML12 cells were grown in 96 well plates and treated with FA and the metabolites as 

described above.   WST-1 (Sigma, 05015944001) was added at the indicated timepoints and the 

absorbance was measured according to manufacturer’s recommendations. T-tests performed on 

the results of triplicate readings provided the p-value.   

 

GC-MS 

Sample Preparation-Tissue samples were processed using 500 μl of 50% Methanol in water 

containing internal standards. The samples were homogenized on ice to ensure cell lysis and 



65 

 

metabolite extraction. The samples were centrifuged (14,000 rpm) at 4⁰C for 15 minutes. 

Supernatant one (Sn1) was transferred into another Eppendorf tube. Pellet 1 (Plt1) was kept at -

20 ⁰C until the 2
nd

 extraction. Acetonitrile (500 μl) was added to Sn1, vortexed, and allowed to 

incubate on ice for 20 minutes to further precipitate cellular debris and proteins. Sn1 samples 

were centrifuged (14,000 rpm) at 4⁰C for 15 minutes.  Supernatant from Sn1 samples were 

transferred to another eppendorf tube, dried under vacuum, and stored at -80°C until analysis. 

The pellet (Plt2) was kept at -20 ⁰C until the 2
nd

 extraction.  25% methanol in dichloromethane 

(250 μl) was added to Plt1 and Plt2 for resuspension.  Re-suspended Plt1 and Plt2 were 

combined, sonicated on ice for 90 seconds, and centrifuged (14,000 rpm) at 4⁰C for 15 minutes, 

and the combined pellet (Plt3) was stored at -80 ⁰C for protein quantitation. Supernatant (Sn2) 

was collected in an eppendorf tube, acetonitrile (500 uL) was added, the sample was vortexed, 

and allowed to incubate on ice for 20 minutes.  Sn2 samples were centrifuged (14,000 rpm) at 

4⁰C for 15 minutes.  Supernatant from Sn2 samples were transferred to another Eppendorf tube, 

dried under vacuum, and stored at -80°C until analysis.  For analysis, the dried samples (Sn1 and 

Sn2) were reconstituted in 200 μl of 50% methanol and 25% acetonitrile in water, and 200 μl 

was transferred to a gas chromatography time-of-flight (GC-ToF) tube for analysis.  

 

Protein Quantitation-Pellet 3 (Plt3) was removed from -80 ⁰C and allowed to thaw on ice. 

RIBA-protease buffer (10 μl Protease inhibitor/1 ml RIBA) was prepared. RIBA-Protease buffer 

(150 μl) was added to Plt3 and vortexed until it became suspended (opaque on color).  Plt3 

samples were sonicated for 20-30 seconds to further resuspension and protein digestion. Samples 

were centrifuged (13,000 rpm) at 4⁰C for 20 minutes.  Supernatant was collected in 0.7 μl 

Eppendorf tube, and the pellet was discarded. Samples of supernatant were stored until 
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performing protein quantitation.  For protein quantitation, 800 μl of water was added to cuvettes 

for 1 cuvette per sample and 6 standard samples for spectrofluorimeter calibration. Standard 

samples were prepared by adding 2 mg/ml BSA in water to the cuvettes as follow: Blank - 0 μl 

BSA, 2 μg/ml - 1 μl BSA, 4 μg/ml - 2 μl BSA, 6 μg/ml - 3 μl BSA, 8 μg/ml - 4 μl BSA, and 10 

μg/ml - 5 μl BSA. Samples were prepared by adding 2 μl of the sample supernatant to the 

corresponding cuvette with 800 μl of water. Bradford reagent was added, 200 μl to each cuvette, 

and mixed well. Sampled were read by spectrofluorometer.  

 

Derivatization Method-Each sample was derivatized by drying each sample using a Speed-Vac, 

followed by m-trifluoromethylphenyl trimethylammonium hydroxide methylation  (255, 256). 

Briefly, dried samples were reconstituted in 90 ul of a 1:1 Chloroform: Hexane solution.  10 ul of 

MethPrepII (m-trifluoromethylphenyl trimethylammonium hydroxide) derivatizing agent to was 

added to the reconstituted samples, vortexed and allowed to react at room temperature for 20 

minutes before being transferred to the GC for injection.  

 

GC-ToF-After derivatization, each 1.5 μl aliquot of the derivatized solution was injected in (1:5) 

split (1:5) mode into an Agilent 7890B GC system (Santa Clara, CA, USA) that was coupled 

with a Pegasus HT TOF-MS (LECO Corporation, St. Joseph, MI, USA). Separation was 

achieved on a Rtx-5 w/Integra-Guard capillary column (30 m x 0.25 mm ID, 0.25 μm film 

thickness; Restek Corporation, Bellefonte, PA, USA), with helium as the carrier gas at a constant 

flow rate of 1.0 ml/minutes The temperature of injection, transfer interface, and ion source was 

set to 150, 270, and 230 °C, respectively. The GC temperature programming was set to 0.2 

minutes of isothermal heating at 70 °C, followed by 10 °C/min oven temperature ramps to 270 



67 

 

°C, a four minutes isothermal heating of 270 °C, 20 °C/min to 320 °C, and a two minutes 

isothermal heating of 320 °C. Electron impact ionization (70 eV) at full scan mode (m/z 40–600) 

was used, with an acquisition rate of 20 spectra per second in the TOF/MS setting. 

 

GC-ToF Data Analysis-The collected spectra were processed, aligned, and deconvoluted with 

the software ChromaTOF v. 4.51.6.0 (Leco, St. Joseph, MI) using the Automated Mass Spectral 

Deconvolution and Identification System (255, 257, 258). Briefly, a baseline offset of one and 

expected peak width was set to two seconds to determine noise, peak area, and signal to noise. 

For library search, the mass range was set from 50 to 600 and the mass threshold was set to 10 to 

minimize miss identifications from background. The cleaned spectra was then compared to the 

NIST 14 Mass Spectral Library set to a threshold of 600 on a scale of 1000 for an identification. 

The max retention time difference of two seconds, signal-to-noise ratio of 20, and minimum 50% 

of samples in a class containing the analyte was used to compare the spectrum. The deconvoluted 

and aligned spectra were normalized to the internal standard (4-Nitrobenzoic Acid) and Protein 

Quantification. Retention Indexes were generated for the identified peaks were compared to the 

Feihn Leco Library to be within 5% error window to remove miss identifications of similar mass 

spectra (211, 255, 257).  Standards were run for metabolites not located in the Feihn Library and 

compared to be within the above parameters for identification. 

 

RESULTS 

The mice on the HFD+TE diet maintained a consistently lean body weight (Fig.2.1A) despite 

eating more or similar amounts of food as the other groups (Supplementary Fig.S2.2). The liver 

to body weight ratio of the HFD+TE diet mice was significantly lower than the HFD and LFD 
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groups for the later time points of 10, 25 and 35 weeks. The LFD and HFD mice had a high liver 

to body weight ratio and enlarged liver size was evident (Fig.2.2A and B).  H & E staining of the 

livers of the mice on each type of diet showed increased fat accumulation in the LFD and HFD 

mice compared to the HFD+TE mice, which had negligible changes in pathology from 0 to 35 

weeks. Increasing amounts of both macro- and microvesicular steatosis was evident in the HFD 

and LFD by the 35 week time point with none in the HFD+TE (Fig.2.3).  AST and ALT, 

enzymes that are elevated in steatosis with liver damage, were significantly higher in LFD and 

HFD mice than the HFD+TE mice by week 35 (Fig.2.4A,B).   

 

Ki67, an indicator of cellular proliferation was significantly increased in HFD mice compared to 

the HFD+TE mice (Fig.2.5A).  In contrast, TUNEL, a marker of DNA fragmentation in 

apoptosis was elevated in HFD+TE mice, showing a significant increase compared to the HFD 

and LFD groups from 10, 25 and 35 weeks on the diet (Fig.2.5B).  Because CD4+ lymphocytes 

are known to be involved in apoptosis, we decided to determine the effect of TE on CD4+ cells.  

CD4+ lymphocytes were more abundant in HFD+TE mice, showing a significant increase in the 

HFD+TE at all time points compared to HFD and LFD (Fig.2.5C).  

 

Both HH and AML12 cells showed reduced lipid accumulation in FA media that had been 

supplemented with 10 μg/ml TE (Fig.2.6), while the FA-treated cells alone showed increased 

lipid accumulation over time.  Because metabolites of EGCG have been shown to protect against 

obesity, we studied the effects of the metabolites M3, M4 and M5 on lipid accumulation in vitro.  

The M3 metabolite paralleled the results of TE treatment, reducing lipid accumulation over time 

after treatment with M3 and FA (Fig.2.7).  Interestingly, M3 also ameliorated reduced cell 



69 

 

proliferation, due to toxicity after FA treatment compared to the control in HH cells 

(Supplementary Fig.2.3B), however, this trend was not observed in AML12 (Supplementary 

Fig.2.3A).   

 

Thirteen FAs were analyzed in the mouse liver tissue obtained from this study (Table 2.1).  

These included the omega-3 PUFAs; docosahexaenoic acid, the omega-6 PUFAs; linoleic and 

arachidonic acid, the omega-7 monounsaturated FA; palmitoleic acid and an omega-9 

monounsaturated FA; oleic acid.  The analysis also included myristic, stearic, palmitic, margaric, 

arachidic (heptadecanoic), decanoic, dodecanoic (lauric) and docosanoic FAs, which are 

saturated FAs found in oils and animal and vegetables fats in the diet.  Palmitoleic acid had an 

8.2-fold increase between the control livers after 25 weeks in the HFD (Fig.2.8A).  Increases 

were also evident in linoleic, stearic and palmitic acid between 0 and 25 weeks on the HFD (4.0, 

2.2 and 1.9-fold change respectively) (Fig.2.8A).  From five weeks on the HFD to 25 weeks 

there was an increase in oleic, margaric, myristic, docosahexaenoic and arachidonic acid (7.7, 

4.5, 3.4, 2.7 and 2.4-fold respectively) (Fig.2.8A).  In contrast, palmitoleic acid decreased in the 

HFD+TE compared to the HFD between the 25 and 35 week timepoints (10.5 and 3.9 

respectively) (Fig.2.8B).  Additionally, oleic acid was 2.8-fold lower in the HFD+TE than the 

HFD at the 25 week timepoints (Fig.2.8B).   

 

DISCUSSION 

In obesity, the rate of hepatic FA uptake is greater than that of FA oxidation, causing an 

imbalance that leads to health complications such as insulin resistance, diabetes and 

cardiovascular disease.   Obesity has been linked to an increased risk of many types of cancer, 



70 

 

particularly in the liver (2).  It has been shown that dysregulation of lipid metabolism in NAFLD 

can cause a loss of CD4+ lymphocytes, which can lead to the onset of hepatocarcinogenesis (97).   

The microenvironment of inflammation in a steotic liver from a HFD has also been shown to 

encourage cancer metastasis in a murine model (259). CD8+ effector cells recruit macrophages 

to adipose tissue, which contributes to the inflammation in obesity (260). Inflammation and 

oxidative damage from ROS can contribute to liver disease progression (261).  Current 

treatments for fatty liver disease aim to prevent the progression of the disease by addressing the 

risk factors such as vaccinating against HBV or HCV, eliminating alcohol consumption, or in 

obesity, change lifestyle choices such as incorporating more exercises and a healthy diet.  There 

is little evidence that any drug is effective in slowing the disease progression of NASH.  Liver 

hyperplasia and aberrant metabolism in the early stages of NAFLD can lead to obesity-related 

HCC potentially through the mechanism of increased hepatocyte proliferation and inhibition of 

hepatocyte apoptosis as shown in HFD ob/ob mice (80).  Our studies showed that these 

damaging effects were ameliorated by TE treatment.  Chapter one showed that γ-OHPdG is 

elevated in the early stages of liver disease, suggesting that it may be the source of mutations that 

accumulate over time and lead to HCC.  The C57BL/6J model described in this current study 

may be used in the future to provide evidence that TE reduces lipid peroxidation and therefore γ-

OHPdG levels, preventing hepatocarcinogenesis. This link between fatty liver disease, DNA 

damage and liver cancer risk remains to be elucidated. 

 

The results of this study have shown that the green tea-derived compound TE is effective in 

preventing steatosis in C57BL/6J mice potentially through increased CD4+ activity and 

apoptosis. By using C57BL/6J mice on a HFD, LFD and HFD+TE diet, it was shown that TE 
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was an effective preventative treatment in a diet-induced obesity model that is devoid of other 

genetic or chemically induced risk factors. I have shown that in addition to preventing weight 

gain in HFD-fed mice, the HFD+TE treated mice had less liver lipid accumulation and 

maintained low levels of ALT and AST enzymes, indicating liver health. In addition, the 

preservation of liver health is correlated with an increased presence of CD4+ cells, likely due to 

their increased activity sourced from metabolites of TE (171). The reduction of CD4+ T cells in 

HFD mice may be attributed to lipid accumulation as indicated by the lipid analysis performed 

(Table 2.1, Fig.2.8A).  The FAs that had the highest fold change over time in the HFD mice; 

palmitic, stearic, oleic, linoleic, arachidonic and docosahexaenoic acids, were also prevalent in 

another study on CD4+ T lymphocyte loss in NAFLD mice (62).  The treatment of HH and 

AML12 cells with oleic and palmitic acid caused significant lipid accumulation that was 

prevented by TE treatment (Fig.2.7A,B).  TE may therefore have an ability to work through 

preventing accumulation of cellular lipids, which may be a mechanism for CD4+ T cell survival 

in the HFD+TE mice.  The robust immune response is consistent with increased CD4+ T cell 

presence and apoptosis in the livers of the mice on a HFD+TE diet.   In contrast, increased 

proliferation, indicated by Ki67 staining in the HFD mice, may indicate compensatory 

proliferation as the damaged liver attempts to regenerate.  This same trend in proliferation was 

observed in another study using C57BL/6J on a high fat diet that developed steatosis (32).  

Increased proliferation with a decreased immune response is an environment that favors 

tumorigenesis.  It may be possible that obesity-related HCC can be prevented through use of a 

compound such as TE.  
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Green tea consumption has long been associated with weight loss, however the mechanisms of 

how it acts in obesity prevention are still under investigation.  The anti-obesity properties of 

green tea have been attributed to appetite suppression, increased metabolic rate, downregulation 

of obesity related genes through PPARγ, and anti-inflammatory antioxidant activity (188, 205, 

262, 263).  Although EGCG has been attributed to many of the beneficial effects of green tea, 

theaflavins, the antioxidant polyphenols in green tea, may also play a beneficial role.  EGCG and 

other tea polyphenols have been shown to induce apoptosis in different liver and HCC cell lines 

and in xenograft tumor models; however additional human and animal studies are needed to 

evaluate the mechanism behind this observation (264-266).  EGCG can inhibit absorption of 

lipids in the intestines, a role that may be attributed to the structure and composition of its 

metabolites (267, 268).  Interestingly, M3, which was shown to be the most effective metabolite 

for inhibiting lipid accumulation, is a precursor to M4 and M5 (171).  Understanding the 

metabolic and structural relationship of these metabolites may help establish TE and/or M3 as a 

potential therapeutic for fatty liver disease.  

 

A heightened immune response is a favorable prognostic indicator for cancer patients. The 

increased CD4+ mediated apoptosis we observed in TE treated mice suggests that the immune 

response is actively combating damaged cells.  The mechanism of green-tea initiated immune 

response should be investigated in the future and experiments to evaluate TE as intervention to 

inhibit disease progression in later stages such as fibrosis, cirrhosis and hepatocellular carcinoma 

should be performed. The effects of TE on markers of oxidative stress associated with NASH 

progression, such as DNA adduct formation should also be investigated.   
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FIGURES AND TABLES 

 

 

 
Figure 2.1. Weekly averaged mouse body weights over the course of the 35-week 

experiment.   
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Figure 2.2.  Liver size and weight.  (A) Liver to body weight ratio (%) of the mice collected at 

each time point.  (B) Gross morphology of mice livers collected after 35 weeks on the diet. * 

indicates p<0.05. 
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Figure 2.3. H&E staining of mouse liver tissue sections in the liver from 0 to 35 weeks on 

each diet. Scale bar indicates 100 μm. 
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Figure 2.4. Serum levels of aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT). (A) AST (B) ALT in the serum of C57BL/6J mice on high fat diet 

(HFD), low fat diet (LFD) and high fat+2% TE (HFD+TE). (*indicates p<0.05). 
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Figure 2.5. Immunohistochemistry (IHC) of  0 week and 35 week high fat diet (HFD), low 

fat diet (LFD) and high fat diet+2% TE (HFD+TE) fed C57BL/6J liver tissue and 

quantification of the percent of positive cells across all timepoints. (20X, scale bar indicates 

200 µm, * indicates p<0.05). (A) Ki67 (B) TUNEL (C) CD4+ T cells (continued on next page) 
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Figure 2.5 continued. Immunohistochemistry (IHC) of  0 week and 35 week high fat diet 

(HFD), low fat diet (LFD) and high fat diet+2% TE (HFD+TE) fed C57BL/6J liver tissue 

and quantification of the percent of positive cells across all timepoints. (20X, scale bar 

indicates 200 µm, * indicates p<0.05). (A) Ki67 (B) TUNEL (C) CD4+ T cells  
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Figure 2.6. Nile Red immunocytochemistry (IHC) of AML12 (A) and primary human 

hepatocytes (B) treated with FAs and Theaphenon E (TE) or no treatment (NT) after 1 and 

3 days. 
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Figure 2.7. Nile Red immunocytochemistry of AML12 (20X) (A) and primary human 

hepatocytes (HH) (B) treated with fatty acids (FAs) and EGCG metabolites M3, M4 and 

M5 after 1 and 3 days. 
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Table 2.1. Lipid levels in the low fat diet (LFD), high fat diet (HFD) and high fat diet+2% 

TE (HFD+TE) mice at 0, 5, 25 and 35 weeks on the diet determined by gas 

chromatography time-of-flight (GC-ToF).  Superscripts a,b,c,d indicate significant difference 

between groups. p<0.05 
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Figure 2.8. Changes in liver lipid levels.  (A) Fold change increase in fatty acids (FAs) between 

0 weeks and 25 weeks on a high fat diet (HFD) and 5 weeks and 25 weeks on a HFD.  (B) Fold 

change decrease between 25 and 35 week HFD and high fat+2% TE (HFD+TE) mouse livers.   
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CHAPTER THREE 

THEAPHENON E PREVENTS OBESITY-RELATED HEPATOCELLULAR CARCINOMA IN C57BL/6J 

MICE ON A HIGH-FAT DIET 

 

INTRODUCTION 

In recent years obesity has become an epidemic that is correlated with increased metabolic 

disease and cancer risk.  The link between obesity and liver disease is particularly strong.   In 

many cases, liver disease can progress from NAFLD to HCC, the mechanisms of which are 

poorly understood.  The aim of this investigation was to develop a C57BL/6J lifetime tumor 

bioassay to study the mechanisms of tumor formation in obesity-related HCC and its prevention 

through the green tea-derived antioxidant formulation, TE.  The mice in this study received a 

LFD, HFD or HFD+TE for 80 weeks.  In the HFD+TE mice there was no evidence of tumor 

formation by the end of the study.  In contrast, the HFD mice had a 33% tumor incidence and the 

LFD had a 15% incidence overall.  Tumor multiplicity was also significantly higher in the HFD 

mice compared to the LFD and HFD+TE mice.  Additionally, the HFD+TE mice had reduced 

body weight, a healthy liver to body weight ratio, decreased liver lipid accumulation, and low 

levels of biomarkers of liver injury; ALT and AST.  Mutations that occurred with a high 

frequency in the mouse liver tissue are shown in this study to be predominantly G>A. There was 

a significant decrease in γ-OHPdG levels between HFD and HFD+TE and betweem LFD and 

HFD+TE mice at the final timepoint, indicating that TE may have a protective role against γ-

OHPdG formation.  Interestingly, we observed a significant decrease in the number of G>T 

mutations between HFD and HFD+TE liver tissue, which is a mutation that is common in HCC 

as well as γ-OHPdG-related DNA modifications.  These studies demonstrate that TE has an 
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inhibitory effect against obesity-related HCC and one of the possible mechanisms for its 

protective effects is the reduced formation γ-OHPdG , an endogenous DNA lesion from LPO.  γ-

OHPdG formation in early stages of liver disease may therefore be an initiating factor for 

hepatocarcinogenesis through causing mutations that become fixed in later stages of liver 

disease.    

 

HCC is responsible for nearly 700,000 deaths per year worldwide (269).  HCC has several risk 

factors which include consumption of aflatoxin, hepatitis viral infection, alcohol consumption 

and obesity (113, 270).  Obesity has can lead to a variety of health complications such as 

cardiovascular disease, metabolic syndrome, diabetes and chronic inflammation.   Research is 

currently underway to understand the link between obesity-related liver disease and its 

progression to hepatocarcinogenesis.  The importance of understanding obesity-related liver 

disease has increased in recent years due to the rise in prevalence of obesity worldwide.  

Although HBV and HCV infection account for the majority of HCC etiologies worldwide, in the 

US, obesity and metabolic syndrome are the fastest growing risk factors (81, 161, 271). Men 

have the highest risk of developing obesity-related HCC, likely because men store more of their 

body fat as visceral fat which increases the likelihood of metabolic and liver disease (3, 39, 40). 

 

NAFLD is risk factor for HCC that is prevalent at least 25% of the population in the US overall 

and in 80-90% of the obese population (39, 272).   NAFLD describes a spectrum of liver disease 

that includes steatosis, fibrosis and cirrhosis. Steatosis is diagnosed when at least 5% of the liver 

volume consists of lipid accumulation (5).   A consequence of lipid accumulation in hepatocytes 

is increased inflammation, oxidative DNA damage and cell death (55).  Circulating FFA’s 
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released from expanding adipose tissue in obese patients contributes to lipid accumulation in 

hepatocytes, leading to NAFLD.  Hepatic steatosis may progress to fibrosis as a result of liver 

damage caused by increased LPO and ROS (54).  NAFLD can advance to NASH which is a 

progressively severe form of liver disease that can arise in 25% of individuals with NAFLD.  

Cirrhosis, a major risk factor for HCC, develops in nearly 2% of the NAFLD population (39). 

NAFLD can also lead directly to HCC without progressing though cirrhosis (3, 56).  

 

The effects of hepatic fat accumulation has been investigated in many in vitro models, 

demonstrating that apoptosis, changes in lipid metabolism, genetic factors and inflammatory-

related oxidative stress can be molecular signatures of the liver damage caused by fat 

accumulation (273-275). ROS generated during routine oxygen metabolism in cells can be a 

source of endogenous DNA damage (111).  Oxidative DNA damage, when not repaired, 

contributes to mutations and carcinogenesis.  One well characterized modified guanine adduct, 8-

OHdG, can cause GC→TA transversions, particularly when the DNA glycosylase, OGG1, is 

deficient and cannot repair the damage. (131).  Cellular events in liver disease progression are 

complex.  In order to study the role of γ-OHPdG in obesity-related hepatocarcinogenesis, we 

have used a C57BL/6J lifetime tumor bioassay using mice on a HFD to mimic the progression of 

steatosis to HCC.   

 

γ-OHPdG is an isomeric LPO-derived DNA adduct that has been shown to be formed 

preferentially in vivo (23, 122, 208).  It is present in lung and liver tissue in rodents and humans 

and may be responsible for mutations that lead to carcinogenesis (160, 217).  It has been shown 

to cause G to A transitions and G to T transversions (30).  In a study using LEC rats, which have 
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elevated LPO and develop HCC, γ-OHPdG formation was shown to be increased and the 

increase was reduced after treatment with the green tea-derived compound polyphenon E (25).   

 

Naturally derived chemoprotective agents have been used to reduce the formation of mutagenic 

DNA adducts, primarily through induction of glutathione and glucuronyl transferases and 

inhibition of cytochrome P450 in human and rat cell culture (181).  The antioxidant activity of 

these agents is to scavenge electrophilic metabolites and ROS while increasing DNA repair 

enzymes, which suggests they may be a potential therapeutic for DNA adduct related cancers. 

Polyphenon E, a clinical grade green tea extract formulation, which is similar in composition to 

TE, has been shown to have anticancer properties in esophageal cancer through inhibition of 

cyclin D1, which regulates cell cycle progression (276).  In this study, we aimed to determine the 

potential role of γ-OHPdG in obesity-related HCC and if TE could prevent its formation and 

HCC in livers of C57BL/6J mice on a HFD.  

 

METHODS 

C57Bl/6J Mice 

Male C57Bl/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME. Stock No. 

000664) at three weeks of age.  They were fed either a LFD, HFD or HFD+TE diet starting at 

four weeks of age.  Tissue from the mice were collected, five animals per group, after  0, 5, 10, 

25, 35, 50, 55, 60, 65, 70, and 80 weeks on the diet. Livers were weighed and imaged for gross 

morphology and sections were formalin fixed for IHC. Food consumption and body weight were 

measured weekly.  The bioassay was conducted in conformity with PHS policy and approved by 
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the AAALAC accredited Georgetown University institutional review board and institutional 

animal care and use committee.  

 

Diet 

The mouse diet was obtained from Dyets Inc. (Bethleham, PA).  The HFD (Cat # 402400) had 

60% kcal fat, 20% kcal protein, and 20% kcal carbohydrates.  The LFD (#404360) was 12% kcal 

fat, 29% kcal protein, and 59% kcal carbohydrates.  The HFD+TE diet was the same high fat diet 

above, supplemented with 2% TE (Tokyo, Japan). The mouse diet was calculated weekly by 

measuring how much food was added each week and subtracting how much remained the 

following week. The weekly average food consumption was divided by the number of mice in 

each cage to estimate the grams of food per mouse were consumed every week.  

 

Tumors 

At each collection time point any evident tumors counted, measured, and those over two mm 

were collected, formalin fixed and FFPE blocks were prepared to make slides for histological 

analysis. 

 

Immunohistochemistry 

Tissues were fixed for at least 24 hours in 10% neutral buffered formalin, dehydrated through a 

graded series of alcohols, cleared in xylenes, infiltrated with paraffin wax and embedded in wax 

molds.   Tissue were cut in five-micron sections and placed onto Superfrost Plus charged slides 

(Fisher).  Hematoxylin and Eosin (Surgipath) or Masson’s Trichrome staining was performed on 

a Leica Autostainer XL.  
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Ki67-HIER was
 
performed by immersing the tissue sections at 98

o
C for 20 minutes in Diva 

Decloaker (Biocare).  Immunohistochemical staining was performed using a horseradish 

peroxidase labeled polymer (Dako/Agilent, K4003) according to manufacturer’s instructions.  

Briefly, slides were treated with 3% hydrogen peroxide and 10% normal goat serum for 10 

minutes each, and exposed to primary
 
antibodies for Ki67 (Biocare, cat. CRM325, 1:50 dilution 

in VanGough diluent) overnight at 4
o
C.  Slides were exposed to anti-rabbit HRP labeled polymer 

for 30 minutes and DAB chromagen (Dako/Agilent) for five minutes. Slides were counterstained 

with Hematoxylin (Fisher, Harris Modified Hematoxylin), blued in 1% ammonium hydroxide, 

dehydrated, and mounted with Acrymount.  All washes were performed with Tris Buffered 

Saline with 0.5% Tween. Consecutive sections with the primary antibody omitted were used as 

negative controls. 

 

Pathology 

A board certified and practicing pathologist evaluated H&E slides for liver pathology.  Masson’s 

Trichrome staining was scored using the scale: 0 –Normal, 1 –Expanded, 2 –Bridging, 3 -Focal 

Nodule, 4 -Diffuse (Cirrhosis). 

 

Liver Function and Injury 

The levels of ALT and AST were assessed using Activity Assay Kits (Sigma-Aldrich #MAK052 

and MAK055 respectively) according to manufacturer’s protocol.  ALT and AST were detected 

in the serum of the HFD, LFD and HFD+TE mice collected and frozen at each time point.   
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DNA Isolation 

DNA samples from the flash frozen mouse liver samples were isolated using QIAGEN Blood 

and Cell Culture Maxi Kit (#13362) following the protocol for tissue extraction as recommended 

by the manufacturer.  

 

LC-MS/MS 

γ-OHPdG standards and stable-isotope labelled internal standards were prepared as described in 

a previous publication (217).  Enzymatic hydrolysis of DNA samples was performed as 

described previously (25) using at least 0.2 mg DNA.  A portion of each sample was collected 

following hydrolysis for dG analysis as described (25).  The levels of γ-OHPdG were expressed 

as a ratio of γ-OHPdG to dG x 10
9
. 

 

Sequencing  

Whole exome sequencing from mouse gDNA was performed by Otogenetics using tumor and 

non-tumor liver tissue.  The samples that were analyzed included five mice from each group 

(HFD, LFD and HFD+TE) with no evidence of tumor formation at the final collection timepoint 

and 11 tumors from HFD (6-week 80, 2-week 70, 1-week 60) and two tumors from LFD (week 

80, week 65) mice that were selected based off of their suitability for gDNA analysis and HCC 

diagnosis.  In addition, three blood controls from the final timepoint (one each from HFD, LFD 

and HFD+TE) were sequenced.  DNAseq was aligned to mouse genome GRCm38/mm10 using 

bwa-mem (Broad Institute), followed by de-duplication using Picard, and indel realignment 

using GATK (277).  Base quality scores were recalibrated using MGP V5 from the Sanger 

Mouse Genomes Project to facilitate sensitive variant detection (278). Variants were called and 
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filtered using LoFreq (279). VCF files were processed in R using the VariantAnnotation package 

(280). Plotting and statistics were produced using a custom R code, available on request.   

 

Statistics 

To determine the significance between LFD, HFD and HFD+TE samples for liver to body 

weight ratio, ALT and AST, a students t-test was performed using Excel.  A regression analysis 

was performed to determine the γ-OHPdG level changes in each group over time.  A comparison 

of the true difference in means of each group at each time point was calculated as a measurement 

of γ-OHPdG per dG x 10
9
.   To calculate the difference in tumor number and size between LFD, 

HFD and HFD+TE tumor samples, a three-comparison anova was calculated using Prism.  

Analysis of mutation frequency was conducted in R using a glm gaussian model and significance 

was calculated using a students t-test.   

 

RESULTS 

Over the course of the lifetime bioassay, five mice in each diet group; LFD, HFD and HFD+TE 

were collected at 11 sequential timepoints (Scheme 1).  The body weight curves obtained by 

weekly weighing over the course of the experiment are shown in Fig. 3.1A.  The mice on the 

HFD gained the most weight over time with some as high as 70 g.  The LFD group gained 

weight at a lower rate than the HFD over the course of the experiment.  A high standard 

deviation seen near the end of the bioassay is due to the some of the HFD mice losing weight as 

a result of health issues.  The body weight difference between the diet groups was evident in the 

mice as shown by images of representative mice from each group at the final time point (Fig. 

3.1B).   The HFD+TE mice remained lean and had a consistently lower body weight throughout 
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the study that was significantly lower than both the HFD and LFD groups, despite consuming 

more or a similar amount of food than the other groups (Fig. S3.1). At each collection timepoint 

the body weight and liver weight specific to the collected mice were recorded to calculate the 

liver to body weight ratio (Fig. 3.2).  The HFD+TE mice had a significantly lower liver to body 

weight ratio than the HFD and LFD at timepoints 25, 35, 50, 55 and 70 weeks and a significantly 

lower ratio than the LFD alone at 60 and 80 weeks (Fig. 3.2).  The average HFD+TE liver to 

body weight ratio of 3-4% is healthy according to related studies (274, 275).  The higher levels 

near 6% seen the HFD and LFD mice at the later timepoints may indicate an unhealthy ratio. 

 

The liver morphology of the LFD and HFD mice changed over the course of the experiment, 

showing tissue expansion and discoloration due to lipid accumulation (Fig. 3.3A).  The HFD+TE 

mouse livers retained their healthy red color and shiny smooth texture (Fig. 3.3A).  

Histologically, H&E staining of the mouse liver tissue across the different timepoints 

demonstrated increased lipid droplet formation, including macrovesicular and microvesicular 

steatosis in the LFD and HFD (Fig. 3.3B).  The HFD+TE mice in contrast, did not have any 

evidence of increased lipid accumulation across the duration of this study (Fig. 3.3B).  Tumors 

were evident by 55 weeks into the study and occurred only in the HFD and LFD mice (Fig 

3.4A,B).   The overall tumor number and size were significantly higher in the HFD than in the 

HFD+TE and LFD (Fig. 3.4B, C).  The overall tumor incidence in the HFD was 33% and 15% in 

LFD and no tumors were evident in the HFD+TE during the entire course of the study (Fig. 

3.4D, Table 3.1).  The distribution of tumor characteristics are detailed in Table S3.2.  Some 

mice died prematurely or were sacrificed before study completion due to severe health decline.  

The HFD mice had an unexpectedly high mortality of 22% compared to 5% in the LFD and 3% 
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in HFD+TE (Fig. 3.4E, Table 3.1).  The cause of death was not due to any evident maladies, but 

was often accompanied by rapid weight loss and deteriorating health.  Tumors were verified 

through pathological diagnosis using H&E slides of the tumors and Ki67 staining, which 

indicated areas of high cell proliferation in tumor tissue (Fig. S3.2A, B).   

 

AST and ALT are enzymes are standard clinical biomarkers of liver injury.  ALT and AST 

activity assays were run using serum from the mice collected during the bioassay.  The levels of 

ALT were higher in the later timepoints for HFD and LFD mice, while the HFD+TE group 

remained consistently low over the course of the bioassay (Fig. 3.5A.).  The AST activity also 

indicated reduced liver injury in the HFD+TE mice compared to the HFD and LFD, specifically 

in the 35 and 65 week timepoints (Fig. 3.5B).  Although the changes in the AST assay results 

were not as dramatic as the ALT, HFD+TE had an overall trend of reduced liver injury compared 

the HFD and LFD. The mice in this C57BL/6J model had little evidence of fibrosis and they 

developed HCC with only underlying steatosis (Fig. S3.3, Table S3.1).   

 

To determine the changes in γ-OHPdG levels over the course of the experiment, regression 

analysis was used to test if there was a linear trend (Fig. 3.6A).  Although individual variation 

was high, and the γ-OHPdG levels in the HFD, in particular, were not linear, there was a 

significant difference in the detectible levels of γ-OHPdG at the final timepoint between the HFD 

and the HFD+TE as well as the LFD and HFD+TE (Fig. 3.6B).   

 

To investigate the possible relationship between the mutational changes in the mouse liver 

tissues with γ-OHPdG formation, whole exome sequencing for somatic mutations was 
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performed.  Although there was also a high level of individual variation between tumor and non-

tumor tissue between the different diet groups, G>A mutations were predominant overall (Fig. 

3.7A), and they did not appear to be sequence context specific (Fig. 3.7B).  When the number of 

specific somatic mutations by treatment group were compared, it was found that G>T were the 

only mutations that significantly decreased in HFD+TE liver tissue compared with HFD (Fig. 

3.8).   

 

DISCUSSION 

The present study showed that TE acts a chemopreventive compound in obesity-related HCC, 

which is a highly lethal cancer that currently has limited treatment options.  The C57BL/6J mice 

used in this study are predisposed to develop obesity on a HFD.  A diet-induced obesity model 

was chosen for this study because we aimed to investigate the potential role of γ-OHPdG in 

obesity-associated HCC by determining its formation in the livers of these mice and the type of 

mutations that may reflect γ-OHPdG binding (30).  Other popular rodent models of liver cancer 

such as DEN or choline deficient models cause an artificial background of liver disease and DEN 

in particular induces ROS-derived mutations that would make the analysis of adduct-related 

mutations difficult (281-283).  Previously our lab has used an Xpa -/- , DNA repair-deficient 

mouse model, which demonstrated inhibition of liver tumor formation by the green-derived 

compound Polyphenon E coinciding with decreased γ-OHPdG levels, which is known to be 

repaired by NER (Fu et al. unpublished data).  Because fatty livers and chronic inflammation are 

manifest in obesity, the presence of γ-OHPdG, an LPO-derived DNA adduct, may provide a 

mechanistic link between fatty liver disease and HCC development.  
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The diet-induced HCC model used in this study had unexpectedly high individual variation, 

however, levels of γ-OHPdG were generally higher in the mice at timepoints 10, 25 and 30 

weeks (Fig. 3.6A).  A similar trend was seen in human livers in Chapter one, that γ-OHPdG 

levels are elevated in steatosis and then are reduced in subsequent disease stages.  Whether the 

elevated levels of γ-OHPdG play a role in inducing mutations in early stages of NAFLD to drive 

HCC development remains to be determined.   Interestingly, there was a significant decrease in 

the number of G>T mutations, a predominant mutation caused by γ-OHPdG, between HFD and 

HFD+TE liver tissue, a mutation that is common in HCC as well.  Additionally, G>A mutations, 

which have also been associated with γ-OHPdG were predominant overall.  Gene variants in 

TP53 and CTNNB1, known potential driver genes for human HCC, were not observed in the 

liver tissue of the mice in this study, however the analysis was effective at detecting variants on 

other genes that may be informative for future investigations (Fig. S3.4).   

 

Although this study supports a possible role of γ-OHPdG in obesity-related HCC, the exact 

mechanisms by which TE inhibits obesity-related HCC has not yet been established, it appears 

that the antioxidant activity of green tea catechins may be responsible.  Green tea antioxidants 

can prevent oxidative damage to DNA by hydrogen peroxide and superoxide radicals in tumor 

development in mouse skin and hepatocytes (192).  Antioxidant enzymes such as catalase, 

superoxide dismutase, and glutathione peroxidase have been shown to be elevated in the livers of 

rats treated with green tea polyphenols (193).   The reduction of ROS and downstream cell 

proliferation pathways by antioxidants are potential mechanistic targets for prevention of cancer 

development and recurrence (162).  The remarkable effects of TE to protect against HCC in 

obese mice shown in this study raises the possibility to use Polyphenone E, which is approved 
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for use in clinical trials, to prevent HCC in humans, although dosage remains to be a challenge. 

Pharmacokinetic profiles need to be established in order to control for variation in catechin levels 

between different processing methods, type, age and bioavailability of green tea polyphenols.  

Dietary polyphenols may have different stability in cell culture than in human plasma or as 

metabolic products, therefore studies to determine an effective human dose should performed 

(284).  Antioxidant treatment alone or as an adjuvant with chemotherapy may be an effective 

treatment option for some cancers.  We have shown that TE, an equivalent to Polyphenon E, was 

a safe and effective way to protect against obesity and liver damage caused by lipid 

accumulation and HCC.  

 

A study detailing the metabolic phenotypes of four common laboratory mouse strains found that 

C57BL/6J mice consumed an average of slightly less than four grams per day per mouse (285).  

This is a similar amount to what was consumed the HFD mice in this study, however, when 

normalized to mouse body weight, there was not much of a difference in food consumption 

between the HFD, LFD and HFD+TE mice (Fig. S3.1).  C57BL/6J  mice on a high fat diet have 

been shown to weigh 35 grams after 50 days on a high fat diet starting at 7 weeks of age, with an 

average liver weight of 1.8 grams (286). In the current study, the HFD mice weighed 30 grams, 

the LF 29 and HFD+TE 22 g after 50 days on the diet with average liver weights of 1.3, 1.2 and 

0.8 grams respectively at 10 weeks.  Similarly, a study using B6 mice on a high-fat, low sucrose 

diet, showed an average body weight between 45 and 50 grams after 16 weeks, which is 

paralleled in this study, where the HFD mice had an average body weight of 45 grams at 16 

weeks (287).  One variation from the study by Gregoire et al. is that the liver to body weight 

ratio of C57BL/6J  mice on a HFD was 6%, while our study showed the HFD mice have an 
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average of 4%, which seems unusual as their HFD was 42% calories from fat and ours was 60% 

(286).  The amount of soluble fiber and the types of fat in the diet may also contribute to 

variation in weight and metabolism.  In this study, the variability between mice body weight and 

disease progression was higher than expected in the HFD and LFD mice.   In order to cover the 

full spectrum of hepatocarcinogenesis as shown in Scheme 1, we planned 11 collection 

timepoints.  A study using fewer times points with more mice per timepoint may be able to parse 

out the significant changes that may be related to disease progression or severity, such as γ-

OHPdG level.  The HFD+TE mice were able to overcome dietary or genetic variability and 

remained remarkably consistent in body weight, liver weight, appearance and overall health 

throughout the study.    

 

There is currently no cure for HCC and few promising therapeutic options.  The ability to 

manage HCC symptoms has improved in recent years, and in April 2017 a new drug, Stivarga 

(regorafenib) was approved by the FDA to treat HCC.  Stivarga is a kinase inhibitor that was 

previously approved to treat colorectal cancer through blocking angiogenesis and metastasis 

though VEGFR1, 2 and 3 and a phase III clinical trial of 573 patients with HCC showed that the 

median overall survival for patients treated with Stivarga was 10 months compared to just under 

8 months for patients on a placebo (62).  Sorafanib (NEXAVAR), a tyrosine kinase inhibitor that 

inhibits tumor angiogenesis and cell proliferation was previously the only FDA approved drug in 

the last decade to treat HCC systemically (42).  It has shown little effectiveness, only prolonging 

survival by an average of 9-10 months in Phase II and III clinical trials (63, 64).  The current 

standard of care in the US for patients with liver cancer is liver resection and liver transplant, 

which are only practiced and successful at earlier stages of the disease.  Cirrhosis as a result of 
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NAFLD may soon be the leading reason for liver transplantation within the US, surpassing cases 

of chronic hepatitis which are declining in comparison (39).  The cases of HCC that develop 

without evidence of cirrhosis or fibrosis and are largely related to NAFLD (67, 68).  NAFLD 

may therefore be a potential target for HCC prevention. Antioxidant supplements derived from 

natural sources are beneficial because they are relatively low cost, readily available and less 

toxic than chemotherapeutics.  EGCG as therapeutic has been well tolerated even in hepatitis 

patients (170).   TE may therefore be a preventative treatment option for NAFLD patients that 

may develop HCC.  In order to have an effective preventative treatment for obesity-related HCC, 

it is important to identify patients that are at a high risk.  γ-OHPdG may therefore serve as a 

biomarker of cancer risk if a correlation between its formation and cancer risk can be adequately 

established in a clinical setting.  The effects of TE throughout the whole body may not be 

representative of what we have seen in the liver alone.   Additional studies investigating γ-

OHPdG levels in other organs prone to obesity-related cancer such as colon, pancreas or stomach 

may provide useful insight on the influence of obesity on systemic γ-OHPdG formation and its 

role in cancer causing mutations.  Understanding this relationship may lead to successful 

treatment and prevention options in the future.   
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FIGURES AND TABLES 

Figure 3.1.  The number of mice collected at each timepoint across the duration of the 

experiment is shown.  The collection timepoints are indicated with a *.  The timepoints indicate 

the number of weeks the mice were on each specific diet, starting at 0 weeks, when the mice 

were 4 weeks of age.  The expected disease status is indicated progressively from steatosis to 

NAFLD to tumor formation with a predicted 70% incidence rate. 
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Figure 3.2.  Mouse body weight.  (A). The mice were weighed weekly and the average weight 

of the animals in each group; high fat diet (HFD), low fat diet (LFD) and high fat+2% TE 

(HFD+TE) is shown.  Error bars represent standard deviation.  (B) Representative mice from 

each diet group at the final collection timepoint. 
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Figure 3.3. The liver to body weight ratio (%) of the mice collected at each timepoint. Error 

bars represent standard deviation, (n=5).   
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Figure 3.4.  Liver morphology.  (A)  The gross morphology of representative non-tumor livers 

from 0, 10, 35 and 70 weeks on the diet are shown. (B) H&E staining of livers at 0, 10, 35, 50 

and 70 weeks on the diet are shown (20X, scale bar indicates 200 μm).Continued on next page. 
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Figure 3.4 continued.  Liver morphology.  (A)  The gross morphology of representative non-

tumor livers from 0, 10, 35 and 70 weeks on the diet are shown. (B) H&E staining of livers at 0, 

10, 35, 50 and 70 weeks on the diet are shown (20X, scale bar indicates 200 μm). 
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Figure 3.5.  Tumor formation. (A) Tumors in the low fat diet (LFD) (55, 65 and 70 weeks left 

to right) and high fat diet (HFD) mice (60, 70 and 80 weeks left to right). (B) Overall tumor 

number is significantly higher in the HFD compared to the LFD and high fat diet+2% TE 

(HFD+TE) (* p<0.05, ** p<0.005). Error bars indicated standard error of difference. (C) The 

overall maximum tumor size of each tumorigenic liver is shown. The overall tumor size is 

significantly higher in the HFD compared to the LFD and HFD+TE. Error bars indicated 

standard error of difference. (D)  The overall tumor incidence (%) in the LFD, HFD and 

HFD+TE mice. (E) The mortality rate (%) prior to study completion in the LFD, HFD and 

HFD+TE mice. 
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Figure 3.6. Enzyme activity assays. (A) Alanine aminotransferase (ALT) levels were 

significantly in the low fat diet (LFD) and high fat diet (HFD) compared to the high fat diet+2% 

TE (HFD+TE) at 35 and 80 week timepoints and between the HFD and HFD+TE at 50 and 65 

weeks. (* p<0.05)  Error bars represent standard deviation.  (B)  Aspartate aminotransferase 

(AST) levels were higher in the LFD and HFD at 35 and 65 week timepoints. Error bars 

represent standard deviation.   
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Figure 3.7. Levels of γ-hydroxy-1,N
2
-propanodeoxyguanosine (γ-OHPdG) detected by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) as a ratio of γ-

OHPdG/dG x 10
9
. (A) Regression analysis of γ-OHPdG levels within each diet group and 

timepoint. (B) Comparison between low fat diet (LFD), high fat diet (HFD) and high fat diet+2% 

TE (HFD+TE). * indicates p<0.05. 
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Figure 3.8. Number of somatic mutations. (A) In tumor (T) and non-tumor mouse liver tissue. 

(B) Mutational spectrum of the number of somatic mutations specific to sequence context.   
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Figure 3.9.  Number of mutations in all liver tissue quantified for each diet group; low fat 

diet (LFD), high fat diet (HFD) and high fat diet+2% TE (HFD+TE).  * indicates p<0.05,  

indicates outlier. 
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Table 3.1. Overall tumor incidence and mortality in low fat diet (LFD), high fat diet (HFD) 

and high fat diet+2% TE (HFD+TE) mice.   
 

 

 



109 

 

CONCLUSION 

 

DNA damage and the related mutations are an understudied area of obesity-related 

tumorigenesis. Bulky DNA adducts may provide predictable signatures of DNA damage that 

may indicate cancer risk; however, more research is needed in order to establish a specific DNA 

adduct as a biomarker of disease.  The targeted tissue for adduct formation, the time of adduct 

measurement and the relationship between adduct formation and disease endpoints need to be 

established.  The damage initiated by DNA adducts many take many years to manifest into 

progressive liver disease stages and cancer.  Additional research is needed to verify how adduct 

formation is related to disease severity and how they contribute to the mutations that drive 

hepatocarcinogenesis.  Variation in detection methods between laboratories, tissue specificity 

and experimental conditions can make it difficult to be consistent in regards to adduct detection 

(88).  One biopsy or IHC section may not provide enough data to adequately represent the 

overall adduct content of an organ.  Conversely, with the relatively large amount of tissue (100 

μg or more) needed for LC-MS/MS, adduct detection can be a challenge in human tissue 

samples.   

 

Chapter one described a study that was performed in order to determine if γ-OHPdG formation is 

correlated with oxidative stress and disease severity in progressive stages of liver disease, its 

levels were determined through histological scoring of γ-OHPdG staining in the disease stages of 

steatosis, fibrosis, cirrhosis and HCC.  γ-OHPdG levels varied significantly between the stages of 

normal and steatosis, steatosis and fibrosis, and steatosis and cirrhosis (p ≤ 0.005). There was a 

trend, although not significant, of increased levels of γ-OHPdG in HCC compared to the other 

groups. A strong correlation was observed (Pearson’s, R
2
 = 0.85) between levels of γ -OHPdG 
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and 8-OHdG across the disease spectrum, indicating the link between oxidative stress and γ-

OHPdG formation.  The increase of γ-OHPdG in steatosis and decrease in fibrosis was a pattern 

confirmed in an in vitro model using primary human hepatocytes co-cultured with human stellate 

cells.  γ-OHPdG levels were elevated in HH with lipid accumulation resembling steatosis after 

FA treatment.  The levels then decreased upon addition of SC, which became activated, 

mimicking fibrosis.  As a mutagenic lesion, γ-OHPdG formation is consistent with LPO in early 

stages of liver disease, suggesting that it may be a source of mutagenic DNA damage in 

hepatocarcinogenesis.  This is also consistent with research in the field that shows that as NASH 

progresses to cirrhosis, inflammation and steatosis subside, therefore γ-OHPdG in steatosis may 

be an indicator of disease status (288).   

 

In Chapter two, a mouse model using TE-treated C57BL/6J mice on a HFD was used in order to 

investigate whether lipid accumulation affects the CD4+ T cell response and to elucidate the 

related cellular changes that occur to prevent fatty liver disease.  The mice received a LFD, HFD 

or HFD+TE diet for 35 weeks.  The HFD+TE treated mice maintained a healthy body weight, 

liver to body weight ratio and low levels of ALT and AST.  Additionally, there were increased 

CD4+ T cells in HFD+TE mice as compared to the HFD group, in conjunction with increased 

apoptosis and decreased proliferation and liver lipid accumulation. The effects of TE on lipid 

accumulation in mice was also verified in vitro using HH and AML12 cells treated with a 

metabolite of EGCG, M3.  M3 reduced lipid accumulation in these cells, suggesting it may have 

a specific role in fatty liver disease prevention.  GC-MS analysis of lipids accumulated in the 

mouse livers showed that there was a decrease in oleic acid and palmitoleic acid between HFD 

and HFD+TE mice and an increase in palmitoleic, linoleic, stearic, palmitic, oleic, margaric, 
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myristic, docosahexaenoic and arachidonic acids in the HFD over time.  Dietary FA composition 

may contribute to CD4+ T cell death in HFD mice, inhibiting beneficial disease prevention roles 

such as apoptosis and inhibition of proliferation, which are present in mice treated with dietary 

TE.  The reduction of CD4+ T cells in HFD mice may be attributed to lipid accumulation as 

indicated by the lipid analysis performed.  The FAs that had the highest fold change over time in 

the HFD mice; palmitic, stearic, oleic, linoleic, arachidonic and docosahexaenoic acids, were 

also prevalent in another study on CD4+ T lymphocyte loss in NAFLD mice (62).  A heightened 

immune response is a favorable prognostic indicator for cancer patients. The increased CD4+ 

mediated apoptosis we observed in HFD+TE treated mice suggests that the immune response is 

actively combating damaged cells.  The mechanism of TE-initiated immune response should be 

investigated in the future as well as experiments to evaluate TE as intervention to inhibit disease 

progression in humans.  

 

In Chapter three, adduct-related mutations and tumor formation in obesity-related HCC and 

prevention through TE consumption was investigated in an obese C57BL/6J tumor bioassay.  

The mice in this study received a LFD, HFD or HFD+TE diet over 80 weeks.  In the HFD+TE 

mice there was no evidence of tumor formation throughout the study.  In contrast, the HFD mice 

had a 33% tumor incidence and the LFD had a 15% incidence overall.  The levels of γ-OHPdG 

detected in mouse liver tissue using LC-MS/MS indicated a trend of slightly higher levels in 

early stages of NAFLD in HFD and LFD mice compared to HFD+TE which were generally 

lower and there was a significant difference between HFD and HFD+TE mice and between LFD 

and HFD+TE mice at the final timepoint.  γ-OHPdG formation in early stages of liver disease 

may be an initiating factor for HCC development. There was a significant decrease in the number 
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of G>T mutations between HFD and HFD+TE liver tissue, a mutation that is common in HCC 

and is associated with γ-OHPdG-related DNA modifications.  G>A mutations, which have also 

been associated with γ-OHPdG were predominant overall.  

 

Cases of HCC that develop without evidence cirrhosis or fibrosis are largely related to NAFLD.  

NAFLD may therefore be an important target for chemoprevention in HCC.  Antioxidant 

treatment alone or as an adjuvant with chemotherapy may be an effective treatment option for 

some cancers.  In this study, TE was a safe and effective way to reduce obesity and liver damage 

through lipid accumulation and hepatocarcinogenesis. The exact metabolite or component of TE 

needs to be determined in order to make it useful as a controlled therapeutic. A purified active 

component may be a more useful therapeutic to reduce the amount of TE being consumed.  

 

In a recent study from our laboratory, the presence of γ-OHPdG was determined histologically in 

45 human liver samples to examine whether γ-OHPdG could serve as a biomarker of HCC 

recurrence. This study revealed that higher levels of γ-OHPdG are strongly associated with a low 

recurrence-free survival. In addition, γ-OHPdG was shown to serve as a potential predictive 

biomarker for the survival of HCC patients. Using another set of 90 HCC samples from patients 

who underwent surgery without adjuvant therapy for nearly three years and were followed up for 

4-7 years, it was found that higher levels of γ-OHPdG in a tumor were strongly associated with 

poor survival in these patients (Fu et al. unpublished data).  It has been shown that in human 

liver tissue, there is a wider variability in AdG (γ-OHPdG) levels than in mice and rats, 

indicating that individual variability in humans may affect AdG levels on a greater scale than in 

controlled animal models (209).  The species specificity and treatment conditions may however 
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influence the controlled variability seen in animal models.  Because adducts are formed both 

exogenously and endogenously, tissue-specificity, stereoselective formation and repair activity 

may be affected by diet, antioxidant activity and FA levels in the tissue.  Although some animal 

studies have shown a linear relationship between carcinogen exposure, adduct formation and 

tumorigenesis, adduct repair, dosing and tissue specificity have made it difficult to determine the 

extent to which adducts are responsible for tumorigenesis in humans (14).  DNA adducts are not 

always carcinogenic, they can be formed endogenously and many are present at background 

levels in human tissue (13, 26).  The stability of DNA adducts and their ability to escape repair 

may make certain adducts more mutagenic than others.  

 

A clinical trial to investigate the usefulness of γ-OHPdG to serve as biomarker of cancer risk and 

its prevention through Polyphenon E is currently being developed.  This trial is a randomized, 

double-blind, two-arm study which will evaluate γ-OHPdG levels in cirrhotic patients at an 

initial time point and after receiving Polyphenon E or a placebo (2:1) at the amount of 1 g. twice 

daily for six months.  γ-OHPdG levels, determined histologically and through LC/MS-MS will 

be used in this study.  Mutations on TP53 and CTNNB1 will also be evaluated.  This study may 

provide further support of γ-OHPdG’s role in hepatocarcinogenesis in human studies.  

 

In the future it is important to investigate the mechanisms of γ-OHPdG repair in liver tissue.  8-

OHdG is prevented from causing spontaneous mutagenesis by DNA glycosylases, specifically 

products of  OGG1, which remove the oxidized base and prevent it from becoming incorporated 

into the DNA (289).  In the BER pathway, DNA glycosylases cleave the N-glycosylic bond 

between the base being excised and the deoxyribose, which releases a free base and leaves an 
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apurinic/apyrimidinic site.  DNA glycosylases can also be bifunctional, displaying lyase activity 

that cleaves the phosphodiester backbone, 3' to the apurinic/apyrimidinic site, generated by the 

glycosylase (290). A progressive next step would be to investigate the role of OGG1 and other 

glycosylases in counteracting the mutagenic and carcinogenic potential of γ-OHPdG.  Earlier 

studies have shown γ-OHPdG can reduce NER proteins by modifying them and causing their 

degradation (239).  The PNPLA3 gene, which is responsible for hepatic lipid accumulation has 

been shown to be altered (C>G SNP) in HCC (3).  Whether alterations in PNPLA3 may be 

related to mutations by LPO-derived adducts remains to be investigated.  

 

Mitochondrial DNA from rat liver has been shown to have 10 times more oxidative damage than 

the liver nuclear DNA (291).  Although the turnover of damaged mitochondria is an effective 

defense against oxidative lesion formation, accumulation of DNA damage over time has been 

shown to accumulate with age (108).  ROS in hepatic mitochondria is increased in ob/ob mice, 

which may be an initiator of the abnormalities seen in obesity-related hepatocarcinogenesis, and 

may be a reason for the beginning of necrosis in NAFLD (292).  The role of γ-OHPdG, as a 

product of LPO, may potentially contribute to the oxidative damage that accumulates in 

mitochondria over time and how it is repaired would be worthwhile investigating in the future.  

 

Sensitive and specific methods for the detection of γ-OHPdG need to be developed in order for it 

to be used as a biomarker of risk of HCC development or its recurrence.  Tumor development is 

a complex process that affects a number of factors. γ-OHPdG may not be the predominate 

indicator of disease progression in hepatocarcinogenesis.  Serum α-fetoprotein level is the most 

widely used liver tumor biomarker, however, cytokines, enzymes, proteantigens and genetic 
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markers such as miRNA may be effective if used in conjunction with γ-OHPdG as prognostic 

indicators of liver disease (293).  The IHC method for detection of γ-OHPdG needs to be 

improved for consistent results and interpretation between institutions to be more reliable for 

prognosis.  γ-OHPdG levels that can be detected in the urine or serum may be more practical in 

clinical settings to predict the risk of HCC noninvasively; however, excreted levels usually 

indicate the level of repair and not necessarily the overall levels in the body.  Another 

complication in using γ-OHPdG as a prognostic biomarker is that, as an endogenous lesion, it 

may not be tissue specific; therefore, oxidative damage affecting other organs may lead to 

misdiagnosis.  A stronger mechanistic link needs to be established between detectable levels of 

γ-OHPdG and its influence on liver disease progression. The research discussed in this 

dissertation has laid extensive groundwork for establishing a potential role of γ-OHPdG in 

hepatocarcinogenesis and developing γ-OHPdG as a biomarker to predict risk of HCC and 

therapeutic prevention the obese population.   
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APPENDIX A: CHAPTER ONE SUPPLEMENTARY FIGURES AND DATA 

Supplementary Methods 

In order to confirm the effects of the co-culture conditions on stellate cells and HH, various 

conditions were created to test the cellular response related to γ-OHPdG formation and 

fibrogenic activation as indicated by α-SMA.  Staining, imaging and intensity quantification was 

performed as described in the Methods section of this manuscript. Figure S1.1 is a diagram of the 

conditions that were tested. In brief, HH were grown in either normal or FA media and then co-

cultured with stellate cells in either normal media or FA media.  Stellate cells were grown 

independent of co-culture conditions in normal media and FA media to determine their α-SMA 

levels.  Images were taken using an Olympus IX-71 Inverted Epifluorescence Microscope. 

 

Results  

The intensity γ-OHPdG staining was measured from HH cultured for 3 days in normal or FA 

media and there was a significant increase in staining intensity of γ-OHPdG in the FA-treated 

HH by day 3 (Fig. S1.2A).  When the FA HH were co-cultured with SC in either FA media or 

normal media, γ-OHPdG levels decreased compared to FA treated HH alone (Fig. S1.2A).  SC’s 

grown in either FA media or normal media for 3 days resulted in increased α-SMA staining 

intensity over time in the FA media and significantly lower than normal at day 1, but higher by 

day 3 (Fig. S1.3A and B). Lastly, there was no difference in α-SMA between normal HH co-

cultured with normal SC grown in normal media and FA HH co-cultured with FA SC in normal 

media or FA HH co-cultured with FA SC in FA media (Fig. S1.3A and B) showing that the co-

culture conditions described in the main manuscript are required for fibrogenic activation and 

decreased γ-OHPdG formation. 
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Figure S1.1. Diagram of experimental conditions using human hepatocytes (HH) and 

stellate cells (SC) treated with either normal or fatty acid (FA) medium.    
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Figure S1.2. Co-culture in normal and FA conditions. (A) ICC and quantification of the ICC 

staining of γ-OHPdG of HH in normal media and FA media after 3 days. (B)  FA treated HH and 

SC in normal media by day 3 and FA-treated HH and FA SC in FA media by day 3 compared to 

HH in FA media with intensity quantification of γ-OHPdG. * Indicates significance (p≤0.005) 

between groups using two-sample independent t-tests 
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Figure S1.3. (A) FA HH co-cultured with FA SC in normal and FA media and normal HH 

co-cultured with normal SC in normal media by day 3. * indicates p<0.05. (B) Quantification 

of α-SMA intensity. 
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Figure S1.4. (A) SC in normal and FA media after 1, 3 and 5 days and (B) quantification of 

α-SMA intensity. NS, not significant.  
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Table S1.1 Individual sample information for FFPE liver tissue. Intensity score; negative = 

0, weak = 1, moderate = 2, intense = 3. Distribution score; negative = 0, focal = 1, regional = 2, 

diffused = 3 

        γ-OHPdG 8-OHdG 

Age Race Sex Diagnosis Intensity  Distribution 
Total 

Score 
Intensity Distribution 

 Total 

Score 

87 Black/African American F Normal 2 1 3 2 1 3 

0 Unknown F Normal 0 0 0 0 0 0 

68 Black/African American M Normal 1 1 2 1 1 2 

70 Black/African American M Normal 1 1 2 0 0 0 

64 White/Caucasian M Normal 2 1 3 0 0 0 

36 Black/African American M Normal 2 1 3 0 0 0 

44 Unknown M Normal 1 1 2 0 0 0 

54 Unknown M Normal 1 1 2 0 0 0 

101 Unknown M Normal 0 0 0 0 0 0 

22 Black/African American F Steatosis 1 2 3 1 3 4 

39 Unknown M Steatosis 2 2 4 2 1 3 

52 Unknown F Steatosis 2 1 3 1 1 2 

101 Unknown M Steatosis 1 2 3 1 1 2 

58 White/Caucasian M Steatosis 1 1 2 0 0 0 

44 White/Caucasian F Steatosis 2 2 4 2 1 3 

45 White/Caucasian M Steatosis 2 2 4 2 2 4 

61 Other M Steatosis 2 2 4 2 1 3 

40 White/Caucasian M Steatosis 2 2 4 2 2 4 

58 White/Caucasian M Fibrosis 0 0 0 0 0 0 

48 White/Caucasian F Fibrosis 0 0 0 0 0 0 

48 Black/African American F Fibrosis 0 0 0 0 0 0 

56 White/Caucasian F Fibrosis 0 0 0 0 0 0 

56 Unknown M Fibrosis 0 0 0 0 0 0 

46 Black/African American M Fibrosis 0 0 0 0 0 0 

54 White/Caucasian M Fibrosis 3 2 5 3 1 4 

61 White/Caucasian M Fibrosis 0 0 0 0 0 0 

70 Black/African American F Fibrosis 0 0 0 0 0 0 

59 White/Caucasian M Fibrosis 2 1 3 0 0 0 

45 White/Caucasian M Cirrhosis 0 0 0 0 0 0 

45 Unknown F Cirrhosis 0 0 0 0 0 0 

38 Black/African American F Cirrhosis 2 2 4 2 2 4 

52 Black/African American F Cirrhosis 2 1 3 0 0 0 

58 White/Caucasian F Cirrhosis 0 0 0 0 0 0 

57 White/Caucasian M Cirrhosis 0 0 0 0 0 0 

54 White/Caucasian F Cirrhosis 0 0 0 0 0 0 

58 White/Caucasian F Cirrhosis 0 0 0 1 1 2 

33 Unknown M Cirrhosis 2 1 3 2 1 3 

58 White/Caucasian M Cirrhosis 0 0 0 0 0 0 

53 Unknown F HCC 2 1 3 2 1 3 

39 Unknown M HCC 3 2 5 2 1 3 

73 White/Caucasian M HCC 1 2 3 3 2 5 

67 Unknown M HCC 0 0 0 0 0 0 

51 Unknown M HCC 0 0 0 0 0 0 

46 Black/African American F HCC 3 2 5 1 2 3 

50 White/Caucasian F HCC 3 3 6 3 2 5 

47 White/Caucasian M HCC 1 1 2 0 0 0 

54 Unknown M HCC 3 2 5 2 1 3 

46 Unknown M HCC 0 0 0 0 0 0 

28 Unknown F HCC 1 3 4 2 2 4 
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Table S1.3.  Pearson’s correlation of patients’ individual scores between γ-OHPdG and 8-

OHdG. 

 

Method 

For Table S1.3., a non-parametric Pearson’s correlation was performed (GraphPad Prism version 

6.00 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com) using the 

total score for each patient between γ-OHPdG and 8-OHdG.      

 

Factor Value 

Number of γ-OHPdG and 8-OHdG Pairs  49 

Pearson r 0.80 

P value (two-tailed) < 0.0001 

R squared 0.63 

 

Table S1.4. Association between pathology and immunoscore of γ-OHPdG. Fisher test 

p=0.0364. 

 Pathology  

Sum Score Normal Cirrhosis with 

hyperplasia 

Cirrhosis Hyperplasia HCC Total 

0 0 1 0 0 1 2 

2 0 0 4 0 1 5 

3 0 0 2 2 4 8 

4 2 1 0 1 3 7 

5 0 1 1 1 8 11 

6 0 0 0 0 5 5 

Total 

Samples 

2 3 7 4 22 38 

Average 

Score 

4 3 2.7 3.8 4.4  

 

Table S1.2. Histological score assessment for  γ-OHPdG  and 8-OHdG in livers obtained at different 

stages of disease. 

Diagnosis Mean score (SD) Number positive cases/total number (%) 

 γ-OHPdG  8-OHdG γ-OHPdG  8-OHdG 

Normal  1.9 (±1.1) 0.6 (±1.1) 7/9   (78%) 2/9   (22%) 

Steatosis  3.4 (±0.7) 2.8 (±1.2) 9/9   (100%) 8/9   (89%) 

Fibrosis  0.8 (±1.7) 0.4 (±1.2) 2/10 (20%) 2/10 (20%) 

Cirrhosis  1.0 (±1.5) 0.9 (±1.4) 3/10 (30%) 3/10 (30%) 

Carcinoma  3.0 (±2.1) 2.4 (±2.0) 8/11 (73%) 7/11 (64%) 
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APPENDIX B: C57BL/6J BIOASSAY SUPPLEMENTARY FIGURES 

 

Figure S2.1. Fat composition in the high fat diet (HFD) and low fat diet (LFD) diet of 

omega fatty acids (A) and saturated and unsaturated fatty acids (B). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.2. Average gram per day of food consumed per gram of body weight per mouse 

for nine months in low fat diet (LFD), high fat diet (HFD) and high fat+2% TE (HFD+TE) 

mice.  Error bars indicated standard deviation. 
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Figure S2.3. WST-1 Cell proliferation assay of AML12 (A) and primary human 

hepatocytes (B) treated with fatty acids (FAs) and green tea metabolites M3, M4 and M5. * 

indicates p<0.05 
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Figure S3.1.  The average gram per day per gram of body weight per mouse of food 

consumed in the low fat diet (LFD), high fat diet (HFD) and high fat+2% TE (HFD+TE) 

groups.  Error bars represent standard deviation.   
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Figure S3.2. (A) Ki67 staining of mouse liver tumors shown right from mice fed a high fat 

diet (HFD) at 80 weeks (top) and 70 weeks (bottom). 10X magnification. (B) Tumor margins 

evident in H&E stained sections of a low fat diet (LFD)-fed mouse tumor at 50 weeks (top) and a 

HFD tumor at 60 weeks (bottom). Images taken at 4X (center) and 20X (right). 
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Figure S3.3.  Masson’s trichrome staining of representative sections at 0, 35, 65 and 80 

weeks on diet.  Blue arrows indicate locations of expanded fibrotic tissue.  Scale bar indicates 

200 μm. 

 

 

 

Table S3.1.  Score and incidence of Masson’s trichrome staining for each diet group (n=5). 
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Table S3.2. Distribution of tumor incidence, size and tumor number in low fat diet (LFD), 

high fat diet (HFD) and high fat diet+2% TE (HFD+TE) mice across the bioassay.     

 

.     
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Figure S3.4. Gene variants on chromosome 9 indicating location of variants determined 

through mutational analysis of liver tissue samples from the C57Bl/6J bioassay.   
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