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Abstract
Alcoholic liver disease (ALD) is a major cause of morbidity and mortality worldwide. The incidence of hepatocellular car-
cinoma (HCC) is increasing in the United States, and chronic, excessive alcohol consumption is responsible for 32%e45% of all the
liver cancer cases in the United States. 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. Induction of the cytochrome P450
2E1 (CYP2E1) enzyme by chronic and excessive alcohol intake is known to play a role in the pathogenesis of ALD. High intake of
tomatoes, rich in the carotenoid lycopene, is associated with a decreased risk of chronic disease. The review will overview the
prevention of ALD and HCC through dietary tomato rich in lycopene as an effective intervention strategy and the crucial role of
CYP2E1 induction as a molecular target. The review also indicates a need for caution among individuals consuming both alcohol
and high dose lycopene as a dietary supplement.
© 2018 Chinese Medical Association. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Tomato; Lycopene; Alcoholic liver disease; Liver cancer; CYP2E1
Alcohol consumption

Consumption of alcohol is common worldwide and
results in approximately 2.5 million deaths a year.1

Alcohol consumption is the world's third largest risk
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factor for disease and disability, and in middle-income
countries it is the number one risk. According to
Global Status Report on Alcohol and Health 2011, the
yearly average consumption equals 6.13 liters of pure
alcohol per person aged 15 years or older as of 2005.
Consumption varies greatly between countries, with
high consumption (>10 liters) in the Northern Hemi-
sphere, Argentina, Australia, and New Zealand. Low
consumption levels (<2.5 liters) 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
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Fig. 1. Progression of alcoholic liver disease (ALD). ALD, which

encompasses a spectrum of injuries, ranging from simple steatosis,

alcoholic steatohepatitis, fibrosis, cirrhosis, and liver cancer devel-

opment. Alcoholic fatty liver (simple steatosis) can progress to

alcoholic steatohepatitis, which occurs among 10%e35% of steatosis

patients and is closely associated with insulin resistance, oxidative

stress and inflammatory responses. With continued chronic and

excessive (e.g., binge drinking) alcohol intake, alcoholic steatohe-

patitis causes severe damage to the liver, eventually leading to

fibrosis and cirrhosis, as well as promoting hepatocellular carcinoma

development.
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have mid-range consumption, averaging at 8.6 liters of
pure alcohol per year.2

Heavy episodic drinking, as 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, 12% of
individuals who consume alcohol are considered to
indulge in heavy episodic drinking worldwide, at least
for some period in time.2 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 consume alcohol. Further,
22.6% of the population binge drink (defined as 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).3 Additionally, nearly 60% of college
students reported drinking alcohol, with 2 out of 3 of
them engaging in binge drinking during that same
timeframe. Increased alcohol marketing in recent years
has particularly targeted women, causing a 36% in-
crease in the number of women who are engaging in
excessive (binge) alcohol consumption in the last 10
years. Since women appear to be more vulnerable to
the harmful effects of alcohol, this increase is of
particular concern. A recent study also showed aging
(young vs. middle aged) exacerbates the progression of
chronic alcohol intake induced liver disease4 and
women appear to be more vulnerable to the harmful
effects of alcohol.5 Very recently, a systematic analysis
for the alcohol use and burden for 195 countries and
territories (1990e2016), demonstrated that alcohol is a
significant global health issue and even potential health
benefits at low levels of alcohol intake are outweighed
by the increased risk of other diseases, including can-
cer.6 Both incidence and death rates of liver cancer are
increasing in the United States (http://www.cancer.gov/
news-events/press-releases/2016), and chronic, exces-
sive alcohol consumption is responsible for 32%e45%
of all the liver cancer cases in the United States.7

Alcoholic liver disease

Consumption of alcohol is one of the most prominent
factors contributing to alcoholic liver disease (ALD),
a major cause of morbidity and mortality
worldwide.1,8e10 The initial development of ALD is
characterized by simple steatosis and alcoholic steato-
hepatitis, which can further progress to fibrosis,
cirrhosis, and significantly increase risk of hepatocel-
lular carcinoma (HCC) if alcohol consumption is
continued (Fig. 1). Specifically, 90%e100% of in-
dividuals who consume alcohol chronically and exces-
sively will develop hepatosteatosis.11 Hepatosteatosis is
characterized by lipid accumulation in hepatocytes,
brought on through three major pathways: the inhibition
of adenosine 50-monophosphate (AMP)-activated pro-
tein kinase (AMPK), activation of sterol regulatory
element-binding protein 1 (SREBP-1), and inhibition of
peroxisome proliferator-activated receptor alpha
(PPARa).12e14 These pathways shift the lipid balance
toward synthesis and away from oxidation. This occurs
in 2 specific ways: (1) the shift of nicotinamide adenine
dinucleotide (NADþ)/reduced nicotinamide adenine
dinucleotide (NADH) pool to the reduced state occur-
ring from alcohol metabolism signals to increase fatty
acid synthesis and esterification, and decrease mito-
chondrial b-oxidation of fatty acids9,12 and (2) alcohol
metabolism triggers the induction of tumor necrosis
factor a (TNF-a) and other pro-inflammatory cytokines,
which induces the release of free fatty acids from adi-
pocytes, an increase in lipogenesis and decreased b-
oxidation of fatty acids in hepatocytes.15

If alcohol consumption is continued, in addition to
acute inflammation (e.g., gastritis and pancreatitis),

http://www.cancer.gov/news-events/press-releases/2016
http://www.cancer.gov/news-events/press-releases/2016
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10%e35% of individuals will develop alcoholic stea-
tohepatitis.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 perme-
ability to lipopolysaccharide (LPS), a component of
gram-negative bacteria, that contributes to inflamma-
tion in ALD (Fig. 2). LPS enters the portal circulation
and activates Kupffer cells (resident liver macro-
phages) via toll-like receptor 4 (TLR4) initiating
Fig. 2. The key event contributing to the pathogenesis of alcoholic liver dis

balance of microflora in the gut and the gut barrier function. This enha

translocation from the gut to the portal blood, which activates Kupffer cells

and IL-6 via Toll-like receptors (TLRs), contributing to inflammatory liv
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production of inflammatory mediators TNF-a, inter-
leukin 6 (IL-6), and interleukin 1b (IL-1b) and pro-
duction of reactive oxygen species (ROS).15,17e20 The
production of inflammatory cytokines occurs through
the activation of the mitogen-activated protein (MAP)
kinase family, including extracellular-regulated ki-
nases 1/2 (ERK1/2) and c-jun-N-terminal kinase
(JNK).12,17,19,21 Alcohol further sensitizes hepatocytes
to TNF-a-induced apoptosis.21 Recent studies also
have shown that alcohol consumption is associated
ease (ALD). Chronic and excessive alcohol consumption impairs the
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with alterations in the gut microbiome, which con-
tributes to the abnormal guteliver axis in ALD.22

Following the development of alcoholic
steatohepatitis, 70% of individuals will develop
cirrhosis and fibrosis, characterized by the hardening,
scarring, and loss of function of the liver. Further, 8%e
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 and liver transplantation is the only
hope of the patients. A very recent study shows that
adults aged 25e34 experienced the highest average
annual increase in cirrhosis deaths (10.5% each year,
which was driven entirely by alcohol-related liver
disease) which highlights new challenges in preventing
this deadly disease.23 The condition of cirrhosis greatly
increases the risk for development of liver cancer.

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.24

Other risk factors for HCC include hepatitis B and C
viral infection, obesity, and diabetes mellitus.24 The
HCC is the fifth most common cancer and third leading
cause of cancer-related death worldwide.25 The Na-
tional Cancer Institute reports that an estimated 30,640
individuals will be diagnosed with and over 21,600
individuals will die of liver cancer in 2013.26 This
estimation includes both cancer of the liver and intra-
hepatic bile duct; however, more than 80% of cases are
categorized as HCC.27 Trends in liver cancer incidence
and mortality rates have increased significantly by
4.1% from 2001 to 2010 and 2.4% from 1999 to 2010,
respectively.26 This makes HCC the most rapidly
increasing cause of cancer death in the United States.28

Once diagnosed with HCC, the 5-year relative survival
rate is a low 16.1%.26 Multiple animal studies have
demonstrated that chronic ethanol feeding promotes
HCC progression.29e31 A few animal studies have also
reported the null effect32 or inhibitory effect33,34 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 alco-
holic diet (15% as total caloric intake) for 60 and 70
weeks and observed well-developed HCC in 40% and
50% of mice, respectively.35

In a U.S.-based case-control study, those who drank
alcohol had an adjusted odds ratio (OR) for HCC risk of
2.4 (95% confidence interval [CI]: 1.3e4.4) compared
with nondrinkers. Further, the OR increased signifi-
cantly for patients drinking >80 g/day (OR¼4.5).36

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.37 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.38 Specifically, one case-control study
reported that individuals who consumed >4 drinks per
day had an OR for HCC of 3.2 (95% CI: 1.9e5.3).
Further analysis revealed a synergistic interaction of
HCC risk between heavy alcohol consumption (>4
drinks per day) and diabetes (OR ¼ 4.2, 95% CI:
2.6e5.8) as well as heavy alcohol consumption and
viral hepatitis (OR ¼ 5.5, 95% CI: 3.9e7.0).39

Cytochrome P450 2E1 (CYP2E1) induction plays a
crucial role in ALD

The association between alcohol consumption and
ALD development has been well established. Possible
mechanisms of ALD include the induction of CYP2E1,
acetaldehyde as a carcinogen, induction of oxidative
stress, induction of endoplasmic reticulum (ER) stress,
impaired innate and adaptive immunity and interfer-
ence in retinoid metabolism (Fig. 2). Among them,
the CYP2E1 induction plays a crucial role in ALD
development.

Hepatic CYP2E1 induction

CYP2E1 is a member of the cytochrome P450
mixed-function oxidase system, which is involved in the
metabolism of xenobiotics in the body. The majority of
CYP2E1 is localized in the ER membrane, and it has
been detected in other cellular compartments as
well.24,40 CYP2E1 is expressed in high levels in the liver
where most drugs undergo deactivation by CYP2E1,
either directly or by facilitated excretion from the body.
CYP2E1 is highly inducible by ethanol and is found
mainly in the liver; however it is also expressed in
several other tissues.24,40,41 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.42 In the liver, ethanol-
inducible CYP2E1 is primarily expressed in the hepa-
tocytes, as well as Kupffer cells to a lesser extent.12,40

Hepatic CYP2E1 enzyme activity is highly induced in
chronic alcoholics, and this increased activity may
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contribute to the metabolic tolerance of alcohol con-
sumption that is common in alcoholics.12,40 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.43

Hepatic CYP2E1 and alcohol metabolism

Ethanol is metabolized primarily in the liver by
enzymatic pathways. The first pathway, involving
cytosolic alcohol dehydrogenase (ADH), is responsible
for the majority of ethanol metabolism to acetalde-
hyde. The second pathway is the microsomal ethanol
oxidizing system (MEOS), catalyzed by CYP2E1. This
enzyme is induced when large quantities of alcohol are
consumed.12,13 The third pathway, which metabolizes a
small portion of ethanol, is catalase, located in the
peroxisomes.44 Each of these pathways results in the
production of acetaldehyde, a highly toxic metabolite
that is then further metabolized to acetate by mito-
chondrial aldehyde dehydrogenase (ALDH2).12,13,44

The metabolism of ethanol results in several meta-
bolic consequences. First, there is a shift in the NADþ/
NADH ratio. Both ADH and ALDH2 use NADþ as a
cofactor, and the increased NADH promotes fatty acid
synthesis and inhibits b-oxidation leading to fat accu-
mulation in the liver.12,13 Second, the production of
acetaldehyde is an important metabolic consequence of
ethanol metabolism. Acetaldehyde is a highly reactive
carcinogen that can form protein and DNA adducts.
Third, the metabolism of ethanol by CYP2E1 results in
the production of ROS that significantly contributes to
ethanol-induced liver injury.12,40,44e46

Hepatic CYP2E1 and oxidative stress

Alcohol-induced liver damage has been demon-
strated to correlate with CYP2E1 protein levels as
well as elevated lipid peroxidation.40,47,48 The meta-
bolism of ethanol via CYP2E1 results in the produc-
tion of ROS that are thought to contribute
significantly to ethanol-induced liver injury.12,40,44e46

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 physi-
ology, and are involved in critical metabolic path-
ways.41,49 However, when present in high and
uncontrolled concentrations, ROS react with cellular
macromolecules leading to denatured proteins, inac-
tivation of enzymes, peroxidation of lipids, and DNA
damage such as strand breaks and base removal or
modification resulting in mutation.12,45,46 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 CYP2E1.50 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.42 In experimental rodent models,
chemical inhibition of CYP2E1 was found to be
associated with reduced alcohol-induced liver injury
and decreased free radical damage.40,42,48 In addition,
it has been demonstrated that CYP2E1 knockout (KO)
mice exhibited no ethanol-induced liver injury (stea-
tosis and oxidative stress) and this injury was restored
in knock-in (KI) mice.40,51 Thus, by utilizing over-
expression, KO, and chemical inhibition models, it is
clear that CYP2E1 plays a crucial role in ethanol-
induced liver injury.

CYP2E1 and vitamin A

It should be mentioned that the interference with
vitamin A metabolism and its nutritional status is one
of the major alterations caused by alcohol.52e56

Several mechanisms have been proposed to explain
how ethanol might interfere with retinoid metabolism
in the livers: ethanol lowered retinoids (retinyl ester,
retinol and retinoic acid) levels in the liver through
the induction of CYP2E1 which catabolizes retinol
and retinoic acid into more polar metabolites.55,57e59

Ethanol increased vitamin A mobilization from the
liver to other organs, as evidenced by increased
vitamin A concentration in extrahepatic tissue after
chronic ethanol consumption.60,61 In addition, ethanol
acts as a direct competitive inhibitor of retinol de-
hydrogenase and retinal dehydrogenase in liver and
other tissues. These alcohol-induced changes result in
decreased hepatic levels of retinoic acid, the most
active form of vitamin A and a ligand for retinoid
receptors. Retinoic acid plays an important role in
controlling cell growth, differentiation, and apoptosis
and is of potential clinical interest in cancer che-
moprevention and treatment.62 Therefore, interfer-
ence with the retinoic acid metabolism by ethanol has
important impacts on the etiology, prevention and
treatment of alcohol-related disease. Recent studies
on the ethanol interaction with retinoid homeostasis
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and signal transduction pathways have been
reviewed.31,52,57,59,63e71

CYP2E1 and inflammation

Chronic inflammation is a critical element in the
development of ALD, and consequently damages all
tissues in the body.10,72e76 Recently, we showed that
lack of tumor progression locus 2, a serineethreonine
kinase, which functions as a critical regulator of in-
flammatory pathways, in mice fed an alcohol diet had
significantly decreased hepatic inflammatory responses
and fatty liver.77,78 Chronic alcohol intake, uncompli-
cated by viral infection and inadequate diet, resulted in
massive hepatic steatosis and hepatocyte foamy
degeneration and growth rest, with a mixed infiltration
of inflammatory cells and lower levels of plasma
insulin-like growth factor 1 (IGF-1) concentration,
hepatic expression of proliferating cell nuclear antigen
(PCNA) and Ki67, and cyclin D1 after ten months of
alcohol exposure.31 These lesions were associated with
inductions of cytochrome CYP2E1, oxidative DNA
damage, and inflammatory cytokine expression as well
as decreased vitamin A levels.52,67,69,79

Alcohol-induced CYP2E1 expression has 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.80,81 Further investigation shows that
alcohol-induced CYP2E1 expression sensitizes Kupffer
cells to LPS stimuli, and treatment with a chemical
CYP2E1 inhibitor reverses this effect.80,81 Additionally,
LPS injection post ethanol feeding increased liver
injury, inflammatory foci, and fat accumulation in wild-
type mice, but not in CYP2E1 KO mice.40 Therefore, it
is clear that LPS promotes hepatic injury in a CYP2E1-
dependent manner.

CYP2E1 and hepatic tumorigenesis

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.27 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.82 Tsuchishima et al35 demonstrated that
chronic alcohol consumption alone is capable of
inducing the pathogenesis of HCC in a mouse model,
indicating a role of CYP2E1 in ethanol-induced HCC.
Researchers have also investigated the possibility that
distinct CYP2E1 polymorphisms play a role in deter-
mining risk of HCC. Interestingly, a meta-analysis
revealed that the interaction between CYP2E1 Pst
1/Rsa polymorphism and alcohol consumption signif-
icantly increases risk of HCC.83

Dietary tomato rich in lycopene inhibits ALD by
suppressing CYP induction

There is no effective preventative intervention agent
that can halt the development and progression of the
ALD. This emphasizes the importance of mechanistic
understanding the development of ALD and discov-
ering effective dietary preventive agents against ALD.
The critical role of CYP2E1 induction in the patho-
genesis of ALD has led scientists to pursue dietary
agents against alcohol-induced CYP2E1. Recent evi-
dence, including our own, suggests that tomato and
tomato products rich in carotenoid lycopene can
decrease ALD development by inhibiting alcohol-
induced CYP2E1 as described below.

Tomatoes

Tomato production and consumption
Tomato (Solanum lycopersicum) is edible, red fruit

and belongs to the nightshade family.84 Tomato can be
consumed in diverse ways, included raw, sauces,
salads and drinks. Tomatoes are considered as vege-
tables for nutritional purposes.85 The United States is
one of the world's top producers of tomatoes, second
only to China. In 2011, the United States produced
about 12.5 million tons of tomatoes and the Americas
represent 18.2% of the world production share aver-
aged from 2001 to 2011.86 The average worldwide
consumption of tomatoes (both fresh and processed)
for 2007 was about 40 pounds per person. Con-
sumption 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, Laos, and the Solomon Islands.
Tomatoes are the fourth most popular fresh-market
vegetable (behind potatoes, lettuce, and onions),87

and the most frequently consumed canned vege-
table88 in the United States. More specifically, in
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2010, the per capita consumption in the United States
was 18.7 pounds of fresh tomatoes and 72.2 pounds of
processed tomatoes.89

Tomato composition and nutrient content
Tomatoes are comprised of skin, pericarp, and

locular contents and consist of 5%e10% dry matter, of
which approximately 75% is soluble, and about 1%e
3% consists of skin and seed.90 Tomatoes are a valuable
source of many micronutrients and phytochemicals
including carotenoids, polyphenols, potassium, folate,
ascorbic acid, and a-tocopherol.88,91 Tomatoes are best
known for their high concentrations of the carotenoid
lycopene and its precursors, phytoene and phytofluene.
The lycopene content in a tomato normally ranges from
3 to 5 mg lycopene per 100 g of raw tomato material;
however the amount of lycopene can range dramatically
depending on tomato variety, maturity, and environ-
mental conditions such as temperature and light avail-
ability.90 Americans consume three-fourths of their
tomatoes in processed form. Estimates suggest the
largest consumption of processed tomatoes comes from
sauces (35%), paste (18%), canned whole tomato
products (17%), catsup (15%), and juice (15%).87 The
form that tomatoes are consumed in is important to take
note of because the nutrient content and availability in
fresh raw tomatoes differ substantially when compared
with processed tomatoes.

Lycopene

Characteristics of lycopene
Lycopene is a naturally occurring red pigment

found in tomatoes, watermelon, pink grapefruit,
papaya, apricots, and guava.92,93 Among the major
dietary carotenoids (b-carotene, a-carotene, lutein,
zeaxanthin, b-cryptoxanthin and lycopene), which can
be routinely detected in human plasma, lycopene is the
most predominant carotenoid.53,64 The average daily
lycopene intake ranges from 6.6 to 10.5 mg/day for
men and 5.7e10.4 mg/day for women in the United
States.94 More than 85% of this intake comes from
tomatoes and tomato products (sauce, paste, soup,
juice, and ketchup).88,93,95

Lycopene is a highly unsaturated, straight chain
hydrocarbon containing 11 conjugated and two non-
conjugated double bonds (Fig. 3).92 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).96 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.90 Lycopene bioavailability
and absorption are influenced by numerous factors.
Lycopene is found naturally embedded in its plant food
matrix, thus limiting absorption efficiency.53 Food
processing alters the food matrix by breaking down
cell walls and weakening bonds, making lycopene
more accessible for absorption.90 The addition of heat
during food processing can also affect the bioavail-
ability 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.92 There-
fore, lycopene bioavailability is higher in processed
tomato products compared with unprocessed fresh to-
matoes.97 Once freed from its food matrix, lycopene
must be emulsified into the lipid phase of the meal and
incorporated into micelles for absorption.53

Characteristics of lycopene metabolites
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.98 Additionally, these bioactive metabolites
may possess unique biological activities not found in
the parent compound lycopene. Lycopene can be
metabolized by beta-carotene 15,150 oxygenase
(BCO1) and beta-carotene 90,100 oxygenase (BCO2)
which generate apo-15-lycopenoids and apo-100-lyco-
penoids, respectively (Fig. 3). Genetic variants of the
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BCO1/BCO2 gene are prevalent in humans and affect
carotenoid status.99e103 Lycopene has been demon-
strated to be converted to its metabolite apo-100-lyco-
penal by the BCO2 both in vitro and in vivo.104,105 The
first cleavage product can then be further converted to
apo-100-lycopenoic acid (Fig. 3) and apo-100-lycope-
nol. Importantly, multiple apo-lycopenals, including
apo-100-lycopenal, have been identified in raw to-
matoes and tomato products. These same compounds
have been detected in human plasma from individuals
consuming tomato juice for a period of 8 weeks.106

Apo-100-lycopenol was also detected in lung tissue of
ferrets consuming a diet high in lycopene for nine
weeks.104 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.

Effects of lycopene and apo-100-lycopenoic acid
Lycopene is the most well-known for its potent

antioxidant potential and 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 func-
tion.53,93,96,107 Besides, lycopene promoted the pro-
apoptotic genes expression including caspase 3, 9
and p53108, modulated cellular proliferation, glycolysis
and attenuated the oxidation stress and inflamma-
tion.109,110 Indeed, experimental studies provided evi-
dence that lycopene may act as an anti-inflammatory
agent against certain types of disease, including those
of the liver, lung, colon and prostate.98,111,112 Patients
with fatty liver have significantly reduced plasma
lycopene.113

Multiple laboratories have shown apo-100-lycope-
noic acid to possess specific biological functions. We
demonstrated that apo-100-lycopenoic acid inhibits
lung cancer cell growth both in vitro and in vivo.114 In
addition, Catalano et al115 demonstrated that apo-100-
lycopenoic acid and apo-140-lycopenoic acid were able
to inhibit the oxidative effects of hydrogen peroxide
(H202) and cigarette smoke extract in THP-1 macro-
phages. Apo-100-lycopenoic acid did not possess an
antioxidant capacity as strong as lycopene, but it did
show antioxidant function and was capable of inhibit-
ing oxidative stress. Apo-100-lycopenoic acid supple-
mentation in genetically-induced obese (ob/ob) mice
has restored the reduction of sirtuin 1 (SIRT1) and its
activity and inhibited hepatic steatosis.64 Recently, we
provided strong experimental evidence to support the
notion that SIRT1 can be a potential molecular target
of apo-100-lycopenoic acid action against high fat diet
promoted, metabolic syndrome-associated HCC,116

and angiogenesis and migration of human cancer
cells.117 Clearly, whether the protective effect of apo-
100-lycopenoic acid against ALD and HCC develop-
ment is dependent on SIRT1 activity needs
investigation.

Although the majority of studies report a positive
result from lycopene and apo-100-lycopenoic acid sup-
plementation, we have demonstrated a negative interac-
tion between supplementation with high dose lycopene
and consumption of alcohol in a rat model. Specifically,
rats fed alcoholic diet plus high dose lycopene had
significantly increased hepatic inflammatory foci, TNF-
a expression levels, and CYP2E1 protein levels as
compared with alcoholic diet with no supplementa-
tion.118 Similar results were observed with supplemen-
tation of purified lycopene.67 Lycopene supplementation
showed no significant alterations in steatosis or CYP2E1
protein levels but a dramatic 3.7-fold increase in hepatic
inflammatory foci in alcohol diet-fed rats.67 These
studies highlight the detrimental interaction of alcohol
and supplementation with a single nutrient in place of
whole food. This negative interaction represents an
important public health message. Specifically, in-
dividuals consuming high amounts alcohol should be
caution for the consumption of alcohol coupled with
supplementation of isolated compounds.

Protective effect of tomato against ALD

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.119,120 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, ascor-
bic acid, and a-tocopherol.97 In recent years, there have
been several studies demonstrating the superior protec-
tive effects of tomato as whole food (such as tomato
powder) when compared to purified lycopene in certain
models. One prospective study with about 40,000
women observed no association between intake of di-
etary lycopene and risk of cardiovascular disease
(CVD). However, consuming �7 servings per week of
tomato-based products was associated with an about
30% reduction in CVD risk.121 A second prospective
study revealed that frequent intake of lycopene was
associated with reduced prostate cancer risk (relative
risk [RR] ¼ 0.84; 95% CI: 0.73e0.96; P ¼ 0.003);



Fig. 4. Lycopene can be metabolized by beta-carotene 15,150- oxy-
genase (BCO1) and beta-carotene 90,100-oxygenase (BCO2) and

genetic variants of the BCO1/BCO2 gene are prevalent in humans

and affect carotenoid status. However, dietary whole tomato (tomato

powder) would ameliorate the fatty liver disease independent of

carotenoid cleavage enzymes. The protective effects of tomato may

involve the regulation of sirtuin 1 and adiponectin production in

hepatic and adipose tissue. Additionally, tomato increased richness

and diversity of gut bacteria suggesting the protective effect of to-

mato due to influencing the gut microbiome. Figure was adapted

from Li et al.129 CYP2E1: cytochrome P450 2E1.
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however, intake of tomato sauce was associated with an
even greater reduction in risk (RR ¼ 0.77; 95% CI:
0.66e0.99; P < 0.001).122 Further, Fuhrman et al123

demonstrated that tomato oleoresin (lipid extract of to-
matoes) was able to inhibit low-density lipoprotein
oxidation five-fold more effectively than purified
lycopene in humans. 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 al124 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. 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.125

Tomato powder was also shown to be protective
against H2O2-induced lipid peroxidation by reducing
serum malondialdehyde levels and lowering hepatic
triglycerides more than lycopene treatment alone.126

Kim et al127 reported that tomato powder supplemen-
tation resulted in partial inhibition of hepatic injury by
decreasing sorbitol dehydrogenase and aspartate
aminotransferase activities while lycopene supple-
mentation had no effects on these measures. The
consumption of tomatoes and tomato products (juice,
ketchup, soup, sauce) containing lycopene, apolyco-
penoids and other components has attracted attention
due to their anti-inflammatory/anti-carcinogenic ef-
fects.53,116 Patients with fatty liver have significantly
reduced plasma lycopene.113 Wang et al128 observed
significantly decreased CYP2E1, inflammatory foci
and messenger RNA (mRNA) expression of proin-
flammatory cytokines (TNF-a, IL-1b, IL-12) only in
the tomato extract (fat soluble fraction of tomato
powder) feeding group, but not in purified lycopene
group, with a high fat diet in diethylnitrosamine
(DEN)-initiated hepatocarcinogenesis model. Addi-
tionally, a recent study demonstrated that dietary to-
mato powder effectively inhibited high fat diet-induced
fatty liver disease independent of carotenoid cleavage
enzymes (Fig. 4).129 The protective effects of tomato
may involve the regulation of SIRT1 deacetylation and
its related molecular clock function as well as
increasing adiponectin production in mesenteric adi-
pose tissue. Interestingly, the tomato feeding resulted
in a lower relative abundance of the gram-positive
genus Clostridium, which opened a new avenue to
investigate whether the underlying mechanism of the
protective effect of tomato is due to influencing the gut
microbiome (Fig. 4).

To identify tomato as a novel candidate for dietary
prevention against alcohol-related hepatic injury
through CYP2E1 protein reduction, and stress the need
for a whole food approach toward disease prevention
and caution for the consumption of alcohol coupled
with supplementation of isolated compounds, we have
demonstrated that dietary tomato powder feeding
reduced the severity of alcohol-induced steatosis and
inflammatory foci in alcohol-fed mouse model (Fig. 5).
The protective effects of tomato powder were associ-
ated with reduced hepatic CYP2E1 protein levels,
decreased inflammatory gene expression, and reduced
ER stress markers, as well as restored levels of PPARa
and downstream fatty acid transport and b-oxidation
gene expression.67 Furthermore, the potential protec-
tive effects of tomato powder in a carcinogen DEN-
initiated alcohol-promoted pre-neoplastic liver lesion
mouse model showed a significant reduction in the
incidence and multiplicity of basophilic and eosino-
philic foci, established markers of pre-neoplastic liver
lesions.67,69 The presence of pre-neoplastic lesions was
significantly correlated with the induction of CYP2E1
protein levels, ER stress markers spliced X-box bind-
ing protein 1 (sXbp1) and phosphorylated eukaryotic



Fig. 5. Tomato prevents alcohol-induced hepatic injury through the

potential mechanism of CYP2E1 protein down-regulation. Dietary

tomato significantly reduced the alcoholic diet-induced CYP2E1

protein levels, spliced X-box binding protein 1 (sXbp1) expression,

and p-eIF2a protein levels. These reductions were associated with

restored levels of PPARa and downstream fatty acid transport and b-

oxidation gene expression and reduced inflammatory gene expression,

respectively. Furthermore, tomato prevents alcoholic diet-promoted

pre-neoplastic liver lesion development and decreases the presence

of alcoholic diet-induced hepatic injury. CYP2E1: cytochrome P450

2E1; PPARa: peroxisome proliferator-activated receptor alpha;

AMPK: adenosine 50-monophosphate (AMP)-activated protein

kinase; SREBP1c: sterol-response element binding protein 1c; ER:

endoplasmic reticulum; sXbp1: spliced X-box binding protein 1;

p-eIF2a: phosphorylated eukaryotic initiation factor 2a.
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initiation factor 2a (p-eIF2a), steatosis, and inflam-
matory foci in these mice. Additionally, supplementa-
tion with tomato powder inhibited the presence of
basophilic and eosinophilic foci in DEN-injected mice
fed alcoholic diet. Therefore, these studies demonstrate
that supplementation with tomato powder prevents
alcohol diet-promoted pre-neoplastic liver lesion
development and decreases the presence of alcohol-
induced hepatic injury through the potential mecha-
nism of CYP2E1 protein down-regulation (Fig. 5).

Although what exact component or components of
the tomato powder (such as lycopene and lycopene
precursors phytoene and phytofluene or other constitu-
ents) is unclear in tomatoes,130e132 a greater knowledge
of the biological activities of tomato which can be
mediated by lycopene and its cleavage metabolites,
apolycopenoids, has been obtained from recent in-
vestigations.16,53 In particular, apolycopenoids exist in
tomatoes and tomato products,106,133 and a series of
apolycopenoids including apo-100-lycopenal have been
identified in human plasmas of individuals who
consumed tomato juice for 8 weeks.106 Apolycopenoids
are biologically active, e.g., they activated the nuclear
factor (erythroid-derived 2)-like 2 (Nrf2)-mediated
induction of hemooxygenase-1134,135 and induced the
retinoic acid response element (RARE)-mediated reti-
noic acid receptor b (RARb),114,136 reduced the prolif-
eration of prostate cancer cells,137 as well as had the
potential chemopreventive effect against cancer devel-
opment.114 Although the induction of CYP2E1 by
alcoholic diet has not only been demonstrated as a key
player in the development of ALD but also carcino-
genesis, as indicated above, the supplementation with
high dose of purified lycopene and lycopene metabolites
significantly increased the severity of steatosis, in-
flammatory foci, and CYP2E1 protein levels in rats fed
alcoholic diet. These observations reveal the protective
effects of tomato powder supplementation against ALD
development through the potential mechanism of
CYP2E1 protein down-regulation and further highlight
the potential detrimental interactions of alcohol and
supplementation with a single nutrient in place of whole
food.

Future directions

This review opens up several new research di-
rections to further the field of alcohol-related hepatic
injury and carcinogenesis research involving mecha-
nistic and translational prevention studies. The induc-
tion of CYP2E1 and inflammation have been
implicated in the development of both ALD and HCC.
Indeed, the concept of a connection between protective
effects of tomato lycopene and inhibiting CYP2E1
induction, inflammation and carcinogenesis is certainly
nothing new as it was observed in a number of animal
and cell culture studies and observational studies.
However, it is clear that in some models, supplemen-
tation with partial or whole tomato proves to provide
superior protection for the alleviation of fatty liver
disease and HCC in animal models, as compared with
purified lycopene. It should be pointed out that an
increased tomato powder feeding in animal studies
would fall well within the normal human range of
hepatic lycopene, and be achievable by whole food
consumption. Although many studies have demon-
strated the strong protective effects of purified lyco-
pene and lycopene metabolites, individuals consuming
high amounts of alcohol should be wary of supple-
mentation with individual nutrients due to potential
harmful effects. Therefore, an important next step
would be to investigate the potential benefits by dietary
consumption of tomato and tomato products as whole
food approach against liver injury in human pop-
ulations with chronic and excessive alcohol intake. We
would have a clear understanding of the effects of
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tomato and tomato products (e.g., tomato juice, sauce
and paste) on the full range of alcohol-related hepatic
injury including ALD and alcohol-promoted cancer
development.
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