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ABSTRACT 

Chronic and excessive consumption of alcohol leads to the development of alcoholic liver 

disease (ALD) and is a major risk factor for hepatocellular carcinoma (HCC). Induction of 

the cytochrome p450 2E1 (CYP2E1) enzyme and inflammatory responses by alcohol play a 

role in the pathogenesis of both ALD and HCC. Avoidance of chronic or excessive alcohol 

intake is the best protection against alcohol-related liver injury; however, the social presence 

and addictive power of alcohol are strong. Therefore, mechanistic studies are essential and 

dietary intervention represents a promising disease control strategy for the prevention of 

ALD and HCC. The primary objective of this thesis is to investigate the molecular 

mechanisms by which excessive alcohol initiates ALD and promotes HCC and prevention of 

these hepatic injuries through dietary means. The objective was investigated through four 

separate projects. 

The 1st project was to explore the potential involvement of tumor progression locus 2 (TPL2) 

in the pathogenesis of ALD. TPL2 is a kinase that functions as a key regulator in 

inflammatory pathways involved in ALD development. Utilizing a TPL2 knockout (KO) 

mouse model, TPL2 deletion attenuated alcohol-induced hepatic inflammatory foci and 

inflammatory gene expression, thus revealing a critical role of TPL2 in ALD. The 2nd project 

was to investigate the protective role of tomatoes, rich in the carotenoid lycopene (LYC), 

against ALD. Tomato powder (TP, representative of whole tomato), tomato extract (TE, lipid 

soluble tomato components), purified LYC, and apo-10’-lycopenoic acid (APO10LA, 

lycopene metabolite) supplementation were compared in an ALD rat model. Results revealed 

that TP significantly reduced alcohol-induced liver injury through a reduction in CYP2E1 

expression while TE had no effect and both LYC and APO10LA promoted injury via up-

regulation of inflammatory foci. This study reveals the protective effects of TP against ALD 

and highlights the detrimental interaction of alcohol and single nutrients in replace of whole 

food. The 3rd project aimed to develop a carcinogen (diethylnitrosamine, DEN)-initiated, 

alcohol-promoted pre-neoplastic liver lesion (PNLL) mouse model to address initiation of 

early carcinogenesis. C57BL/6 mice were DEN-initiated at 14 days of age. At 8 weeks, 27% 

Lieber-DeCarli alcoholic diet was fed for a promotional period of 21 days. Results show a 

significant induction in the incidence and multiplicity of basophilic and eosinophilic foci, 

which correlated with multiple markers of alcohol-induced hepatic injury. This study 

established a DEN-initiated alcohol-promoted PNLL mouse model. The 4th project utilized 

the newly established mouse model to examine the protective role of TP against alcohol-

promoted PNLLs. Dietary TP prevented alcohol-promoted PNLL development and decreased 

alcohol-induced hepatic injury through the potential mechanism of CYP2E1 down-

regulation.   

In summary, we first demonstrated that TPL2 plays a novel role in the pathogenesis of ALD, 

providing crucial insight into the molecular mechanisms behind ALD development. The 

alcohol-promoted PNLL mouse model we established provides an ideal environment in 

which to further elucidate the mechanisms by which alcohol promotes HCC development and 

identify potential therapeutic targets for treatment. Lastly, we demonstrate that purified LYC 

and APO10LA promote alcohol-induced inflammation while TE has no effect on liver injury 

and TP possesses a unique biological function that inhibits a broad range of alcohol-induced 

and -promoted injury. Our findings support whole food as an effective disease prevention 

strategy and highlight the dangerous interactions between alcohol consumption and 

supplementation with purified compounds. 
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BACKGROUND 

Consumption of alcohol is widespread worldwide, with a yearly average 

consumption of 6.13 litres of pure alcohol per person. This average consumption ranges 

from <2.5 to >10 litres depending on location, with an average consumption of 8.6 litres 

of pure alcohol per person in the Americas. [1] Chronic and excessive alcohol 

consumption are known to cause severe liver damage. Specifically, alcohol consumption 

leads to the development of alcoholic liver disease (ALD), a major cause of morbidity 

and mortality worldwide. [2, 3] The initial development of ALD is characterized by 

hepatosteatosis (fatty liver) and alcoholic steatohepatitis (liver inflammation), which can 

further progress to more damaging and irreversible stages of fibrosis and cirrhosis if 

alcohol consumption is continued. [4] 

Hepatocellular carcinoma (HCC), the most common type of primary liver cancer, 

is the 5
th

 most common cancer and 3
rd

 leading cause of cancer-related death worldwide. 

[5] Specifically, the National Cancer Institute reports that an estimated 30,640 individuals 

(22,730 men and 7,920 women) will be diagnosed with and over 21,600 individuals will 

die of liver cancer in the year 2013. [6] Importantly, HCC is the most rapidly increasing 

cause of cancer death in the United States. [7] Once diagnosed with HCC, the 5-year 

relative survival rate is a low 16.1%. [6] High consumption of alcohol and the 

development of ALD significantly increases the risk of HCC development. [8-14] In fact, 

alcohol is the most common known risk factor for HCC, and chronic and excessive 

alcohol consumption account for 32% of HCC cases in the United States. [12] One 

investigation revealed that individuals who consume alcohol were almost 2.5 times more 

likely to develop HCC as compared with nondrinkers. Further, individuals who 



3 
 

consumed >80 g of alcohol per day were 4.5 times more likely to develop HCC, [11] 

clearly demonstrating that the amount of alcohol consumed is a strong risk predictor for 

HCC. The association between excessive alcohol consumption, ALD, and HCC 

development has been well established; however, the mechanistic link has yet to be 

completely understood and represents an important area of research. 

The activation of inflammatory signaling pathways is a critical step in the 

pathogenesis of ALD. Specifically, signaling of mitogen-activated protein (MAP) kinases 

has been found to play an important role in this inflammatory response. [15] Tumor 

progession locus 2 (TPL2) is a kinase that functions as a critical regulator of 

inflammatory pathways by up-regulating the production of inflammatory cytokines. It has 

been demonstrated that TPL2 activates MAP kinases by the mechanism of direct 

phosphorylation to up-regulate the production of inflammatory cytokines including tumor 

necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β). [16] Although 

inflammation is crucial to the development of ALD, a complete understanding of the 

specific mechanisms regarding the induction of the inflammatory response has not been 

reached. Further, there are no studies to date investigating the role of TPL2 in alcohol-

induced liver injury. 

Induction of the cytochrome p450 2E1 (CYP2E1) enzyme by alcohol is known to 

play a role in the pathogenesis of both ALD and HCC. [14, 17-27] CYP2E1 is activated 

when large quantities of alcohol are consumed and catalyzes the conversion of ethanol to 

its metabolite acetaldehyde. [28, 29] The metabolism of ethanol via CYP2E1 results in 

the production of reactive oxygen species (ROS). ROS are highly reactive intermediate 

products generated during the oxidation of ethanol by CYP2E1. In small doses ROS are 
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beneficial in the liver, however, when present in high and uncontrolled concentrations 

ROS can be highly toxic to cells. [30] This toxicity stems from their ability to react with 

cellular macromolecules leading to denatured proteins, inactivation of enzymes, 

peroxidation of lipids, and DNA damage such as strand breaks and base removal or 

modification resulting in mutation. Thus, the induction of CYP2E1 and resulting 

oxidative damage is thought to play a crucial role in the progression of ALD and HCC. 

[17, 28, 31-33] 

 High consumption of tomatoes and tomato products is known to be associated 

with a decreased risk of chronic disease, including several types of cancer. [34-39] 

Lycopene, a carotenoid lacking pro-vitamin A activity, is found in high concentrations in 

tomatoes. Because of these high concentrations, the beneficial effects observed from 

tomato intake are often attributed to its lycopene content.  However, multiple studies 

have demonstrated a superior protective effect when supplementing with whole or partial 

tomato when compared with purified lycopene. [40-43] In fact, despite the many 

beneficial activities lycopene has been shown to possess, a past study in our lab 

demonstrated a negative interaction between supplementation with lycopene and alcohol 

consumption in a rat model. [44] In recent years, many researchers have investigated the 

possibility that the biological activities of lycopene may, at least in part, be mediated by 

lycopene metabolites and not solely by the parent compound. Lycopene can be cleaved 

via eccentric cleavage by β-carotene-9’,10’-oxygenase 2 to many different metabolite 

forms, including apo-10’-lycopenoic acid (APO10LA). [45, 46] Multiple studies have 

demonstrated that APO10LA possesses protective biological functions in different 

experimental models. [47, 48] Supplementation with tomato components represents an 
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intriguing area of research that is currently lacking in alcohol-related research fields. To 

date, no studies have compared the potential protective effects of whole tomato, partial 

tomato, or the metabolite APO10LA with purified lycopene in an alcohol-induced liver 

injury model. In addition, no studies have investigated the protective effects of tomato 

supplementation against alcohol-promoted pre-cancerous lesions in the liver. 

 

SIGNIFICANCE 

Avoidance of chronic or excessive alcohol intake is the best protection against 

alcohol-related liver injury; however the social presence and addictive power of alcohol 

is strong. While the connection between alcohol consumption, ALD, and HCC 

development has been established, a deeper understanding of the specific mechanisms 

behind the initiation and promotion stages of these diseases are essential. Utilization of 

specific knockout models and use of carefully designed experimental animal protocols 

are excellent tools with which to provide additional knowledge regarding the signaling 

mechanisms involved in alcohol-induced hepatic injury and related hepatocarcinogenesis. 

In addition, dietary intervention represents a promising disease control strategy 

for the prevention of ALD and HCC. Many experimental models focus on supplemental 

intervention with isolated compounds, enabling researchers to identify specific 

mechanisms of action by these compounds. However, this thesis focuses on the efficacy 

of whole food intervention. Whole foods contain a diverse collection of nutrients and 

bioactive compounds that provide additive, complementary, and/or synergistic beneficial 

effects that are lacking from supplementation with a single compound. Therefore, 
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supplementation with whole tomato may provide an effective nutritional approach to help 

reduce the severity of alcohol-induced hepatic injury and related carcinogenesis. This 

thesis work provides critical insight into future dietary recommendations and clinical 

trials involving tomato intake for the prevention of ALD and HCC. 

 

HYPOTHESIS 

The primary objective of this thesis was to investigate the molecular mechanisms 

by which excessive alcohol intake intiates hepatic injury and promotes 

hepatocarcinogenesis and prevention of these alcohol-related hepatic insults through 

dietary tomato intervention. We hypothesized that i) TPL2 is a critical signaling 

component in the development of alcohol-induced liver injury, ii) tomato supplements 

containing multiple tomato nutrients would provide superior protection against alcohol-

induced liver injury as compared with a single nutrient supplement, and iii) 

supplementation with tomato would protect against alcohol-promoted hepatic pre-

cancerous lesions. To test our hypotheses we developed four specific aims. 

 

SPECIFIC AIMS 

Specific Aim 1: To investigate the potential involvement of tumor progression locus 2 

in the pathogenesis of alcoholic liver disease. 

To investigate Specific Aim 1, TPL2 knockout (KO) and wild-type (WT) mice 

were subjected to either Lieber-DeCarli control diet or alcoholic diet (27% total energy 

from ethanol) for a period of 4 weeks. Results from this study demonstrated a significant 
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induction of hepatic steatosis and inflammatory foci from consumption of the alcoholic 

diet in both WT and KO mice. The alcoholic diet also resulted in a significant induction 

of Tpl2 expression in WT mice. Interestingly, TPL2 ablation reduced the severity of 

steatosis in both WT (significant) and KO (nonsignificant) mice. Hepatic inflammatory 

foci were also significantly reduced in TPL2 KO mice fed both control and alcoholic diet 

as compared with WT mice. This reduction of inflammatory foci was associated with 

decreased hepatic inflammatory cytokine expression (TNFα, IL-6, and IL-1β) and 

macrophage marker F4/80. Lastly, the three components of the inflammasome (NACHT, 

LRR and PYD domains-containing protein 3 (NLRP3), apoptosis-associated speck-like 

protein containing a caspase recruitment domain (ASC), and pro-caspase-1)), a complex 

necessary for the maturation of inflammatory cytokine IL-1β, were found to be 

significantly increased with consumption of the alcoholic diet in WT mice. TPL2 

ablation, however, resulted in a significant reduction of NLRP3 in alcoholic diet-fed 

mice. This study demonstrated the crucial role of TPL2 in the complex molecular 

signaling mechanisms responsible for the development of alcohol-induced hepatic injury.  

Specific Aim 2: To examine the potential protective role of tomato components against 

the development of alcoholic liver disease. 

To investigate Specific Aim 2, male Wistar rats were fed a Lieber DeCarli control 

or alcoholic diet (36% alcohol as total energy intake) and supplemented with placebo, 

tomato powder (TP, representative of whole tomato), tomato extract (TE, lipid soluble 

tomato components), lycopene (LYC), or apo-10’-lycopenoic acid (APO10LA, lycopene 

metabolite) for a period of 4 weeks. LYC, TP, and TE supplements provided 1.1 mg.kg
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BW
-1

.d
-1

 LYC, and APO10LA provided 0.11 mg.kg
 
BW

-1
.d

-1
 APO10LA to mimic the 

estimated conversion of metabolite from the parent compound.  

The alcoholic diet initiated a significant increase in both hepatic steatosis and 

inflammatory foci, two well-documented histological alterations associated with ALD. 

Significant increases in hepatic CYP2E1 protein levels were also found to be associated 

with consumption of the alcoholic diet. LYC supplementation had no effect on the 

severity of steatosis or CYP2E1, but resulted in a significant increase in the presence of 

inflammatory foci in rats fed alcoholic diet. This result was seen in a previous study from 

our lab, [44] thus confirming the negative interaction of purified LYC supplementation 

with alcohol consumption. Interestingly, supplementation with APO10LA produced a 

similar increase in hepatic inflammatory foci in alcoholic diet-fed rats, indicating the 

possibility of similar mechanistic interactions of parent compound and metabolite with 

alcoholic diet. In contrast with supplementation of the purified compound, dietary TP 

alleviated alcoholic diet-induced steatosis and inflammatory foci through the proposed 

mechanism of CYP2E1 protein down-regulation. TE supplementation had no effect on 

alcohol-induced steatosis, inflammatory foci, or CYP2E1 levels.  

LYC was detected in the livers of rats supplemented with LYC, TE, and TP at 

similar concentrations found in human liver tissue, [49, 50] thus demonstrating that our 

experimental results occurred at a supplement dose that is physiologically relevant. This 

study supports the use of whole food as preventive treatment and highlights the 

detrimental interaction of alcohol and supplementation with a single nutrient or 

metabolite in replace of whole food.  
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Specific Aim 3: To develop an effective alcohol-promoted hepatic pre-cancerous mouse 

model. 

To complete Specific Aim 3, C57BL/6 mice were utilized to develop an effective 

diethylnitrosamine (DEN)-induced alcohol-promoted pre-neoplastic liver lesion model. 

Mice were exposed to DEN at 14 days of age by a single intraperitoneal injection of 25 

mg.kg
 
BW

-1
. Upon weaning at 4 weeks of age, mice were adapted to the Lieber-DeCarli 

control liquid diet followed by an adaptation period to the alcoholic diet consisting of a 

gradual increase of alcohol content in the diet over a two-week period beginning at 6 

weeks of age. After completion of the adaptation period, mice were fed an alcoholic diet 

consisting of 27% ethanol as total energy intake for a promotional period of 21 days. 

Mice were killed at 11 weeks of age and analyzed for the presence of pre-neoplastic liver 

lesions and associated alcohol-induced hepatic injury.  

Results revealed that DEN injection + alcoholic diet significantly induced the 

incidence and multiplicity of pre-neoplastic liver lesions, characterized by the presence of 

basophilic and eosinophilic foci. The induction of pre-neoplastic liver lesions was 

significantly correlated with increased CYP2E1 protein levels, endoplasmic reticulum 

(ER) stress markers spliced X-box-binding protein-1 (sXbp-1) mRNA levels and 

phosphorylated eukaryotic translation-initiation factor 2α (eIF2α) protein levels, steatosis, 

and inflammatory foci. Therefore, we successfully established a DEN-initiated alcoholic 

diet-promoted pre-cancerous mouse model. This model provides an ideal experimental 

environment in which to investigate the specific molecular signaling pathways that are 

involved in alcohol-promoted HCC initiation and promotion and develop potential 

therapeutic targets. 
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Specific Aim 4: To investigate the potential protective effect of tomato powder 

supplementation against alcohol-promoted pre-cancerous lesions and related hepatic 

injury. 

To investigate Specific Aim 4, TP supplementation (3 g.kg
 
BW

-1
.d

-1
) was given in 

our newly established alcohol-promoted pre-neoplastic liver lesion mouse model. 

Strikingly, the presence of alcohol-promoted pre-neoplastic liver lesions was completely 

abolished with the addition of TP supplementation in our model. The eradication of pre-

neoplastic liver lesions was associated with a significant reduction in alcoholic diet-

induced hepatic CYP2E1 protein levels, ER stress markers, steatosis, and inflammatory 

foci. More specifically, restored levels of peroxisome proliferator-activated receptor α 

(PPARα) and related fatty acid transport and β-oxidation gene expression and a 

significant reduction in inflammatory gene expression was observed in mice fed dietary 

TP. CYP2E1 has been demonstrated to play a role in fat accumulation through inhibition 

of PPARα, [17, 22] inflammation through up-regulation of inflammatory cytokine 

production, [23, 24] and is associated with an increase in ER stress. [51-55] Further, 

increased CYP2E1 levels have been associated with HCC development. Therefore, we 

proposed that TP supplementation reduced alcohol-promoted pre-cancerous lesions and 

alcohol-induced hepatic injury through the mechanism of CYP2E1 protein down-

regulation. 

Hepatic LYC concentrations were used as a marker of tomato powder absorption 

and hepatic uptake. LYC concentrations were found to be within the normal range found 

in humans, [49, 50] indicating that the effects demonstrated in this model occurred at 

physiologically relevant tissue concentrations. Further, the supplement dose given was 
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calculated to a human intake of approximately four medium sized tomatoes per day. 

Therefore, the dose used in this study could be easily achieved via intake of whole foods. 

The findings of this study demonstrated a protective role of TP against alcohol-promoted 

pre-cancerous lesions and alcohol-induced hepatic injury, thus supporting whole food as 

an effective cancer prevention strategy.  

 

SUMMARY 

This thesis addresses the specific molecular mechanisms by which excessive 

alcohol intake promotes hepatic injury as well as prevention of alcohol-induced hepatic 

injury and –promoted hepatocarcinogenesis via dietary tomato supplementation. 

Specifically, we have demonstrated the crucial role that TPL2 plays in the development 

of ALD, providing a deeper understanding concerning the specific molecular 

mechanisms involved in the development of ALD. In a second study, we revealed that TP 

supplementation was capable of preventing alcohol-induced hepatic injury including a 

reduction in steatosis and inflammatory foci. This reduction occurred through the 

proposed mechanism of CYP2E1 protein down-regulation. Interestingly, TE had no 

effect on alcohol-induced hepatic injury and purified LYC and APO10LA promoted 

alcohol-induced hepatic injury through the mechanism of increased inflammatory foci. 

This study emphasized the dangerous interaction observed between alcohol consumption 

and supplementation with purified compounds and stressed the need for whole food 

supplementation in our disease model. We then established a DEN-induced alcohol-

promoted pre-neoplastic liver lesion model, which provided an ideal experimental 

environment for future studies investigating the specific mechanisms involved in the 
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initiation and promotion of alcohol-related hepatocarcinogenesis. In our last study, we 

demonstrated the protective role of TP supplementation against alcohol-promoted pre-

cancerous lesions in our new experimental model. Supplementation with TP completely 

abolished the presence of pre-neoplastic liver lesions in our model. This was further 

associated with a reduction of alcohol-induced hepatic injury. These studies revealed the 

unique biological activities exerted by TP that serve to inhibit a broad range of alcohol-

induced and –promoted hepatic injury. Our findings support whole food as an effective 

disease prevention strategy and lay the groundwork for future animal and human studies 

examining the mechanisms by which tomato supplementation prevents alcohol-related 

hepatic injury.  
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ALCOHOL  

Alcohol Consumption  

Consumption of alcohol is common worldwide and results in approximately 2.5 

million deaths a year. Alcohol consumption is the world’s third largest risk factor for 

disease and disability, and in middle-income countries it is the number one risk. Yearly 

average alcohol consumption around the world as recorded by the World Health 

Organization is detailed in Figure 1.  

Specifically, the yearly average consumption equals 6.13 litres of pure alcohol per 

person aged 15 years or older as of 2005. Consumption varies greatly between countries, 

with high consumption (>10 litres) in the Northern Hemisphere, Argentina, Australia, 

and New Zealand. Low consumption levels (<2.5 litres) are found in the Eastern 

Mediterranean region, southern Asia and the Indian Ocean, and North Africa and sub-

Saharan Africa. Together, the Americas are considered to have mid-range consumption, 

averaging at 8.6 litres of pure alcohol per year. [1]  

Heavy episodic drinking – defined by the World Health Organization as drinking 

at least 60 grams of pure alcohol on at least one occasion in the last seven days – is 

particularly associated with injury and is known to cause serious organ damage. In fact, 

11.5% of individuals who consume alcohol are considered to indulge in heavy episodic 

drinking worldwide, at least for some period in time. This number rises slightly to 12% in 

the Americas. [1] Looking at consumption in the United States specifically, as shown by 

the National Survey on Drug Use and Health in 2011, over 50% of the United States 

population consumes alcohol. Further, 22.6% of the population binge drink (defined as 
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five or more drinks on the same occasion on at least one day in the past thirty days) and 

6.2% of the population – almost 16 million individuals – are categorized with heavy 

alcohol use (defined as five or more drinks on the same occasion on each of five or more 

days in the past thirty days). [2] 

It is clear that alcohol consumption is commonplace in the United States and 

worldwide. Consumption of alcohol is also one of the most prominent factors 

contributing to liver disease – a major cause of morbidity and mortality worldwide – and 

is considered to be a major public health problem. [3, 4]  

Alcohol Metabolism 

Ethanol is metabolized primarily in the liver by three enzymatic pathways (Figure 

2). The first pathway, involving cytosolic alcohol dehydrogenase (ADH), is responsible 

for the majority of ethanol metabolism. The second pathway is the microsomal ethanol 

oxidizing system (MEOS), catalyzed by CYP2E1. This enzyme is induced when large 

quantities of alcohol are consumed. [5, 6] The third pathway, which only metabolizes a 

small portion of ethanol, is catalase, located in the peroxisomes. [7] Each of these 

pathways results in the production of acetaldehyde, a highly toxic metabolite, that is then 

further metabolized to acetate by mitochondrial aldehyde dehydrogenase (ALDH2). [5-7] 

The metabolism of ethanol results in several metabolic consequences. First, there 

is a shift in the nicotinamide adenine dinucleotide/reduced nicotinamide adenine 

dinucleotide (NAD+/NADH) ratio. Both ADH and ALDH2 use NAD+ as a cofactor, and 

the increased NADH promotes fatty acid synthesis and inhibits β-oxidation leading to fat 

accumulation in the liver. [5, 6] Second, the production of acetaldehyde is an important 
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metabolic consequence of ethanol metabolism. Acetaldehyde is a highly reactive 

carcinogen that can form protein and DNA adducts, thus disabling proper functioning. 

Third, the metabolism of ethanol by CYP2E1 results in the production of ROS that are 

thought to significantly contribute to ethanol-induced liver injury. [5, 7-10] 

 

ALCOHOLIC LIVER DISEASE 

ALD is a major cause of morbidity and mortality worldwide. [3, 4] The initial 

development of ALD is characterized by hepatosteatosis (fatty liver) and alcoholic 

steatohepatitis (liver inflammation), which can further progress to fibrosis, cirrhosis, and 

significantly increase risk of HCC if alcohol consumption is continued (Figure 3). 

Specifically, 90-100% of individuals who consume alcohol chronically and excessively 

will develop hepatosteatosis. [11] Hepatosteatosis is characterized by lipid accumulation 

in hepatocytes, brought on through three major pathways: the inhibition of AMP-

activated protein kinase (AMPK), activation of sterol regulatory element-binding protein 

1 (SREBP-1), and inhibition of PPARα. [5, 6, 12] These pathways shift the lipid balance 

toward synthesis and away from oxidation. This occurs in 2 specific ways: 1) the shift of 

NAD+/NADH pool to the reduced state occurring from alcohol metabolism signals to 

increase fatty acid synthesis and esterification, and decrease mitochondrial β-oxidation of 

fatty acids [4, 5] and 2) alcohol metabolism triggers the induction of TNF-α and other 

pro-inflammatory cytokines, which induces the release of free fatty acids from adipocytes 

and an increase in lipogenesis and decreased β-oxidation of fatty acids in hepatocytes. 

[13] 
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If alcohol consumption is continued, 10-35% of individuals will develop alcoholic 

steatohepatitis. [11] Alcoholic steatohepatitis is characterized by steatosis accompanied 

by severe inflammation and further cytokine production. It is well documented that 

chronic alcohol consumption increases gut permeability to lipopolysaccharide (LPS), a 

component of gram-negative bacteria. LPS enters the portal circulation and activates 

Kupffer cells (resident liver macrophages) via TLR4 initiating production of 

inflammatory mediators TNF-α, IL-6, and IL-1β and production of ROS. [13-17] The 

production of inflammatory cytokines occurs through the activation of the MAP kinase 

family, including extracellular receptor activated kinases 1/2 (ERK1/2) and c-jun-N-

terminal kinase (JNK).[5, 14, 17, 18] Alcohol further sensitizes hepatocytes to TNF-α-

induced apoptosis.[18]  

Following the development of alcoholic steatohepatitis, 40% of individuals will 

develop cirrhosis and fibrosis, characterized by the hardening, scarring, and loss of 

function of the liver. Further, 8-20% of individuals with hepatosteatosis will bypass the 

development of alcoholic steatohepatitis, and progress directly to cirrhosis. [11] At this 

point, the disease is no longer reversible. The condition of cirrhosis greatly increases the 

risk for development of liver cancer. However, it is also known that individuals with 

steatohepatitis that do not develop cirrhosis are still at risk for developing liver cancer. 

Importantly, chronic and excessive alcohol consumption is responsible for 32% of liver 

cancer cases in the United States. [19] 

 



23 
 

HEPATOCELLULAR CARCINOMA 

Cancer is the leading cause of death worldwide. [20] The most common type of 

primary liver cancer, HCC, is the fifth most common cancer and third leading cause of 

cancer-related death worldwide.[21] Specifically, the National Cancer Institute reports 

that an estimated 30,640 individuals (22,730 men and 7,920 women) will be diagnosed 

with and over 21,600 individuals will die of liver cancer in 2013. [22] This estimation 

includes both cancer of the liver and intrahepatic bile duct; however more than 80% of 

cases are categorized as HCC. [23] Trends in liver cancer incidence and mortality rates 

have increased significantly by 4.1% from 2001-2010 and 2.4% from 1999-2010, 

respectively. [22] This makes HCC the most rapidly increasing cause of cancer death in 

the United States. [24] Once diagnosed with HCC, the 5-year relative survival rate is a 

low 16.1%. [22] 

Hepatocellular Carcinoma and Alcohol Consumption 

Alcohol is the most common known risk factor for HCC, and chronic and 

excessive alcohol consumption accounts for 32% of HCC cases in the United States. [19] 

Other risk factors for HCC include hepatitis B and C viral infection, obesity, and diabetes 

mellitus. [19] Multiple animal studies have demonstrated that chronic ethanol feeding 

promotes HCC progression. [25-27] A few animal studies have also reported the null 

effect [28] or inhibitory effect [29, 30] of alcohol on HCC development. It is important to 

note however, that differences in carcinogenesis initiation techniques or alcohol delivery 

methods could explain these opposing outcomes. A recent study has also demonstrated 

that long-term consumption of ethanol without additional carcinogen-initiation is capable 

of inducing HCC pathogenesis. This study fed an alcoholic diet (15% as total caloric 
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intake) for 60 and 70 weeks and observed well-developed HCC in 40% and 50% of mice, 

respectively. [31]  

In a U.S.-based case-control study, those who drank alcohol had an adjusted odds 

ratio for HCC risk of 2.4 (95% confidence interval: 1.3-4.4) compared with nondrinkers. 

Further, the odds ratio increased significantly for patients drinking >80 g/day (odds ratio, 

4.5). [32] There are multiple factors that influence risk of HCC development by alcohol 

consumption including age of initiation, duration of consumption, etc. However, the 

strongest risk predictor is the total amount of alcohol ingested. [33] Alcohol is also 

known to act synergistically with other agents known to increase the risk of HCC 

including smoking, hepatitis B and C, diabetes mellitus, and aflatoxin. [34] Specifically, 

one case-control study reported that individuals who consumed >4 drinks per day had an 

odds ratio for HCC of 3.2 (95% C1: 1.9-5.3). Further analysis revealed a synergistic 

interaction of HCC risk between heavy alcohol consumption (>4 drinks per day) and 

diabetes (OR = 4.2; 95% CI, 2.6-5.8) as well as heavy alcohol consumption and viral 

hepatitis (OR = 5.595% CI, 3.9-7.0). [35]   

The association between alcohol consumption, ALD, and HCC development has 

been well established, however the mechanistic link has yet to be well understood. 

Possible mechanisms of alcohol-induced HCC include the development of cirrhosis, 

acetaldehyde as a carcinogen, induction of CYP2E1, induction of oxidative stress, 

induction of ER stress, and impaired innate and adaptive immunity.  
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CYTOCHROME P450 2E1 

CYP2E1 is highly inducible by ethanol, for which it has high catalytic activity. 

[36] CYP2E1 is found mainly in the liver; however it is also expressed in several other 

tissues. [10, 19] In the liver, ethanol-inducible CYP2E1 is primarily expressed in the 

hepatocytes, as well as Kupffer cells to a lesser extent. [5, 10] The majority of CYP2E1 is 

localized in the ER membrane, however it has been detected in other cellular 

compartments as well. [10, 19]  

Hepatic CYP2E1 enzyme activity is highly induced in chronic alcoholics, and this 

increased activity may contribute to the metabolic tolerance of alcohol consumption that 

is common in alcoholics. [5, 10] Further, CYP2E1 enzyme activity was found to be 

significantly higher in alcoholic patients with liver disease compared with alcoholic 

patients that have no signs of liver disease. [37]  

The metabolism of ethanol via CYP2E1 results in the production of ROS that are 

thought to contribute significantly to ethanol-induced liver injury. [5, 7-10] ROS are 

highly reactive intermediate products generated during the oxidation of ethanol by 

CYP2E1. In small doses ROS are beneficial in the liver as they play a key role in the 

innate immune response, cellular signal transduction, cellular physiology, and are 

involved in critical metabolic pathways. [36, 38] However, when present in high and 

uncontrolled concentrations ROS can be highly toxic to cells. This toxicity stems from 

their ability to react with cellular macromolecules leading to denatured proteins, 

inactivation of enzymes, peroxidation of lipids, and DNA damage such as strand breaks 

and base removal or modification resulting in mutation. This oxidative damage plays a 

critical role in the progression of ALD. [5, 8, 9]   
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Cytochrome P450 2E1 and Alcohol-Induced Liver Injury 

Several experimental animal studies have been done to investigate the role of 

CYP2E1 in alcohol-induced liver injury. However, the mechanism of increased hepatic 

CYP2E1 enzyme activity upon ethanol consumption is likely complex and may involve a 

combination of transcriptional, posttranscriptional, and posttranslational events. [39]  

Ethanol-induced liver damage has been demonstrated to correlate with CYP2E1 

protein levels as well as elevated lipid peroxidation. [10, 40, 41] Indeed, ethanol-treated 

E47 HepG2 cells expressing CYP2E1 had lipid accumulation and increased triglycerides 

to a higher degree than control C34 cells that do not express CYP2E1. [42] When treated 

with ethanol, CYP2E1-overexpressing mice produced an increased severity of 

histological liver injury and higher serum alanine aminotransferase levels as compared 

with control mice. [39] In experimental rodent models, chemical inhibition of CYP2E1 

was found to be associated with reduced alcohol-induced liver injury and decreased free 

radical damage. [10, 39, 40] In addition, it has been demonstrated that CYP2E1 knockout 

(KO) mice exhibit no ethanol-induced liver injury (steatosis and oxidant stress) and this 

injury was restored in knock in (KI) mice. [10, 43] Thus, by utilizing overexpression, 

KO, and chemical inhibition models, it is clear that CYP2E1 plays a crucial role in 

ethanol-induced liver injury.  

Alcohol-induced CYP2E1 expression has also been connected with the increase in 

inflammation associated with alcohol consumption. Treatment with CYP2E1 inhibitor 

results in an inhibition of alcohol-induced inflammatory cytokine expression in both 

Kupffer cell and rat models. [44, 45] Further investigation shows that alcohol-induced 

CYP2E1 expression sensitizes Kupffer cells to LPS stimuli, and treatment with a 
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chemical CYP2E1 inhibitor reverses this effect. [44, 45] Additionally, LPS injection post 

ethanol feeding increased liver injury, inflammatory foci, and fat accumulation in wild-

type mice, but not in CYP2E1 KO mice. [10] Therefore, it is clear that LPS promotes 

hepatic injury in a CYP2E1-dependent manner. 

Cytochrome P450 2E1 and Hepatocellular Carcinoma 

The induction of CYP2E1 enhances the activation of pro-carcinogens to 

carcinogens, many of which are ingested via alcoholic beverages, tobacco smoke, and 

various dietary components. [23] The chemical inhibition of CYP2E1 has been utilized to 

demonstrate the role of CYP2E1 in alcohol-promoted HCC. Specifically, the presence of 

alcohol-promoted hepatocellular adenomas was significantly reduced when alcohol was 

given in conjunction with CYP2E1 inhibitor as compared with alcohol alone. This 

reduction was associated with a reduction in inflammatory pathways and oxidative DNA 

damage. [46]  

In a recent animal study, Tsuchishima and colleagues demonstrated that chronic 

alcohol consumption alone is capable of inducing the pathogenesis of HCC in a mouse 

model. In this model, researchers revealed up-regulation of CYP2E1 in the area of 

hepatocarcinogenesis, indicating a role of CYP2E1 in ethanol-induced HCC. [31] 

Researchers have also investigated the possibility that distinct CYP2E1 polymorphisms 

play a role in determining risk of HCC.  Interestingly, a meta-analysis revealed that the 

interaction between CYP2E1 Pst 1/Rsa polymorphism and alcohol consumption 

significantly increases risk of HCC. [47] 
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 PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR ALPHA  

PPARα is part of the nuclear hormone receptor superfamily and plays an essential 

role in nutrient homeostasis via ligand-induced transcriptional regulation.[48-50] There 

are 3 PPAR subtypes: PPARα, PPARγ, and PPARβ/δ. [49-51] and all play a role in lipid 

homeostasis. PPARα is highly expressed in the parenchymal cell population of the liver 

and is most well-known for its regulatory control of fatty acid oxidation pathways 

including mitochondrial β-oxidation, peroxisomal β-oxidation, and microsomal ω-

oxidation as well as cellular fatty acid uptake and intracellular fatty acid transport. [49] 

PPARα is also known to play a role in many cellular processes in the liver including 

glucose metabolism, lipoprotein metabolism, inflammation, amino acid metabolism, and 

hepatocyte proliferation. [50] 

Fatty acids serve as a ligand-activator for PPARα, [48, 51] and thus provide an 

important feedback loop to control levels of hepatic fatty acids. [48] Once activated, 

PPARα forms a heterodimer with retinoid X receptor (RXR). The PPARα/RXR 

heterodimer then binds to a specific DNA-response element known as the peroxisomal 

proliferator response element (PPRE) located in target genes to induce gene transcription. 

[49, 50] Proper function of PPARα is essential for hepatic lipid homeostasis as PPARα 

knockout mice challenged with a fasted environment fail to up-regulate fatty acid 

oxidation pathways in the liver and develop steatosis. [52-54]   

Peroxisome Proliferator-Activated Receptor-α and Alcohol Consumption 

It has been well documented that fatty acid levels are significantly increased in 

the liver during the metabolism of ethanol. This increase in fatty acids should trigger 

PPARα activation; however, it is known that ethanol metabolism inhibits the function of 
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PPARα. [52] Indeed, many experimental models have been used to demonstrate the 

effects of ethanol metabolism on PPARα activity. Specifically, ethanol treatment was 

shown to inhibit PPARα activation in hepatoma cells. [55] This result was replicated in 

vivo by demonstrating that chronic ethanol feeding inhibits DNA binding and 

transcriptional activity of PPARα/RXR heterodimers in mouse livers. [48, 52] This was 

associated with decreased expression levels of PPARα target genes, induction of 

steatosis, and increased hepatic triglyceride levels. Further, this effect was reversed when 

animals were treated with a chemical PPARα agonist. [48] Using chemical PPARα 

activators, one study demonstrated that pharmacological PPARα activation could prevent 

alcohol-induced alterations of fatty acid metabolism as well as alcohol-induced 

biochemical and histological inflammatory changes in the liver. [56]  

Knockout studies demonstrate a protective role for PPARα in an alcohol-induced 

liver injury model. Nakajima et al demonstrated that PPARα -/- mice fed a 4% ethanol 

diet for six months had marked hepatomegaly, steatosis, hepatic inflammation, and liver 

cell death and proliferation that were not present in WT mice. Interestingly, these hepatic 

abnormalities were consistent with those found in patients with alcohol-induced liver 

injury. Therefore, it is clear that the incomplete activation of PPARα due to alcohol 

consumption contributes to the development of alcohol-induced hepatic injury. [48, 52] 

 

ENDOPLASMIC RETICULUM STRESS  

The ER is an essential organelle responsible for synthesis, folding, trafficking, 

and maturation of proteins. Under normal conditions, there is a balance between the 
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influx of unfolded proteins and the folding capacity of the ER. [57] However, ER 

function can be altered by numerous stimuli, of both exogenous and endogenous origin. 

[58] When this balance is altered, the cell must adapt to meet the increased folding 

demands, thus promoting survival. [57] The unfolded protein response (UPR) is initiated 

when there is an excess of unfolded or malfolded proteins in the ER. The UPR is 

characterized by 3 main signal transduction pathways mediated by inositol requiring 1α 

(IRE1α), protein kinase RNA (PKR)-like ER kinase (PERK), and activating transcription 

factor 6 (ATF6). [57-59] When activated, these pathways initiate the production of 

chaperones to increase the folding capacity of the ER, increase degradation of unfolded 

proteins, and reduce synthesis of nascent proteins in order to achieve cellular equilibrium. 

[57, 59] In the unstressed state, each of the three sensor proteins are bound on their ER 

luminal domains to the ER chaperone binding immunoglobulin protein (BiP, also known 

as GRP78). Upon ER stress, BiP binds to the unfolded proteins, thus dissociating from 

the luminal domains of the three sensors causing the activation of downstream UPR 

signaling via transautophosphorylation (IRE1α and PERK) and proteolytic processing 

(ATF6). These downstream signals induce expression of genes including ER chaperones 

and ER-associated degradation (ERAD) components to facilitate the degradation of 

terminally misfolded proteins to alleviate the stressed state of the ER. [57-59] 

The first ER stress sensor protein, IRE1α, possesses endoribonuclease (RNase) 

activity. When dissociated from BiP binding, IRE1α dimerizes and is activated by 

transautophosphorylation. This activation initiates RNase activity and causes IRE1α to 

splice transcription factor X-box-binding protein 1 (Xbp1) messenger RNA (mRNA) 

through unconventional (cytoplasmic, spliceosome-independent) processes. The removal 
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of nucleotides from the original Xbp1 mRNA results in a translational frame switch and 

generates a potent transcription factor (Mulhi 2011), spliced XBP1 (sXBP1). sXBP1 

binds both ER stress element (ERSE) and unfolded protein response element (UPRE) to 

target transcriptional up-regulation of genes that encode functions in ER protein folding, 

quality control, and ERAD. [57, 58] The second ER stress sensor protein, ATF6, 

possesses two Golgi localization sequences that are masked by BiP binding. When 

dissociation from BiP occurs, translocation of ATF6 to the Golgi occurs. ATF6 is then 

cleaved and further transported to the nucleus to activate transcription of ER chaperone 

genes. [57, 58] The third ER stress sensor protein is PERK. Upon autophosphorylation, 

PERK phosphorylates its downstream target eIF2α on serine residue 51. This activation 

leads to a reduction in the initiation of mRNA translation, thus reducing the load of 

nascent proteins that require folding in the ER and promoting cellular adaptation and 

survival.[58] 

Endoplasmic Reticulum Stress and Hepatic Injury 

Although transient increases in ER stress are essential for cellular health and 

survival, sustained ER stress activation of the UPR is detrimental to the cell and is 

observed in many types of liver disease, including ALD, non-alcoholic liver disease, viral 

hepatitis, drug-induced liver injury, cholestatic, ischemia-reperfusion injury, 

hyperhomocysteinemia, and HCC. [57, 58, 60, 61] As hepatocytes are rich in ER, it is 

logical that ER stress and UPR activation could have a substantial role in either 

prevention or progression of pathological changes in liver disease. [57] In addition, gene 

expression profiling has demonstrated that numerous cellular processes beyond protein 

folding in the ER are regulated by UPR activation. [61] Specifically, activation of the 
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UPR upon ER stress has been linked to development of steatosis, oxidative stress, 

activation of apoptotic pathways, and inflammation. [57, 58, 60, 62] 

Endoplasmic Reticulum Stress and Alcohol Consumption 

The induction of ER stress and UPR pathways in alcohol-induced liver injury and 

its connection to the pathological features induced by alcohol have been investigated in 

many different experimental models. In an intragastric alcohol-fed mouse model, 

researchers have shown an association between alcohol-induced ER stress and 

hyperhomocysteinemia. The addition of betaine to the model decreased ER stress, 

homocysteine levels, and pathological ALD features. [63] However, it is important to 

note that betaine did not completely protect against the effects of alcohol despite the 

normalization of homocysteine levels. This observation points out that there are other key 

players in the induction of ER stress from alcohol consumption, proposed to be mediated 

by activated Kupffer cells or increased CYP2E1 levels. [63] Indeed, proposed 

mechanisms of alcohol-induced ER stress include: acetaldehyde adduct formation, 

homocysteine toxicity, S-adenosylmethionine/S-adenosylhomocysteine ratio, oxidative 

stress from CYP2E1 activities, and synergistic ER stress by alcohol, drugs, viral 

infection, and environments. [59] Ethanol feeding has also been shown to increase ER 

stress signals in micropigs. This was associated with an increase in liver steatosis, 

apoptosis, and CYP2E1 levels. In this model, there was a significant correlation between 

ER stress signals and elevation of liver homocysteine levels. [64] In another study, 

chronic alcohol feeding impaired protein translation initiation in the liver by significantly 

increasing eIF2α phosphorylation. [65] Using an intra-gastric alcohol feeding rodent 

model, Lugea et al demonstrated that alcohol feeding caused a significant increase in 
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IRE1 and sXBP1 expression in the pancreas, [66] demonstrating that the effect of alcohol 

consumption on ER stress is present in tissues other than the liver as well. 

LPS challenge, a phenomenon known to occur with alcohol consumption, has 

been shown to trigger all three UPR pathways in both cirrhotic and normal rat livers. [67] 

A second study showed that the UPR was induced in vivo in the liver 24 hours after LPS 

challenge. Specifically, increases in sXbp1 expression along with downstream ER stress 

target mRNAs were found in normal livers harvested 24 hours after LPS administration. 

In addition, when pro-inflammatory cytokines IL-6 or IL-1β were administered to normal 

liver, the hepatic UPR response was triggered in vivo. [68]  

Endoplasmic Reticulum Stress and Hepatocellular Carcinoma 

ER stress is known to be induced and activate the UPR in many different cancer 

types, including HCC. It has also been demonstrated that UPR activation is implicated in 

multiple steps of cancer biology. [58] More specifically, expression of BiP was shown to 

be constitutively overexpressed in HCC tissue compared with non-cancerous liver 

tissues. This increased expression was significantly correlated with ATF6 mRNA 

expression. These findings were also replicated in 3 HCC cell lines: HuH7, HepG2, and 

HLF.  In this same study, expression of both Xbp1 and sXbp1 mRNA was high in tumor 

tissues as compared with matched non-cancerous tissues. Xbp1 was found to be 

associated with higher expression of BiP in HCC tissues. [69] Xbp1 was also 

demonstrated to be essential for tumor growth in hypoxic conditions, as loss of Xbp1 

severely impeded tumor growth in this model. [70] Although regulation of UPR 

activation in cancer progression has yet to be fully understood and is undoubtedly quite 
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complex, manipulations of the UPR pathways have been studied as primary and adjuvant 

chemotherapy targets. [58] 

 

TUMOR PROGRESSION LOCUS 2 

TPL2 is a serine-threonine kinase that functions as a critical regulator of 

inflammatory pathways by up-regulating production of inflammatory cytokines. TPL2 

functions downstream of IkappaB kinase-β (IKK-β) to activate MAP kinases and up-

regulate production of inflammatory cytokines, including TNFα, IL-6 and IL-1β [71] 

(Figure 4).  Specifically, TPL2 is known to activate the ERK1/2, JNK, and to a smaller 

extent p38 pathways through the mechanism of direct phosphorylation. [72, 73] The 

signaling role of endogenous TPL2 has further been shown to be stimulus and cell type 

specific. [74-77] TPL2 over-expression also triggers the activation of transcription factor 

NF-κB leading to further induction of inflammatory cytokines. [78]  

Tumor Progression Locus 2 and Alcoholic Liver Disease 

The pathogenesis of ALD involves the interaction of several inflammatory 

signaling pathways. MAP kinases are generally expressed in all cell types and play a 

critical role in integrating extracellular stimulations into cellular activities such as gene 

expression, cell proliferation, survival, and migration. Specifically, MAP kinase signaling 

has been found to play an important role in the inflammatory response. [79] TPL2 has 

been shown to be required for optimal TNFα production by LPS-stimulated 

macrophages, the major cellular source of TNF during inflammatory responses. This 

occurs specifically through activation of ERK1/2 in response to activation of toll-like 
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receptor 4 (TLR4). Further, TPL2 KO mice were shown to be resistant to LPS-induced 

pathology, due to low production of TNFα. [75] TPL2 also positively regulates mRNA 

and protein induction of IL-1β following stimulation of macrophages with LPS. Mitogen-

activated protein/extracellular signal-regulated kinase (MEK) inhibitor experiments 

suggest that TPL2 controls TLR-induction of IL-1β via ERK activation. [80, 81] To date, 

there are no studies investigating the role of TPL2 in alcohol-induced liver injury. 

 

TOMATOES 

Tomato Production and Consumption 

The United States is one of the world’s top producers of tomatoes (Solanum 

lycopersicum), second only to China. In 2011, the United States produced ~12.5 million 

tons of tomatoes and the Americas represent 18.2% of the world production share 

averaged from 2001 to 2011. [82] The average worldwide consumption of tomatoes (both 

fresh and processed) for 2007 was ~40 pounds per person. Consumption in individual 

countries varied dramatically from >200 pounds per person in Egypt, Greece, Armenia, 

and Libya to <0.1 pounds per person in Cambodia, Chad, Lao, and the Solomon Islands. 

Tomatoes are widely consumed in the United States, where the average consumption is 

~100 pounds per person – more than twice the worldwide average. Tomatoes are the 

fourth most popular fresh-market vegetable (behind potatoes, lettuce, and onions), [83] 

and the most frequently consumed canned vegetable [84] in the United States. More 

specifically, in 2010, the per capita consumption in the United States was 18.7 pounds of 

fresh tomatoes and 72.2 pounds of processed tomatoes. [85]  
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Tomato Composition and Nutrient Content 

Tomatoes are comprised of skin, pericarp, and locular contents and consist of 5-10% dry 

matter, of which approximately 75% is soluble, and about 1-3% consists of skin and seed. 

[86] Tomatoes are a valuable source of many micronutrients and phytochemicals 

including carotenoids, polyphenols, potassium, folate, ascorbic acid, and α-tocopherol. 

[84, 87] Tomatoes are best known for their high concentrations of the carotenoid 

lycopene. The lycopene content in a tomato normally ranges from 3-5 mg lycopene per 

100 g of raw tomato material; however the amount of lycopene can range dramatically 

depending on tomato variety, maturity, and environmental conditions such as temperature 

and light availability. [86] 

Americans consume three-fourths of their tomatoes in processed form. Estimates 

suggest the largest consumption of processed tomatoes come from sauces (35%), paste 

(18%), canned whole tomato products (17%), catsup (15%), and juice (15%). [83] The 

form that tomatoes are consumed in is important to take note of because the nutrient 

content and availability in fresh raw tomatoes differs substantially when compared with 

processed tomatoes. To illustrate, nutrient content of fresh raw tomatoes and processed 

tomato sauce has been compared in Table 1. 

Health Benefits of Tomato Consumption 

High consumption of tomatoes and tomato products is known to be associated 

with a decreased risk of chronic disease, including cardiovascular disease and several 

types of cancer. Specifically, two servings or greater of tomatoes per week has been 

shown in epidemiologic studies to reduce the risk of prostate cancer. [88, 89] A separate 

study showed that tomato intake was inversely related with colorectal cancer risk. [90] 
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One meta-analysis of observational studies reported that high consumption of tomato 

products are associated with reduced risk of prostate cancer. [91] A second reviewed 

seventy-two epidemiologic studies and reported a consistent inverse relationship between 

intake of tomatoes and plasma lycopene levels with prostate, lung, and stomach cancer. 

[92] 

Tomato consumption has been demonstrated to be beneficial in populations of 

young and old alike. Specifically, one study demonstrated that high consumption of 

tomatoes decreased the relative risk of cancer mortality by 50% in the elderly population. 

[93] A second study, done in a Sudanese children population, showed that dietary intake 

of tomatoes was inversely associated with total, diarrhea- and fever-related deaths, and 

reduced risks of diarrheal and respiratory infection. Dietary questionnaires were given to 

mothers asking about tomato consumption over the past 24 hours on 3 separate days. 

Children who consumed tomatoes for 2 and 3 days of the 3 days questioned had a 48% 

and 83% reduction in mortality, respectively, compared to children who consumed no 

tomatoes. [94] 

 

LYCOPENE 

Lycopene, a carotenoid lacking pro-vitamin A activity, is a highly unsaturated, 

straight chain hydrocarbon containing 11 conjugated and two non-conjugated double 

bonds. [95] One of the six major dietary carotenoids, lycopene is the most predominant 

carotenoid in human plasma. [96, 97] Lycopene is a naturally occurring red pigment 

found in tomatoes, pink grapefruit, watermelon, papaya, apricots, and guava. [95, 98] The 
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average daily lycopene intake ranges from 6.6-10.5 mg/day for men and 5.7-10.4 mg/day 

for women in the United States. [99] More than 85% of this intake comes from tomatoes 

and tomato products (sauce, paste, soup, juice, and ketchup). [84, 98, 100]   

Lycopene exists in a variety of geometric isomers – including all-trans, and 

various forms of cis-isomers (the most common are 5-cis, 9-cis, 13-cis, and 15-cis) 

(Figure 5). [101]The all-trans conformation is the most predominant isomer found 

naturally in plants and is the most thermodynamically stable form. During processing and 

storage, lycopene undergoes isomerization. [86] Lycopene bioavailability and absorption 

is influenced by numerous factors. Lycopene is found naturally embedded in its plant 

food matrix, thus limiting absorption efficiency. [97] Food processing alters the food 

matrix by breaking down cell walls and weakening bonds making lycopene more 

accessible for absorption. [86] The addition of heat during food processing can also affect 

the bioavailability of lycopene. When exposed to heat, lycopene is converted to its cis-

isomer forms, which are known to be absorbed more efficiently than all-trans. [95] 

Therefore, lycopene bioavailability is higher in processed tomato products compared with 

unprocessed fresh tomatoes. [102]  Once freed from its food matrix, lycopene must be 

emulsified into the lipid phase of the meal and incorporated into micelles for absorption. 

[97]  

Lycopene is most well-known for its potent antioxidant potential. However, 

lycopene also possesses many other bioactive abilities including modulation of 

intercellular gap junction communication, hormonal and immune systems, metabolic 

pathways, induction of phase II/detoxification enzymes, and regulation of gene function. 

[97, 98, 101, 103] Although the majority of studies report a positive result from lycopene 
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supplementation, past studies in our lab have demonstrated a negative interaction 

between supplementation with high dose lycopene (3.3 mg.kg BW.
-1

d
-1

) and consumption 

of alcohol in a rat model. Specifically, rats fed alcoholic diet plus high dose lycopene had 

significantly increased hepatic inflammatory foci, TNFα expression levels, and CYP2E1 

protein levels as compared with alcoholic diet with no supplementation. [104] 

 

APO-10’-LYCOPENOIC ACID 

In recent years, many researchers have turned to investigate the possibility that 

the biological activities of lycopene may, at least in part, be mediated by lycopene 

metabolites and not solely by the parent compound. [105] Additionally, these bioactive 

metabolites may possess unique biological activities not found in the parent compound 

lycopene. Lycopene has been demonstrated to be converted to its metabolite apo-10’-

lycopenal by the eccentric cleavage enzyme β-carotene-9’,10’-oxygenase 2 (BCO2) both 

in vitro and in vivo. [106, 107] This first cleavage product can then be further converted 

to APO10LA (Figure 6) and apo-10’-lycopenol. Importantly, multiple apo-lycopenals, 

including apo-10’-lycopenal, have been identified in raw tomatoes and tomato products. 

These same compounds have been detected in human plasma from individuals 

consuming tomato juice for a period of 8 weeks. [108] Apo-10’-lycopenal was also 

detected in lung tissue of ferrets consuming a diet high in lycopene for nine weeks. [106] 

These data demonstrate that metabolites of lycopene are not only present in tomatoes and 

tomato products but are also converted and present in the body. 
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Multiple laboratories, including our own, have shown APO10LA to possess 

specific biological functions. Specifically, our lab has demonstrated that APO10LA 

inhibits lung cancer cell growth both in vitro and in vivo. [109] Supplementation with 

APO10LA (240 μg.kg BW
-1

.d
-1

) has also been shown to significantly decrease high fat 

diet-induced steatosis through a reduction in Sirtuin 1 mRNA and protein levels. [96] In 

addition, Catalano et al demonstrated that APO10LA and apo-14’-lycopenoic acid were 

able to inhibit the oxidative effects of H202 and cigarette smoke extract in THP-1 

macrophages. APO10LA did not possess as strong an antioxidant capacity as lycopene, 

but it did show antioxidant function and was capable of inhibiting oxidative stress. [110]  

It is still unclear whether the functions of lycopene metabolites are responsible for 

the observed actions of lycopene or if they possess a separate set of unrelated biological 

activities. However, it is clear that lycopene metabolites do possess protective properties 

that have been demonstrated in many different experimental models.  

 

TOMATO VERSUS LYCOPENE SUPPLEMENTATION 

The many health benefits associated with tomato consumption have, in the past, 

been mainly attributed to the high lycopene content of tomatoes. However, tomatoes are 

also a valuable source of many micronutrients and phytochemicals including many 

different carotenoids, polyphenols, folate, ascorbic acid, and α-tocopherol. [102] In recent 

years, there have been several studies demonstrating the superior protective effects of 

tomato powder when compared to purified lycopene in certain models. One prospective 

study with ~40,000 women observed no association between intake of dietary lycopene 
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and risk of cardiovascular disease (CVD). However, consuming ≥7 servings per week of 

tomato-based products was associated with an ~30% reduction in CVD risk. [111] A 

second prospective study revealed that frequent intake of lycopene was associated with 

reduced prostate cancer risk (RR=0.84; 95% CI = 0.73 to 0.96; P=0.003); however, 

intake of tomato sauce was associated with an even greater reduction in risk (RR=0.77; 

95% CI = 0.66-0.99; P=<0.001). [88] Further, Fuhrman and colleagues demonstrated that 

tomato oleoresin (lipid extract of tomatoes) was able to inhibit low-density lipoprotein 

oxidation five-fold more effectively than purified lycopene in humans. [112] These 

studies point to additional bioactive compounds present in tomatoes working either in an 

additive or synergistic fashion with lycopene.  

The protective effects of tomato compared with purified lycopene have also been 

investigated in different animal cancer models. Specifically, Narisawa et al revealed that 

colon cancer incidence was significantly reduced in rats fed diluted tomato juice as 

compared with control animals. This reduction was not found in rats supplemented with 

purified lycopene.[113] A later study demonstrated that supplementation with tomato 

powder, but not purified lycopene, prevented prostate carcinogenesis in a N-methyl-N-

nitrosourea and testosterone-induced prostate cancer rat model. [114] Tomato powder 

was also shown to be protective against H202-induced lipid peroxidation by reducing 

serum malondialdehyde levels and lowering hepatic triglycerides more than lycopene 

treatment alone. [115] Kim et al reported that tomato powder supplementation resulted in 

partial inhibition of hepatic injury by decreasing sorbitol dehydrogenase and aspartate 

aminotransferase activities while lycopene supplementation had no effects on these 

measures. [116]  
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Although many studies have demonstrated the strong protective effects of purified 

lycopene, it is clear that in some models supplementation with partial or whole tomato 

proves to provide superior protection. To our knowledge, no studies have compared 

purified lycopene with tomato in an alcohol-induced injury model. As our lab has 

demonstrated a negative interaction between the consumption of alcohol and purified 

lycopene, perhaps the inclusion of other tomato components or their synergistic effects 

with lycopene would be protective in this model.  
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Table 1. Nutrient Composition of Tomatoes and Tomato Products 

 

1 
Per 100 grams of tomato product 

2
 USDA Nutrient Data Bank numbers: Raw tomato – 11529 (red, ripe, raw, year round) 

and Tomato Sauce – 11549 (canned, sauce) 

3
 [87] 

4
 [84] 
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Figure 1. Average Worldwide Alcohol Consumption 

Data on the average worldwide alcohol consumption is from the 2011 Global Status 

Report on Alcohol and Health reported by the World Health Organization. Data 

includes per capita consumption of alcoholic beverages in 2005 by individuals aged 

15 years or older. [1] 
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Figure 2. Metabolism of Ethanol 
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Figure 3. Progression of Alcoholic Liver Disease 
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Figure 4. Tumor Progression Locus 2 Signaling Cascade 
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Figure 5. Common Structural Conformations Lycopene Isomers [101] 
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Figure 6. Structure of Apo-10’-lycopenoic Acid [105] 

 

 

  



50 
 

LITERATURE CITED 

1. WHO. Global Status Report on Alcohol and Health 2011.  2011  [cited 2013 

June]; Available from: 

http://www.who.int/substance_abuse/publications/global_alcohol_report/en/. 

2. SAMHSA. National Survey on Drug Use and Health: Summary of National 

Findings.  2011  [cited; Available from: 

http://www.samhsa.gov/data/nsduh/2k11results/nsduhresults2011.pdf. 

3. O'Shea, R.S., S. Dasarathy, and A.J. McCullough, Alcoholic liver disease. 

Hepatology, 2012. 51(1): p. 307-28. 

4. Williams, R., Global challenges in liver disease. Hepatology, 2006. 44(3): p. 521-

6. 

5. Nagy, L.E., Molecular aspects of alcohol metabolism: transcription factors 

involved in early ethanol-induced liver injury. Annu Rev Nutr, 2004. 24: p. 55-78. 

6. Purohit, V., B. Gao, and B.J. Song, Molecular mechanisms of alcoholic fatty liver. 

Alcohol Clin Exp Res, 2009. 33(2): p. 191-205. 

7. Lieber, C.S., ALCOHOL: its metabolism and interaction with nutrients. Annu 

Rev Nutr, 2000. 20: p. 395-430. 

8. Hoek, J.B. and J.G. Pastorino, Ethanol, oxidative stress, and cytokine-induced 

liver cell injury. Alcohol, 2002. 27(1): p. 63-8. 

9. Jaeschke, H., et al., Mechanisms of hepatotoxicity. Toxicol Sci, 2002. 65(2): p. 

166-76. 

10. Lu, Y., et al., Chronic alcohol-induced liver injury and oxidant stress are 

decreased in cytochrome P4502E1 knockout mice and restored in humanized 

cytochrome P4502E1 knock-in mice. Free Radic Biol Med, 2008. 49(9): p. 1406-

16. 

11. McCullough, A.J. and J.F. O'Connor, Alcoholic liver disease: proposed 

recommendations for the American College of Gastroenterology. Am J 

Gastroenterol, 1998. 93(11): p. 2022-36. 

12. You, M. and D.W. Crabb, Recent advances in alcoholic liver disease II. 

Minireview: molecular mechanisms of alcoholic fatty liver. Am J Physiol 

Gastrointest Liver Physiol, 2004. 287(1): p. G1-6. 

13. Breitkopf, K., et al., Current experimental perspectives on the clinical 

progression of alcoholic liver disease. Alcohol Clin Exp Res, 2009. 33(10): p. 

1647-55. 

http://www.who.int/substance_abuse/publications/global_alcohol_report/en/
http://www.samhsa.gov/data/nsduh/2k11results/nsduhresults2011.pdf


51 
 

14. Mandrekar, P., Signaling mechanisms in alcoholic liver injury: role of 

transcription factors, kinases and heat shock proteins. World J Gastroenterol, 

2007. 13(37): p. 4979-85. 

15. Miller, A.M., et al., Molecular mechanisms of alcoholic liver disease: innate 

immunity and cytokines. Alcohol Clin Exp Res, 2011. 35(5): p. 787-93. 

16. Szabo, G., et al., The unfolding web of innate immune dysregulation in alcoholic 

liver injury. Alcohol Clin Exp Res, 2011. 35(5): p. 782-6. 

17. Valles, S.L., et al., Chronic ethanol consumption enhances interleukin-1-mediated 

signal transduction in rat liver and in cultured hepatocytes. Alcohol Clin Exp 

Res, 2003. 27(12): p. 1979-86. 

18. Mandrekar, P. and G. Szabo, Signalling pathways in alcohol-induced liver 

inflammation. J Hepatol, 2009. 50(6): p. 1258-66. 

19. Morgan, T.R., S. Mandayam, and M.M. Jamal, Alcohol and hepatocellular 

carcinoma. Gastroenterology, 2004. 127(5 Suppl 1): p. S87-96. 

20. WHO. Cancer.  2013  [cited; Available from: 

http://www.who.int/mediacentre/factsheets/fs297/en/. 

21. El-Serag, H.B. and K.L. Rudolph, Hepatocellular carcinoma: epidemiology and 

molecular carcinogenesis. Gastroenterology, 2007. 132(7): p. 2557-76. 

22. NCI. SEER Stat Fact Sheets: Liver and Intrahepatic Bile Duct.  2013  [cited; 

Available from: http://seer.cancer.gov/statfacts/html/livibd.html. 

23. McKillop, I.H. and L.W. Schrum, Alcohol and liver cancer. Alcohol, 2005. 35(3): 

p. 195-203. 

24. Siegel, A.B. and A.X. Zhu, Metabolic syndrome and hepatocellular carcinoma: 

two growing epidemics with a potential link. Cancer, 2009. 115(24): p. 5651-61. 

25. Brandon-Warner, E., et al., Chronic Ethanol Feeding Accelerates Hepatocellular 

Carcinoma Progression in a Sex-Dependent Manner in a Mouse Model of 

Hepatocarcinogenesis. Alcohol Clin Exp Res, 2012. 

26. Chavez, P.R., et al., Long-term ethanol consumption promotes hepatic 

tumorigenesis but impairs normal hepatocyte proliferation in rats. J Nutr, 2011. 

141(6): p. 1049-55. 

27. Schwarz, M., et al., Effect of ethanol on early stages in nitrosamine 

carcinogenesis in rat liver. Cancer Lett, 1983. 20(3): p. 305-12. 

http://www.who.int/mediacentre/factsheets/fs297/en/
http://seer.cancer.gov/statfacts/html/livibd.html


52 
 

28. Thompson, K.J., et al., Obesity, but not ethanol, promotes tumor incidence and 

progression in a mouse model of hepatocellular carcinoma in vivo. Surg Endosc, 

2013. 27(8): p. 2782-91. 

29. Habs, M. and D. Schmahl, Inhibition of the hepatocarcinogenic activity of 

diethylnitrosamine (DENA) by ethanol in rats. Hepatogastroenterology, 1981. 

28(5): p. 242-4. 

30. Thompson, K.J., et al., Diet-induced obesity and ethanol impair progression of 

hepatocellular carcinoma in a mouse mesenteric vein injection model. Surg 

Endosc, 2013. 27(1): p. 246-55. 

31. Tsuchishima, M., Chronic ingestion of ethanol induces hepatocellular carcinoma 

in mice without additional hepatic insult. Digestive Disease and Sciences, 2013. 

58(7): p. 1923-1933. 

32. Hassan, M.M., et al., Risk factors for hepatocellular carcinoma: synergism of 

alcohol with viral hepatitis and diabetes mellitus. Hepatology, 2002. 36(5): p. 

1206-13. 

33. Cornella, H., C. Alsinet, and A. Villanueva, Molecular pathogenesis of 

hepatocellular carcinoma. Alcohol Clin Exp Res, 2011. 35(5): p. 821-5. 

34. Voigt, M.D., Alcohol in hepatocellular cancer. Clin Liver Dis, 2005. 9(1): p. 151-

69. 

35. Yuan, J.M., et al., Synergism of alcohol, diabetes, and viral hepatitis on the risk of 

hepatocellular carcinoma in blacks and whites in the U.S. Cancer, 2004. 101(5): 

p. 1009-17. 

36. Leung, T.M. and N. Nieto, CYP2E1 and oxidant stress in alcoholic and non-

alcoholic fatty liver disease. J Hepatol, 2013. 58(2): p. 395-8. 

37. Dupont, I., et al., Cytochrome P-450 2E1 activity and oxidative stress in alcoholic 

patients. Alcohol Alcohol, 2000. 35(1): p. 98-103. 

38. Bogdan, C., M. Rollinghoff, and A. Diefenbach, Reactive oxygen and reactive 

nitrogen intermediates in innate and specific immunity. Curr Opin Immunol, 

2000. 12(1): p. 64-76. 

39. Morgan, K., S.W. French, and T.R. Morgan, Production of a cytochrome P450 

2E1 transgenic mouse and initial evaluation of alcoholic liver damage. 

Hepatology, 2002. 36(1): p. 122-34. 

40. Morimoto, M., et al., Role of cytochrome P4502E1 in alcoholic liver disease 

pathogenesis. Alcohol, 1993. 10(6): p. 459-64. 



53 
 

41. Nanji, A.A., et al., Markedly enhanced cytochrome P450 2E1 induction and lipid 

peroxidation is associated with severe liver injury in fish oil-ethanol-fed rats. 

Alcohol Clin Exp Res, 1994. 18(5): p. 1280-5. 

42. Wu, D., et al., CYP2E1 enhances ethanol-induced lipid accumulation but impairs 

autophagy in HepG2 E47 cells. Biochem Biophys Res Commun, 2010. 402(1): p. 

116-22. 

43. Cederbaum, A.I., Role of CYP2E1 in ethanol-induced oxidant stress, fatty liver 

and hepatotoxicity. Dig Dis, 2010. 28(6): p. 802-11. 

44. Fang, C., et al., Zonated expression of cytokines in rat liver: effect of chronic 

ethanol and the cytochrome P450 2E1 inhibitor, chlormethiazole. Hepatology, 

1998. 27(5): p. 1304-10. 

45. Ye, Q., et al., Cytochrome P4502E1 inhibitor, chlormethiazole, decreases 

lipopolysaccharide-induced inflammation in rat Kupffer cells with ethanol 

treatment. Hepatol Res, 2013. 

46. Ye, Q., et al., Cytochrome P450 2E1 inhibition prevents hepatic carcinogenesis 

induced by diethylnitrosamine in alcohol-fed rats. Hepatobiliary Surg Nutr, 2012. 

1(1): p. 5-18. 

47. Liu, C., et al., CYP2E1 PstI/RsaI polymorphism and interaction with alcohol 

consumption in hepatocellular carcinoma susceptibility: evidence from 1,661 

cases and 2,317 controls. Tumour Biol, 2012. 33(4): p. 979-84. 

48. Crabb, D.W., et al., Molecular mechanisms of alcoholic fatty liver: role of 

peroxisome proliferator-activated receptor alpha. Alcohol, 2004. 34(1): p. 35-8. 

49. Mandard, S., M. Muller, and S. Kersten, Peroxisome proliferator-activated 

receptor alpha target genes. Cell Mol Life Sci, 2004. 61(4): p. 393-416. 

50. Rakhshandehroo, M., et al., Peroxisome proliferator-activated receptor alpha 

target genes. PPAR Res, 2010. 2010. 

51. Rao, M.S. and J.K. Reddy, PPARalpha in the pathogenesis of fatty liver disease. 

Hepatology, 2004. 40(4): p. 783-6. 

52. Fischer, M., et al., Peroxisome proliferator-activated receptor alpha 

(PPARalpha) agonist treatment reverses PPARalpha dysfunction and 

abnormalities in hepatic lipid metabolism in ethanol-fed mice. J Biol Chem, 2003. 

278(30): p. 27997-8004. 

53. Hashimoto, T., et al., Defect in peroxisome proliferator-activated receptor alpha-

inducible fatty acid oxidation determines the severity of hepatic steatosis in 

response to fasting. J Biol Chem, 2000. 275(37): p. 28918-28. 



54 
 

54. Kersten, S., et al., Peroxisome proliferator-activated receptor alpha mediates the 

adaptive response to fasting. J Clin Invest, 1999. 103(11): p. 1489-98. 

55. Galli, A., et al., The transcriptional and DNA binding activity of peroxisome 

proliferator-activated receptor alpha is inhibited by ethanol metabolism. A novel 

mechanism for the development of ethanol-induced fatty liver. J Biol Chem, 2001. 

276(1): p. 68-75. 

56. Nanji, A.A., et al., Alcoholic liver injury in the rat is associated with reduced 

expression of peroxisome proliferator-alpha (PPARalpha)-regulated genes and is 

ameliorated by PPARalpha activation. J Pharmacol Exp Ther, 2004. 310(1): p. 

417-24. 

57. Dara, L., C. Ji, and N. Kaplowitz, The contribution of endoplasmic reticulum 

stress to liver diseases. Hepatology, 2011. 53(5): p. 1752-63. 

58. Malhi, H. and R.J. Kaufman, Endoplasmic reticulum stress in liver disease. J 

Hepatol, 2011. 54(4): p. 795-809. 

59. Ji, C., Mechanisms of alcohol-induced endoplasmic reticulum stress and organ 

injuries. Biochem Res Int, 2012. 2012: p. 216450. 

60. Galligan, J.J., et al., Oxidative Stress and the ER Stress Response in a Murine 

Model for Early-Stage Alcoholic Liver Disease. J Toxicol, 2012. 2012: p. 207594. 

61. Rutkowski, D.T., et al., UPR pathways combine to prevent hepatic steatosis 

caused by ER stress-mediated suppression of transcriptional master regulators. 

Dev Cell, 2008. 15(6): p. 829-40. 

62. Hotamisligil, G.S., Endoplasmic reticulum stress and the inflammatory basis of 

metabolic disease. Cell, 2010. 140(6): p. 900-17. 

63. Ji, C. and N. Kaplowitz, Betaine decreases hyperhomocysteinemia, endoplasmic 

reticulum stress, and liver injury in alcohol-fed mice. Gastroenterology, 2003. 

124(5): p. 1488-99. 

64. Esfandiari, F., et al., Chronic ethanol feeding and folate deficiency activate 

hepatic endoplasmic reticulum stress pathway in micropigs. Am J Physiol 

Gastrointest Liver Physiol, 2005. 289(1): p. G54-63. 

65. Lang, C.H., et al., Chronic alcohol feeding impairs hepatic translation initiation 

by modulating eIF2 and eIF4E. Am J Physiol, 1999. 277(5 Pt 1): p. E805-14. 

66. Lugea, A., et al., Adaptive unfolded protein response attenuates alcohol-induced 

pancreatic damage. Gastroenterology, 2013. 140(3): p. 987-97. 



55 
 

67. Tazi, K.A., et al., In vivo altered unfolded protein response and apoptosis in 

livers from lipopolysaccharide-challenged cirrhotic rats. J Hepatol, 2007. 46(6): 

p. 1075-88. 

68. Zhang, K., et al., Endoplasmic reticulum stress activates cleavage of CREBH to 

induce a systemic inflammatory response. Cell, 2006. 124(3): p. 587-99. 

69. Shuda, M., et al., Activation of the ATF6, XBP1 and grp78 genes in human 

hepatocellular carcinoma: a possible involvement of the ER stress pathway in 

hepatocarcinogenesis. J Hepatol, 2003. 38(5): p. 605-14. 

70. Romero-Ramirez, L., et al., XBP1 is essential for survival under hypoxic 

conditions and is required for tumor growth. Cancer Res, 2004. 64(17): p. 5943-

7. 

71. Soria-Castro, I., et al., Cot/tpl2 (MAP3K8) mediates myeloperoxidase activity and 

hypernociception following peripheral inflammation. J Biol Chem, 2010. 285(44): 

p. 33805-15. 

72. Chiariello, M., M.J. Marinissen, and J.S. Gutkind, Multiple mitogen-activated 

protein kinase signaling pathways connect the cot oncoprotein to the c-jun 

promoter and to cellular transformation. Mol Cell Biol, 2000. 20(5): p. 1747-58. 

73. Salmeron, A., et al., Activation of MEK-1 and SEK-1 by Tpl-2 proto-oncoprotein, 

a novel MAP kinase kinase kinase. Embo J, 1996. 15(4): p. 817-26. 

74. Das, S., et al., Tpl2/cot signals activate ERK, JNK, and NF-kappaB in a cell-type 

and stimulus-specific manner. J Biol Chem, 2005. 280(25): p. 23748-57. 

75. Dumitru, C.D., et al., TNF-alpha induction by LPS is regulated 

posttranscriptionally via a Tpl2/ERK-dependent pathway. Cell, 2000. 103(7): p. 

1071-83. 

76. Eliopoulos, A.G., et al., Tpl2 transduces CD40 and TNF signals that activate 

ERK and regulates IgE induction by CD40. Embo J, 2003. 22(15): p. 3855-64. 

77. Rodriguez, C., et al., TRAF6 and Src kinase activity regulates Cot activation by 

IL-1. Cell Signal, 2006. 18(9): p. 1376-85. 

78. Vougioukalaki, M., et al., Tpl2 kinase signal transduction in inflammation and 

cancer. Cancer Lett, 2011. 304(2): p. 80-9. 

79. Min, L., B. He, and L. Hui, Mitogen-activated protein kinases in hepatocellular 

carcinoma development. Semin Cancer Biol, 2011. 21(1): p. 10-20. 

80. Kaiser, F., et al., TPL-2 negatively regulates interferon-beta production in 

macrophages and myeloid dendritic cells. J Exp Med, 2009. 206(9): p. 1863-71. 



56 
 

81. Mielke, L.A., et al., Tumor progression locus 2 (Map3k8) is critical for host 

defense against Listeria monocytogenes and IL-1 beta production. J Immunol, 

2009. 183(12): p. 7984-93. 

82. FAOSTAT. Production.  2013  [cited; Available from: 

http://faostat3.fao.org/home/index.html#VISUALIZE. 

83. USDA. Tomatoes.  2012  [cited June 2013]; Available from: 

http://www.ers.usda.gov/topics/crops/vegetables-pulses/tomatoes.aspx#.Ua5Pk4a-

1I1. 

84. Canene-Adams, K., et al., The tomato as a functional food. J Nutr, 2005. 135(5): 

p. 1226-30. 

85. ERS. U.S. Tomato Statistics.  2010  [cited; Available from: 

http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1

210. 

86. Shi, J. and M. Le Maguer, Lycopene in tomatoes: chemical and physical 

properties affected by food processing. Crit Rev Biotechnol, 2000. 20(4): p. 293-

334. 

87. USDA. Nutrient Data Library.  2012  [cited; Available from: 

http://ndb.nal.usda.gov/ndb/search/list. 

88. Giovannucci, E., et al., A prospective study of tomato products, lycopene, and 

prostate cancer risk. J Natl Cancer Inst, 2002. 94(5): p. 391-8. 

89. Giovannucci, E., A review of epidemiologic studies of tomatoes, lycopene, and 

prostate cancer. Exp Biol Med (Maywood), 2002. 227(10): p. 852-9. 

90. La Vecchia, C., Tomatoes, lycopene intake, and digestive tract and female 

hormone-related neoplasms. Exp Biol Med (Maywood), 2002. 227(10): p. 860-3. 

91. Etminan, M., B. Takkouche, and F. Caamano-Isorna, The role of tomato products 

and lycopene in the prevention of prostate cancer: a meta-analysis of 

observational studies. Cancer Epidemiol Biomarkers Prev, 2004. 13(3): p. 340-5. 

92. Giovannucci, E., Tomatoes, tomato-based products, lycopene, and cancer: review 

of the epidemiologic literature. J Natl Cancer Inst, 1999. 91(4): p. 317-31. 

93. Colditz, G.A., et al., Increased green and yellow vegetable intake and lowered 

cancer deaths in an elderly population. Am J Clin Nutr, 1985. 41(1): p. 32-6. 

94. Fawzi, W., M.G. Herrera, and P. Nestel, Tomato intake in relation to mortality 

and morbidity among Sudanese children. J Nutr, 2000. 130(10): p. 2537-42. 

http://faostat3.fao.org/home/index.html#VISUALIZE
http://www.ers.usda.gov/topics/crops/vegetables-pulses/tomatoes.aspx#.Ua5Pk4a-1I1
http://www.ers.usda.gov/topics/crops/vegetables-pulses/tomatoes.aspx#.Ua5Pk4a-1I1
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1210
http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1210
http://ndb.nal.usda.gov/ndb/search/list


57 
 

95. Kong, K.W., et al., Revealing the power of the natural red pigment lycopene. 

Molecules, 2010. 15(2): p. 959-87. 

96. Chung, J., et al., Apo-10'-lycopenoic acid, a lycopene metabolite, increases sirtuin 

1 mRNA and protein levels and decreases hepatic fat accumulation in ob/ob mice. 

J Nutr, 2012. 142(3): p. 405-10. 

97. Wang, X.D., Lycopene metabolism and its biological significance. Am J Clin 

Nutr, 2012. 96(5): p. 1214S-22S. 

98. Rao, A.V. and S. Agarwal, Role of antioxidant lycopene in cancer and heart 

disease. J Am Coll Nutr, 2000. 19(5): p. 563-9. 

99. Porrini, M. and P. Riso, What are typical lycopene intakes? J Nutr, 2005. 135(8): 

p. 2042S-5S. 

100. Clinton, S.K., Lycopene: chemistry, biology, and implications for human health 

and disease. Nutr Rev, 1998. 56(2 Pt 1): p. 35-51. 

101. Agarwal, S. and A.V. Rao, Tomato lycopene and its role in human health and 

chronic diseases. Cmaj, 2000. 163(6): p. 739-44. 

102. Basu, A. and V. Imrhan, Tomatoes versus lycopene in oxidative stress and 

carcinogenesis: conclusions from clinical trials. Eur J Clin Nutr, 2007. 61(3): p. 

295-303. 

103. Heber, D. and Q.Y. Lu, Overview of mechanisms of action of lycopene. Exp Biol 

Med (Maywood), 2002. 227(10): p. 920-3. 

104. Veeramachaneni, S., et al., High dose lycopene supplementation increases hepatic 

cytochrome P4502E1 protein and inflammation in alcohol-fed rats. J Nutr, 2008. 

138(7): p. 1329-35. 

105. Mein, J.R., F. Lian, and X.D. Wang, Biological activity of lycopene metabolites: 

implications for cancer prevention. Nutr Rev, 2008. 66(12): p. 667-83. 

106. Hu, K.Q., et al., The biochemical characterization of ferret carotene-9',10'-

monooxygenase catalyzing cleavage of carotenoids in vitro and in vivo. J Biol 

Chem, 2006. 281(28): p. 19327-38. 

107. Kiefer, C., et al., Identification and characterization of a mammalian enzyme 

catalyzing the asymmetric oxidative cleavage of provitamin A. J Biol Chem, 2001. 

276(17): p. 14110-6. 

108. Kopec, R.E., et al., Identification and quantification of apo-lycopenals in fruits, 

vegetables, and human plasma. J Agric Food Chem, 2010. 58(6): p. 3290-6. 



58 
 

109. Lian, F., et al., Apo-10'-lycopenoic acid inhibits lung cancer cell growth in vitro, 

and suppresses lung tumorigenesis in the A/J mouse model in vivo. 

Carcinogenesis, 2007. 28(7): p. 1567-74. 

110. Catalano, A., et al., Comparative antioxidant effects of lycopene, apo-10'-

lycopenoic acid and apo-14'-lycopenoic acid in human macrophages exposed to 

H2O2 and cigarette smoke extract. Food Chem Toxicol, 2013. 51: p. 71-9. 

111. Sesso, H.D., et al., Dietary lycopene, tomato-based food products and 

cardiovascular disease in women. J Nutr, 2003. 133(7): p. 2336-41. 

112. Fuhrman, B., et al., Lycopene synergistically inhibits LDL oxidation in 

combination with vitamin E, glabridin, rosmarinic acid, carnosic acid, or garlic. 

Antioxid Redox Signal, 2000. 2(3): p. 491-506. 

113. Narisawa, T., et al., Prevention of N-methylnitrosourea-induced colon 

carcinogenesis in F344 rats by lycopene and tomato juice rich in lycopene. Jpn J 

Cancer Res, 1998. 89(10): p. 1003-8. 

114. Boileau, T.W., et al., Prostate carcinogenesis in N-methyl-N-nitrosourea (NMU)-

testosterone-treated rats fed tomato powder, lycopene, or energy-restricted diets. 

J Natl Cancer Inst, 2003. 95(21): p. 1578-86. 

115. Alshatwi, A.A., et al., Tomato powder is more protective than lycopene 

supplement against lipid peroxidation in rats. Nutr Res, 2010. 30(1): p. 66-73. 

116. Kim, J.E., et al., Luteolin, a novel natural inhibitor of tumor progression locus 2 

serine/threonine kinase, inhibits tumor necrosis factor-alpha-induced 

cyclooxygenase-2 expression in JB6 mouse epidermis cells. J Pharmacol Exp 

Ther, 2004. 338(3): p. 1013-22. 

 

 

 

 

 

  



59 
 

 

 

 

CHAPTER III 

THE ROLE OF TUMOR PROGRESSION LOCUS 2 IN ALCOHOL-

INDUCED HEPATIC INFLAMMATION 

 

 

 

 

 

 

 

 

 



60 
 

ABSTRACT 

The pathogenesis of alcoholic liver disease (ALD) involves the interaction of several 

inflammatory signaling pathways. Tumor progression locus 2 (TPL2) is a kinase that 

functions as a critical regulator of inflammatory pathways by up-regulating production of 

inflammatory cytokines. The present study aims to fill the gap in knowledge regarding 

the involvement of TPL2 in the mechanism of alcohol-induced hepatic inflammation. In 

this study, male TPL2 knockout (TPL2KO) mice and wild-type (WT) mice were group 

pair-fed with Lieber-DeCarli liquid ethanol diet (EtOH diet, 27% energy from ethanol) or 

control diet (Ctrl diet) for 4 weeks. Results show that the deletion of TPL2 significantly 

reduced inflammatory foci in the liver of mice consuming both Ctrl and EtOH diet as 

compared to their respective WT controls. This reduction was associated with 

suppression of hepatic inflammatory gene expression of interleukin-6, tumor necrosis 

factor-α, and interleukin-1β and macrophage marker F4/80. Further, gene expression of 

inflammasome components NACHT, LRR and PYD domains-containing protein 3 

(NLRP3), apoptosis-associated speck-like protein containing a caspase recruitment 

domain (ASC), and pro-caspase-1 were significantly up-regulated in WT mice fed EtOH 

diet;  however, the alcohol-induced increase in NLRP3 expression was completely 

abolished in TPL2KO mice fed EtOH diet.   Histological analysis of livers revealed that 

TPL2 deletion resulted in a significant reduction in steatosis in mice fed Ctrl diet, and a 

non-significant reduction in mice fed EtOH diet, as compared to their respective WT 

controls. Conclusion: The demonstration that TPL2 deletion attenuates alcohol-induced 

hepatic inflammation provides evidence of a novel role for TPL2 in the pathogenesis of 

ALD.  
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INTRODUCTION 

Excess consumption of alcohol is widespread throughout the world and chronic 

intoxication of alcohol is known to cause serious organ damage. The Center for Disease 

Control reports that as of 2011, over 50% of the United States population consumes 

alcohol. Of this population, 6.2% – almost 16 million individuals – are categorized with 

heavy alcohol use (defined as five or more drinks on the same occasion on each of 5 or 

more days in the past 30 days) and over 23% binge drink (defined as five or more drinks 

on the same occasion on at least 1 day in the past 30 days). [1] Specifically, alcohol 

consumption is one of the most prominent factors contributing to liver disease – a major 

cause of morbidity and mortality worldwide. [2, 3] The initial development of alcoholic 

liver disease (ALD) is characterized by hepatosteatosis (fatty liver) followed by the 

development of alcoholic steatohepatitis.  The disease state can then further progress to 

fibrosis and cirrhosis, and dramatically increase the risk for hepatocellular carcinoma if 

alcohol consumption is continued. [4-6] 

Early stages of ALD are characterized by lipid accumulation in the hepatocytes 

and activation of several inflammatory signaling pathways. [6-8] Specifically, 

consumption of alcohol stimulates lipopolysaccharide (LPS) to enter the circulation from 

the gut and activate Kupffer cells via the toll-like receptor 4 (TLR4) initiating production 

of inflammatory mediators tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 

interleukin-1β (IL-1β). [9-12] Mitogen-activated protein (MAP) kinases, including 

extracellular receptor activated kinases 1/2 (ERK1/2) and c-jun-N-terminal kinase (JNK), 

play an essential signaling role in this inflammatory response. [6, 10, 12-14] Tumor 

progression locus 2 (TPL2) is a serine-threonine kinase that functions as a critical 
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regulator of inflammatory pathways by up-regulating production of inflammatory 

cytokines. TPL2 functions downstream of IkappaB kinase-β (IKK-β) to activate MAP 

kinases and up-regulate production of inflammatory cytokines, including IL-6, TNFα, 

and IL-1β. [15] Specifically, TPL2 is known to activate the ERK1/2, JNK, and to a 

smaller extent p38 pathways through the mechanism of direct phosphorylation. [16, 17]   

TPL2 has been shown to be required for optimal TNFα production by LPS-

stimulated macrophages, the major cellular source of TNF during inflammatory 

responses. This occurs specifically through activation of ERK1/2 in response to 

activation of TLR4. Further, TPL2 knockout (KO) mice were shown to be resistant to 

LPS-induced pathology, due to low production of TNFα. [18] TPL2 also positively 

regulates mRNA and protein induction of IL-1β following stimulation of macrophages 

with LPS. Mitogen-activated protein/extracellular signal-regulated kinase (MEK) 

inhibitor experiments suggest that TPL2 controls TLR-induction of IL-1β via ERK 

activation. [19, 20] It is well known that the MAP kinase signaling pathways are 

imperative to the development of ALD. However, to our knowledge, there have been no 

studies conducted investigating the role of TPL2 in alcohol-induced inflammation.  

The inflammasome is a large multiprotein complex which includes Nacht, LRR, 

and pyrin domain-containing protein (NLRP3), apoptosis-associated speck-like protein 

containing a caspase recruitment domain (ASC), and pro-caspase-1. The inflammasome 

functions to activate caspase-1 by cleaving pro-caspase-1 to its mature and active form, 

thus leading to the maturation and secretion of IL-1β. [21, 22] The role of the 

inflammasome in ALD development has recently been demonstrated. A significant 

increase in mRNA expression of inflammasome components was seen in mice fed an 
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ethanol diet. Further, caspase-1-dependent up-regulation of IL-1β was found to be vital in 

ALD pathogenesis, [23]thus supporting the importance of the inflammasome in ALD 

development.  

This study utilized wild-type (WT) and TPL2 knock-out (KO) mice to investigate 

the role of TPL2 in an established ALD mouse model. We report that TPL2 ablation 

reverses ethanol-induced hepatic injury. Specifically, we observe a non-significant 

reduction in hepatic steatosis and a significant reduction in both the presence of hepatic 

inflammatory foci and mRNA expression of inflammatory cytokines (TNFα, IL-6, and 

IL-1β) and macrophage marker F4/80 in TPL2 KO mice fed alcoholic diet as compared 

with WT mice. Further, we confirm the role of the inflammasome in the development of 

ALD and demonstrate the involvement of TPL2 in this pathway via regulation of NLRP3 

expression. The demonstration that TPL2 deletion attenuates alcohol-induced hepatic 

inflammation provides evidence for a novel role of TPL2 in the pathogenesis of ALD and 

suggests TPL2 as a potential therapeutic target for treatment. 

 

MATERIALS AND METHODS 

Animals and Diet 

 Male TPL2 WT and TPL2 KO mice were generated by Dr. Philip Tschilis (Tufts 

University) and backcrossed into C57BL/6J mice for >10 generations. Experimental mice 

were fed a Lieber-DeCarli liquid ethanol diet (EtOH diet, 27% of total calories as ethanol 

yielding an ethanol concentration of 5% [vol/vol]) or control diet (Ctrl diet, where 

ethanol is replaced by isocaloric amounts of maltodextrin) (Dyets, Inc., Bethlehem, PA) 
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daily. Following breeding, age matched mice 10 to 20 weeks of age were randomized 

into experimental groups. Groups include: 1) WT + Ctrl diet, 2) KO + Ctrl diet, 3) WT + 

EtOH diet, and 4) KO + EtOH diet. Following an adaptation to Ctrl diet for one week, the 

EtOH diet-fed group was then allowed free access to diet containing 1% (vol/vol) ethanol 

followed by gradually increasing concentrations of ethanol over a two week adaptation 

period. Mice were then fed the full 5% (vol/vol) ethanol for a 4 week treatment period. 

All animal protocols and procedures were done under the approval of the Institutional 

Animal Care and Use Committee at the USDA Human Nutrition Research Center on 

Aging at Tufts University. 

Quantification of Hepatic Inflammatory Foci 

 Formalin-fixed and paraffin-embedded liver tissue was routinely processed for 

hematoxylin and eosin (H&E) staining. The degree of liver inflammation severity was 

estimated by the number of inflammatory foci present in each sample. Foci were counted 

on 20 separate fields of view at 100X magnification by two separate blinded investigators 

for each sample. The mean number of foci was calculated for each group and then 

compared. A ZEISS microscope with a PixeLINK USB 2.0 (PL-B623CU) digital Camera 

and PixeLINK μScope Microscopy Software was used for image capturing. 

Quantification of Steatosis 

Formalin-fixed and paraffin-embedded liver tissue was routinely processed for 

H&E staining. The degree of steatosis was analyzed by capturing 20 images at 100X 

magnification. Images were blindly evaluated by two separate investigators regarding the 

grade of steatosis (both macro- and micro-vesicular) using a 0-4 grading system based on 

the percentage of the liver section that is occupied by fat vacuoles (grade 0 = <5% 
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steatosis; grade 1 = 5-25%; grade 2 = 25-50%; grade 3 = 51-75%; grade 4 = >75%). A 

ZEISS microscope with a PixeLINK USB 2.0 (PL-B623CU) digital Camera and 

PixeLINK μScope Microscopy Software was used for image capturing.  

RNA Extraction and Real Time-PCR 

RNA was isolated using TriPure Isolation Reagent (Roche) as per manufacturer’s 

instructions, with minor changes. cDNA was then synthesized from RNA samples using 

M-MLV reverse transcriptase (Invitrogen). Real-time PCR reactions were carried out 

using SYBR green (Fast Start Universal SYBR Green Master, Roche). Specific primers 

used for are as follows: 

TPL2 Forward primer AAACCAGAGCCGATGTTCCT 

Reverse primer TCGACCACAAGAATGTGGAA 

TNF-α Forward primer CAAACCACCAAGTGGAGGAG 

Reverse primer CGGACTCCGCAAAGTCTAAG 

IL-6 Forward primer GGATACCACTCCCAACAGACCT 

Reverse primer GCCATTGCACAACTCTTTTCTC 

IL-1β Forward primer TCTTTGAAGTTGACGGACCC 

Reverse primer TGAGTGATACTGCCTGCCTG 

MCP-1 Forward primer TCAGCCAGATGCAGTTAACGC 

Reverse primer TCTGGACCCATTCCTTCTTGG 

F4/80 Forward primer CTTTGGCTATGGGCTTCCAGTC 

Reverse primer GCAAGGAGGACAGAGTTTATCGTG 

TLR4 Forward primer TGTCATCAGGGACTTTGCTG 

Reverse primer TGTTCTTCTCCTGCCTGACA 

ASC Forward primer GAAGCTGCTGACAGTGCAAC 

Reverse primer GCCACAGCTCCAGACTCTTC 

Caspase-1 Forward primer AGATGGCACATTTCCAGGAC 

Reverse primer GATCCTCCAGCAGCAACTTC 
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NLRP3 Forward primer AGCCTTCCAGGATCCTCTTC 

Reverse primer CTTGGGCAGCAGTTTCTTTC 

GAPDH Forward primer CTGGAGAAACCTGCCAAGTATG 

Reverse primer TGAAGTCGCAGGAGACAACCT 

 

Relative changes in gene expression were determined using the -2
ΔΔCt

 method and 

normalized the to housekeeping gene glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). 

Statistical Analyses 

 Data are represented as means ± SEM. Data were log transformed if needed to 

obtain normal distribution and statistical differences were determined by T-test and one-

way ANOVA with Tukey’s HSD to adjust for multiple comparisons. Kruskal-Wallis 

overall test followed by Wilcoxon rank-sum test was used for ordinal variables. All 

statistical analyses was performed using Statistical Analysis System [SAS®] software, 

version 9.2 (SAS Institute, Inc.). Significance was set at P < 0.05.  

 

RESULTS 

Effect of TPL2 Deletion on Final Weights of Mice Fed Ctrl and EtOH Diets 

Male WT and TPL2KO mice were group pair-fed a 27% EtOH diet or Ctrl diet 

for 4 weeks. As expected, both WT and TPL2KO mice fed EtOH diet had significantly 

decreased body weights as compared with mice fed Ctrl diet (Table 1). Mice fed EtOH 

diet did not have significant changes in liver weight; however, analysis did reveal a 

significant decrease in liver weight over body weight ratio, subcutaneous fat, and gonadal 
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fat and a significant increase in fat (both subcutaneous and gonadal) over body weight 

ratio as compared with mice fed Ctrl diet. Surprisingly, TPL2KO mice fed Ctrl diet had 

significantly decreased body weight as compared to their WT controls. These mice also 

had significantly decreased liver, subcutaneous fat, and gonadal fat weights as compared 

with their WT controls. However, when analyzed as the ratio of liver weight or fat weight 

over body weight, there was no longer a significant difference, indicating TPL2KO mice 

fed Ctrl diet are smaller as whole as compared with WT mice fed Ctrl diet. No 

differences were found when comparing WT and TPL2KO mice fed EtOH diet.  

EtOH Diet Increases Hepatic TPL2 Expression 

WT mice fed EtOH diet for 4 weeks had a significant increase (~1.5 fold) in 

hepatic Tpl2 mRNA expression as compared with WT mice fed Ctrl diet (Figure 1). 

Hepatic Tpl2 expression was not detected in TPL2KO mice fed either Ctrl or EtOH diet 

(data not shown).  

TPL2 Deletion Reduces Hepatic Steatosis 

The effects of TPL2 deletion on hepatic steatosis were examined by histological 

analysis of H&E stained slides. As expected, steatosis development was significantly 

increased in WT mice fed EtOH diet (Table 2). The median value of steatosis score 

increased from 2 to 4 with the consumption of the EtOH diet in WT mice.  Analysis 

revealed that TPL2KO mice fed Ctrl diet had significantly reduced liver steatosis as 

compared with WT mice with 60% of mice with a score of 0 compare with none in the 

WT group. TPL2KO mice fed EtOH diet did have a reduction in the median value of 

liver steatosis as compared with WT mice, decreasing from a score of 4 to a score of 2. 

However, this change was not found to be statistically significant.  
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TPL2 Deletion Reduces Hepatic Inflammatory Foci and Cytokine Expression 

Histological analysis of the number of inflammatory foci confirmed that 

consumption of the EtOH diet significantly increased inflammatory foci in WT and 

TPL2KO mice by approximately 2 and 2.4 fold, respectively as compared to mice fed 

Ctrl diet (Figure 2). Ablation of TPL2 significantly reduced hepatic inflammatory foci in 

both mice fed EtOH (~2 fold reduction) and Ctrl (~2.5 reduction) diets as compared to 

their relative WT controls. Consistent with this observation, hepatic expression of 

inflammatory cytokines TNFα, IL-6, and IL-1β as well as the macrophage marker F4/80 

were significantly decreased in TPL2KO mice fed both Ctrl and EtOH diets as compared 

to their respective WT controls (Figure 3).  

TPL2 Deletion Reverses EtOH Diet-Induced Expression of Inflammasome Component 

NLRP3  

The inflammasome has been demonstrated to play an important role in the 

regulation of maturation of the inflammatory cytokine IL-1β, which is known to be 

implicated in the development of ALD. In our study, we found that consumption of the 

EtOH diet by WT mice significantly increased hepatic expression of all three 

inflammasome components: NLRP3, ASC, and pro-caspase-1 as compared with mice fed 

Ctrl diet (Figure 4). Interestingly, ablation of TPL2 significantly reduced expression of 

NLRP3. This demonstrates the specific involvement of TPL2 in regulation of the 

inflammasome via NLRP3 regulation in alcohol-induced inflammation. 
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DISCUSSION 

The broad spectrum of injury to the liver brought on by chronic and excessive 

alcohol consumption has been well established. However, the exact molecular 

mechanisms behind this injury have yet to be fully elucidated.  Our study utilized TPL2 

KO mice in a well-established ALD model to clearly demonstrate the involvement of 

TPL2 in alcohol-induced hepatic injury. Hepatic Tpl2 mRNA expression was 

significantly increased in WT mice fed EtOH diet, further supporting the proposed role of 

TPL2 in the pathogenesis of ALD.  

The presence of accumulated lipids in the liver is a hallmark of ALD. In our study 

we demonstrated that the absence of TPL2 significantly reduced hepatic steatosis in mice 

fed Ctrl diet. This is not surprising, as the Lieber-DeCarli Ctrl diet contains 35% total 

calories as fat. Therefore, it is expected to observe the presence of low-grade steatosis in 

our WT Ctrl diet mice. Further, it has been shown that ablation of TPL2 significantly 

reduces lipid accumulation in mice fed high fat diet, [24] thus supporting our observed 

results in the Ctrl diet. We did observe a reduction in the steatosis score of TPL2KO mice 

fed EtOH diet, but this reduction did not reach statistical significance. We do, however, 

believe that this reduction has biological relevance as the median value of steatosis score 

was reduced from a 4 down to a 2 in these animals. The non-statistical significance is 

most likely due to a combination of low sample size and the large variability in in vivo 

samples and should be addressed using a larger sample size in future studies. To support 

our steatosis data, hepatic triglyceride concentrations were also analyzed; however no 

differences between groups were found (data not shown). It is important to note that there 

are large regional distributions of steatosis in the liver and the small amount of protein 
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(approximately 50 μg) used for biochemical analysis may not represent the liver as a 

whole. Therefore, we feel the histological analysis of steatosis is a better representative of 

the sample and are confident with the results. 

An increased presence of hepatic inflammatory foci, characterized by clusters of 

recruited immune cells, is a second well-known histological feature of ALD. In this study 

we have shown that TPL2 plays a crucial role in the development of alcohol-induced 

hepatic inflammation. We demonstrate, for the first time, that the absence of TPL2 

significantly reduces the number of hepatic inflammatory foci in mice consuming both 

Ctrl and EtOH diet as compared to their WT controls. This observation was associated 

with a decrease in hepatic expression of inflammatory cytokines TNFα, IL-6, and IL-1β 

and the macrophage marker F4/80. The dramatic reduction in alcohol-induced hepatic 

inflammation with loss of TPL2 reveals TPL2 as a new potential target for treatment of 

ALD. 

TPL2 functions to activate downstream signaling of both ERK1/2 and JNK 

pathways via direct phosphorylation. Therefore, we were interested in the investigation of 

the impact of TPL2 deletion on the phosphorylation of ERK1/2 and JNK in our alcohol-

induced hepatic injury model. Unfortunately, we were not able to see a statistically 

significant difference in the phosphorylation levels of either ERK1/2 or JNK in our study 

(data not shown). This is consistent with the observation reported by Perfield et al in liver 

tissue of TPL2KO mice in an obesity model. [24] It is known that hepatic TPL2 is 

expressed in Kupffer cells and hepatic stellate cells but not in hepatocytes. [25] As 

hepatocytes are the major cell type found in the liver, this could explain the lack of 

significance found in downstream signaling of phosphorylated-ERK1/2 and 
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phosphorylated-JNK and would require analysis of signaling in specific cell types instead 

of whole liver tissue as was performed.  

Involvement of the inflammasome in both acute and chronic liver injury has been 

demonstrated in many different models including alcohol-induced liver injury. [23] We 

detect a significant increase of all 3 inflammasome components (NLRP3, ASC, and pro-

caspase-1) upon consumption of the EtOH diet. Thus, we have confirmed the 

involvement of the inflammasome components in our ALD mouse model. Further, the 

EtOH diet-induced increase of NLRP3 expression was completely abolished in our 

TPL2KO mice, thus revealing a role of TPL2 in the regulation of the inflammasome 

component NLRP3. Although the exact mechanism connecting the absence of TPL2 with 

NLRP3 expression changes remains unclear, it is an important observation that requires 

further clarification in future studies.  

In summary, our study clearly demonstrates the critical role of TPL2 in the 

pathogenesis of alcohol-induced hepatic inflammation. These data add to our 

understanding of the molecular mechanisms behind the development of ALD, and 

provide a potential new avenue for therapeutic targets for treatment.  
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Table 1. Weight Data of TPL2 WT and KO Mice 

 

Mice were fed Ctrl or 27% EtOH diet for 4 weeks. Data presented as means ± SEM. One-

way ANOVA followed by Tukey’s HSD was performed. For a given row, data not 

sharing a common superscript letter are statistically significant from each other (P < 

0.05). Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet, WT – wild-type, 

TPL2KO – tumor progression locus 2 knock-out, wt – weight.  

 

  



73 
 

Table 2. TPL2 Deletion Reduces Liver Steatosis in Mice Fed Ctrl Diet 

 

 
 

20 images at 100X magnification were captured for each section and blindly evaluated 

twice regarding the grade of steatosis (both macro- and micro-vesicular) by two separate 

investigators. The degree of steatosis was graded 0-4 based on the area of the liver 

section occupied by fat vacuoles. Kruskal-Wallis overall test followed by Wilcoxon rank-

sum test was used to test for statistical significance among groups for ordinal variable 

(liver steatosis score). Data not sharing a common superscript letter are statistically 

significant from each other (P < 0.05). Abbreviations: ctrl diet – control diet, EtOH diet – 

ethanol diet, WT – wild-type, TPL2KO – tumor progression locus 2 knock-out. 
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Figure 1. Hepatic TPL2 mRNA Expression is Significantly Increased with EtOH 

Diet 

TPL2 mRNA expression was examined in livers of WT mice. Values expressed as mean 

± SEM and n=5-9.T-test was performed on log transformed data for each treatment 

group. (*P < 0.05). Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet, TPL2 

– tumor progression locus 2, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 2. Deletion of TPL2 Reduces Hepatic Inflammatory Foci in Mice Fed Both 

Ctrl and EtOH Diet 

20 images at 100X magnification were captured for each section and blindly evaluated 

twice regarding the severity of liver inflammation by two separate investigators. Severity 

of liver inflammation was estimated by the number of inflammatory foci present. Values 

are expressed as means ± SEM.  ANOVA followed by Tukey’s HSD was performed on 

log transformed data. Data not sharing a common superscript letter are statistically 

significant from each other (P < 0.05). Insert: representative inflammatory foci as seen on 

a H&E stained slide. Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet, WT 

– wild-type, TPL2KO – tumor progression locus 2 knock-out. 
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Figure 3. TPL2 Deletion Decreases Inflammatory and Macrophage Marker Gene 

Expression 

TPL2 deletion decreases relative mRNA expression of inflammatory and macrophage 

markers in liver tissue in mice fed ctrl and EtOH diet. Values expressed as mean ± SEM 

and n=5-9.T-test was performed on log transformed data for each treatment group. (*P < 

0.05). Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet, WT – wild-type, 

TPL2KO – tumor progression locus 2 knock-out, TNFα – tumor necrosis factor α, IL-6 – 

interleukin 6, IL-1β – interleukin 1β, MCP1 – monocyte chemoattractant protein 1, TLR4 

– toll-like receptor 4, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 4. EtOH Diet Increases Inflammasome Component Expression and TPL2 

Deletion Reduces EtOH Diet-Induced NLRP3 Expression 

Consumption of EtOH diet significantly increases hepatic mRNA expression of 

inflammasome components and TPL2 ablation attenuates expression of NLRP3 in both 

ctrl and EtOH diet fed mice as compared to WT controls. Values expressed as mean ± 

SEM and n=5-9. T-test was performed on original (ASC) or log transformed (NLRP3, 

Caspase-1) data for each treatment group. (P < 0.05). Abbreviations: ctrl diet – control 

diet, EtOH diet – ethanol diet, TPL2 WT – tumor progression locus 2 wild-type, 

TPL2KO – tumor progression locus 2 knock-out, NLRP3 – NACHT, LRR and PYD 

domains-containing protein 3, ASC – apoptosis-associated speck-like protein containing 

a caspase recruitment domain, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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CHAPTER IV 

TOMATO POWDER – NOT TOMATO EXTRACT, LYCOPENE, OR 

METABOLITE APO-10’-LYCOPENOIC ACID – ATTENUATES 

ALCOHOL-INDUCED HEPATIC INJURY 
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ABSTRACT 

Alcoholic liver disease (ALD) is a major cause of morbidity and mortality worldwide. 

Consumption of tomatoes, rich in the carotenoid lycopene (LYC), is associated with 

decreased risk of chronic disease.  However, our previous results show a negative 

interaction between alcohol consumption and supplementation with LYC. The present 

study aims to investigate the potential protective effects of tomato powder (TP, 

representative of whole tomato), tomato extract (TE, lipid soluble tomato components), 

and apo-10’-lycopenoic acid (APO10LA, lycopene metabolite) compared with purified 

LYC against ALD development in male Wistar rats. Animals were group pair-fed with 

Lieber-DeCarli control liquid diet (Ctrl diet) or alcoholic liquid diet (EtOH diet, 36% 

energy from ethanol) and supplemented with LYC, TP, or TE to provide 1.1 mg.kg BW
-

1
.d

-1
 LYC or 0.11 mg.kg BW

-1
.d

-1
 APO10LA for 4 weeks. We observed a significant 

increase in hepatic steatosis, inflammatory foci, and cytochrome P450 2E1 (CYP2E1) 

protein levels in rats consuming EtOH diet as compared to Ctrl diet. LYC 

supplementation had no effect on the degree of steatosis or CYP2E1 protein levels and, 

consistent with our previous results, significantly increased inflammatory foci in rats fed 

EtOH diet. Similar results were observed with supplementation of LYC metabolite, 

APO10LA. Interestingly, dietary TP significantly reduced the severity of steatosis, 

inflammatory foci, and CYP2E1 protein levels in rats fed EtOH diet, whereas TE had no 

effect on any of these outcomes. This study reveals the protective effects of TP 

supplementation against ALD development through the potential mechanism of CYP2E1 

protein down-regulation and further highlights the potential detrimental interactions of 

alcohol and supplementation with a single nutrient in replace of whole food.  
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INTRODUCTION 

Excess consumption of alcohol is a prominent public health problem and known 

to cause serious organ damage. Specifically, alcohol consumption is one of the most 

prominent factors contributing to liver disease – a major cause of morbidity and mortality 

worldwide. [1, 2]   Globally, alcohol consumption is responsible for 2.5 million deaths 

annually and accounts for 4.5% of disease burden worldwide. [3] Alcoholic liver disease 

(ALD) is an overarching term that includes a broad spectrum of different stages. The 

initial development of ALD is characterized by hepatosteatosis (fatty liver) followed by 

alcoholic steatohepatitis. These lay the groundwork for progression to the more damaging 

and irreversible stages of fibrosis and cirrhosis, which increases the risk of hepatocellular 

carcinoma development. [4, 5]  

Cytosolic alcohol dehydrogenase (ADH) is responsible for the majority of ethanol 

metabolism. However, cytochrome P450 2E1 (CYP2E1), part of the microsomal ethanol 

oxidizing system, is induced when large quantities of ethanol are consumed. [6-8] The 

metabolism of ethanol by CYP2E1 results in the production of reactive oxygen species 

(ROS) that contribute significantly to ethanol-induced liver injury. [6, 7, 9] When 

challenged with ethanol treatment, CYP2E1 overexpression produces an increased 

severity of liver injury, including increased lipid accumulation, histological liver injury 

scoring, and serum alanine aminotransferase levels, in both cell and rodent models. [10, 

11] Further, a rodent knockout model of CYP2E1 resulted in a complete elimination of 

alcohol-induced liver injury as measured by the presence of steatosis and oxidant stress. 

This result was confirmed using chemical inhibition and, importantly, alcohol-induced 

injury was restored in CYP2E1 knock in mice. [6]  
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High consumption of tomatoes, rich in the carotenoid lycopene (LYC), is 

associated with a decreased risk of chronic disease including many types of cancer. [12-

17] Tomatoes are a valuable source of many micronutrients and phytochemicals 

including carotenoids, polyphenols, folate, ascorbic acid, and α-tocopherol. [18, 19] 

Despite the myriad of nutrients present in the tomato, the health benefits associated with 

tomato consumption have mainly been attributed to its high LYC content. [20] LYC is a 

carotenoid lacking pro-vitamin A activity that has been shown to possess multiple 

biological activities including antioxidant potential, modulation of intercellular gap 

junction communication, hormonal and immune system, metabolic pathways, induction 

of phase II/detoxification enzymes, and regulation of gene function. [21-24] In recent 

years, many researchers have turned to the possibility that the biological activities of 

LYC may, at least in part, be mediated by LYC metabolites and not solely by the parent 

compound. LYC can be cleaved via eccentric cleavage by beta-carotene-9’,10’-

oxygenase 2 to many different metabolites, including apo-10’-lycopenoic acid 

(APO10LA). [25, 26] Multiple studies have demonstrated that APO10LA possesses 

protective biological functions in different experimental models; [27-29] however, no 

studies have been completed in an alcohol model. 

Although extensive research has been done on the beneficial effects of LYC, and 

now LYC metabolites as well, past studies in our laboratory demonstrate a negative 

interaction between high dose (3.3 mg.kg BW
-1

.d
-1

) LYC supplementation and 

consumption of alcohol in a rat model. Specifically, rats fed a Lieber-DeCarli 36% 

alcohol diet plus high dose LYC had significantly increased hepatic inflammatory foci, 



84 
 

TNFα expression levels, and CYP2E1 protein levels as compared with alcoholic diet with 

no supplementation or low dose supplementation (1.1 mg.kg BW
-1

.d
-1

). [30] 

Interestingly, several studies have demonstrated the superior protective effects of 

whole tomato when compared to purified LYC. Specifically, Narisawa et al revealed that 

colon cancer incidence was significantly lower in rats fed diluted tomato juice as 

compared with control animals. This reduction was not found in rats supplemented with 

purified LYC.[31]  A second study demonstrated that supplementation with tomato 

powder (TP), but not purified LYC, prevented prostate carcinogenesis in a N-methyl-N-

nitrosourea and testosterone-induced prostate cancer rat model. [32] TP was also shown 

to be protective against H202-induced lipid peroxidation by reducing serum 

malondialdehyde levels and lowering hepatic triglycerides more effectively than LYC 

treatment alone. [33] Finally, Kim et al reported that TP supplementation partially 

inhibited hepatic injury by decreasing sorbitol dehydrogenase and aspartate 

aminotransferase activities while LYC supplementation had no effect on these measures. 

[34]  

The superior protective powers of tomato (both complete and partial extract) as 

compared with purified LYC in numerous studies combined with the negative interaction 

between purified LYC and alcohol observed in our previous study raises an important 

question: is supplementation with powder from whole food, partial extract of whole food, 

or metabolite more effective than purified compound in regard to prevention of alcohol-

induced hepatic injury? We addressed this question in our study by supplementing Wistar 

rats with TP (representative of whole tomato), tomato extract (TE, lipid soluble tomato 
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components), APO10LA (lycopene metabolite) and purified LYC in a Lieber-DeCarli 

alcohol-induced liver injury model.  

 

METHODS 

Animals and Diets 

This study includes two separate animal protocols done in tandem with all 

conditions identical except supplementation. Male Wistar rats, 8 weeks of age, (Charles 

River Laboratories, Inc., Wilmington, MA) were group pair-fed approximately 100 ml of 

Lieber-DeCarli liquid ethanol diet (EtOH diet, 36% of total calories as ethanol yielding 

an ethanol concentration of 6.2% [vol/vol]) or control diet (Ctrl diet, where ethanol is 

replaced by isocaloric amounts of maltodextrin) (Dyets, Inc.) daily. Both diets contained 

18% of total calories as protein, 35% as fat, and 11% and 47% as carbohydrates in EtOH 

and Ctrl diet, respectively. As the liquid diet provides sufficient amounts of water, no 

extra fluids were given. Rats went through a dietary adaptation period including a one 

week adaptation to the liquid Ctrl diet followed by a gradual two week adaptation to the 

EtOH diet. More specifically, the EtOH content of the diet began at 5% total calories by 

ethanol and was increased by 5% every 2-3 days until the concentration reached the full 

36% total calories by ethanol. Following adaptation, supplementation was added to the 

diet and fed for a 4 week period. Animals were randomized to 8 groups in the first study 

and 4 groups in the second study. Groupings are as follows: study 1 group (1) Ctrl diet + 

Placebo (PBO), (2) Ctrl diet + LYC, (3) Ctrl diet + APO10LA, (4) Ctrl diet + TE, (5) 

EtOH diet + PBO, (6) EtOH diet + LYC, (7) EtOH diet + APO10LA, (8) EtOH diet + TE 
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and study 2 group (1) Ctrl diet + PBO, (2) Ctrl diet + TP, (3) EtOH diet + PBO, (4) EtOH 

diet + TP. Throughout the protocol, animal growth was monitored via weekly weighing 

and dietary intake was assessed daily. Animals were killed at 15 weeks of age and tissues 

samples prepared promptly. Final body and liver weights were recorded at the time of 

killing. A small piece of liver tissue was fixed in 10% buffered formalin for histological 

examination while the remaining liver was snap frozen in liquid nitrogen and stored at -

80°C for later analysis. The Institutional Animal Care and Use Committee at the USDA 

Human Nutrition Research Center on Aging at Tufts University approved all animal 

procedures. 

Supplementation 

Purified LYC (LycoVit, BASF Chemical Company, Germany), as 10% water-

soluble beadlets, were given at the dose of 1.1 mg.kg
 
BW

-1
.d

-1
, which has previously been 

utilized by our lab. [30] PBO (LycoVit, BASF Chemical Company, Germany) was given 

at the same dose as LYC. The dose of APO10LA (BASF Chemical Company, Germany) 

was given at 0.11 mg.kg
 
BW

-1
.d

-1
. This is calculated from 1/10

th
 the dose of LYC 

supplement to mimic the estimated natural conversion of parent compound to metabolite. 

Each dose of tomato supplement (TE and TP) was calculated to provide 1.1 mg.kg
 
BW

-

1
.d

-1
 LYC. TE (LycoRed, Beer-Sheva, Isreal) contains 6% lycopene as well as ~1.5% 

natural tocopherols, ~1% phytoene and phytofluene, and ~0.2% β-carotene. TE was given 

at the dose of 18.3 mg.kg
 
BW

-1
.d

-1
. TP (Kagome, Co., LTD, Japan) contains all nutrients 

found in the tomato, and includes 75.5 mg LYC per 100 g. The dose of TP was given at 

1.46 g.kg
 
BW

-1
.d

-1
. All supplements were added directly to the diet and diet was made 

twice weekly and stored in opaque bottles at 4°C. 
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High Performance Liquid Chromatography 

Quantitative analysis of LYC was performed utilizing high performance liquid 

chromatography (HPLC) techniques. Briefly, approximately 100 mg of liver tissue was 

homogenized in 3 ml of ethanol and saline (2:1 vol/vol) and extracted with 3.5 ml of 

hexane and ether (1:1 vol/vol). Extracts were vortexed for 1 minute followed by 

centrifugation at 2,000g for 10 minutes at 4°C and collection of the supernatant. Samples 

were extracted via this method 3 times followed by evaporation under nitrogen gas and 

reconstitution in 100 μl of ethanol and ether (2:1 vol/vol). 50 μl of the final extract was 

then injected into the HPLC system. The HPLC system consisted of a 2695 separation 

module and a 2998 photodiode array detector (Waters Corporate, Milford, MA). 

Separation was performed on a YMC C30 column (S-3 micron, 4.6 × 150 mm) (YMC, 

Wilmington, NC, USA) and the following gradient was used: 0 min, 90% A (methanol 

and 1% ammonium acetate [9:1 vol/vol]) and 10% B (methyl-ter-butyl ether); 20 min, 

85% A and 15% B; 30 min, 40% A and 60% B; 40 min, 30% A and 70% B; 52 min, 90% 

A and 10% B. The flow was set at 1 ml/min and LYC concentrations were measured at 

472 nm and quantified utilizing the area under the curve respective to an appropriate 

standard curve. An internal control (retinoic acid) was added to ensure efficient 

extraction and all procedures were performed under red light. 

Histological Procedures 

Two small pieces of liver tissue were fixed in 1:10 dilution-buffered formalin for 

48 hours. Following fixation, the tissue was transferred to 70% ethanol for routine 

histological processing, paraffin embedding, and tissue slicing to produce slides. Slides 

were then stained with hematoxylin and eosin (H&E) (Sigma-Aldrich) for histological 
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analysis. A ZEISS microscope with a PixeLINK USB 2.0 (PL-B623CU) digital Camera, 

PixeLINK μScope Microscopy Software was used for all histological analysis and image 

capturing. 

Quantification of Steatosis 

20 images at 100X magnification were blindly evaluated on H&E stained slides 

regarding the grade of steatosis (both macro- and micro-vesicular) using a grading system 

based on the percentage of liver section that is occupied by fat vacuole (grade 0 = <5% 

steatosis; grade 1 = 5-25%; grade 2 = 26-50%; grade 3 = 51-75%; grade 4 = >75%).  

Quantification of Inflammatory Foci 

For each liver sample, inflammatory foci were counted on H&E stained slides at 

100X magnification on 20 separate fields of view (each representing 0.63 cm
2
) by two 

separate blinded investigators. Clusters of recruited immune cells present in hepatic tissue 

were characterized as inflammatory foci in this study. 

Protein Isolation 

Approximately 50 mg of liver tissue was cut with a razorblade on an ice-cold 

metal block and transferred to an Eppendorf tube containing 150 μl whole cell lysis 

buffer (50 mM HEPES, 300 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5% Triton X-

100, 10% Glycerol, Protease Inhibitor Cocktail (Sigma-Aldrich), Phosphatase Inhibitor 

Cocktail (Sigma-Aldrich), and 1 mM PMSF (phenylmethylsulfonyl fluoride)). Samples 

were vortexed for 30 minutes at 4°C, sonicated for 1 minute, and centrifuged at 13,000 

rpm for 20 minutes at 4°C. Supernatant was then collected and centrifuged at 55,000 rpm 

at 4°C for 60 minutes. Supernatant (containing whole cell lysate sample) was collected 
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and protein concentrations were determined using standard spectrophotometer techniques 

utilizing bovine serum albumin (BSA, Pierce) standards. Protein extracts were stored at   

-80°C until needed for analysis.  

Western Blotting 

Liver protein samples were prepared with whole cell lysate containing 25-100 μg 

protein mixed with sample loading buffer and run in SDS-polyacrylamide gels (Protogel, 

National Diagnostics) with a standard protein marker for protein size determination (Bio-

Rad Laboratories). Gels were run at 150 constant volts for approximately one hour. Wet 

transfer to a methanol-activated polyvinylidene fluoride (PVDF) membrane (Immobilon-

P transfer membrane PVDF) was completed at 70 constant volts for 90 minutes at 4°C. 

Following transfer, membranes were blocked in 5% non-fat dry milk in 0.1% TBS-T (25 

mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20) at room temperature for 1 hour. After 

washing, blots were incubated with primary CYP2E1 antibody (Millipore, AB1252) at 

4°C overnight. After washing, membranes were incubated in secondary antibody diluted 

in 0.1% TBS-Tween-20 for 1 hour at room temperature. Proteins were detected using 

Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific). Protein bands 

were quantified using a densitometer (Bio-Rad GS-710, Bio-Rad Laboratories, Hercules, 

CA) and normalized to housekeeping gene glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH, Millipore, MAB374) protein levels to ensure equal protein load.  

Statistical Analyses 

The Statistical Analysis System (SAS, version 9.2) was used for all statistical 

analyses. To test for statistically significant differences, data was analyzed by T-test and 

one-way ANOVA with Tukey’s HSD to adjust for multiple comparisons. The Kruskal-
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Wallis overall test followed by Wilcoxon rank-sum test was utilized for data sets with 

ordinal variables. Results are presented as means ± standard error of the means (SEM), 

unless otherwise indicated, and significance was set at P < 0.05. 

 

RESULTS 

Effects of EtOH Diet and Supplementation on Final Rat Weights 

In the first study, consumption of the EtOH diet significantly decreased final body 

weight as compared with rats fed Ctrl diet. No changes were observed in final liver 

weight, however a significant increase in the ratio of liver weight/body weight was seen 

in rats consuming EtOH diet as compared with Ctrl diet. Interestingly, final body weight 

was increased in rats consuming EtOH diet plus supplementation of TE, LYC, and 

APO10LA. However, this increase was only statistically significant with TE and 

APO10LA supplementation. No changes in final body weight were seen in Ctrl diet 

animals supplemented with TE, LYC, or APO10LA compared with Ctrl diet and PBO 

supplementation. Supplementation did not affect liver weight, although we did observe a 

significant decrease in liver weight/body weight ratio in rats fed EtOH diet and 

supplemented with APO10LA as compared with EtOH diet controls. In the second study, 

EtOH diet did decrease final body weight as compared with Ctrl diet-fed animals, 

although this decrease was not as drastic as weight loss observed in the first study and 

was not found to be statistically significant. A significant increase was seen in final liver 

weight and ratio of liver weight/body weight in rats consuming EtOH diet as compared 

with Ctrl diet. Supplementation with TP did not affect final body weight, liver weight, or 

ratio of liver weight/body weight in rats fed either Ctrl or EtOH diet.  
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Hepatic Lycopene Concentrations 

Concentrations of hepatic LYC were quantified using HPLC techniques. As 

expected, LYC was detected in livers of animals receiving LYC, TE, and TP 

supplementation fed both Ctrl and EtOH diet. No LYC was detected in livers of animals 

receiving PBO or APO10LA supplementation.  In mice consuming Ctrl diet + TE 

supplementation, significantly lower hepatic LYC (2.03 ± 10.293 nmol/g) was detected 

as compared with hepatic LYC concentrations in mice consuming Ctrl diet + TP 

supplementation (5.314 ± 0.309 nmol/g). The hepatic LYC concentration in mice 

consuming Ctrl diet + LYC supplementation was detected at 4.108 ± 0.407 nmol/g. No 

significant differences were found between hepatic LYC concentrations of Ctrl diet + 

LYC supplemented animals and Ctrl diet + TE or Ctrl diet + TP fed animals. When 

supplements were analyzed separately, consumption of the EtOH diet significantly 

increased hepatic LYC concentration for all three supplements (LYC, TE, and TP) as 

compared with mice consuming Ctrl diet. Interestingly, no significant differences were 

found between hepatic LYC concentrations in mice consuming EtOH diet with LYC, TE, 

or TP supplementation. APO10LA was also investigated; however no APO10LA was 

detected in any of the animal groups.  

Tomato Powder Reduces EtOH-Induced Hepatic Steatosis 

The presence of hepatic steatosis is a well-established hallmark of ALD 

pathogenesis. H&E-stained liver samples were histologically analyzed to investigate 

effects of supplementation on EtOH diet-induced hepatic steatosis. As expected, the 36% 

EtOH diet significantly induced hepatic steatosis as compared to Ctrl diet in both studies 

(steatosis grading ranged from 1-3 in 1
st
 study and 0-2 in the 2

nd
 study). TP 



92 
 

supplementation significantly reduced EtOH diet-induced hepatic steatosis with 91.7% of 

animals scoring a grade of 0. Supplementation with TE had no effect on EtOH diet-

induced steatosis and both LYC and APO10LA supplementation slightly increased the 

severity of steatosis (grading range from 2-4 and 1-4, respectively as compared with 1-3 

in EtOH diet alone); however, this increase was not found to be significant. 

Tomato Powder Reduces EtOH-Induced Hepatic Inflammatory Foci 

In both the first and second studies, rats consuming EtOH diet had significantly 

increased hepatic inflammatory foci as compared to rats on Ctrl diet. Supplementation 

with TP significantly reduced the EtOH diet-induced hepatic inflammatory foci by 88%. 

Supplementation with TE had no effect on this outcome, and we observed a significant 

increase in hepatic inflammatory foci in rats consuming EtOH diet and supplemented 

with either LYC or APO10LA (2.5 and 2.9 fold increase, respectively) compared with 

EtOH diet + PBO supplementation.  

TP Reduces EtOH-Induced CYP2E1 Protein Levels With no Effect on mRNA Levels 

CYP2E1 protein levels were dramatically increased in rats consuming the 36% 

EtOH diet as compared with Ctrl diet in both studies. Supplementation with TP 

significantly reduced this EtOH-induced expression by 36% while supplementation with 

TE, LYC, or APO10LA had no effect on CYP2E1 protein levels. In contrast, EtOH diet 

significantly decreased Cyp2E1 expression levels in both studies. Supplementation with 

LYC, APO10LA, TE, or TP had no effect on Cyp2E1 expression levels in rats consuming 

either Ctrl diet or EtOH diet. 
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DISCUSSION 

Alcohol consumption is the world’s third largest risk factor for disease and 

disability, [3] thus creating a major public health problem both in the United States and 

worldwide. Chronic and excessive alcohol consumption can lead to the development of 

ALD. The early stages of ALD, including steatosis and steatohepatitis, are understood to 

be reversible stages of ALD. Therefore, our current research is focused on prevention by 

targeting these early and reversible stages to help prevent progression to more damaging 

and irreversible later stages of ALD. Utilizing an established rat model of ALD, the 

present study clearly demonstrates the protective effects of whole tomato (TP 

supplementation), but not incomplete extract (TE supplementation), against EtOH-

induced liver injury via the proposed mechanism of CYP2E1 protein down-regulation 

and further highlights the detrimental interaction of alcohol and supplementation with a 

single nutrient (LYC) in replace of whole food. Interestingly, supplementation with 

metabolite (APO10LA) resulted in a harmful outcome similar to its parent compound 

LYC.   

Hepatic concentrations of LYC detected from LYC, TE, and TP supplements 

(2.03-6.77 nmol/g) in our rats are within the normal range detected in human liver tissue 

(0.1-20.7 nmol/g). [35, 36] This indicates that the effects observed in our study are 

occurring at physiologically relevant concentrations. The LYC dosage chosen for this 

study (1.1 mg.kg BW
-1

.d
-1

) is equivalent to an intake of approximately 12.46 mg LYC per 

day for a 70-kg adult. [37] The average American consumes ~9.4 mg per day of LYC. 

[38] Therefore, this dose is higher than the current average intake. In order to achieve this 

equivalent dose, one would need to consume approximately 4 medium sized tomatoes 
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(calculated from 2.57 mg LYC per 100 g tomato and 1 medium tomato weighs 

approximately 125 g) or 1/3 cup of tomato sauce (15.15 mg LYC per 100 g tomato sauce 

and 1 cup = 245 g) per day. [39] Therefore, although this dose is higher than the usual 

intake, it is certainly an easily achievable dose based on food consumption.  

This study clearly demonstrates that consumption of the EtOH diet significantly 

increases hepatic LYC concentrations compared with the same supplementation in Ctrl 

diet. At this point, the mechanism responsible for the observed increase in hepatic LYC 

with consumption of the EtOH diet is unclear; however, it is possible that ethanol 

increases intestinal absorption or tissue uptake of LYC thus leading to an increase in liver 

tissue levels. Although hepatic LYC concentrations were significantly lower in Ctrl diet + 

TE animals as compared with Ctrl diet + TP, no differences between supplementation 

with LYC, TE, or TP was found in rats fed EtOH diet. Therefore, it is clear that the 

differences in hepatic protection between LYC, TE, TP supplements are not due to 

differences in LYC absorption. Hepatic concentrations of APO10LA were also 

investigated; however no APO10LA was detected in any of the animal groups. This is not 

surprising given the small dosage of APO10LA that was consumed (0.11 mg.kg
 
BW

-1
.d

-1
) 

and the assumed low conversion rate of APO10LA from its parent compound that could 

be metabolized from LYC, TE, or TP supplements. 

Supplementation with TP significantly reduced ethanol-induced hepatic injury. 

Specifically, steatosis was reduced to an almost uniform (91.7%) grade 0 in mice 

supplemented with TP fed EtOH diet. Inflammatory foci were reduced by 88% with TP 

supplementation and there was a 38% reduction in hepatic CYP2E1 protein levels as 

compared with rats fed EtOH diet + PBO. The TP supplement is composed of all 
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nutrients found in a tomato including: polyphenols, ascorbic acid, folate, α-tocopherol, 

quercetin, and carotenoids α- and β-carotene, lycopene, lutein, zeaxanthin, phytoene, and 

phytofluene. Thus, TP is a complete and accurate representation of the whole food 

tomato. Interestingly, TE – an extract containing specifically the lipid soluble 

components of the tomato – had no effect against alcohol-induced hepatic injury. Upon 

analysis, no changes where found in hepatic steatosis, inflammatory foci, or CYP2E1 

levels compared with rats fed EtOH diet + PBO supplementation. It is clear there is a 

drastic difference between the effects of TP supplementation and TE supplementation in 

our alcohol-induced liver injury rat model. It is evident from our study that in order to 

obtain successful protection against alcohol-induced hepatic injury, supplementation 

must be from whole food (TP) instead of partial extract (TE). Whole food contains a 

complex collection of various nutrients. When separated, these nutrients may respond to 

different environments in an altered – or even contrasting – manner than when in the 

presence of their natural nutrient companions.  Therefore, it is clear that treatment must 

contain all components of the tomato in order to obtain the complete protective abilities 

the tomato possesses. Incomplete portions of tomato components lose all ability to 

protect against hepatic injury in our alcohol model. It is clear that some additive or 

synergistic effect occurs with TP supplementation that does not occur with TE 

supplementation. This stresses the notion that a whole food approach to disease 

prevention is crucial, as the collective beneficial effects given by whole food intervention 

as compared with partial (lipid soluble) extract are quite striking.  

Alcohol-induced CYP2E1 protein expression has been directly linked to the 

development of ALD, including the induction of steatosis and inflammatory foci. [6, 11, 
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40-42]  The observation that supplementation with TP significantly reduced CYP2E1 

protein levels provides a possible mechanism of action to explain the associated reduction 

of steatosis and inflammatory foci by TP. Although it is unclear what exact component or 

components of the TP are responsible for targeting of CYP2E1 protein, it is clear that all 

tomato components (or at least more than solely lipid soluble components) must be 

present to achieve this effect. Though we cannot be sure that a single compound found in 

TP and not TE is responsible, our study points to the collective beneficial effect given by 

whole food intervention, perhaps by additive or synergistic effects between the individual 

components themselves. It is important to note that Cyp2E1 mRNA levels were not found 

to be elevated upon the consumption of alcohol. In alcohol models, both Cyp2E1 mRNA 

and CYP2E1 protein levels are commonly increased. However, mechanisms by which 

ethanol consumption increases CYP2E1 via protein stabilization have been proposed. 

[43] It has also been demonstrated that even when given at a constant rate, urine alcohol 

concentrations (UACs) – found to be accurate predictors of blood alcohol concentrations 

(BACs) – were found to fluctuate in a cyclical manner and never reach a steady state. 

Specifically, low UACs were associated with an increased CYP2E1 protein level but no 

changes in mRNA while high UACs were associated with both increased protein and 

mRNA levels. This indicates that there are two distinct mechanisms by which ethanol 

induces CYP2E1: posttranslational regulation and either transcriptional regulation or 

mRNA stabilization, depending on the current BAC. [44] From this, we can postulate that 

Cyp2E1 mRNA levels could differ due to the cyclical fluctuations mentioned. This could 

explain our observed result of decreased Cyp2E1 expression by EtOH diet. Further, a 

previous study has observed a significant induction of CYP2E1 protein with a decrease in 
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Cyp2E1 mRNA levels in a chronic alcohol-consumption rabbit model, [45] supporting 

our results. Therefore, the mechanism by which TP reduces EtOH diet-induced CYP2E1 

proteins levels appears to be occurring at the posttranslational level.  

LYC supplementation showed no significant alterations in hepatic steatosis but a 

dramatic increase in hepatic inflammatory foci in EtOH diet-fed rats. This confirms our 

previous result by Veeramachaneni et al with supplementation of purified LYC. [30] 

Interestingly, the previous results produced an increase in hepatic inflammatory foci only 

with the combination of EtOH diet and high dose LYC (3.3 mg.kg BW
-1

.d
-1

), but not with 

low dose LYC (1.1 mg.kg BW
-1

.d
-1

). [30] Our results produced the same negative 

interaction between LYC supplementation and EtOH diet, however with the previous low 

dose. This difference in dose response may be due to the difference of species used in 

each study. Veeramachaneni et al used Fischer 344 rats [30] as the experimental model 

whereas Wistar rats were used as the current model. 

Our study also investigated a fourth supplemental group, which was 

supplementation with a LYC metabolite, APO10LA. Interestingly, supplementation with 

APO10LA produced a very similar outcome of significantly increased inflammatory foci 

in EtOH diet fed mice as did LYC supplementation. No significant changes in steatosis or 

hepatic CYP2E1 levels were observed either. This shows that LYC and APO10LA may 

exert similar biological functions when added in our alcohol model and supports the 

hypothesis that lycopene metabolites may be at least partially responsible for the 

biological effects seen with LYC treatment. The drastic increase in hepatic inflammatory 

foci observed in EtOH diet + LYC supplementation as well as supplementation with 

lycopene metabolite APO10LA in EtOH diet-fed animals represents an important public 
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health message. Individuals consuming high amounts alcohol should be wary of 

supplementation with individual nutrients, as we demonstrate a severe negative 

interaction between alcohol consumption and supplementation with isolated compounds 

in our model, even at a low dose.  

This study clearly demonstrates the protective effects of TP supplementation 

against ALD development through the potential mechanism of CYP2E1 protein down-

regulation. This protective effect was only observed with TP supplementation, not TE. 

This reveals the importance of a complete tomato supplement, as partial extract of tomato 

nutrients is insufficient to produce protective actions. Additionally, this study confirms 

the potentially harmful interaction between alcohol consumption and supplementation 

with purified LYC and identifies the LYC metabolite, APO10LA to have a similar 

negative effect on alcohol-induced inflammation. Taken together, our results stress the 

need for a whole food approach toward disease prevention and caution for the 

consumption of alcohol coupled with supplementation of isolated compounds.  

 

 

 

  

Table 1. Effects of EtOH Diet and Supplementation on Final Mouse Weights 

Wistar rats were fed control or  
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Figure 1. Effects of Tomato Component Supplementation on EtOH Diet-Induced Hepatic Inflammatory Foci 

Rats fed an EtOH diet had a significant induction of hepatic inflammatory foci compared with ctrl diet. Supplementation with 

lycopene and apo-10’-lycopenoic acid (APO10LA) in EtOH diet-fed rats resulted in further induction of inflammatory foci 

than in EtOH diet fed mice with placebo supplementation. Tomato extract had no effect and tomato powder significantly 

reduced EtOH diet-induced inflammatory foci. Data are presented as means ± SEM and T-test was performed for each 

comparison.* represents a statistically significant difference (P<0.05). Abbreviations: ctrl diet – control diet, EtOH diet – 

ethanol diet. 
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Figure 2. Tomato Powder Reduces EtOH Diet-Induced CYP2E1 Protein Levels 

EtOH diet significantly induced CYP2E1 protein levels compared with ctrl diet-fed rats. Supplementation with 

lycopene (LYC), apo-10’-lycopenoic acid (APO10LA), or tomato extract (TE) had no effect on EtOH diet-induced 

CYP2E1 expression.  Tomato powder (TP) supplementation in EtOH diet-fed significantly reduced CYP2E1 protein 

levels. Data are presented as means ± SEM and T-test was performed for each comparison and * represents a 

statistically significant difference (P<0.05). Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet. 
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Figure 3. Tomato Powder has no Effect on CYP2E1 mRNA Expression 

EtOH diet significantly reduced CYP2E1 mRNA levels compared with ctrl diet-fed rats. Supplementation with lycopene 

(LYC), apo-10’-lycopenoic acid (APO10LA), tomato extract (TE), or tomato powder (TP) had no effect on CYP2E1 

expression. Data are presented as means ± SEM and T-test was performed for each comparison and * represents a 

statistically significant difference (P<0.05). Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet. 
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ABSTRACT 

Chronic and excessive alcohol consumption is well established to cause severe liver 

damage and is the most common risk factor for hepatocellular carcinoma (HCC) 

development. HCC is the most rapidly increasing cause of cancer death in United States 

and is almost universally fatal within one year unless detected early. Therefore, insight 

into the specific molecular mechanisms by which alcohol promotes the early stages of 

HCC development is a crucial area of research that is currently lacking. To date, there are 

very few mouse models in which to investigate the development of alcohol-promoted 

liver cancer in its early stages. The few established models that do exist are long-term 

studies that do not address the initial development of HCC. Therefore, the present study 

aims to develop a successful diethylnitrosamine [DEN])-initiated alcohol-promoted pre-

neoplastic liver lesion mouse model. C57BL/6 mice were injected with DEN (25 mg.kg 

BW
-1

) at 14 days of age. Following an adaptation period, 8-week-old mice were group 

pair-fed with Lieber-DeCarli liquid control diet or alcoholic diet (EtOH diet, 27% total 

energy from ethanol) for a promotional period of 21 days. Results show a significant 

induction in the incidence and multiplicity of basophilic and eosinophilic foci, established 

markers of pre-neoplastic liver lesions, in DEN-injected mice fed EtOH diet. The 

presence of pre-neoplastic lesions was significantly correlated with hepatic injury 

including of CYP2E1 protein levels, endoplasmic reticulum (ER) stress markers spliced 

X-box-binding protein-1 mRNA levels and phosphorylated eukaryotic translation-

initiation factor 2α protein levels, steatosis, and inflammatory foci in DEN-injected EtOH 

diet-fed mice. In conclusion, this study establishes a DEN-initiated alcohol-promoted pre-

neoplastic liver lesion mouse model. This model will be an ideal environment in which to 
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further elucidate the mechanisms by which alcohol-promoted HCC development is 

initiated and develop potential therapeutic targets. 

 

INTRODUCTION 

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third 

leading cause of cancer-related death worldwide. Early detection is quite uncommon and 

the 5-year relative survival rate is a low 16.1%. [1] Alcohol is a common known risk 

factor for HCC, and excessive alcohol consumption accounts for 32% of HCC cases in 

the United States. [2] In a U.S.-based case-control study, those who drank alcohol had an 

adjusted odds ratio for HCC of 2.4 (5% confidence interval: 1.3-4.4) compared with 

nondrinkers. This odds ratio increased significantly in patients drinking >80 grams per 

day (odds ratio, 4.5). [3] Other risk factors for HCC include hepatitis B and C viral 

infection, obesity, and diabetes mellitus [2] and consumption of alcohol is known to act 

synergistically with these risk factors to increase risk of HCC even further. [4, 5] It is 

clear that alcohol plays an established role in the development of HCC, however the 

specific mechanisms behind this development remain unclear.  

Cytochrome P450 2E1 (CYP2E1) is a hepatic enzyme induced when large 

quantities of alcohol are consumed. Reactive oxygen species (ROS) are produced during 

the conversion of ethanol to the metabolic intermediate acetaldehyde by CYP2E1. This 

production of ROS is thought to contribute significantly to ethanol-induced liver injury. 

[6-8] Specifically, ethanol-induced CYP2E1 activation has been linked to the presence of 

multiple histological and biochemical alterations observed in ethanol-induced liver 
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injury. These include the induction of fat accumulation in the liver (steatosis), [9-11] 

inflammatory foci and cytokine production, [10, 12, 13] and hepatic endoplasmic 

reticulum (ER) stress induction via activation of the unfolded protein response (UPR) 

pathways. [14] Ethanol-induced CYP2E1 has been shown to play a role in alcohol-

promoted HCC as well. Specifically, the presence of alcohol-promoted hepatocellular 

adenomas was significantly reduced when alcohol was given in conjunction with 

CYP2E1 inhibitor as compared with alcohol alone. This reduction was also associated 

with a reduction in inflammatory pathways and oxidative DNA damage. [15] In a recent 

animal study, Tsuchishima and colleagues demonstrated that chronic alcohol 

consumption alone is capable of inducing the pathogenesis of HCC in a mouse model. In 

this model, researchers revealed up-regulation of CYP2E1 in the area of 

hepatocarcinogenesis, supporting the proposed role of CYP2E1 in ethanol-induced HCC. 

[16] 

Several animal models have demonstrated that chronic ethanol feeding promotes 

HCC progression. [16-19]  A few animal studies have also reported the null effect [20] or 

the inhibitory effect [21, 22] of alcohol on HCC development. The experimental designs 

of these studies have many differences that may explain the contrasting outcomes. 

Specifically, the dosage of carcinogen and time of exposure, the alcohol delivery method 

(ethanol in drinking water versus food) and percentage of alcohol given, the time line and 

duration of the study protocol, and the species utilized are all very important factors in 

determining the outcome of the study. 

Multiple experimental models have demonstrated the increased incidence of HCC 

with consumption of alcohol. [16-19] However, these experimental models fail to 
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pinpoint the early mechanistic changes that occur in alcohol-promoted HCC 

development. As the diagnosis of early stage liver cancer is scarce and the 5-year survival 

rate after diagnosis is 16.1% [1] research targeting these initial steps of cancer 

development are crucial. Therefore, the goal of the present study is to develop an 

effective short-term carcinogen-initiated alcohol-promoted pre-neoplastic liver lesion 

mouse model. In this model, the liver-specific carcinogen, diethylnitrosamine (DEN), 

was injected at 14 days of age. A 27% EtOH diet was then fed for a 21-day promotional 

period beginning at 8 weeks of age. The combination of early DEN-injection and 

consumption of the EtOH diet produced a significant induction of pre-neoplastic liver 

lesions and multiple signature alterations of ethanol-induced liver injury.  

 

METHODS 

Animals, Carcinogen, and Diets 

Male C57BL/6 mice were used for this study. Experimental animal groups and 

study design are detailed in Figure 1. As experimental procedures were initiated pre-

weaning, pregnant female C57BL/6 mice (gestational age of 15 days) were purchased 

from Jackson Laboratory (Bar Harbor, Maine) and housed in our animal facilities for 

birthing and kept with their pups until weaning. Diethylnitrosamine (DEN, Sigma, 

>99.9% purity), a liver-specific carcinogen, was used to initiate carcinogenesis in this 

study. A single intraperitoneal (i.p.) injection of 25 mg.kg BW
-1

 DEN in 0.2 ml sterile 

saline was administered to mice at 14 days of age. The diets used for this experimental 

protocol were the Lieber-DeCarli liquid ethanol diet (EtOH diet, 27% of total calories as 
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ethanol) and control diet (Ctrl diet, where ethanol is replaced by isocaloric amounts of 

maltodextrin) (Dyets, Inc.). Mice were group pair-fed diets and no additional water was 

given as the Lieber DeCarli diet is formulated to include adequate amounts. In order to 

investigate the promotional effect of EtOH on carcinogen-initiated animals, mice were 

randomized into the following groups: (i) Sham injection + Ctrl diet, (ii) DEN injection + 

Ctrl diet, and (iii) DEN injection + EtOH diet. Mice were injected with DEN or sham 

(saline) at 14 days of age. Mice were weaned at 4 weeks of age and all mice were given 

Ctrl diet for an adaptation period of 2 weeks. Beginning at 6 weeks of age, mice in the 

EtOH diet group were gradually acclimated to the EtOH diet over a two week period. 

Specifically, mice began with a diet containing 5% ethanol as total energy for the first 2 

days of this adaptation period.  Ethanol content was then increased by 5% every 2-3 days 

until the full 27% ethanol content was reached. Mice were then fed the full 27% EtOH or 

Ctrl diet for a promotional period of 3 weeks at which point mice were terminally 

exsanguinated under deep isoflurane anesthesia. This animal study was conducted with 

approval from the Animal Care and Use Committee at the USDA Human Nutrition 

Research Center on Aging at Tufts University (Boston, MA). 

Histological Procedures 

Livers were dissected from mice and 2 sections were fixed in a 1:10 dilution-

buffered formalin solution for 24 hours. Following fixation, liver sections were 

transferred to 70% ethanol for routine histological processing followed by paraffin 

embedding and tissue slicing for slide production. Slides were stained with hematoxylin 

and eosin (H&E, Sigma Aldrich) for histological analysis. A ZEISS microscope with a 
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PixeLINK USB 2.0 (PL-B623CU) digital Camera, PixeLINK μScope Microscopy 

Software was used for quantification and image capture for all histological examination. 

Quantification of Pre-neoplastic Liver Lesions 

Hepatic pre-neoplastic lesions were quantified by determining the incidence and 

multiplicity on H&E stained slides. Twenty separate fields of view were microscopically 

examined by two separate investigators blinded to the experimental groups. Pre-

neoplastic liver lesions were characterized as either basophilic or eosinophilic foci in our 

model.  

Quantification of Steatosis 

Micro- and macro-vesicular steatosis were quantified by blinded investigators 

examining 20 separate images at 100X magnification for each slide. A grading system 

based on the percentage of liver section that is occupied by fat vacuoles was used. 

Specifically, grade 0 = <5% steatosis; grade 1 = 5-25%; grade 2 = 26-50%; grade 3 = 51-

75%; grade 4 = >75%.  

Quantification of Inflammatory Foci 

The total number of inflammatory foci was counted on 20 separate fields of view 

on H&E stained slides at 100X magnification by two separate blinded investigators. Each 

field of view represents 0.63 cm
2
, and inflammatory foci counts were represented as the 

number of foci per cm
2
. 

Protein Isolation and Western Blotting 

Approximately 50 mg of liver tissue was extracted using whole cell lysis buffer 

(50 mM HEPES, 300 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5% Triton X-100, 10% 
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Glycerol, Protease Inhibitor Cocktail (Sigma-Aldrich), Phosphatase Inhibitor Cocktail 

(Sigma-Aldrich), and 1 mM PMSF (phenylmethylsulfonyl fluoride)). Protein 

concentration was determined using standard spectrophotometer techniques using 

Coomassie Blue (Thermo Scientific) with bovine serum albumin (BSA, Pierce) 

standards. Protein extracts were stored at -80°C until needed for analysis. Whole cell 

lysate protein samples from liver containing 25-100 μg protein were run in SDS-

polyacrylamide gels (Protogel, National Diagnostics) with a standard protein marker for 

protein size determination (Bio-Rad Laboratories) followed by transfer to a methanol-

activated polyvinylidene fluoride (PVDF) membrane (Immobilon-P transfer membrane 

PVDF). Membranes were blocked in 5% non-fat dry milk or 5% BSA in 0.1% TBS-T (25 

mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20) at room temperature for 1 hour. Blots 

were incubated with primary antibody at 4°C overnight. Specific antibodies used include 

CYP2E1 (Millipore AB1252), phosphorylated eIF2α (Cell Signaling #3398P), and total 

eIF2α (Cell Signaling #5324P). Secondary antibody was applied for 1 hour at room 

temperature. Proteins were detected using Super Signal West Pico Chemiluminescent 

Substrate (Thermo Scientific). Protein bands were quantified with using a densitometer 

(Bio-Rad GS-710, Bio-Rad Laboratories, Hercules, CA) and normalized to housekeeping 

gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Millipore MAB374),) protein 

levels to ensure equal protein load.  

RNA Extraction and Real Time-PCR 

Hepatic mRNA levels were determined by real-time PCR. Liver RNA was 

extracted using TriPure Isolation Reagent  (Roche Applied Science) as per the 

manufacturer’s instructions. RNA quality and quantity was analyzed using 1% agarose 
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gel and spectrophotomer (Abs260) techniques, respectively. Complementary DNA 

(cDNA) was synthesized by reverse transcription PCR (M-MLV, Invitrogen). Real-time 

PCR was performed using SYBER green (Fast Start Universal SYBR Green Master, 

Roche) according to the manufacturer’s instructions on a 7500 Real Time PCR System 

(Applied Biosystems) detection system. Primer sequences used are as follows: 

Mouse Cyp2E1 Forward primer AAGCGCTTCGGGCCAG 

 Reverse primer TAGCCATGCAGGACCACGA 

Mouse Xbp1 Forward primer ACACGCTTGGGAATGGACAC 

 Reverse primer CCATGGGAAGATGTTCTGGG 

Mouse sXbp1 Forward primer GAGTCCGCAGCAGGTG 

 Reverse primer GTGTCAGAGTCCATGGGA 

Mouse GAPDH Forward primer CTGGAGAAACCTGCCAAGTATG 

 Reverse primer TGAAGTCGCAGGAGACAACCT 

 

Gene expression was determined by the -2
ΔΔCt

  method relative to the control group after 

normalization to housekeeping gene, GAPDH.  

Statistical Analyses 

Statistical differences were determined by T-test and one-way ANOVA with 

Tukey’s HSD to adjust for multiple comparisons for weights, inflammatory foci, mRNA, 

and protein data. Kruskal-Wallis overall test followed by Wilcoxon rank-sum test was 

performed for steatosis grading and Chi-square test was performed for incidence and 

multiplicity of pre-neoplastic liver lesions. The Statistical Analysis System (SAS, version 

9.2, SAS Institute, Inc.) was used for all statistical analysis. Results are presented as 

means ± standard error of the means (SEM), unless otherwise indicated, and significance 

was set at P < 0.05. 
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RESULTS 

Effects of DEN Injection and EtOH Diet on Mouse Weights 

DEN injection as compared with Sham injection in Ctrl diet-fed mice resulted in 

no significant differences in final body weight or liver weight (Table 1). Analysis of the 

ratio of liver weight/final body weight was significantly increased in DEN + Ctrl diet 

mice as compared with Sham + Ctrl diet mice. Addition of the EtOH diet resulted in a 

significant decrease in final body weight in DEN injected mice as compared with both 

Sham and DEN + Ctrl diet animals. Liver weight was significantly increased as compared 

with Sham + Ctrl diet mice; however no significant difference was found between DEN + 

Ctrl diet and DEN + EtOH diet liver weights. Ratio of liver weight/final body weight in 

DEN + EtOH diet mice was significantly increased compared with both Sham and DEN 

+ Ctrl diet animals.  

DEN Injection + EtOH Diet Induces Hepatic Pre-neoplastic Lesions 

The primary outcome of this study was to investigate the presence of hepatic pre-

neoplastic lesions in our experimental groups. Hepatic pre-neoplastic lesions were 

characterized by the presence of eosinophilic or basophilic foci in the tissue (Figure 2). 

These lesions signify alterations in cellular formation that have been linked to future 

areas of carcinogenesis. Therefore, pre-neoplastic lesions are used as predictors of cancer 

development in animal models. As expected, no mice in the Sham + Ctrl diet group 

produced lesions. The DEN + Ctrl diet mice also had no induction of lesions. However, 

the DEN + EtOH diet mice had a significant induction of hepatic pre-neoplastic lesions in 

both multiplicity (1.59 ± 0.54 lesions per cm
2
) and incidence (53.85%), indicating that 
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the addition of the EtOH diet was able to significantly promote the induction of hepatic 

pre-neoplastic lesions (Table 2).  

DEN Injection + EtOH Diet Induces Hepatic Steatosis 

Steatosis, a well-known histological marker of alcohol-induced liver injury was 

assessed on H&E stained slides (Figure 2). Steatosis scoring results are presented in 

Table 3. No induction of steatosis was found in Sham + Ctrl diet mice, where 100% of 

mice in this group had a score of 0. In the DEN + Ctrl diet mice all but 1 mouse had a 

score of 0, with 1 mouse scoring 1 on the steatosis grade scale. This slight increase had 

no statistical significance, however, when groups were compared. Addition of ethanol 

consumption in the DEN + EtOH diet group significantly increased hepatic steatosis 

scoring with all animals scoring a grade of either 1 or 2 (61.5% and 38.5%, respectively).  

DEN Injection + EtOH Diet Induces Hepatic Inflammatory Foci 

The presence of hepatic inflammatory foci, characterized by clusters of recruited 

immune cells, was analyzed on H&E stained slides (Figure 2). Sham + Ctrl diet mice and 

DEN + Ctrl diet mice had very small amounts of hepatic inflammatory foci with 0.433 ± 

0.433 and 0.226 ± 0.154, respectively. No significant changes were found between the 

Sham + Ctrl diet and DEN + Ctrl diet mice. The addition of alcohol in the DEN + EtOH 

diet mice resulted in an inflammatory foci count of 4.639 ± 0.634. This was a significant 

increase in hepatic inflammatory foci as compared with Sham + Ctrl diet and DEN + Ctrl 

diet mice (Figure 3). 
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DEN Injection + EtOH Diet Induces ER Stress 

The induction of hepatic ER stress was measured by the activation of the UPR 

pathways. No changes were observed in hepatic expression levels of X-box-binding 

protein 1 (Xbp1), however the spliced and transcriptionally active form, spliced Xbp1 

(sXbp1), was significantly increased in DEN + EtOH diet mice (1.7 and 1.9 fold increase) 

as compared with Sham + Ctrl diet and DEN + Ctrl diet mice, respectively. Additionally, 

phosphorylated eukaryotic translation-initiation factor 2α (p-eIF2α) levels were found to 

be significantly increased with the addition of EtOH diet to DEN-injected mice. 

Specifically, DEN + EtOH diet resulted in a 2.6 and 1.9 fold increase in p-eIF2α as 

compared with Sham + Ctrl diet and DEN + Ctrl diet animals, respectively (Figure 4). 

DEN Injection + EtOH Diet Induces Hepatic CYP2E1 Protein Levels 

Hepatic CYP2E1 protein levels were very similar in DEN + Ctrl diet mice as 

compared with Sham + Ctrl diet mice, with relative levels of 0.63 ± 0.29 and 1.0 ± .047, 

respectively. The addition of EtOH diet in DEN + EtOH diet mice resulted in a dramatic 

26 fold increase of hepatic CYP2E1 protein levels as compared with DEN + Ctrl diet 

mice. Interestingly, no changes were found in Cyp2E1 expression levels in any of the 

three experimental groups. Relative changes in CYP2E1 are presented in Figure 5. 

 

DISCUSSION 

Consumption of alcohol is common worldwide and results in approximately 2.5 

million deaths a year. [23] Alcohol consumption is the world’s third largest risk factor for 

disease and disability, and is the most common known risk factor for HCC – accounting 

for 32% of HCC cases in the United States. [2] HCC is the 5
th

 most common cancer and 
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3
rd

 leading cause of cancer-related death worldwide. [24] Specifically, the National 

Cancer Institute reports that an estimated 30,640 individuals (22,730 men and 7,920 

women) will be diagnosed with and over 21,600 individuals will die of liver cancer in 

2013. [1] Clearly, the development of HCC from alcohol consumption is a prominent 

public health problem both in the United States and worldwide. HCC is rarely detected 

early, and when it is detected the survival rate is very low. [1] Therefore it is of the 

utmost importance to focus research efforts on the prevention of early-stage hepatic pre-

cancerous lesions. This study establishes a new model of carcinogen-initiated alcohol-

promoted pre-neoplastic liver lesions. Development of this model will enable researchers 

to further investigate the specific alterations in molecular mechanisms that drive the 

development of cancerous lesions. Indeed, this model will be an ideal environment in 

which to investigate therapeutic compounds focusing on early prevention of cancer 

development.  

 Our results demonstrated no significant changes in final body or liver weight with 

DEN injection in mice fed Ctrl diet as compared with Sham injection fed Ctrl diet. 

However, the ratio of liver weight/final body weight was significantly increased in DEN 

injected mice, indicating that a larger percentage of total mouse weight was liver weight. 

Mice consuming the EtOH diet had significantly decreased final body weight as 

compared with both Sham and DEN + Ctrl diet animals. Liver weight was increased as 

compared with Sham + Ctrl diet (significant) and DEN + Ctrl diet (nonsignificant) and 

the ratio of liver weight/final body weight was found to be significant as compared with 

both groups. Therefore, it is clear that the addition of alcohol to the diet resulted in a 

combination of loss of total body weight and increase in liver weight in these mice. 
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Hepatic pre-neoplastic liver lesions, characterized by the presence of basophilic or 

eosinophilic foci, were examined in our three experimental groups as our primary 

outcome. No lesions were produced in Sham + Ctrl diet animals, which was to be 

expected. Interestingly, DEN + Ctrl diet mice also produced no lesions. Although DEN is 

a known liver carcinogen, [25, 26] the lack of lesions in these mice is not surprising due 

to the extremely short duration of this experimental study design. Addition of the 27% 

alcoholic diet to DEN injected mice resulted in a significant induction of hepatic pre-

neoplastic lesions (53.85% incidence). This result indicates that the addition of EtOH diet 

is capable of promoting the development of pre-neoplastic liver lesions that are otherwise 

lacking in DEN injected mice without alcoholic diet.  

It is well documented that consumption of an alcoholic diet results in a significant 

induction of hepatic steatosis, inflammatory foci, ER stress, and CYP2E1 protein levels. 

[8, 14, 27-38] Therefore, we investigated the response of these markers in our mouse 

model to indicate the presence of alcohol-induced hepatic injury. In our model, no 

differences between Sham + Ctrl diet and DEN + Ctrl diet animals were found for 

outcomes of hepatic steatosis, inflammatory foci, ER stress, or CYP2E1 protein levels. 

However, the addition of the alcoholic diet in DEN + EtOH diet mice resulted in a 

significant induction of all of these markers. Specifically, we observed an increase in the 

severity of hepatic steatosis, with all animals graded as a 1 or 2 (61.5% and 38.5%, 

respectively) on a 0-4 steatosis grading scale. No animals received higher than a score of 

0 in the Sham + Ctrl diet mice group, and only 1 animal out of 14 receiving a score of 1 

in the DEN + Ctrl diet mice group. Hepatic inflammatory foci was recorded as 4.638 ± 
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0.634  foci per cm
2
 in DEN + EtOH diet, a dramatic 20-fold increase as compared with 

DEN injection alone. 

Our results demonstrate that ER stress is induced in our DEN-initiated EtOH-

promoted pre-neoplastic liver lesion mouse model. Full-length Xbp1 expression levels 

were unchanged by alcoholic diet, however expression levels of sXbp1 – the highly 

transcriptionally active form – were significantly up-regulated by consumption of the 

alcoholic diet. In addition, p-eIF2α protein levels were significantly up-regulated in DEN 

+ EtOH diet mice. These results indicate the activation of ER stress by increased 

signaling of the protein kinase RNA –like ER kinase (PERK) and inositol requiring 1α 

(IREα) branches of the UPR pathways. This observation is supported by previous studies 

demonstrating ER stress induction via ethanol consumption [14, 35-38] as well as the 

involvement of ER stress in HCC development. [39-41] However, we demonstrate, for 

the first time, the involvement of ER stress in an EtOH-promoted pre-neoplastic liver 

lesion model.  

The induction of CYP2E1 by alcoholic diet has been demonstrated as a key player 

in the development of both alcohol-induced hepatic injury and carcinogenesis. [6-10, 15, 

16, 42] In our model, CYP2E1 protein levels were significantly increased in DEN + 

EtOH diet-fed mice, confirming the role of CYP2E1 in alcohol-related injury. 

Interestingly, no changes in Cyp2E1 expression levels were found even with a dramatic 

increase in protein levels. A lack of change in mRNA expression, and even reduced 

mRNA levels, has been previously documented in alcohol-fed animals, even with an 

increase in CYP2E1 protein levels [43, 44] thus supporting our results. These data point 

to a posttranslational mechanism of CYP2E1 alteration. 



124 
 

Induction of CYP2E1 by alcohol has been previously associated with the presence 

of multiple histological and biochemical alterations associated with alcohol-induced liver 

injury. Specifically, induction of CYP2E1 has been associated with an increase in 

steatosis, [9-11] inflammatory foci and cytokine production, [10, 12, 13] and hepatic ER 

stress induction via activation of the UPR pathways. [14] In addition, alcohol-induced 

CYP2E1 plays a role in alcohol-promoted HCC.  [15, 16] Thus, we conclude that the 

induction of CYP2E1 protein levels by the addition of alcoholic diet in our model is 

associated with the production of pre-neoplastic liver lesions as well as the induction of 

steatosis, inflammatory foci, and ER stress.  

In summary, this study validates the experimental animal design of a DEN-

initiated alcohol-promoted pre-neoplastic liver lesion mouse model. The addition of a 

27% alcoholic diet to DEN-injected mice produces pre-neoplastic liver lesions as well as 

induction of CYP2E1 protein levels, steatosis, inflammatory foci, and ER stress markers. 

This model provides an ideal environment for future investigations of the specific 

signaling pathways involved in alcohol-promoted pre-cancerous lesion formation. 
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Table 1. Effect of DEN Injection and EtOH Diet on Mouse Weights 

 

Body weight, liver weight, and ratio of liver weight / final body weight of mice in the 

three experimental treatment groups. Data are presented as means ± SEM. One-way 

ANOVA followed by Tukey’s HSD was performed to determine statistical significance 

between groups. For a given row, data not sharing a common superscript letter are 

statistically significant from each other (P<0.05). Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet, LW/FBW Ratio – liver weight/final 

body weight ratio. 
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Table 2. EtOH Diet Promotes Hepatic Pre-neoplastic Liver Lesions in DEN-Injected 

Mice 

 

Pre-neoplastic liver lesions are characterized by the presence of basophilic or 

eosinophilic foci. 20 separate fields of view at 100X magnification were examined for 

each animal by two separate blinded investigators. Multiplicity and incidence rates were 

calculated from results. Chi-square test was used to test for statistical significance 

between groups. For each column, data not sharing a common superscript letter are 

statistically significant from each other (P<0.05). Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet.  
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Table 3. EtOH Diet Induces Steatosis in DEN-Injected Mice 

 

20 images at 100X magnification were evaluated regarding the grade of steatosis (both 

macro- and micro-vesicular) by two blinded investigators for each side. The degree of 

steatosis was graded 0-4 based on the area of liver section occupied by fat vacuole (grade 

0 = <5% steatosis; grade 1 = 5-25%; grade 2 = 26-50%; grade 3 = 51-75%; grade 4 = 

>75%). Kruskal-Wallis overall test followed by Wilcoxon rank-sum test was used to test 

for statistical significance among groups. Groups not sharing a common superscript letter 

are statistically significant from each other (P < 0.05). Abbreviations: ctrl diet – control 

diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet. 
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Figure 1. Experimental Study Design of DEN-Initiated Alcohol-Promoted Hepatic 

Pre-Cancerous Lesion Mouse Model 

Experimental A) animal groups and B) time line to develop an efficient DEN-initiated 

alcohol-promoted hepatic preneoplastic liver lesion mouse model. Mice were injected 

with DEN followed by a 27% alcoholic diet for a promotional period of 21 days and 

animal sacrifice at 11 weeks of age. Abbreviations: ctrl diet – control diet, EtOH diet – 

ethanol diet, DEN – diethylnitrosamine, i.p. – intraperitoneal, wks – weeks.  
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Figure 2. Representative Histological Injury in Livers of DEN + EtOH Diet Mice 

Representative H&E staining of A) basophilic foci, B) eosinophilic foci, C) inflammatory 

foci, and D) steatosis in DEN injected and alcohol-fed mice. A ZEISS microscope with a 

PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK μScope Microscopy 

Software was used for  image capture of all histological examinations. 
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Figure 3. EtOH Diet Induces Inflammatory Foci in DEN-Injected Mice 

Inflammatory foci were analyzed on H&E stained slides. 20 images at 100X 

magnification were evaluated regarding the number of inflammatory foci for each animal 

by blinded individuals. T-test was used to determine statistical significance between 

treatment groups. * indicates P < 0.05. Abbreviations: ctrl diet – control diet, DEN – 

diethylnitrosamine, EtOH diet – ethanol diet. 
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Figure 4.  EtOH Diet Induces ER Stress Markers in DEN-Injected Mice 

Markers of the unfolded protein response pathways were examined to indicate activation 

of ER stress in the model. Addition of the alcoholic diet in DEN injected mice 

significantly increased A) p-eIF2α and B) sXBP1, but not XBP1,indicating activation of 

protein kinase RNA –like ER kinase and inositol requiring 1α pathways, respectively.  

Results are presented as means ± SEM. T-test was used to determine statistical 

significance between treatment groups. * indicates P < 0.05. Abbreviations: ctrl diet – 

control diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet, XBP1 – X-box-binding 

protein 1, sXBP1 – spliced X-box-binding protein 1, p-eIF2α – phosphorylated 

eukaryotic translation-initiation factor 2, T-eIF2α – total eukaryotic translation-initiation 

factor 2, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 5. EtOH Diet Induces CYP2E1 Protein Levels in DEN-Injected Mice 

CYP2E1 protein and Cyp2E1 expression levels were measured in mouse livers of each 

experimental group. Addition of the alcoholic diet resulted in a significant increase in 

hepatic CYP2E1 protein levels and no change in Cyp2E1 expression levels in DEN + 

EtOH Diet mice. Results are presented as means ± SEM. T-test was used to determine 

statistical significance between treatment groups. * indicates P < 0.05. Abbreviations: ctrl 

diet – control diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet, CYP2E1 – 

cytochrome P450 2E1, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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CHAPTER VI 

TOMATO POWDER SUPPLEMENTATION INHIBITS 

DEVELOPMENT OF HEPATIC INJURY IN A 

DIETHYLNITROSAMINE-INITIATED ALCOHOL-PROMOTED 

PRE-CANCEROUS MOUSE MODEL 
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ABSTRACT 

Chronic and excessive alcohol consumption leads to the development of alcoholic liver 

disease and greatly increases the risk of hepatocellular carcinoma. Induction of the 

cytochrome p450 2E1 (CYP2E1) enzyme by alcohol is known to play a role in the 

pathogenesis of alcohol-induced liver injury. High intake of tomatoes is associated with a 

decreased risk of certain types of cancer. The present study aims to investigate the 

potential protective effects of tomato powder (TP) in a carcinogen (diethylnitrosamine 

[DEN])-initiated alcohol-promoted pre-neoplastic liver lesion mouse model. C57BL/6 

mice were injected with DEN (25 mg.kg
 
BW

-1
) at 14 days of age. At 8 weeks of age mice 

were group pair-fed with Lieber-DeCarli liquid control diet or alcoholic diet (EtOH diet, 

27% total energy from ethanol) and supplemented with 3 g.kg BW
-1

.d
-1

 TP for a 

treatment period of 21 days. Results show a significant induction in the incidence and 

multiplicity of basophilic and eosinophilic foci, established markers of pre-neoplastic 

liver lesions, in DEN-injected mice fed EtOH diet. The presence of pre-neoplastic lesions 

was significantly correlated with the induction of CYP2E1 protein levels, endoplasmic 

reticulum (ER) stress markers spliced X-box-binding protein-1 (sXbp1) and 

phosphorylated eukaryotic translation-initiation factor 2α (p-eIF2α), steatosis, and 

inflammatory foci in these mice. Supplementation with TP inhibited the presence of 

basophilic and eosinophilic foci in DEN-injected mice fed EtOH diet. A significant 

reduction in EtOH diet-induced CYP2E1 protein levels, sXbp1 expression, and p-eIF2α 

protein levels was found in mice fed TP. Additionally; dietary TP significantly reduced 

the severity of both EtOH diet-induced steatosis and hepatic inflammatory foci. These 

reductions were associated with restored levels of peroxisome proliferator-activated 
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receptor-α and downstream fatty acid transport and β-oxidation gene expression and 

reduced inflammatory gene expression, respectively. In conclusion, this study 

demonstrates that supplementation with TP prevents EtOH diet-promoted pre-neoplastic 

liver lesion development and decreases the presence of EtOH-induced hepatic injury 

through the potential mechanism of CYP2E1 protein down-regulation. Finally, our 

findings support whole food as an effective disease prevention strategy.  

 

INTRODUCTION 

Chronic and excessive alcohol consumption is commonplace in both the United 

States and worldwide and is known to cause severe liver damage and increase risk of 

hepatocellular carcinoma (HCC) development by almost 5-fold. [1] HCC is the fifth most 

common cancer worldwide  [2] and is the most rapidly increasing cause of cancer death 

in the United States [3] with a 5-year relative survival rate of only 16.1%. [4]  

The enzyme cytochrome P450 2E1 (CYP2E1), part of the microsomal ethanol 

oxidizing system, is activated when large quantities of alcohol are consumed. The 

metabolism of alcohol via CYP2E1 results in the production of reactive oxygen species 

(ROS) that are thought to contribute significantly to ethanol-induced liver injury. [5-10] 

It has also been proposed that CYP2E1 plays a role in alcohol-promoted HCC. In recent 

studies, long-term alcohol consumption resulted in the induction of HCC, which was 

associated with increased CYP2E1 in the area of hepatocarcinogenesis. [11] Additionally, 

the presence of alcohol-promoted hepatocellular adenomas was significantly reduced 
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when alcoholic diet was given in conjunction with a chemical CYP2E1 inhibitor as 

compared with alcoholic diet alone. [12] 

Multiple other alcohol-induced biochemical changes associated with hepatic 

injury have been implicated in HCC development. The reduction of peroxisome 

proliferator-activated receptor α (PPARα) by alcohol consumption is thought to play an 

essential role in the development of alcohol-induced steatosis due to its pivotal role in the 

regulation of fatty acid β-oxidation. [13-15] The presence of alcohol-induced liver 

inflammation is well documented, and is considered a hallmark of early alcoholic liver 

disease, including the presence of hepatic inflammatory foci and the up-regulation of 

inflammatory cytokines tumor necrosis factor-a (TNFα), interleukin-6 (IL-6), and 

interleukin-1β (IL-1β). [16-20] Inflammation is also known to play a crucial role in the 

development of hepatic carcinogenesis. [21] Endoplasmic reticulum (ER) stress is known 

to be up-regulated via alcohol consumption through the activation of unfolded protein 

response (UPR) pathways. [22-25] The presence of ER stress is also well-documented in 

many different cancer types, including HCC. [26-28] All of these biomarkers of hepatic 

injury have previously been associated with the increase in alcohol-induced CYP2E1, [5-

10] pinpointing CYP2E1 as a possible target for dietary intervention in alcohol-induced 

hepatic injury and tumorigenesis models.  

High consumption of tomatoes and tomato products is associated with decreased 

risk of chronic diseases, including many types of cancer. [29-33]  The many health 

benefits associated with tomato consumption have, in the past, been mainly attributed to 

the high content of the carotenoid lycopene found in tomatoes. However, the plasma 

lycopene levels associated with these health benefits may serve only as a marker for 



141 
 

tomato consumption and does not necessarily mean lycopene itself is responsible for the 

observed effects. Tomatoes are also a valuable source of many micronutrients and 

phytochemicals including many different carotenoids, polyphenols, folate, ascorbic acid, 

and α-tocopherol. [34] In recent years, there have been several studies demonstrating the 

superior protective effects of tomato powder (representative of whole tomato) when 

compared to purified lycopene in both epidemiologic studies and experimental animals 

models. [32, 35-40] Specifically, whole tomatoes and tomato products were shown to 

reduce the risk of both cardiovascular disease and prostate cancer to a much greater 

extent than lycopene. [31, 40] Animal studies have revealed greater protective effects of 

tomato as compared with purified lycopene in colon cancer, prostate cancer, lipid 

peroxidation models, and hepatic injury models. [35, 36, 38, 39]  

While it is necessary to isolate and investigate single nutrients in order to 

elucidate the specific mechanisms they may target in experimental disease models, it is 

important to remember that this approach may lead to a completely different result as 

compared to treatment of the nutrient in combination with other nutrients present in its 

natural whole food state. Therefore, we have chosen to focus our study on the potential 

protective actions of tomatoes in their whole food state. As early detection of HCC is 

uncommon, [41] investigation of dietary whole food intervention capable of alleviating 

the early stages of HCC development represents a critical area of research. Thus, this 

study utilizes a diethylnitrosamine (DEN)-initiated alcohol-promoted pre-neoplastic liver 

lesion mouse model to investigate the protective effects of tomato powder (TP) against 

pre-neoplastic liver lesions. Briefly, mice were injected with DEN (25 mg.kg BW
-1

) at 14 

days of age, followed by a 27% alcoholic diet and TP supplementation (3 g.kg BW
-1

.d
-1

) 
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at 8 weeks of age for a 21-day treatment period. Potential alterations of histological and 

biochemical changes known to be induced by alcohol consumption including CYP2E1 

levels, ER stress markers, fat accumulation, and inflammation were investigated in our 

TP supplemented animals as well. 

 

METHODS 

Carcinogen, Diets, and Supplementation 

The liver-specific carcinogen diethylnitrosamine (DEN, Sigma, >99.9% purity) 

was used to initiate carcinogenesis in this study. DEN was injected intraperitoneally at a 

dose of 25 mg.kg BW
-1 

in 0.2 ml sterile saline when mice were 14 days of age. The 

Lieber-DeCarli liquid ethanol diet (EtOH diet, 27% of total calories as ethanol) and 

control diet (Ctrl diet, where ethanol is replaced by isocaloric amounts of maltodextrin) 

(Dyets, Inc.) were used as experimental diets for this study. Tomato powder (TP) was 

received as a gift from Kagome, Co., LTD (Japan), and is representative of a whole 

tomato, including all nutrients. The TP dose was given at 3 g.kg BW
-1

.d
-1

 and added 

directly into the diet. Specifically, the diet was made once weekly, blended to ensure 

adequate distribution of the supplement, and stored at 4°C.  

Animals and Study Design 

This study utilized male C57BL/6 mice. As experimental procedures were 

initiated pre-weaning, pregnant female C57BL/6 mice (gestational age of 15 days) were 

purchased from Jackson Laboratory (Bar Harbor, Maine) and housed in our animal 

facilities for birthing and kept with their pups until weaning. Upon initiation of the study, 
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mice were randomized into the following groups: 1) Sham injection + Ctrl diet, 2) DEN 

injection + Ctrl diet, 3) DEN injection + EtOH diet, and 4) DEN injection + EtOH diet + 

TP supplementation. At 14 days of age, mice were injected with 25 mg.kg BW
-1 

DEN or 

sham (saline). Following weaning at 4 weeks of age, mice were given Ctrl diet for 2 

weeks. At 6 weeks of age, mice in EtOH diet groups began a gradual adaptation to the 

EtOH diet. For the first 2 days, mice were given a diet of 5% ethanol as total energy 

intake, followed by a 5% increase in ethanol percentage every 2-3 days for an adaptation 

period of 2 weeks. At 8 weeks of age, TP supplementation was given with the full 27% 

EtOH diet for an experimental period of 21 days. Mice were group pair-fed with DEN 

injection + EtOH diet as lead group for the duration of the animal protocol. Upon 

completion of the study timeline, animals were terminally exsanguinated under deep 

isoflurane anesthesia. This animal study was conducted with approval from the Animal 

Care and Use Committee at the USDA Human Nutrition Research Center on Aging at 

Tufts University (Boston, MA). 

Histological Procedures 

Livers were dissected from mice and 2 small sections were fixed in a 1:10 

dilution-buffered formalin solution for 24 hours. Following fixation, liver sections were 

transferred to 70% ethanol for routine histological processing followed by paraffin 

embedding and tissue slicing for slide production. Slides were stained with hematoxylin 

and eosin (H&E, Sigma Aldrich) for histological analysis. A ZEISS microscope with a 

PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK μScope Microscopy 

Software was used for quantification and image capture for all histological analysis. 
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Quantification of Pre-neoplastic Liver Lesions 

Hepatic pre-neoplastic lesions were quantified by determining the incidence and 

multiplicity on H&E stained slides. Twenty separate fields of view were microscopically 

examined by two separate investigators blinded to the experimental groups. Pre-

neoplastic liver lesions were characterized by the presence of either basophilic or 

eosinophilic foci in our model.  

Quantification of Steatosis 

Two separate investigators blinded to treatment quantified micro- and macro-

vesicular steatosis on 20 separate images at 100X magnification for each slide. A grading 

system based on the percentage of liver section that is occupied by fat vacuoles was used. 

The grading system is defined as follows: grade 0 = <5% steatosis; grade 1 = 5-25%; 

grade 2 = 26-50%; grade 3 = 51-75%; grade 4 = >75%.  

Quantification of Inflammatory Foci 

The total number of inflammatory foci was counted on H&E stained slides. 

Specifically, 20 fields of view were examined at 100X magnification for each sample by 

two separate investigators blinded to treatment. Each field of view represents 0.63 cm
2
, 

and inflammatory foci counts were represented as the number of foci per cm
2
. 

Protein Isolation and Western Blotting 

Approximately 50 mg of liver tissue was extracted using whole cell lysis buffer 

(50 mM HEPES, 300 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5% Triton X-100, 10% 

Glycerol, Protease Inhibitor Cocktail (Sigma-Aldrich), Phosphatase Inhibitor Cocktail 

(Sigma-Aldrich), and 1 mM PMSF (phenylmethylsulfonyl fluoride)). Protein 
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concentration was determined using standard spectrophotometer techniques using 

Coomassie Blue (Thermo Scientific) with bovine serum albumin (BSA, Pierce) 

standards. Protein extracts were stored at -80°C until needed for analysis. Whole cell 

lysate protein samples from liver containing 25-100 μg protein were run in SDS-

polyacrylamide gels (Protogel, National Diagnostics) with a standard protein marker for 

protein size determination (Bio-Rad Laboratories) followed by transfer to a methanol-

activated polyvinylidene fluoride (PVDF) membrane (Immobilon-P transfer membrane 

PVDF). Membranes were blocked in 5% non-fat dry milk or 5% BSA in 0.1% TBS-T (25 

mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20) at room temperature for 1 hour. Blots 

were incubated with primary antibody at 4°C overnight. Specific antibodies used include 

CYP2E1 (Millipore AB1252), phosphorylated eIF2α (Cell Signaling #3398P), total 

eIF2α (Cell Signaling #5324P). Secondary antibody was applied for 1 hour at room 

temperature. Proteins were detected using Super Signal West Pico Chemiluminescent 

Substrate (Thermo Scientific). Protein bands were quantified with using a densitometer 

(Bio-Rad GS-710, Bio-Rad Laboratories, Hercules, CA) and normalized to protein levels 

of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 

Millipore MAB374) to ensure equal protein load.  

RNA Extraction and Real Time-PCR 

Hepatic mRNA levels were determined by real-time PCR. Liver RNA was 

extracted using TriPure Isolation Reagent  (Roche Applied Science) as per the 

manufacturer’s instructions. RNA quality and quantity was analyzed using 1% agarose 

gel and spectrophotometer (Abs260) techniques, respectively. Complementary DNA 

(cDNA) was synthesized by reverse transcription PCR (M-MLV, Invitrogen). Real-time 



146 
 

PCR was performed using SYBER green (Fast Start Universal SYBR Green Master, 

Roche) according to the manufacturer’s instructions on a 7500 Real Time PCR System 

(Applied Biosystems). Primer sequences utilized in this study are as follows: 

Mouse CYP2E1 Forward primer AAGCGCTTCGGGCCAG 

 Reverse primer TAGCCATGCAGGACCACGA 

Mouse XBP1 Forward primer ACACGCTTGGGAATGGACAC 

 Reverse primer CCATGGGAAGATGTTCTGGG 

Mouse sXBP1 Forward primer GAGTCCGCAGCAGGTG 

 Reverse primer GTGTCAGAGTCCATGGGA 

Mouse PPARα Forward primer GTACCACTACGGAGTTCACGCA 

 Reverse primer CATTGTGTGACATCCCGACAG 

Mouse CPT-1 Forward primer GCACTGCAGCTCGCACATTACAA 

 Reverse primer CTCAGACAGTACCTCCTTCAGGAAA 

Mouse ACOX1 Forward primer TAACTTCCTCACTCGAAGCCA 

 Reverse primer AGTTCCATGACCCATCTCTGTC 

Mouse ACOX3 Forward primer GCCTCCTTCAACTCTGGGG 

 Reverse primer TCAGTTCTCGTAGCTTCTCTAGG 

Mouse TNFα Forward primer CAAACCACCAAGTGGAGGAG 

 Reverse primer CGGACTCCGCAAAGTCTAAG 

Mouse IL-6 Forward primer GGATACCACTCCCAACAGACCT 

 Reverse primer GCCATTGCACAACTCTTTTCTC 

Mouse IL-1β Forward primer TCTTTGAAGTTGACGGACCC 

 Reverse primer TGAGTGATACTGCCTGCCTG 

Mouse IFNγ Forward primer  GGCTGTTACTGCCACGGCACA 

 Reverse primer CACCATCCTTTTGCCAGTTCCTCCA 

Mouse NLRP3 Forward primer AGCCTTCCAGGATCCTCTTC 

 Reverse primer CTTGGGCAGCAGTTTCTTTC 

Mouse GAPDH Forward primer CTGGAGAAACCTGCCAAGTATG 

 Reverse primer TGAAGTCGCAGGAGACAACCT 
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Gene expression was determined by the -2
ΔΔCt

  method relative to the control group after 

normalization to housekeeping gene, GAPDH.  

Statistical Analyses 

Statistical differences were determined by T-test and one-way ANOVA with 

Tukey’s HSD to adjust for multiple comparisons for mouse weights, inflammatory foci, 

mRNA, and protein data. Kruskal-Wallis overall test followed by Wilcoxon rank-sum 

test was performed for steatosis grading data and Chi-square test was performed for 

incidence and multiplicity of pre-neoplastic liver lesions. The Statistical Analysis System 

(SAS, version 9.2, SAS Institute, Inc.) was used for all statistical analysis. Results are 

presented as means ± standard error of the means (SEM), unless otherwise indicated, and 

significance was set at P < 0.05. 

 

RESULTS 

Effects of DEN Injection, EtOH Diet, and Dietary TP on Mouse Weights 

Comparison of final mouse weight data between experimental groups is displayed in 

Table 1. Injection with DEN as compared to Sham injection in Ctrl diet-fed animals 

resulted in no significant differences in final body weight or liver weight. Analysis of the 

ratio of liver weight/final body weight was significantly increased in DEN + Ctrl Diet 

mice as compared with Sham + Ctrl diet mice. Addition of the EtOH diet resulted in a 

significant decrease in final body weight in DEN injected mice as compared with both 

Sham and DEN + Ctrl diet animals. Liver weight was significantly increased as compared 
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with Sham + Ctrl diet mice; however no significant difference was found between DEN + 

Ctrl diet and DEN + EtOH diet liver weights. Ratio of liver weight/final body weight in 

DEN + EtOH diet mice was significantly increased compared with both Sham and DEN 

+ Ctrl diet animals. The addition of TP to DEN + EtOH diet mice had no effect on final 

body weight, liver weight, or the ratio of liver weight/final body weight as compared with 

DEN + EtOH diet mice without supplemental treatment. 

Tomato Powder Reduces Alcohol-Promoted Hepatic Pre-Neoplastic Lesions 

The primary outcome of this study was to investigate the presence of hepatic pre-

neoplastic lesions in our experimental groups. Hepatic pre-neoplastic lesions were 

characterized by the presence of eosinophilic and basophilic foci (Figure 1). As expected, 

no mice in the Sham + Ctrl diet group produced lesions. The DEN + Ctrl diet mice also 

produced no lesions, most likely due to the short duration of the study protocol. However, 

the DEN + EtOH diet mice had a significant induction in both multiplicity (1.59 ± 0.54 

lesions per cm
2
) and incidence (53.85%), indicating that the addition of the EtOH diet 

was able to significantly promote the induction of hepatic pre-neoplastic lesions. The 

addition of TP to DEN + EtOH diet completely abolished the presence of lesions as none 

of the animal supplemented with TP had any lesions (Table 2). 

Tomato Powder Reduces Alcohol-Induced CYP2E1 Protein Levels 

No significant changes were found in hepatic Cyp2E1 expression levels in any of 

the experimental groups, regardless of DEN injection or EtOH diet. Hepatic CYP2E1 

protein levels were very similar in DEN + Ctrl diet mice as compared with Sham + Ctrl 

diet mice, with relative levels of 0.63 ± 0.29 and 1.0 ± 0.47, respectively. The addition of 

EtOH diet resulted in a striking 26 fold increase of hepatic CYP2E1 protein levels in 
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DEN + EtOH diet mice as compared with DEN + Ctrl diet mice. Interestingly, 

supplementation with TP significantly reduced EtOH diet-induced CPY2E1 protein 

levels by 55% with no change in hepatic Cyp2E1 expression levels (Figure 2). 

Tomato Powder Reduces Alcohol-Induced Endoplasmic Reticulum Stress 

The induction of hepatic ER stress was measured by the activation of the UPR 

pathways. No changes were observed in hepatic expression levels of X-box-binding 

protein 1 (Xbp1), however the spliced and transcriptionally active form, spliced Xbp1 

(sXbp1), was significantly increased in DEN + EtOH diet mice (1.7 and 1.9 fold increase) 

as compared with Sham + Ctrl diet and DEN + Ctrl diet mice, respectively (Figure 3). 

Additionally, phosphorylated eukaryotic translation-initiation factor 2α (p-eIF2α) levels 

were significantly increased (2.6 and 1.9 fold) in DEN + EtOH diet mice as compared 

with Sham + Ctrl diet and DEN + Ctrl diet mice, respectively (Figure 4). 

Supplementation with TP significantly reduced both EtOH diet-induced ER stress 

markers. Specifically, dietary TP had no effect on Xbp1 expression but resulted in a 

significant reduction (2.8 fold) in expression of sXbp1 (Figure 3) and a 2.3 fold decrease 

in p-eIF2α protein levels as compared with DEN + EtOH diet mice receiving no 

supplementation (Figure 4). 

Tomato Powder Reduces Alcohol-Induced Hepatic Steatosis and Restores Alcohol-

Suppressed PPARα and Related Target Genes 

Steatosis, a well-known histological marker of alcohol-induced liver injury, was 

assessed on H&E stained slides (Figure 1). No induction of steatosis was found in Sham 

+ Ctrl diet mice, where 100% of mice in this group had a score of 0. In the DEN + Ctrl 

Diet mice all but 1 mouse had a score of 0, with 1 mouse scoring 1 on the steatosis grade 
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scale. This slight increase had no statistical significance, however, when groups were 

compared. The addition of ethanol consumption in the DEN + EtOH diet group 

significantly increased hepatic steatosis scoring with all animals scoring a grade of either 

1 or 2 (61.5% and 38.5%, respectively). TP supplementation significantly reduced 

hepatic steatosis. In this group, 30.8% of animals were scored a steatosis grade of 0 while 

61.5% scored a grade of 1 and only 7.7% scored a grade of 2 (Table 3). The reduction of 

steatosis by TP supplementation was associated with a significant induction DEN + 

EtOH diet-suppressed expression of PPARα. This was further associated with increased 

levels of PPARα target genes carnitine palmitoyltransferase-1 (CPT-1), acyl-CoA 

oxidase 1 (ACOX1), and acyl-CoA oxidase 3 (ACOX3) (Figure 5). 

Tomato Powder Reduces Alcohol-Induced Hepatic Inflammatory Foci and Related 

Inflammatory Gene Expression 

Hepatic inflammatory foci, characterized by clusters of recruited immune cells in 

hepatic tissue, were examined for all experimental groups on H&E stained slides (Figure 

1). As compared with Sham + Ctrl diet mice, the addition of DEN injection in DEN + 

Ctrl diet mice had no significant changes in hepatic inflammatory foci. The addition of 

alcohol in the DEN + EtOH diet mice resulted in a significant 20 fold increase in hepatic 

inflammatory foci as compared with DEN + Ctrl diet mice. Supplementation with TP in 

the DEN + EtOH diet + TP group had a significant reduction (7.4 fold) in hepatic 

inflammatory foci as compared with DEN + EtOH diet alone. TP supplementation almost 

completely returned hepatic inflammatory foci levels back to those found in the Sham + 

Ctrl diet and DEN + Ctrl diet mice (Figure 6). The reduction in inflammatory foci by 

supplementation with TP was associated reduced levels of IL-6, interferon γ (IFNγ), IL-
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1β, and NACHT, LRR and PYD domains-containing protein 3 (NLRP3) in DEN + EtOH 

diet + TP mice compared with DEN + EtOH diet mice fed no supplementation (Figure 7). 

 

DISCUSSION 

Excessive alcohol consumption is responsible for 4.5% of the global burden of 

disease and injury and 3.8% of all global deaths. [42]  Further, alcohol consumption is a 

prominent risk factor for HCC development and accounts for 32% of HCC cases in the 

United States. [43] It is clear that the development of HCC from alcohol consumption is a 

prominent public health problem both in the United States and worldwide. Unfortunately, 

it is uncommon for HCC to be detected early, and when it is detected the survival rate is 

very low. [4] Therefore it is of the utmost importance to focus research efforts and 

therapeutic targets on the prevention of early-stage hepatic carcinogenesis. This study has 

clearly demonstrated that supplementation with TP completely abolishes the presence of 

pre-neoplastic liver lesions and associated hepatic injury via the potential mechanism of 

CYP2E1 protein down-regulation in a DEN-induced alcohol-promoted pre-

hepatocarcinogenesis mouse model.  

Tomatoes and tomato products consumed in high amounts are well documented to 

be associated with a decreased risk of chronic disease, including several types of cancer. 

[29-33] Tomatoes contain very high amounts of the carotenoid lycopene, and many 

researchers attribute the health benefits observed with high tomato intake to its lycopene 

content. However, multiple studies comparing the effects of tomato vs. purified lycopene 

have demonstrated a superior protective effect of supplementation with partial or whole 
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tomato in comparison with purified lycopene in both observational and experimental 

models. [32, 35-40] Utilizing a whole food intervention approach provides multiple 

nutrients with a broad range of biological activities creating the potential for 

complementary, additive, or synergistic activities that are lacking when supplementation 

is given with single nutrients. This phenomenon could explain why superior protective 

effects are found from tomato supplementation versus purified lycopene in some 

experimental models. [32, 35-40] 

Due to the high concentration of lycopene found in tomatoes, hepatic lycopene 

concentrations were used as a biomarker of TP absorption. No LYC was detected in 

animals without TP supplementation. Mice fed TP had hepatic LYC concentrations of 

0.366 ± 0.035 nmol.g
-1

. Hepatic LYC concentrations found in humans range from 0.1-

20.7 nmol.g
-1

, [44, 45] demonstrating that the effects of TP in our experimental mice are 

occurring at physiologically relevant tissue concentrations compared with humans. The 

dose of 3 g.kg BW
-1

.d
-1

 TP supplementation can be calculated to an intake of 

approximately 4 medium sized tomatoes per day. [46, 47] Therefore, our study occurs at 

a tomato dose that is easily achievable through whole food consumption. 

Our results demonstrated no significant changes in final body or liver weight with 

DEN injection in mice fed Ctrl diet as compared with Sham injection fed Ctrl diet. 

However, the ratio of liver weight/final body weight was significantly increased in DEN 

injected mice, indicating a larger percentage of total mouse weight was occupied by the 

liver. Mice consuming the EtOH diet had significantly decreased final body weight as 

compared with both Sham and DEN + Ctrl diet animals. Liver weight was increased as 

compared with Sham + Ctrl diet (significant) and DEN + Ctrl diet (nonsignificant) and 
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the ratio of liver weight/final body weight was found to be significant when compared 

with both groups. Therefore, it is clear that the addition of alcohol to the diet resulted in a 

combination of loss of total body weight and increase in liver weight in these mice. The 

addition of TP to DEN + EtOH diet mice had no effect on final body weight, liver 

weight, or the ratio of liver weight/final body weight as compared with DEN + EtOH diet 

mice with no supplemental treatment. Therefore the alterations to hepatic signaling 

pathways that occurred upon supplementation with TP had no effect on either the body or 

liver weights of these mice. 

In our model, pre-neoplastic liver lesions were only induced in mice given DEN 

injection + EtOH diet (53.85% incidence). No pre-neoplastic liver lesions were induced 

with DEN injection alone, demonstrating the crucial role that consumption of the EtOH 

diet plays in the promotion of pre-cancerous lesions in our model. The induction of pre-

neoplastic liver lesions was associated with a significant increase in hepatic injury in 

DEN + EtOH diet mice. Specifically, mice consuming EtOH diet had a significant 

increase in hepatic CYP2E1 protein levels but no change in Cyp2E1 mRNA expression. 

In addition, DEN + EtOH diet – but not DEN + Ctrl diet – resulted in the induction of ER 

stress as seen by an increase in sXbp1 expression and phosphorylated eIF2α protein 

levels. This indicates both the protein kinase RNA –like ER kinase (PERK) and inositol 

requiring 1α (IREα) branches pathways of the UPR were activated with the addition of 

the EtOH diet. Similarly, significant increases in both hepatic steatosis and inflammatory 

foci were observed in DEN + EtOH diet mice with no increase in DEN + Ctrl diet mice.   
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TP supplementation resulted in a complete eradication (0% incidence) of pre-

neoplastic liver lesions in mice given DEN + EtOH diet. The inhibition of pre-neoplastic 

liver lesions with TP supplementation was associated with a decrease in alcohol-induced 

CYP2E1 protein levels. The induction of CYP2E1 by alcoholic diet has been 

demonstrated as a key player in the development of both alcohol-induced hepatic injury 

and carcinogenesis. [5-12] Interestingly, no changes in Cyp2E1 expression levels were 

found even with a dramatic increase in protein levels. However, a lack of change in 

mRNA expression, and even reduced levels, has been previously documented in alcohol-

fed animals even with an increase in CYP2E1 protein levels, [48, 49] thus supporting our 

findings. These observations point to a posttranslational mechanism of CYP2E1 

alteration. 

TP supplementation in DEN + EtOH diet-fed mice also reduced alcohol-induced 

hepatic injury. Specifically, alcohol-induced ER stress markers sXbp1 expression and 

phosphorylated eIF2α levels were significantly reduced upon consumption of dietary TP. 

The severity of hepatic steatosis and inflammatory foci were also significantly reduced 

with TP supplementation. The observed reduction in steatosis from TP supplementation 

was associated with restored levels of EtOH diet-suppressed PPARα expression and 

related fatty acid transport (CPT1) and β-oxidation (ACOX, and ACOX3) gene 

expression. The decrease of inflammatory foci with dietary TP was associated with 

decreased inflammatory gene expression of IL-6, IFNγ, IL-1β, and NLRP3. Importantly, 

induction of CYP2E1 has been implicated in all of these alcohol-induced hepatic 

alterations. [5-10] 
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  Specifically, animal studies utilizing CYP2E1 knock-out (KO) and knock-in (KI) 

mouse models have demonstrated the connection between alcohol-induced CYP2E1 

levels and a reduction of PPARα leading to the development of steatosis observed with 

consumption of alcohol. CYP2E1 KO mice fed alcoholic diet fail to develop steatosis and 

this lack of fatty liver is associated with either increased [9] or unchanged [5] PPARα 

expression levels. Additionally, the development of fatty liver upon consumption of an 

alcoholic diet in wild type and CYP2E1 KI mice was associated with greater than 50% 

reduction of PPARα expression. [5] Reduced PPARα levels were associated with 

reduction of ACOX, an enzyme essential for β-oxidation. [9] These studies suggest that 

the reduction in PPARα seen with consumption of an alcoholic diet may be due, at least 

in part, to the induction of CYP2E1 in the alcohol models.  

Alcohol-induced CYP2E1 expression has also been connected with the increase in 

inflammation associated with alcohol consumption. Treatment with a CYP2E1 inhibitor 

resulted in the inhibition of alcohol-induced inflammatory cytokine expression in both 

Kupffer cell and rat models. [50, 51] Additionally, alcohol-induced ER stress has been 

associated with increased CYP2E1 protein levels in a micropig model. [22] Although no 

knockout (KO) or chemical inhibitor studies have been done to demonstrate the causal 

role of CYP2E1 in alcohol-induced ER stress, it has been proposed in previous alcoholic 

models. [52] 

Therefore, the reduction of CYP2E1 protein levels by TP supplementation is a 

potential mechanism by which TP supplementation exerts its protective effects on 

alcohol-promoted pre-neoplastic liver lesions and alcohol-induced hepatic injuries of 

induced ER stress, steatosis, and inflammatory foci. In conclusion, this study successfully 
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identifies dietary TP as a novel candidate for preventive therapy against alcohol-

promoted pre-cancerous lesions and hepatic injury.  
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Table 1. Effect of DEN Injection, EtOH Diet, and Dietary TP on Mouse Weights 

 

 

 

Body weight, liver weight, and ratio of liver weight / final body weight of mice in the 

four experimental treatment groups. Data are presented as means        One-way 

ANOVA followed by Tukey’s HSD was performed to determine statistical significance 

between groups. For a given row, data not sharing a common superscript letter are 

statistically significant from each other (P<0.05). Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet, TP – tomato powder, LW/FBW 

Ratio – liver weight/final body weight ratio. 
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Table 2. Dietary Tomato Powder Alleviates Hepatic Pre-neoplastic Liver Lesions in 

DEN + EtOH Diet Mice 

 

 

 

Pre-neoplastic liver lesions are characterized by the presence of basophilic or 

eosinophilic foci. 20 separate fields of view at 100X magnification were examined for 

each animal by two separate blinded investigators. Multiplicity and incidence rates were 

calculated from results. Chi-square test was used to test for statistical significance 

between groups. For each column, data not sharing a common superscript letter are 

statistically significant from each other (P<0.05). Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet, TP – tomato powder.  
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Table 3. Dietary Tomato Powder Reduces DEN + EtOH Diet-Induced Hepatic 

Steatosis 

 

 

20 images at 100X magnification were evaluated regarding the grade of steatosis (both 

macro- and micro-vesicular) by two blinded investigators for each side. The degree of 

steatosis was graded 0-4 based on the area of liver section occupied by fat vacuole (grade 

0 = <5% steatosis; grade 1 = 5-25%; grade 2 = 26-50%; grade 3 = 51-75%; grade 4 = 

>75%). Kruskal-Wallis overall test followed by Wilcoxon rank-sum test was used to test 

for statistical significance among groups. Groups not sharing a common superscript letter 

are statistically significant from each other (P < 0.05). Abbreviations: ctrl diet – control 

diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet, TP – tomato powder. 
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Figure 1. Representative Histological Injury in Livers of DEN + EtOH Diet Mice 

Representative H&E staining of A) basophilic foci, B) eosinophilic foci, C) inflammatory 

foci, and D) steatosis in DEN injected and alcohol-fed mice. A ZEISS microscope with a 

PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK μScope Microscopy 

Software was used for  image capture of all histological examinations. 
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Figure 2. Dietary Tomato Powder Alleviates DEN + EtOH Diet-Induced CYP2E1 

Protein Levels 

CYP2E1 protein and Cyp2E1 expression levels were measured in mouse livers of each 

experimental group. Addition of the alcoholic diet resulted A) no change in Cyp2E1 

expression levels and B) a significant increase in hepatic CYP2E1 protein levels in DEN 

+ EtOH Diet mice. Results are presented as means ± SEM. T-test was used to determine 

statistical significance between treatment groups. * indicates P < 0.05. Abbreviations: ctrl 

diet – control diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet, TP – tomato 

powder, CYP2E1 – cytochrome P450 2E1, and GAPDH – glyceraldehyde 3-phosphate 

dehydrogenase. 
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Figure 3. Dietary Tomato Powder Reduces DEN + EtOH Diet-Induced ER Stress 

Marker sXBP1 

Activation of the inositol requiring 1α (IRE1α) unfolded protein response pathway was 

examined to indicate activation of ER stress in the model. Addition of the alcoholic diet 

in DEN injected mice significantly increased sXBP1, but not XBP1. Addition of dietary 

TP reduced EtOH diet-induced sXBP1 expression. Results are presented as means ± 

SEM. T-test was used to determine statistical significance between treatment groups. * 

indicates P < 0.05. Abbreviations: ctrl diet – control diet, DEN – diethylnitrosamine, 

EtOH diet – ethanol diet, XBP1 – X-box-binding protein 1, sXBP1 – spliced X-box-

binding protein 1, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 4. Dietary Tomato Powder Reduces DEN + EtOH Diet-Induced ER Stress 

Marker P-eIF2α 

Activation of the of protein kinase RNA –like ER kinase (PERK) unfolded protein 

response pathway was examined to indicate activation of ER stress in the model. 

Addition of the alcoholic diet in DEN injected mice significantly increased p-eIF2α 

protein levels and addition of TP supplementation reduced EtOH diet-induced p-eIF2α. 

Results are presented as means ± SEM. T-test was used to determine statistical 

significance between treatment groups. * indicates P < 0.05. Abbreviations: ctrl diet – 

control diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet, p-eIF2α – 

phosphorylated eukaryotic translation-initiation factor 2α, T-eIF2α – total eukaryotic 

translation-initiation factor 2α, GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 5. Dietary Tomato Powder Restores PPARα and Related Fatty Acid 

Transport and β-oxidation Gene Expression in DEN + EtOH Diet Mice 

TP was supplemented in DEN-injected mice consuming EtOH diet for a 21 day treatment 

period. TP significantly increased expression levels of PPARα, CPT1, ACOX1, and 

ACOX3 in DEN + EtOH Diet mice. T-test was used to determine statistical significance 

between treatment groups. * indicates P < 0.05. Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet, TP – tomato powder, GAPDH – 

glyceraldehyde 3-phosphate dehydrogenase, PPARα –peroxisome proliferator-activated 

receptor-α  CPT-1 – carnitine palmitoyltransferase-1, ACOX1 – acyl-CoA oxidase 1, and 

ACOX3 –  acyl-CoA oxidase 3. 
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Figure 6. Dietary Tomato Powder Reduces EtOH Diet-Induced Inflammatory Foci 

in DEN + EtOH Diet Mice 

Inflammatory foci were analyzed on H&E stained slides. 20 images at 100X 

magnification were evaluated regarding the number of inflammatory foci for each animal 

by blinded individuals. T-test was used to determine statistical significance between 

treatment groups. * indicates P < 0.05. Abbreviations: ctrl diet – control diet, DEN – 

diethylnitrosamine, EtOH diet – ethanol diet, TP – tomato powder. 
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Figure 7. Dietary Tomato Powder Reduces Hepatic Inflammatory Gene Expression 

in DEN + EtOH Diet Mice 

TP was supplemented in DEN injected mice consuming EtOH diet for a 21 day treatment 

period. TP significantly reduced hepatic inflammatory gene expression levels as 

compared with DEN + EtOH diet animals with no supplementation. T-test was used to 

determine statistical significance between treatment groups. * indicates P < 0.05. 

Abbreviations: ctrl diet – control diet, DEN – diethylnitrosamine, EtOH diet – ethanol 

diet, TP – tomato powder, TNFα – tumor necrosis factor-α, IL-6 – interleukin-6, IFNγ – 

interferon γ, IL-1β – interleukin-1β, NLPR3 – and NACHT, LRR and PYD domains-

containing protein 3. 
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SUMMARY 

 

The primary goal of this thesis was to provide a deeper understanding of the 

molecular mechanisms by which chronic and excessive alcohol intake promotes hepatic 

injury and carcinogenesis; and to prevent these promotional mechanisms via 

supplementation with tomato components. First, we used a TPL2 knockout model to 

demonstrate the critical involvement of TPL2 in alcoholic diet-induced hepatic 

inflammation. Second, we compared supplementation with whole tomato, partial tomato, 

purified LYC, and LYC metabolite apo-10’-lycopenoic acid in an alcoholic liver disease 

rat model to determine differences in hepatic protective actions. Third, we developed a 

carcinogen-initiated alcoholic diet-promoted early pre-cancerous liver mouse model to 

provide a model in which to further elucidate the molecular mechanisms behind alcohol-

promoted cancer initiation and experiment with potential dietary therapeutics. Finally, we 

utilized our newly developed alcohol-promoted precancerous mouse model to examine 

the protective role of tomato powder supplementation against the development of 

alcohol-promoted pre-neoplastic liver lesions. The major observations from this thesis 

work are as follows: 

 

1) TPL2 ablation resulted in a significant decrease in hepatic inflammatory foci 

and associated hepatic inflammatory gene expression in mice fed a 27% 

alcoholic diet as compared with wild type mice. Alcoholic diet also resulted in 

a significant induction of Tpl2 expression in WT mice. This is the first time 

that the kinase actions of TPL2 have been demonstrated to be involved in the 
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development of alcoholic liver disease via its role in inflammatory signaling 

pathways. Importantly, this observation contributes to a deeper understanding 

of the complex signaling mechanisms involved in the development of 

alcoholic liver disease.  

2) A supplemental dose of 1.1 mg.kg BW
-1

.d
-1 

LYC was given to Wistar rats 

consuming both control and alcoholic diet for a 4 week treatment period. This 

dose resulted in a significant increase in alcohol-induced hepatic injury as 

seen by increased inflammatory foci. This detrimental effect was not observed 

in LYC supplemented rats consuming control diet, indicating a specific 

interaction that occurs as a result of alcohol consumption with LYC 

supplementation. This observation was previously seen with a higher dose of 

LYC supplementation, 3.3 mg.kg BW
-1

.d
-1

, in a Fischer rat model in a study in 

our laboratory, [1] thus confirming this interaction between LYC and 

alcoholic diet. Further, supplementation with the LYC metabolite APO10LA, 

at a dose of 0.11 mg.kg BW
-1

.d
-1

, produced a similar result. This result 

supports the hypothesis that LYC metabolites may in fact be responsible, at 

least in part, for the biological actions seen by the parent compound LYC. 

This portion of the thesis provides evidence for caution for individuals 

consuming excessive amounts of alcohol in combination with 

supplementation of isolated compounds.  

3) Supplementation with TP (1.46 g.kg BW
-1

.d
-1

dose containing 1.1 mg.kg BW
-

1
.d

-1
 LYC and all other tomato components) significantly reduced alcohol-

induced hepatic injury. Specifically, TP supplementation resulted in a 
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reduction of hepatic steatosis and inflammatory foci. The reduction in hepatic 

injury was associated with a decrease in CYP2E1 protein levels. Therefore, 

we propose CYP2E1 down-regulation as a potential mechanism of action 

responsible for the observed decrease in hepatic injury by TP 

supplementation. Interestingly, supplementation with TE (18.3 mg.kg BW
-1

.d
-

1
dose containing 1.1 mg.kg BW

-1
.d

-1
 LYC and all lipid components of tomato) 

did not reduce alcohol-induced hepatic injury. This indicates the need for 

whole food supplementation in order to achieve protection against alcohol-

induced injury, as partial food (lipid portion) lacks the protective actions seen 

by whole food. Here, we identified TP as an effective nutritional intervention 

able to alleviate hepatic injury induced by alcohol consumption.  

4) In this study, LYC was detected in the liver at similar concentrations found in 

human liver tissue, [2, 3] thus demonstrating that our experimental results 

occur at a supplement dose that is physiologically relevant. Hepatic 

concentrations of LYC were significantly increased with alcoholic diet for all 

supplements containing LYC (LYC, TE, and TP). Importantly, no significant 

differences were found between hepatic LYC concentrations in rats fed 

alcoholic diet and supplemented with LYC, TE, or TP. This indicates that the 

contrasting results on hepatic protection against alcohol are not due to 

differences in LYC absorption or tissue uptake. Instead, our results point to 

additive or synergistic effects produced in the presence of all tomato nutrients 

that are necessary for hepatic protection against the insult of alcohol. 
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5) We are first to report the development of an effective carcinogen-induced 

alcohol-promoted pre-neoplastic liver lesion mouse model. In this 

experimental model, C57BL/6 mice were exposed to DEN at 14 days of age 

by an intraperitoneal injection of 25 mg.kg BW
-1

. Following an adaptation 

period to the liquid diet and gradual addition of alcohol content in the diet, 

mice were fed an alcoholic diet consisting of 27% ethanol as total energy 

intake for a promotional period of 21 days beginning at 8 weeks of age. In this 

new mouse model, DEN injection + alcoholic diet significantly induced the 

incidence and multiplicity of pre-neoplastic liver lesions, characterized by the 

presence of basophilic and eosinophilic foci. The induction of pre-neoplastic 

liver lesions was significantly correlated with increased CYP2E1 protein 

levels, ER stress markers sXbp-1 expression levels and phosphorylated eIF2α 

protein levels, steatosis, and inflammatory foci. Our findings demonstrate the 

establishment of a DEN-initiated alcoholic diet-promoted pre-cancerous 

mouse model. This model provides an experimental environment in which to 

investigate the specific molecular mechanisms involved in alcohol-promoted 

HCC initiation and promotion and develop potential therapeutic targets in 

which to prevent these molecular alterations. 

6) Our final study demonstrated that supplementation with TP (3 g.kg BW
-1

.d
-1

) 

is capable of alleviating alcohol-promoted pre-neoplastic liver lesions in our 

newly developed mouse model. The observed eradication of pre-neoplastic 

liver lesions was associated with a significant reduction in alcoholic diet-

induced hepatic CYP2E1 protein levels, ER stress, steatosis, and 
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inflammatory foci. Further, restored levels of PPARα and related transport 

(CPT-1) and β-oxidation (ACOX1 and ACOX3) gene expression and a 

significant reduction in inflammatory gene expression (IL-6, TNFγ, IL-1β, and 

NLRP3) was observed in mice fed dietary TP. From these results, we propose 

that TP exerts its protective actions via a targeted reduction in CYP2E1 

protein levels. This study reveals the protective actions of TP supplementation 

against alcohol-promoted pre-cancerous lesions and alcohol-induced hepatic 

injury through the potential mechanism of CYP2E1 protein down-regulation. 

7) In our TP supplementation study, hepatic LYC concentrations were used as a 

marker of tomato powder absorption and hepatic uptake. LYC concentrations 

were found to be within the normal range reported in humans, [2, 3] indicating 

that the effects demonstrated in this model occurred at physiologically 

relevant tissue concentrations. In addition, the supplement dose given was 

calculated to an intake of approximately four medium sized tomatoes per day. 

[4, 5] Therefore, it is clear that the dose of TP investigated in this study could 

be easily achieved via intake of whole foods. This study supports whole food 

intervention as an effective cancer prevention strategy in an alcohol-promoted 

hepatic injury model. 

 

 

LIMITATIONS 

This thesis work contributes a significant body of new and exciting information to 

the field of alcohol-induced and -promoted hepatic injury. However, it is necessary to 
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point out that this body of work is not without limitations. Specific limitations of this 

thesis work are as follows: 

 

1) Our study demonstrates the need for tomato supplementation to include all 

components of the tomato - or at least more than the lipid-soluble tomato 

components - in order to exert a protective effect against alcohol-induced liver 

injury. While the need for whole food instead of partial food extract, isolated 

compound, or metabolite is an extremely valuable observation, this study is 

unable to determine which specific compound or compounds are responsible 

for this protective effect. We hypothesize that the observed protective effects 

by TP are due to the additive, complementary, and/or synergistic effects of 

multiple compounds found in the tomato. However, there is no way to identify 

these compounds in our whole food model. It is important to note, that while 

investigating isolated compounds to specify mechanism is an important part of 

research, the potential additive, complementary, and/or synergistic effects of 

these compounds are lost. Studies examining multiple different combinations 

of tomato components are a possibility, however we believe it is more 

important to utilize whole tomato to provide its full range of protective 

activities rather than to isolate compounds in hopes to provide the exact 

combination of nutrients needed for this effect.  

2) We have proposed the mechanism of action by which TP exerts its protective 

effect to be down-regulation of CYP2E1 protein levels. However, it is 

important to note that our study is only capable of demonstrating an 
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association between TP supplementation and reduced CYP2E1 protein levels. 

Specifically, we are unable to demonstrate that TP supplementation directly 

targets the reduction of CYP2E1, which in turn is responsible for the 

alleviation of hepatic injury in our model. Nonetheless, our observation that 

TP supplementation is capable of protecting against alcohol-induced hepatic 

injury is an important step toward alcohol-related disease prevention via 

dietary intervention. 

3) In this thesis, a carcinogen-induced alcohol-promoted pre-neoplastic liver 

lesion mouse model was developed. This model is an excellent tool with 

which to investigate the specific molecular mechanisms by which the 

involvement of alcohol promotes the development of pre-neoplastic liver 

lesions and associated hepatic injury. However, this model only addresses the 

development of pre-neoplastic liver lesions, and is not a model with which to 

investigate the formation of cancer. Therefore, supplementation with TP in 

this model demonstrates the capability of dietary TP to prevent the formation 

of pre-neoplastic liver lesions. However, we can only speculate that TP 

supplementation is capable of reducing the presence of alcohol-promoted liver 

cancer. In order to address this, a long-term experimental liver cancer model 

must be used. 

4) Finally, the results from our studies on the protective capabilities of TP 

supplementation on alcohol-related hepatic injury lay an important foundation 

for possible future dietary intervention clinical trials. However, we must 

remember that these results were produced using experimental animal models. 
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Although these animal models are designed to mimic human alcohol-related 

hepatic injury, there is no denying that both mice and rats are simply not 

humans. Supplementation studies can result in very different outcomes when 

done in different experimental models. Therefore, extrapolation of these 

effects in rodent models to the effect of TP supplementation in humans should 

be done with caution.   

 

 

FUTURE DIRECTIONS 

This thesis work opens up several new research directions to further the field of 

alcohol-related hepatic injury and carcinogenesis research involving mechanistic and 

dietary prevention studies. Specific future directions of this thesis work are as follows: 

 

1) In this thesis, we have demonstrated the role of TPL2 in an ALD mouse 

model. The induction of inflammation has been implicated in the development 

of both ALD and HCC. Indeed, the concept of a connection between 

inflammation and carcinogenesis is certainly nothing new as it was observed 

in the nineteenth century that tumors frequently developed on sites of 

sustained inflammation, and that tumoral tissues often contained inflammatory 

infiltrates. More recently, epidemiological studies have confirmed the 

association between chronic inflammation and cancer development. [6] 

Chronic alcohol consumption, viral hepatitis infections, and obesity - the 

major risk factors for hepatic tumorigenesis – are all known to activate innate 
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immunity and sustain chronic inflammation. Further, inflammatory cytokines 

TNFα and IL-6 as well as upstream signaling of TLRs, MAP kinases, and 

NFκB are all shown to be key players in HCC development. [6-9] In recent 

studies, TPL2 has been specifically shown to play a major role in both 

inflammation and carcinogenesis. [9] Utilizing the transcriptome profiles 

registered in the Oncomine database, TPL2 expression levels in certain 

malignancies compared to normal tissue were analyzed. Interestingly, some 

types of malignancy had elevated TPL2 expression, while others had 

decreased expression. Those with elevated TPL2 include: classic 

meduloblastoma, clear cell renal cell carcinoma, gastric intestinal type 

adenocarcinoma, testicular seminoma, and hepatocellular carcinoma. 

Malignancies with decreased TPL2 expression include: chronic lymphocytic 

leukemia, lung adenocarcinoma, and T-cell and B-cell acute lymphoblastic 

leukemia. These findings suggest that the role of TPL2 in tumor growth or 

suppression is highly tissue specific. [9] Studies investigating the role of TPL2 

in various cancers further support the tissue specific role of TPL2. Recent 

studies investigating the role of TPL2 in skin carcinogenesis [10] and 

intestinal carcinomas [11] have demonstrated that TPL2 ablation promotes 

carcinogenesis of these tissues, suggesting a tumor suppressive role for TPL2. 

However, the suppression of TPL2 diminishes androgen depletion-

independent prostate cancer growth, [12] suggesting a tumor promotional role 

for TPL2. To date, there are no studies investigating the role of TPL2 in HCC 
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development. Therefore, it is a logical next step to investigate the potential 

role of TPL2 in an alcohol-promoted HCC model.  

2) As discussed in the limitation section, our study revealing the protective 

effects of TP against alcohol-induced and -promoted hepatic injury is only 

capable of demonstrating an association between TP supplementation and 

reduced CYP2E1 protein levels. The study is unable to demonstrate that TP 

supplementation directly targets the reduction of CYP2E1 as a mechanism for 

the alleviation of hepatic injury in our model. Therefore, an important next 

step for this study would be the elucidation of the specific mechanism 

responsible for these protective actions. As our study proposed CYP2E1 as the 

mechanistic target of dietary TP, utilization of CYP2E1 knock-out and knock-

in models as well as specific CYP2E1 chemical inhibitors should be used to 

further investigate the specific mechanisms by which CYP2E1 targets hepatic 

injury. With this new knowledge, studies could then be designed to investigate 

the potential role of CYP2E1 in the mechanistic actions of TP .  

3)  In this thesis, only one dose of TP was used in each experimental study. 

Although we observed a protective effect with each dose, we have yet to 

determine the possible dose response that could occur by utilizing multiple 

different doses of TP. Specifically, a dose of 1.46 g.kg BW
-1

.d
-1

was used in 

our ALD rat model and a dose of 3 g.kg BW
-1

.d
-1

was used in our pre-

neoplastic liver lesion mouse model. Both of these doses resulted in hepatic 

concentrations of LYC that were within the normal human range, [13] 

demonstrating that physiologically relevant doses were used. Utilizing a dose 
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conversion based on body surface area, [4] these doses can be calculated to an 

equivalent human dose of four medium sized tomatoes. [5] Therefore, the 

chosen doses are also easily achievable with daily whole food consumption. It 

is important to point out that an increased TP supplementation dose would still 

fall well within the normal human range of hepatic LYC, and be achievable by 

whole food consumption. Therefore, an intriguing next step would be to 

investigate the potential dose response by dietary supplementation in an 

alcohol-induced hepatic injury animal model.  

4) This thesis work demonstrates the protective actions of TP supplementation in 

a pre-cancerous liver lesion mouse model. However, as this is a short-term 

study design, cancer does not develop. Therefore, a follow-up study is needed 

to investigate the effects of TP supplementation on alcohol-promoted liver 

cancer development. A future study could utilize a similar study design as our 

new experimental model, with the addition of a longer treatment period of 

alcoholic diet. Specifically, mice would be fed alcoholic diet for a treatment 

period of approximately 6 months, a period sufficient to induce liver tumors. 

In this model, the effects of TP supplementation on tumor development could 

be examined. Upon completion of this study, we would have a clear 

understanding of the effects of TP supplementation on the full range of 

alcohol-related hepatic injury including ALD, alcohol-promoted pre-

cancerous lesions, and alcohol-promoted cancer development. 
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CONCLUSION 

This thesis addresses the specific molecular mechanisms by which excessive 

alcohol intake promotes hepatic injury and the prevention of alcohol-induced hepatic 

injury and –promoted hepatocarcinogenesis via dietary tomato supplementation. 

Specifically, we have demonstrated the crucial role that TPL2 plays in the development 

of ALD, providing a deeper understanding concerning the specific molecular 

mechanisms involved in the development of ALD. In a second study, we revealed that TP 

supplementation is capable of preventing alcohol-induced hepatic injury including a 

reduction in steatosis and inflammatory foci. This reduction occurred through the 

proposed mechanism of CYP2E1 protein down-regulation. Interestingly, TE had no 

effect on alcohol-induced hepatic injury and purified LYC and APO10LA promoted 

alcohol-induced hepatic injury through the mechanism of increased inflammatory foci. 

This study emphasized the dangerous interaction observed between alcohol consumption 

and supplementation with purified compounds. We then established a DEN-induced 

alcohol-promoted pre-neoplastic liver lesion model. This new model provides an ideal 

experimental environment for future studies investigating the specific mechanism of 

initiation and promotion of alcohol-related hepatocarcinogenesis. In our last study, we 

demonstrated the protective role of TP supplementation against alcohol-promoted pre-

cancerous lesions in the new experimental model. Supplementation with TP completely 

abolished the presence of pre-neoplastic liver lesions in our model. This was further 

associated with a reduction of alcohol-induced hepatic injury. These studies revealed the 

unique biological activities exerted by TP that serve to inhibit a broad range of alcohol-

induced and –promoted hepatic injury. Our findings support whole food as an effective 
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disease prevention strategy and provide the foundation for future animal and human 

studies examining the efficacy and mechanisms by which tomato supplementation 

prevents alcohol-related hepatic injury. 
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APPENDIX I 

LUTEOLIN SUPPLEMENATION INHIBITS DEVELOPMENT OF 

HEPATIC INJURY IN A DIETHYLNITROSAMINE-INITIATED 

ALCOHOL-PROMOTED PRE-CANCEROUS MOUSE MODEL 
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ABSTRACT 

Chronic and excessive alcohol consumption is well established to cause severe liver 

damage and greatly increases the risk of hepatocellular carcinoma. HCC is the most 

rapidly increasing cause of cancer death in the United States and is almost universally 

fatal within one year unless detected early. Therefore, investigation of dietary 

components capable of alleviating or preventing the early stages of alcohol-promoted 

liver carcinogenesis is extremely valuable. Epidemiological studies have consistently 

shown an association between a diet rich in plant-derived foods and reduced risk of 

chronic diseases. Although it is not clear what specific compounds are behind these 

protective effects, evidence suggests that flavonoids may play an important role. 

Therefore, this study examines the potential protective actions of the flavonoid luteolin in 

a carcinogen (diethylnitrosamine [DEN])-initiated alcohol-promoted pre-neoplastic liver 

lesion mouse model. C57BL/6 mice were injected with DEN (25 mg.kg
 
BW

-1
) at 14 days 

of age. At 8 weeks of age mice were group pair-fed with Lieber-DeCarli liquid control 

diet or alcoholic diet (EtOH diet, 27% total energy from ethanol) and supplemented with 

a dose of 30 mg.kg BW
-1

.d
-1

 luteolin for a treatment period of 21 days. Results show a 

significant induction in the incidence and multiplicity of basophilic and eosinophilic foci, 

established markers of pre-neoplastic liver lesions, in DEN-injected mice fed EtOH diet. 

The presence of pre-neoplastic lesions was significantly correlated with the induction of 

steatosis and inflammatory foci in these mice. Supplementation with luteolin inhibited the 

presence of pre-neoplastic liver lesions in DEN-injected mice fed EtOH diet. 

Additionally; dietary luteolin significantly reduced the severity of hepatic inflammatory 

foci with an associated non-significant reduction in expression of hepatic inflammatory 
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cytokines tumor necrosis factor-α and interleukin-1β. In conclusion, this study 

demonstrates that supplementation with luteolin prevents EtOH diet-promoted pre-

neoplastic liver lesion development and decreases the presence of EtOH-induced hepatic 

inflammation. This study reveals luteolin as a potential dietary supplement capable of 

effective disease prevention.  

 

INTRODUCTION 

Chronic and excessive alcohol consumption is commonplace in both the United 

States and worldwide and is known to cause severe liver damage and increase risk of 

hepatocellular carcinoma (HCC) development by almost 5-fold. [1] HCC is the fifth most 

common cancer and the third leading cause of cancer-related death worldwide. [2] 

Unfortunately, early detection is uncommon and the 5-year relative survival rate is a low 

16.1%. [3] Therefore, the investigation of potential dietary components that possess 

protective biological activities against development of alcohol-initiated and –promoted 

hepatic injuries represents a crucial area of research. 

 Flavonoids are polyphenols that play an important role in defending plant cells 

against microorganisms, insects, and UV irradiation. [4] Flavonoids can be categorized 

into seven different subgroups: flavones, flavonols, flavanones, flavanonols, flavanols, 

anthocyanidins, and isoflavones with each subgroup containing multiple specific 

compounds. [5] Epidemiological studies have consistently shown an association between 

a diet rich in plant-derived foods and reduced risk of developing chronic diseases. 

Further, a common guideline highlighted by the American Cancer Society, the American 
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Heart Association, and the American Diabetes Association to help prevent these diseases 

is to increase consumption of plant-derived foods and eat at least five servings of a 

variety of vegetables and fruits daily. [6] It is not clear what specific compounds are 

behind these protective effects; however evidence suggests that flavonoids may play an 

important role. Indeed, epidemiological evidence supports a protective role of diets rich 

in foods containing flavonoids against the risk of developing cancer (including lung, 

stomach, mouth, pharynx, esophagus, colon, and rectum) and cardiovascular disease. 

Multiple preclinical and clinical studies suggest that flavonoids have potential for the 

prevention and treatment of several diseases. Further, in vitro and in vivo studies have 

demonstrated plausible mechanisms by which flavonoids exert protective effects. [4, 7, 8]  

Luteolin (3’,4’,5,7-tetrahydroxyflavone) (Figure 1) is a common dietary flavone 

found in various vegetables and herbs. [5] Luteolin is present in many foods including 

peppers, celery, red leaf lettuce, artichokes, and several herbs including peppermint, sage, 

oregano, thyme, and thyme, as detailed in Table 1. [9] Further, edible plants rich in 

luteolin are used in Chinese traditional medicine to treat a variety of pathologies 

including hypertension, inflammatory disorders, and cancer. [4, 7] Dietary flavonoid 

intake in U.S. adults is estimated at 189.7 mg.d
-1

. However, intake of the flavones 

accounts for only 0.8% of this total intake, at 1.6 mg.d
-1

. [10] Exact intake of luteolin is 

unknown, though it is thought that luteolin accounts for about 10% of the flavones 

fraction – estimated at 160 μg.d
-1

. [11] Luteolin is often glycosylated in plants, and the 

glycoside is hydrolyzed to free luteolin during absorption. Some is converted to 

glucuronides when passing through the intestinal mucosa. [4]   
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Luteolin is known to have potent antioxidant, antimicrobial, anti-inflammatory, 

and cancer chemopreventive and chemotherapeutic activity. [7] Luteolin exerts its 

antioxidant potential in numerous ways. It can scavenge reactive oxygen species (ROS) 

through its own oxidation, inhibit ROS-generating oxidases (i.e. xanthine oxidase), 

protect and enhance endogenous antioxidants (i.e. glutathione-S-transferase, glutathione 

reductase, superoxide dismutase, and catalase), and chelate transition metal ions 

responsible for the generation of ROS. [4] Luteolin has been shown to exert anti-

inflammatory effects by suppressing the production of pro-inflammatory cytokines and 

their signaling pathways. [4] Both in vitro and in vivo experiments provide direct 

evidence of luteolin’s anti-inflammatory effects. Luteolin has been shown to inhibit 

tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) release in lipopolysaccharide 

(LPS)-stimulated macrophages [12] and decrease serum TNF-α in an LPS-induced in 

vivo mouse model. [13] Luteolin interferes with LPS-stimulated signaling by reducing the 

activation of several mitogen-activated protein (MAP) kinase family members. 

Specifically, luteolin has been shown to decrease extracellular receptor activated kinase 

1/2 (ERK1/2) and p38 activation in a murine macrophage model [14] and ERK1/2, p38, 

and c-jun-N-terminal kinase (JNK) in an in vivo LPS-induced acute lung injury mouse 

model. [15]   

Luteolin has been demonstrated to exert multiple chemopreventive and 

chemotherapeutic activities including prevention of carcinogen metabolic activation, 

decreased DNA alterations, antioxidant actions, anti-inflammatory actions, inhibition of 

cancer cell proliferation, induction of apoptosis, suppression of cell survival signals, anti-

angiogenesis, and anti-metastasis mechanisms. [4, 7, 11]  
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The association between alcohol consumption, alcohol-induced hepatic injury, 

and alcohol-promoted HCC development has been well established; however the 

mechanistic link has yet to be well understood. This represents an important area of 

research that is currently lacking. Inflammation plays a key role in the development of 

alcoholic liver disease, [16] and accumulating evidence links inflammation and cancer. 

Inflammatory cells, chemokines, and cytokines are present in the microenvironment of all 

tumors in experimental animal models and humans from the earliest stages of 

development. Further, over-expression of inflammatory cytokines has been shown to 

promote tumor development. [7] Therefore, targeting of signaling pathways triggered to 

produce inflammatory mediators is a promising area of research to decrease the incidence 

of cancer. Evidence suggests that the anti-inflammatory activities demonstrated by 

luteolin may play an important role in its cancer preventive properties.  However, to our 

knowledge, there are no in vivo studies investigating the possible protective properties of 

luteolin supplementation against alcohol-related pre-cancerous development.  

Given the protective actions seen by supplementation with luteolin in different 

experimental models, we have chosen to focus our study on the potential protective 

actions of luteolin in an alcohol-related disease state. Specifically, this study utilizes a 

diethylnitrosamine (DEN)-initiated alcohol-promoted pre-neoplastic liver lesion mouse 

model to investigate the protective effects of luteolin against pre-neoplastic liver lesion 

development. Briefly, mice were injected with DEN (25 mg.kg BW
-1

) at 14 days of age, 

followed by a 27% alcoholic diet and luteolin supplementation (30 mg.kg BW
-1

.d
-1

) at 8 

weeks of age for a 21-day treatment period. Potential alterations of histological and 

biochemical changes known to be induced by alcohol consumption including 
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development of steatosis and inflammatory foci were investigated in our luteolin 

supplemented animals as well. 

 

METHODS 

Carcinogen, Diets, and Supplementation 

The liver-specific carcinogen diethylnitrosamine (DEN, Sigma, >99.9% purity) 

was used to initiate carcinogenesis in this study. DEN was injected intraperitoneally at a 

dose of 25 mg.kg BW
-1 

in 0.2 ml sterile saline when mice were 14 days of age. The 

Lieber-DeCarli liquid ethanol diet (EtOH diet, 27% of total calories as ethanol) and 

control diet (Ctrl diet, where ethanol is replaced by isocaloric amounts of maltodextrin) 

(Dyets, Inc.) were used as experimental diets for this study. Luteolin supplementation 

was given at a dose of 30 mg.kg BW
-1

.d
-1

 and added directly into the diet. Specifically, 

the diet was made once weekly, blended to ensure adequate distribution of the 

supplement, and stored at 4°C.  

Animals and Study Design 

This study utilized male C57BL/6 mice. As experimental procedures were 

initiated pre-weaning, pregnant female C57BL/6 mice (gestational age of 15 days) were 

purchased from Jackson Laboratory (Bar Harbor, Maine) and housed in our animal 

facilities for birthing and kept with their pups until weaning. The experimental design and 

timeline of this study are detailed in Figure 2. Specifically, upon initiation of the study, 

mice were randomized into the following groups: 1) Sham injection + Ctrl diet, 2) DEN 

injection + Ctrl diet, 3) DEN injection + EtOH diet, and 4) DEN injection + EtOH diet + 
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Luteolin supplementation. At 14 days of age, mice were injected with 25 mg.kg BW
-1 

DEN or sham (saline). Following weaning at 4 weeks of age, mice were given Ctrl diet 

for 2 weeks. At 6 weeks of age, mice in EtOH diet groups began a gradual adapted to the 

EtOH diet. For the first 2 days, mice were given a diet of 5% ethanol as total energy 

intake, followed by a 5% increase in ethanol percentage every 2-3 days for an adaptation 

period of 2 weeks. At 8 weeks of age, luteolin supplementation was given with the full 

27% EtOH diet for an experimental period of 21 days. Mice were group pair-fed with 

DEN injection + EtOH diet as lead group for the duration of the animal protocol. Upon 

completion of the study timeline, animals were terminally exsanguinated under deep 

isoflurane anesthesia. This animal study was conducted with approval from the Animal 

Care and Use Committee at the USDA Human Nutrition Research Center on Aging at 

Tufts University (Boston, MA). 

Histological Procedures 

Livers were dissected from mice and 2 small sections were fixed in a 1:10 

dilution-buffered formalin solution for 24 hours. Following fixation, liver sections were 

transferred to 70% ethanol for routine histological processing followed by paraffin 

embedding and tissue slicing for slide production. Slides were stained with hematoxylin 

and eosin (H&E, Sigma Aldrich) for histological analysis. A ZEISS microscope with a 

PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK μScope Microscopy 

Software was used for quantification and image capture for all histological analysis. 

Quantification of Pre-neoplastic Liver Lesions 

Hepatic pre-neoplastic lesions were quantified by determining the incidence and 

multiplicity on H&E stained slides. 20 separate fields of view were microscopically 
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examined by two separate investigators blinded to the experimental groups. Pre-

neoplastic liver lesions were characterized by the presence of either basophilic or 

eosinophilic foci in our model.  

Quantification of Steatosis 

Two separate blinded investigators quantified micro- and macro-vesicular 

steatosis on 20 separate images at 100X magnification for each slide. A grading system 

based on the percentage of liver section that is occupied by fat vacuoles was used. The 

grading system is defined as follows: grade 0 = <5% steatosis; grade 1 = 5-25%; grade 2 

= 26-50%; grade 3 = 51-75%; grade 4 = >75%.  

Quantification of Inflammatory Foci 

The total number of inflammatory foci was counted on H&E stained slides. 

Specifically, 20 fields of view were examined at 100X magnification for each sample by 

two separate blinded investigators. Each field of view represents 0.63 cm
2
, and 

inflammatory foci counts were represented as the number of foci per cm
2
. 

RNA Extraction and Real Time-PCR 

Hepatic mRNA levels were determined by real-time PCR. Liver RNA was 

extracted using TriPure Isolation Reagent (Roche Applied Science) as per the 

manufacturer’s instructions. RNA quality and quantity was analyzed using 1% agarose 

gel and spectrophotometer (Abs260) techniques, respectively. Complementary DNA 

(cDNA) was synthesized by reverse transcription PCR (M-MLV, Invitrogen). Real-time 

PCR was performed using SYBER green (Fast Start Universal SYBR Green Master, 
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Roche) according to the manufacturer’s instructions on a 7500 Real Time PCR System 

(Applied Biosystems). Primer sequences utilized in this study are as follows: 

Mouse TNFα Forward primer CAAACCACCAAGTGGAGGAG 

 Reverse primer CGGACTCCGCAAAGTCTAAG 

Mouse IL-6 Forward primer GGATACCACTCCCAACAGACCT 

 Reverse primer GCCATTGCACAACTCTTTTCTC 

Mouse IL-1β Forward primer TCTTTGAAGTTGACGGACCC 

 Reverse primer TGAGTGATACTGCCTGCCTG 

Mouse GAPDH Forward primer CTGGAGAAACCTGCCAAGTATG 

 Reverse primer TGAAGTCGCAGGAGACAACCT 

 

Gene expression was determined by the -2
ΔΔCt

  method relative to the control group after 

normalization to housekeeping gene, GAPDH.  

Statistical Analyses 

Statistical differences were determined by T-test and one-way ANOVA with 

Tukey’s HSD to adjust for multiple comparisons for mouse weights, inflammatory foci 

and mRNA. Kruskal-Wallis overall test followed by Wilcoxon rank-sum test was 

performed for steatosis grading data and Chi-square test was performed for incidence and 

multiplicity of pre-neoplastic liver lesions. The Statistical Analysis System (SAS, version 

9.2, SAS Institute, Inc.) was used for all statistical analysis. Results are presented as 

means ± standard error of the means (SEM), unless otherwise indicated, and significance 

was set at P < 0.05. 
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RESULTS 

Effects of DEN Injection, EtOH Diet, and Dietary Luteolin on Mouse Weights 

Comparison of final mouse weight data between experimental groups is displayed in 

Table 2. Injection with DEN as compared to Sham injection in Ctrl diet-fed animals 

resulted in no significant differences in final body weight or liver weight. Analysis of the 

ratio of liver weight/final body weight was significantly increased in DEN + Ctrl Diet 

mice as compared with Sham + Ctrl diet mice. Addition of the EtOH diet resulted in a 

significant decrease in final body weight in DEN injected mice as compared with both 

Sham and DEN + Ctrl diet animals. Liver weight was significantly increased as compared 

with Sham + Ctrl diet mice; however no significant difference was found between DEN + 

Ctrl diet and DEN + EtOH diet liver weights. Ratio of liver weight/final body weight in 

DEN + EtOH diet mice was significantly increased compared with both Sham and DEN 

+ Ctrl diet animals. The addition of luteolin to DEN + EtOH diet mice had no effect on 

final body weight, liver weight, or the ratio of liver weight/final body weight as compared 

with DEN + EtOH diet mice without supplemental treatment. 

Luteolin Reduces Alcohol-Promoted Hepatic Pre-Neoplastic Lesions 

The primary outcome of this study was to investigate the presence of hepatic pre-

neoplastic lesions in our experimental groups. Hepatic pre-neoplastic lesions were 

characterized by the presence of eosinophilic and basophilic foci (Figure 3). As expected, 

no mice in the Sham + Ctrl diet group produced lesions. The DEN + Ctrl diet mice also 

produced no lesions, most likely due to the short duration of the study protocol. However, 

the DEN + EtOH diet mice had a significant induction in both multiplicity (1.59 ± 0.54 

lesions per cm
2
) and incidence (53.85%), indicating that the addition of the EtOH diet 
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was able to significantly promote the induction of hepatic pre-neoplastic lesions. The 

addition of luteolin to DEN + EtOH diet completely abolished the presence of lesions as 

none of the animal supplemented with luteolin had any lesions (Table 3). 

Luteolin Supplementation has no Effect on DEN + EtOH Diet-Induced Hepatic 

Steatosis 

Steatosis, a well-known histological marker of alcohol-induced liver injury, was 

assessed on H&E stained slides (Figure 3). No induction of steatosis was found in Sham 

+ Ctrl diet mice, where 100% of mice in this group had a score of 0. In the DEN + Ctrl 

Diet mice all but 1 mouse had a score of 0, with 1 mouse scoring 1 on the steatosis grade 

scale. This slight increase had no statistical significance, however, when groups were 

compared. The addition of ethanol consumption in the DEN + EtOH diet group 

significantly increased hepatic steatosis scoring with all animals scoring a grade of either 

1 or 2 (61.5% and 38.5%, respectively). Luteolin supplementation had no significant 

effect on DEN + EtOH diet-induced hepatic steatosis. In this group, 10% of animals were 

scored a steatosis grade of 0 while 70% scored a grade of 1 and 20% scored a grade of 2 

(Table 4).  

Luteolin Supplementation Reduces Alcohol-Induced Hepatic Inflammatory Foci  

Hepatic inflammatory foci, characterized by clusters of recruited immune cells in 

hepatic tissue, were examined for all experimental groups on H&E stained slides (Figure 

3). As compared with Sham + Ctrl diet mice, the addition of DEN injection in DEN + 

Ctrl diet mice had no significant changes in hepatic inflammatory foci. The addition of 

alcohol in the DEN + EtOH diet mice resulted in a significant 20 fold increase in hepatic 

inflammatory foci as compared with DEN + Ctrl diet mice. Supplementation with 
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luteolin in the DEN + EtOH diet + Luteolin group had a significant reduction in hepatic 

inflammatory foci as compared with DEN + EtOH diet alone (Figure 4). The reduction in 

inflammatory foci by supplementation with luteolin was associated a non-significant 

reduction in interleukin-6 (IL-6), and interleukin-1β (IL-1β) expression levels in DEN + 

EtOH diet + Luteolin mice compared with DEN + EtOH diet mice fed no 

supplementation (Figure 5). 

 

DISCUSSION 

Excessive alcohol consumption is widespread both worldwide and in the United 

States. [17]  Additionally, alcohol consumption is a prominent risk factor for HCC 

development and accounts for 32% of HCC cases in the United States. [18] It is clear that 

the development of HCC from alcohol consumption is a prominent public health problem 

both in the United States and worldwide. Unfortunately, early detection of HCC is rare, 

and when it is detected the survival rate is very low. [3] Therefore it is of the utmost 

importance to focus research efforts and therapeutic targets on the prevention of early-

stage hepatic carcinogenesis. This study reveals the important observation that 

supplementation with dietary luteolin inhibits development of pre-neoplastic liver lesions 

and associated hepatic inflammation in a DEN-induced alcohol-promoted pre-

hepatocarcinogenesis mouse model.  

Our results demonstrated no significant changes in final body or liver weight with 

DEN injection in mice fed Ctrl diet as compared with Sham injection fed Ctrl diet. 

However, the ratio of liver weight/final body weight was significantly increased in DEN 
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injected mice, indicating a larger percentage of total mouse weight was occupied by the 

liver. Mice consuming the EtOH diet had significantly decreased final body weight as 

compared with both Sham and DEN + Ctrl diet animals. Liver weight was increased as 

compared with Sham + Ctrl diet (significant) and DEN + Ctrl diet (non-significant) and 

the ratio of liver weight/final body weight was found to be significant when compared 

with both groups. Therefore, it is clear that the addition of alcohol to the diet resulted in a 

combination of loss of total body weight and increase in liver weight in these mice. The 

addition of luteolin to DEN + EtOH diet mice had no effect on final body weight, liver 

weight, or the ratio of liver weight/final body weight as compared with DEN + EtOH diet 

mice with no supplemental treatment. Therefore the alterations to hepatic signaling 

pathways that occurred upon supplementation with luteolin had no effect on either the 

body or liver weights of these mice. 

In our model, pre-neoplastic liver lesions were only induced in mice given DEN 

injection + EtOH diet (53.85% incidence). No pre-neoplastic liver lesions were induced 

with DEN injection alone, demonstrating the crucial role that consumption of the EtOH 

diet plays in the promotion of pre-cancerous lesions in our model. Further, the induction 

of pre-neoplastic liver lesions was associated with a significant increase in hepatic injury 

in DEN + EtOH diet mice including the induction of both steatosis and inflammatory 

foci. Importantly, these hepatic insults were only seen upon the addition of the EtOH diet, 

confirming the crucial role of EtOH in the development of hepatic injury.  

Luteolin supplementation in DEN-injected and EtOH diet-fed mice resulted in a 

complete abolishment (0% incidence) of pre-neoplastic liver lesions. The ablation of pre-

neoplastic liver lesions was associated with a significant reduction in hepatic 
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inflammatory foci. Hepatic expression of inflammatory cytokines TNFα, IL-6, and IL-1β 

were then examined, and a non-significant decrease in IL-6 and IL-1β was found upon 

luteolin supplementation in our model. This non-significant result could be explained by 

a lack of statistical power by low animal numbers or the combination of the regional 

effects by inflammation and the small amount of tissue included in our RNA extraction 

protocol. No effect on hepatic steatosis was seen by supplementation with dietary 

luteolin. This indicates the targeted actions of luteolin occur against inflammatory 

signaling pathways and not lipogenic or β-oxidation pathways. This is not surprising, as 

previous studies investigating the protective actions of dietary luteolin have revealed 

protective actions against inflammation as well. [4, 12-15, 19]  

Despite the brevity of analysis in this study, we have successfully identified 

luteolin as a protective dietary intervention against the development of alcohol-promoted 

pre-neoplastic liver lesions and alcohol-induced hepatic inflammation in our model. A 

more in-depth analysis is needed in order to elucidate the specific mechanism(s) by 

which luteolin exerts its protective actions against alcohol-induced and –promoted 

disease states.  
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Table 1. Luteolin Content in Select Foods 

 

This table summarizes the major sources of dietary luteolin in select foods as reported by 

the USDA Database for the Flavonoid Content of Selected Foods, Release 3.1. [9] 
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Table 2. Effect of DEN Injection, EtOH Diet, and Dietary Luteolin on Mouse 

Weights 

 

Body weight, liver weight, and ratio of liver weight / final body weight of mice in the 

four experimental treatment groups. Data are presented as means        One-way 

ANOVA followed by Tukey’s HSD was performed to determine statistical significance 

between groups. For a given row, data not sharing a common superscript letter are 

statistically significant from each other (P<0.05). Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet, LW/FBW Ratio – liver weight/final 

body weight ratio. 
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Table 3. Dietary Luteolin Alleviates Hepatic Pre-neoplastic Liver Lesions in DEN + 

EtOH Diet Mice 

 

Pre-neoplastic liver lesions are characterized by the presence of basophilic or 

eosinophilic foci. 20 separate fields of view at 100X magnification were examined for 

each animal by two separate blinded investigators. Multiplicity and incidence rates were 

calculated from results. Chi-square test was used to test for statistical significance 

between groups. For each column, data not sharing a common superscript letter are 

statistically significant from each other (P<0.05). Abbreviations: ctrl diet – control diet, 

DEN – diethylnitrosamine, EtOH diet – ethanol diet. 
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Table 4. Dietary Luteolin has no Effect on DEN + EtOH-Diet Induced Hepatic 

Steatosis 

 

20 images at 100X magnification were evaluated regarding the grade of steatosis (both 

macro- and micro-vesicular) by two blinded investigators for each side. The degree of 

steatosis was graded 0-4 based on the area of liver section occupied by fat vacuole (grade 

0 = <5% steatosis; grade 1 = 6-25%; grade 2 = 26-50%; grade 3 = 51-75%; grade 4 = 

>76%). Kruskal-Wallis overall test followed by Wilcoxon rank-sum test was used to test 

for statistical significance among groups. Groups not sharing a common superscript letter 

are statistically significant from each other (P < 0.05). Abbreviations: ctrl diet – control 

diet, DEN – diethylnitrosamine, EtOH diet – ethanol diet. 
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Figure 1. Chemical Structure of Luteolin 
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Figure 2. Experimental Study Design  

Schematics to represent A) experimental animals groups and B) experimental time line to 

investigate the potential protective effect of luteolin supplementation on DEN-initiated 

alcohol-promoted hepatic pre-neoplastic liver lesions in a mouse model. Mice were 

injected with DEN followed by a 27% alcoholic diet for a promotional period of 21 days 

with luteolin supplementation. Animal sacrifice and tissue collection occurred at 11 

weeks of age. Abbreviations: ctrl diet – control diet, EtOH diet – ethanol diet, L – 

Luteolin, DEN – diethylnitrosamine, i.p. – intraperitoneal, wks – weeks.  
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Figure 3. Representative Histological Injury in Livers of DEN + EtOH Diet Mice 

Representative H&E staining of A) basophilic foci, B) eosinophilic foci, C) inflammatory 

foci, and D) steatosis in DEN injected and alcohol-fed mice. A ZEISS microscope with a 

PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK μScope Microscopy 

Software was used for image capture of all histological examinations. 
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Figure 4. Dietary Luteolin Reduces EtOH Diet-Induced Inflammatory Foci in DEN 

+ EtOH Diet Mice 

Inflammatory foci were analyzed on H&E stained slides. 20 images at 100X 

magnification were evaluated regarding the number of inflammatory foci for each animal 

by blinded individuals. T-test was used to determine statistical significance between 

treatment groups. * indicates P < 0.05. Abbreviations: ctrl diet – control diet, DEN – 

diethylnitrosamine, EtOH diet – ethanol diet. 

  



209 
 

 

 

Figure 5. Dietary Luteolin Results in a Non-Significant Reduction in Hepatic 

Inflammatory Gene Expression in DEN + EtOH Diet Mice 

Luteolin was supplemented in DEN injected mice consuming EtOH diet for a 21 day 

treatment period. Luteolin non-significantly reduced hepatic inflammatory gene 

expression levels as compared with DEN + EtOH diet animals with no supplementation. 

T-test was used to determine statistical significance between treatment groups. 

Abbreviations: ctrl diet – control diet, DEN – diethylnitrosamine, EtOH diet – ethanol 

diet, TNFα – tumor necrosis factor-α, IL-6 – interleukin-6, IL-1β – interleukin-1β, 

GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
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APPENDIX II 

INVESTIGATION OF THE POTENTIAL ROLE OF TUMOR 

PROGRESSION LOCUS 2 IN HIGH FAT DIET-PROMOTED 

HEPATOCELLULAR CARINOMA 
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ABSTRACT 

The development of hepatocellular carcinoma (HCC) is well associated with the presence 

of obesity-induced inflammation in the liver. With the prevalence of both HCC and 

obesity increasing, elucidation of the specific molecular mechanisms that are involved in 

the development of HCC represent a critical area of research. Specifically, tumor 

progression locus 2 (TPL2) is a critical regulator of inflammatory signaling pathways. 

TPL2 has been demonstrated to play a role in obesity-induced fatty liver disease however 

no studies have been done to investigate the potential role of TPL2 in HCC development. 

This study utilized wild-type (WT) and TPL2 knock-out (KO) mice to investigate the role 

of TPL2 in a high fat diet-promoted liver tumorigenesis mouse model. A liver specific 

carcinogen, diethylnitrosamine (DEN), was used to initiate liver carcinogenesis followed 

by the addition of either a low fat or high fat diet for a promotional feeding period of 24 

weeks. No effects of low fat diet versus high fat diet or TPL2 ablation were observed on 

the outcomes of tumor number or tumor volume in our mice. Therefore, further 

investigation must be completed to determine the role of TPL2 in hepatic carcinogenesis 

and the effect of HFD in this model. 

 

INTRODUCTION 

Hepatocellular carcinoma (HCC), the most common type of primary liver cancer, 

is the 5
th

 most common cancer and 3
rd

 leading cause of cancer-related death worldwide. 

[1] Specifically, the National Cancer Institute reports that an estimated 30,640 individuals 

(22,730 men and 7,920 women) will be diagnosed with and over 21,600 individuals will 

die of liver cancer in the year 2013. [2] Importantly, HCC is the most rapidly increasing 
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cause of cancer death in the United States. [3] Once diagnosed with HCC, the 5-year 

relative survival rate is a low 16.1%. [2] The observed increase in HCC-related death 

parallels the increase in obesity-related fatty liver disease. [4, 5] Further, fatty liver 

disease caused by the presence of obesity is associated with the presence of inflammation 

and is known to increase the risk of HCC development.[6] 

Tumor progression locus 2 (TPL2) is a serine-threonine kinase that functions as a 

critical regulator of inflammatory pathways by up-regulating production of inflammatory 

cytokines. TPL2 functions downstream of IkappaB kinase-β (IKK-β) to activate mitogen 

activated protein (MAP) kinases and up-regulate production of inflammatory cytokines, 

including interleukin-6 (IL-6), tumor necrosis factor α (TNFα), and interleukin-1β (IL-

1β). [7] Specifically, TPL2 is known to activate the extracellular signal-related kinase 1/2 

(ERK1/2), c-Jun N terminal kinase (JNK), and to a smaller extent p38 pathways through 

the mechanism of direct phosphorylation. [8, 9]  Recently, the role of TPL2 has been 

established in the pathogenesis of obesity-induced fatty liver disease. Specifically, 

TPL2KO mice had improved metabolic phenotypes and decreased immune cell 

infiltration and inflammation in adipose tissue of TPL2KO mice fed HFD diet as 

compared with controls. [10] 

The induction of inflammation has been implicated in the development of HCC. 

Indeed, the concept of a connection between inflammation and carcinogenesis is certainly 

nothing new as it was observed in the nineteenth century that tumors frequently 

developed on sites of sustained inflammation, and that tumoral tissues often contained 

inflammatory infiltrates. More recently, epidemiological studies have confirmed the 

association between chronic inflammation and cancer development. [11] Chronic alcohol 
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consumption, viral hepatitis infections, and obesity - the major risk factors for hepatic 

tumorigenesis – are all known to activate innate immunity and sustain chronic 

inflammation. Further, inflammatory cytokines TNFα and IL-6 as well as upstream 

signaling of toll-like receptors, MAP kinases, and NFκB are all shown to be key players 

in HCC development. [11-14] In recent studies, TPL2 has been specifically shown to 

play a major role in both inflammation and carcinogenesis. [14] Utilizing the 

transcriptome profiles registered in the Oncomine database, TPL2 expression levels in 

certain malignancies compared to normal tissue were analyzed. Interestingly, some types 

of malignancy had elevated TPL2 expression, while others had decreased expression. 

Those with elevated TPL2 include: classic meduloblastoma, clear cell renal cell 

carcinoma, gastric intestinal type adenocarcinoma, testicular seminoma, and 

hepatocellular carcinoma. Malignancies with decreased TPL2 expression include: chronic 

lymphocytic leukemia, lung adenocarcinoma, and T-cell and B-cell acute lymphoblastic 

leukemia. These findings suggest that the role of TPL2 in tumor growth or suppression is 

highly tissue specific. [14] Studies investigating the role of TPL2 in various cancers 

further support the tissue specific role of TPL2. Recent studies investigating the role of 

TPL2 in skin carcinogenesis [15] and intestinal carcinomas [16] have demonstrated that 

TPL2 ablation promotes carcinogenesis of these tissues, suggesting a tumor suppressive 

role for TPL2. However, the suppression of TPL2 diminishes androgen depletion-

independent prostate cancer growth, [17] suggesting a tumor promotional role for TPL2. 

Although the role of TPL2 has been established in an obesity-induced inflammation 

model, [10] there are no studies investigating the role of TPL2 in HCC development.  
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This study utilized wild-type (WT) and TPL2 knock-out (KO) mice to investigate 

the role of TPL2 in a HFD-promoted liver tumorigenesis. The liver specific carcinogen, 

diethylnitrosamine (DEN), was used to initiate carcinogenesis at the dose of 25 mg.kg 

BW
-1

 at 14 days of age followed by the addition of either a low fat or high fat diet for a 

promotional feeding period of 24 weeks. The effects of DEN injection, high fat diet, and 

ablation of TPL2 were investigated in this model.  

 

MATERIALS AND METHODS 

Animals, Carcinogen, and Diet 

 Male TPL2 WT and TPL2 KO mice were generated by Dr. Philip Tschilis (Tufts 

University) and backcrossed into C57BL/6J mice for >10 generations. 

Diethylnitrosamine (DEN, Sigma, >99.9% purity), a liver-specific carcinogen, was used 

to initiate carcinogenesis in this study. A single intraperitoneal (i.p.) injection of 25 

mg.kg BW
-1

 DEN in 0.2 ml sterile saline was administered to mice at 14 days of age. 

Experimental mice were fed a low fat control diet (LFD) or high fat diet (HFD) (BioServ, 

Frenchtown NJ). Specifically, both diets were semi-purified and the LFD consisted of 

12% total calories as fat while the HFD consisted of 60% total calories as fat (Table 1). 

Following breeding, mice were randomized into experimental groups. Groups include: 1) 

WT + Sham + LFD, 2) WT + DEN + LFD, 3) KO + Sham + LFD, 4) KO + Sham + 

HFD, 5) KO + DEN + LFD, and 6) KO + DEN + HFD. The experimental design and 

time line of this study can be found in Figure 1. The Mice were fed their respective diets 

(LFD or HFD) for a treatment period of 24 weeks starting at 8 weeks of age. At 32 weeks 
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of age all mice were terminally exsanguinated under deep isoflurane anesthesia. Mice 

were weighed weekly and surface tumors counted and measured at the time of killing. All 

animal protocols and procedures were done under the approval of the Institutional 

Animal Care and Use Committee at the USDA Human Nutrition Research Center on 

Aging at Tufts University. 

Statistical Analyses 

Statistical differences were determined by ANOVA with Tukey’s HSD to adjust 

for multiple comparisons for tumor data. The Statistical Analysis System (SAS, version 

9.2, SAS Institute, Inc.) was used for all statistical analysis. Results are presented as 

means ± standard deviation and significance was set at P < 0.05. 

 

RESULTS 

Effects of DEN Injection, HFD Diet, and TPL2 Ablation on Mouse Weights 

Although statistical analysis has yet to be performed on weight outcomes, we 

observe that DEN injection does not seem to play a role in the alteration of final weights 

in our experimental mice. However, consumption of the HFD does increase final body 

weight; however no changes were seen in final liver weight resulting in a decrease in 

liver/body weight ratio. Finally, no changes were observed between WT and KO mice, 

indicating that the ablation of TPL2 does not affect body weight. Statistical analysis of 

these weight outcomes must be performed in order to confirm the statistical significance 

of these observations. 
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Effects of DEN Injection, HFD Diet, and TPL2 Ablation on Liver Tumors 

DEN injection in our mice resulted in the significant induction of liver tumors, as 

expected. Additionally, our Sham-injected mice had very low levels of tumor numbers 

(less than 1 tumor on average), indicating the necessity of DEN injection to produce 

significant tumor numbers in our mouse model. This significant induction of liver tumors 

by DEN injection occurred in both TPL2 WT and TPL2 KO mice. Although the average 

liver tumor number was almost double in our WT mice as compared with our KO mice 

(WT mice = 14 liver tumors as compared with KO mice = 7.65 and 8.89 in LFD and 

HFD, respectively), this difference was not found to be statistically significant (P = 

0.1779). Analysis of tumor volume also resulted in no significant difference between 

these groups. When the effect of diet was investigated in our TPL2 KO mice, no 

significant differences were found between mice consuming LFD or HFD on either tumor 

number (LFD= 7.65 and HFD = 8.89) or tumor volume (LFD= 2.39 and HFD = 0.89) 

outcomes. Although the tumor volume average was quite difference, no statistical 

significance was found due to the extremely large variability in the sample. This same 

lack of effect was found when liver tumor volume was examined between LFD and HFD-

fed animals.  

 

DISCUSSION 

Initial data analysis on this study reveals that intake of our LFD versus HFD has 

no effect on liver tumor development. Indeed, our TPL2 KO mice fed LFD and HFD 

resulted in almost identical average tumor numbers (7.65 and 7.89, respectively). This 

indicates that the promotional effect observed from obesity on HCC development is 
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occurring through a mechanism much more complex than the increased fat content alone. 

Indeed, it appears the LFD diet, which contains a high percentage of carbohydrates, 

results in the same detrimental effects. Further investigation into the mechanisms of 

action that occur by these two diets must be completed. 

This study was unable to distinguish a difference in tumor development between 

TPL2 WT and TPL2 KO mice. Unfortunately, this study only had 3 animals in each of 

our WT groups. Without adequate numbers of WT mice to produce reliable data 

regarding the development of liver cancer in our model, we cannot properly address the 

question of TPL2 involvement in liver cancer development. Therefore, additional animal 

studies must be done to increase numbers of wild type mice in order to complete this 

study and address the possibility of TPL2 as either a tumor promoter or suppressor in this 

model. This study does provide evidence that TPL2 ablation does not result in a complete 

abolishment of HCC development. However, even if TPL2 does act as a tumor promoter, 

we would not expect an absolute inhibition of tumor development with TPL2 deletion. 

The mechanisms of tumorigenesis are far too complex to rely on a single signaling 

pathway for tumor development. However, it is also possible that TPL2 does not play a 

role in HCC development. Therefore, it is of the utmost importance to increase out WT 

animal sample size in order to have reliable tumor numbers to compare between WT and 

KO mice. 

In conclusion, further investigation in this model is needed to provide a more 

complete understanding of the mechanisms by which LFD and HFD are acting on 

promotion of HCC in our model and to adequately address the potential involvement of 

TPL2 in our HCC model.  
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Table 1. Experimental Diet Composition 

 

Diet composition of low fat and high fat diets used in the experimental model. [18] 
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Figure 1. Experimental Study Design 

Schematics represent A) experimental animals groups and B) experimental time line for 

this study. Mice were injected with DEN followed by LFD or HFD for a promotional 

period of 24 weeks. Animal sacrifice and tissue collection occurred at 32 weeks of age. 

Abbreviations: WT – wild type, KO – knockout, LFD – low fat diet, HFD  – high fat diet, 

DEN – diethylnitrosamine, i.p. – intraperitoneal, wks – weeks.  
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Figure 2. Final Weight Data 

Final body weight, liver weight, and liver/body weight ratio data from our experimental 

mice. Data are represented as means ± standard deviation. Abbreviations: WT – wild 

type, KO – knockout, LFD – low fat diet, HFD  – high fat diet, DEN – 

diethylnitrosamine. 
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Figure 3. Tumor Data 

Liver tumor number, liver tumor volume, and lung tumor number data were collected 

from our experimental mice upon killing. Data are represented as means ± standard 

deviation. ANOVA was performed to indicate statistical significance and significance 

was set at P < 0.05. For a given column, data not sharing a common superscript letter are 

statistically significant. Abbreviations: WT – wild type, KO – knockout, LFD – low fat 

diet, HFD  – high fat diet, DEN – diethylnitrosamine. 
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