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Abstract
The prevalence of non-alcoholic fatty liver disease (NAFLD) is positively
associated with the obesity epidemic, and with the risks for cardiovascular disease
(CVD) and liver cancer. Dysregulated hepatic lipid metabolism and liver inflammation
play critical roles in the pathogenesis of NAFLD-associated diseases. The intake of
lycopene-rich foods is inversely linked with risks for CVD and various cancers.
Therefore, increasing dietary intake of lycopene may represent an important disease
prevention strategy. The enzyme beta-carotene 9’,10’-oxygenase (BCO2) metabolizes
lycopene by cleavage at the 9’,10’ double bond, and generates metabolites including
apo-10’-lycopenoic acid (APO10LA). The primary objective of this thesis was to
investigate whether BCO2 expression is crucial for biological functions of lycopene and
APO10LA, and to elucidate the molecular mechanisms by which lycopene and
APO10LA each mediate their protective effects against high saturated fat diet (HFD)associated liver injury.
Our first study demonstrated that APO10LA supplementation at 10 mg/kg diet
inhibited carcinogen-initiated, HFD-promoted hepatic inflammation and tumorigenesis in
C57Bl/6J wild-type mice. The chemopreventive effects of APO10LA were associated
with increased hepatic sirtuin 1 (SIRT1) protein and deacetylation of SIRT1 targets. In
addition, APO10LA suppressed proliferative markers but induced pro-apoptotic markers
in transformed cells within liver tumors. In a second study, we use the BCO2-knockout
(BCO2-KO) mouse model to compare the potential effects of lycopene and APO10LA
supplementation to inhibit HFD-associated hepatic steatosis. Similar to the first study,
APO10LA-mediated steatosis and inflammation suppression was associated with upregulated hepatic SIRT1 signaling activation, and with reduced liver cholesterol content.
Interestingly, lycopene-mediated steatosis suppression in BCO2-KO mice was not
associated with the mechanisms modulated by APO10LA. Dietary lycopene modulated
genes involved increasing fatty acids (FA) β-oxidation, FA uptake, and mitochondrial
uncoupling in mesenteric adipose tissue (MAT), suggesting that lycopene-mediated
steatosis reduction may be associated with increased FA utilization in MAT. Our final
study demonstrated that both lycopene and APO10LA supplementation were effective in
inhibiting carcinogen-initiated, HFD-promoted liver tumorigenesis in BCO2-KO mice as
well as the respective wild-type. However, different mechanisms were modulated by
lycopene in wild-type and BCO2-KO mice, suggesting that lycopene metabolism by
BCO2 can modify lycopene activity on the biochemical level.
In summary, these studies demonstrated that lycopene and APO10LA
supplementation are both protective against HFD-associated liver injuries in mouse
strains with different abilities to metabolize lycopene. Our observations revealed the
unique biological activities exerted by lycopene and APO10LA that served to inhibit a
broad-range of HFD-associated liver diseases. These findings supports the conclusion
that both lycopene and APO10LA are effective liver disease prevention strategies and
provide the foundation for future animal and human studies to examine the efficacy and
mechanisms by which lycopene or APO10LA supplementation prevents HFD-related
hepatic injury.
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Chapter I: Introduction
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1.1

Background
Metabolic syndromes (MetS) is a cluster of risk factors including central obesity,

insulin resistance and hypertriglyceridemia (1). MetS is positively associated with the two
leading causes of deaths in the world, cardiovascular diseases (CVD) and cancer (2-5).
Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease that occurs in 75100% of overweight and obese adults and children (2, 5), and it is frequently a hepatic
manifestation of MetS (3, 6-8). NAFLD describes a series of related disorders that can
progress in stages from simple steatosis to a more severe form called non-alcoholic
steatohepatitis (NASH) (9). Chronic liver inflammation as present in NASH plays a key
role in promoting liver tumorigenesis (10). Hepatocellular carcinoma (HCC), the most
common type of primary liver cancer, is the third leading cause of cancer deaths
worldwide, and it has a very low five-year survival rate of 16.1% (11-13). The National
Cancer Institute has estimated that approximately 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 (12). In the light of the current obesity epidemic and increasing
prevalence of NAFLD, the prevention of NAFLD-associated diseases through dietary
means represents an important disease control strategy.
Obesity-associated metabolic surplus as well as a diet rich in saturated fatty
acids (FA) have been shown to promote NAFLD progression through multiple
mechanisms (14). Liver is a significant regulator of lipid metabolism from the synthesis of
lipoproteins to de novo lipogenesis (DNL), and liver dysfunction has been shown to
modify risk factors of cardiovascular disease including the development of an
atherogenic lipid profile and systemic inflammation (3, 4, 6, 15). Previous animal studies
demonstrated that high saturated fat diet (HFD) and obesity promote dyslipidemia and
liver tumorigenesis by inducing chronic inflammation through the IL-6/STAT3
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(interleukin-6/STAT3) pathway, with human STAT3-activated tumors being more
aggressive than non-STAT3 activated tumors (10, 16-18). Metabolic substrate surplus
has also been shown to elevated synthesis of hepatic enzymes, which creates excess
demand on the endoplasmic reticulum (ER) for proper protein folding (19-21). This leads
to the induction of ER stress-mediated unfolded protein response (ERUPR) (19-21), which
has been positively associated with increased DNL and liver cancer development (21).
Observational studies have identified that the intake of lycopene-rich foods is
inversely associated with CVD and cancer risks (14, 22-27), as well as with dyslipidemia
and systemic inflammation (28-30). In vivo and in vitro studies have suggested multifaceted mechanisms linking lycopene to NAFLD (14, 25, 31), which include serving as
an antioxidant, modulating cholesterol metabolism, and minimizing inflammation (14, 25,
31). Of note, NAFLD patients have significantly reduced plasma lycopene concentration
(32), suggesting a potential interactions between low lycopene status and CVD risk. In
the rat model, dietary lycopene has been shown to reduce the liver-specific carcinogen
diethylnitrosamine (DEN)-initiation of liver preneoplastic foci (33), and ameliorate DENinitiated, HFD-promoted precancerous lesions (34). Lycopene supplementation also
significantly reduced the GST-P-positive areas in spontaneous liver tumors, where GSTP-positive area is a marker for tumor promotion (35). However, the primary outcomes for
these rat studies were hepatic preneoplastic lesions that may develop into tumors, and
there are currently no published in vivo studies that assessed whether lycopene can
effectively reduce liver tumor development and progression. Our mechanistic
understanding of how lycopene functions against hepatic tumorigenesis is also far from
complete.
We and others have demonstrated that the enzyme beta-carotene 9’,10’oxygenase (BCO2) plays a critical role in the endogenous metabolism of non-provitamin
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A carotenoids including lycopene (36, 37). BCO2 enzyme metabolizes lycopene through
asymmetric cleavage and generates metabolites called apolycopenoids, which included
apo-10’-lycopenal, apo-10’-lycopenol and apo-10’-lycopenoic acid (APO10LA) (36, 37).
Evidence suggested that these metabolites may exhibit more important biological roles
than lycopene itself (25, 38, 39). APO10LA-supplementation was effective in reducing
high saturated fat diet (HFD)-promoted liver inflammation, tumor number and volume in
C57Bl/6J mice (40), as well as inhibiting hepatic steatosis in genetically-induced obese
(ob/ob) mice (39). This APO10LA-mediated steatosis reduction in ob/ob mice was
associated with increased signaling activation of sirtuin 1(SIRT1), a NAD+-dependent
protein deacetylase which have been demonstrated to protect against HFD-induced
hepatic inflammation and tumorigenesis (41-44). An important question remains as to
whether BCO2 expression and activity are crucial for lycopene biological functions.
Nineteen single-nucleotide polymorphism (SNP) of BCO2 have been found in
humans (45), and BCO2 gene variants can account for the differential expression and
activity of the BCO2 enzyme among individuals. BCO2 SNPs have been associated with
increased circulatory pro-inflammatory IL-18 expression (45, 46), as well as with
decreased high-density lipoprotein cholesterol (45, 47), suggesting a gene-diet
interaction between the BCO2 enzyme and dietary lycopene on human health outcomes.
The aim of this thesis is to investigate the effects and molecular mechanisms of
lycopene or APO10LA supplementation on HFD-associated hepatic steatosis and
tumorigenesis, and determine whether BCO2 enzyme expression is important for
lycopene biological functions.
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1.2

Significance
Prevention of obesity and MetS remains the best strategy in reducing the

prevalence of NAFLD-associated diseases. However, over 35% of US adults are
currently characterized as obese (48), and the global obesity prevalence continues to
increase dramatically since 1980 (49). Moreover, there is evidence to suggest the failure
in reversing the obesity-induced inflammation post weight loss regiments (50). Thus, the
effective dietary interventions against obesity-promoted disease development warrant
investigation that may lead to improvements in public health.
Observational and experimental evidence suggest that dietary lycopene can be
an effective intervention in counteracting the detrimental effects of metabolic surplus.
However, a deeper understanding of the specific mechanisms that define lycopene’s
biological functions is essential to determine the potential benefitial efficacy of dietary
lycopene in the human population. Utilization of specific knockout models in conjunction
with carefully designed experimental protocols is an excellent tool to elucidate signaling
mechanisms involved in the potential health benefits of lycopene. Together, this thesis
work provides critical insight into future dietary recommendations and clinical trials
involving lycopene intake for the prevention in NAFLD-associated diseases.

1.3

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

of lycopene actions on liver diseases outcomes. We hypothesize that: 1) BCO2 is critical
for lycopene endogenous metabolism into apo-lycopenoids including APO10LA, and the
subsequent

beneficial

effects

against

HFD-associated

hepatic

steatosis

and

tumorigenesis; 2) the molecular mechanisms of APO10LA actions are associated with
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reducing inflammation and SIRT1 signaling activation. We developed three specific aims
to examine these hypotheses.

1.4

Specific Aims:

1.4.1

Specific Aim 1: To investigate whether APO10LA supplementation can inhibit

DEN-initiated, HFD-promoted hepatic tumorigenesis.
To examine Specific Aim 1, two-week-old C57Bl/6J male mice were either
injected intraperitoneally (i.p.) with DEN (25 mg/kg body weight) to initiate liver cancer,
or with saline as our control for DEN. At 6 weeks of age, mice with cancer initiation were
further randomized to a HFD (60% energy from fat) or the same HFD with APO10LA
supplementation (10 mg/kg diet), and were fed ad-libitum for 24 weeks. Mice without
cancer initiation were all given the HFD only. Results from this study showed that
APO10LA supplementation significantly reduced DEN-initiated, HFD-promoted hepatic
tumorigenesis (50% reduction in tumor multiplicity; 65% in volume) and lung tumor
incidence (85% reduction) in mice. This finding showed that this lycopene metabolite
itself can exhibit biological function. The chemopreventive effects of APO10LA were
associated with increased hepatic SIRT1 protein and deacetylation of SIRT1 targets, as
well as with decreased caspase-1 activation and SIRT1 protein cleavage. APO10LA
supplementation in diet improved glucose intolerance and reduced hepatic inflammation
(decreased inflammatory foci, TNFα, IL-6, NF-κB p65 protein expression, and STAT3
activation) in HFD-fed mice. Furthermore, APO10LA suppressed Akt activation, cyclin
D1 gene and protein expression, and promoted PARP protein cleavage in transformed
cells within liver tumors. This observation suggests that the biological effects of
APO10LA may be cell type specific. Taken together, this data indicate that APO10LA

7
can effectively inhibit HFD-promoted hepatic tumorigenesis by stimulating SIRT1
signaling while reducing hepatic inflammation.

1.4.2

Specific Aim 2: To examine the impact of BCO2 ablation on the effects of

lycopene or APO10LA supplementation against HFD-initiated hepatic steatosis and
inflammation.
To investigate Specific Aim 2, BCO2-knockout (BCO2-KO) mice with BCO2
protein ablation were selected as the animal model. Six-week-old male and female
BCO2-KO mice were randomized to four diet groups: 1) HFD (60% of energy from fat);
2) HFD supplemented with APO10LA (10mg/kg diet); 3) HFD supplemented with
lycopene placebo beadlet (1000mg beadlet/kg diet); 4) HFD supplemented with
lycopene (100 mg lycopene/kg diet) for 12 weeks. Supplementation with either lycopene
or APO10LA inhibited high saturated fat diet (HFD)-induced hepatic steatosis (by 77%
vs 63%, respectively) in BCO2-KO mice. APO10LA-mediated steatosis and inflammation
suppression was associated with reduced liver cholesterol content, as well as with upregulated hepatic sirtuin 1 protein and signaling activation including reduced liver de
novo lipogenic markers (Scd1 gene and protein; AMPK, acetyl-CoA carboxylase
phosphorylation), and elevated markers of hepatic cholesterol efflux (Abcg5/8 and
Cyp7a1 gene). These APO10LA-mediated effects were absent in the lycopene
supplementation

group.

Intriguingly,

dietary

lycopene

up-regulated

peroxisome

proliferator-activated receptor (PPAR)α and PPARγ-inducible genes that are involved in
increasing FA β-oxidation, FA uptake, and mitochondrial uncoupling (Acad-VL, Fatp4,
Lpl, Pparα, Ucp3) in mesenteric adipose tissue (MAT). Importantly, MAT Lpl and Ucp3
expressions were negatively correlated with liver steatosis (R2=-0.51 and -0.42
respectively), suggesting that lycopene-mediated steatosis reduction maybe associated
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with increased FA utilization in MAT. Taken together, these data provided novel insights
suggesting that both lycopene and APO10LA inhibit HFD-induced steatosis mice
through differential mechanisms, in the absences of BCO2 enzyme.

1.4.3
or

Specific Aim 3: To investigate whether BCO2 enzyme is important for lycopene

APO10LA

protective

effects

against

DEN-initiated,

HFD-promote

hepatic

tumorigenesis.
To examine Specific Aim 3, BCO2-KO and the respective wild-type
(129SvJ/SvEvTac F1) mice were injected i.p. with DEN at two weeks of age to initiate
liver cancer. Mice within their respective strain were randomized to three diets at 6weeks of age: 1) HFD (45% energy from fat); 2) HFD supplemented with lycopene (100
mg lycopene/kg diet); 3) HFD supplemented with APO10LA (10 mg/kg diet). Mice were
on their respective diets ad-libitum for 24 weeks. Results showed that APO10LA
supplementation had similar effects on suppressing HFD-promoted liver tumor incidence
(by 20% vs 30%), number (by 52% vs 32%) and volume (by 94% vs 88%) in wild-type
and BCO2-KO mice, respectively. Intriguingly, 24 weeks of supplementation with
lycopene had similar effects on suppressing HFD-promoted liver tumor incidence (by
19% vs 20%), number (by 56% vs 55%) and volume (by 96% vs 95%) in wild-type and
BCO2-KO mice, respectively. Lycopene chemopreventive effects were associated with
reduced pro-inflammatory signaling (phosphorylation of NF-κB p65 and STAT3; IL-6
protein) and inflammatory foci (p=0.06) in the livers of wild-type but not BCO2-KO mice.
On the contrary, the protective effects of lycopene were associated with reduced hepatic
ERUPR, through decreasing ERUPR-mediated PKR-like ER kinase (PERK)-eukaryotic
initiation factor (eIF) 2α activation and inositol requiring (IRE) 1α - X-box binding protein
1 (XBP1) signaling in BCO2-KO but not in WT mice. Furthermore, the chemopreventive
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effects of LYC in BCO2-KO mice were associated with increased hepatic microRNA
(miR)-199a/b and miR-214 levels, as well as with reduced expression of these miRs
direct targets including proto-oncogene Met mRNA, mTOR mRNA and protein, and βcatenin protein. These data provided novel evidence that dietary lycopene can prevent
HFD-promoted hepatic tumorigenesis in mice, but may be elicited by differential
mechanisms depending on BCO2 expression.

1.5

Summary
This thesis addresses the molecular mechanisms by which lycopene protected

mice against HFD-associated liver diseases including steatosis, inflammation and
tumorigenesis. We observed that the supplementation of lycopene metabolite APO10LA
was protective against hepatic tumorigenesis, and this chemopreventive effect of
APO10LA was positively associated with SIRT1-signaling activation. In the second
study, we showed that BCO2 enzyme expression is not critical for lycopene or APO10LA
protective effects against HFD-induced hepatic steatosis. These protective effects of
lycopene and APO10LA supplementation when BCO2 expression was absent appear to
be attributable to different mechanisms. Further, the findings from our third study
provided evidence that dietary lycopene can prevent HFD-promoted hepatic
tumorigenesis in mice, but may be attributable to differential mechanisms depending on
BCO2 expression. Together, these findings support the hypothesis that lycopene and
APO10LA are effective disease prevention strategies and provide the foundation for
future animal and human studies examining the efficacy and mechanisms by which
lycopene or APO10LA supplementation prevents HFD-related hepatic injury. Our
observations revealed the unique biological activities exerted by lycopene and APO10LA
that served to inhibit a broad-range of HFD-associated liver diseases. The prevention of
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liver diseases progression in human through dietary lycopene warrants further
investigations.
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2.1 Overweight, obesity and associated liver diseases
2.1.1 Overweight and obesity
Overweight and obesity are defined as an excess accumulation of adipose tissue
and often occurs when caloric intake exceeds energy expenditure (1). An individual is
categorized as overweight or obese when their body mass index (BMI) exceeds 25
kg/m2 or 30 kg/m2, respectively. Overweight and obesity are positively associated with
adverse metabolic effects on blood pressure, plasma cholesterol and triglyceride
concentrations, and insulin resistance (2-7). These adverse metabolic effects are
established risk factors for chronic diseases including CVD, cancer and type II diabetes
mellitus. Therefore, the increasing worldwide incidence of obesity and its co-morbidities
poses a grave challenge to global health. It was estimated that the United States alone
spent US$147 billion in 2008 on medical cost of obesity, and the annual medical cost for
individuals who are obese were US$1429 higher than those of normal weight (8).
Thirty-give percent of adults aged 20+ were overweight in 2008 worldwide (1).
The prevalence of obesity has increased since 1980. In 2008, 10% of men and 14% of
women were obese, compared with 5% for men and 8% for women in 1980. However,
these statistics becomes more overwhelming when we look at the United States. The
Center for Disease Control reports that there 35.7% of U.S. adults were obese in 20092010 (8). Individuals over the age of 60 were more likely to be obese than younger
adults, but there were no significant differences in obese prevalence between men and
women at any age. The proportion of U.S. children and adolescents who were obese
were at an alarming 16.9%. Studies have shown that overweight and obese children are
more likely to be obese and have related co-morbidity than those that are healthy in
weight (9, 10).
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2.1.2 Non-alcoholic fatty liver disease (NAFLD)
Non-alcoholic fatty liver disease (NAFLD) is a chronic disease that affects a third
of the global population (11). NAFLD is observed in 75-100% of overweight and obese
adults and children (12, 13), and it is frequently a hepatic manifestation of MetS (2, 5,
14, 15). NAFLD describes a series of related disorders that can progress in stages (16),
and obesity-associated metabolic surplus as well as a diet rich in saturated fatty acids
have been shown to promote NAFLD progression through various mechanisms (17).
The earliest stage of NAFLD begins from benign steatosis (hepatic lipid accumulation
>5.5% using magnetic resonance imaging or >50mg TG/g liver tissue by wet weight
(16)). Approximately 20% of patients with steatosis progress to the more aggressive
form of NAFLD called nonalcoholic steatohepatitis (NASH) (12, 13, 18). NASH is a
disease distinguished by the presence of hepatocyte injury including steatosis, lobular
inflammation, which includes polymorphonuclear leukocytes, and perisinusoidal fibrosis
in zone 3 of the acinus. Other common features are hepatocellular ballooning, poorly
formed Mallory’s hyaline, and glycogenated nuclei and fibrosis (12, 16). NASH patients
as compared to those with benign steatosis have a much greater risk for developing liver
cirrhosis, where cirrhosis is a strong risk factor for liver cancer development (13). NAFLD
can be diagnosed by clinical characteristics including increased levels of transaminases
or the physical changes observed by imaging studies (19). However, these techniques
do not have sufficient accuracy to distinguish between steatosis and NASH. The
invasive liver biopsy is still required for the correct diagnosis of NAFLD progression.
As a significant regulator of lipid metabolism from the synthesis of lipoproteins to
de novo lipogenesis (DNL), the liver has been shown to play a critical role in modifying
risk factors of cardiovascular disease. Further, patients with NAFLD are at increased
cardiovascular disease (CVD) risk (2, 5, 6, 20). Several studies have highlighted the
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strong connection between NAFLD and atherosclerosis development CVD risks and
associated risk factors (2, 5, 14, 15), which included, and a significant atherogenic lipid
profile (elevated serum triglyceride (TG), low-density lipoprotein

(LDL) cholesterol

(CHOL); decreased high-density lipoprotein (HDL) CHOL) (6, 7).

2.1.3 Hepatocellular carcinoma
Hepatocellular carcinoma (HCC), the most common type of primary liver cancer,
is the third leading cause of cancer deaths worldwide, and it has a very low five-year
survival rate of 16.1% (21-23). The National Cancer Institute has estimated that
approximately 30,640 individuals (22,730 men and 7,920 women) in the United States
will be diagnosed with and over 21,600 individuals will die of liver cancer in the year
2013 (22).

2.2 Molecular mechanisms associated with metabolic syndrome, chronic
inflammation and liver diseases progression
NAFLD and NASH associated hepatic inflammation involves mechanisms that
stemmed from both extrahepatic and intrahepatic perturbations. To find potential
molecular targets for disease prevention and treatments, it is essential to dissect the
molecular mechanisms by which obesity promotes liver inflammation and injuries, and to
understand how these mechanisms integrate to promote NASH and HCC development.
Schematics for extrahepatic and intrahepatic perturbations are displayed in Figure 2.1 and
2.2 respectively.
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2.2.1 Extrahepatic perturbations
2.2.1.1 GI tract
Consumption of high fat or high saturated fat diets (HFD) can promote hepatic
inflammation by disrupting the intestinal barrier, thereby allowing increased translocation
of bacteria and related antigens into the systemic circulation (Figure 2.1) (24-29). The
liver receives a unique blood supply via the portal vein, directly from the GI tract,
exposing liver cells to nutrients as well as bacterial components that are translocated
(30). Increased intestinal permeability is common among patients with chronic and
advance liver disease (31-33), and can be associated with alterations and/or increased
in gut microflora population (24, 28). Intestinal disruption can elevate the concentrations of
endotoxemia in the portal view by up to three-fold in healthy individuals fed HFD (34), and
6 to 20-fold in individuals with NAFLD (35). Portal endotoxemia can sensitize hepatic
stellate cells and resident macrophages, Kupffer cells (KCs), to bacterial endotoxins
including lipopolysaccharides (LPS), leading to liver fibrosis and cirrhosis (Figure 2.1) (3643). The potential mechanisms involved include endotoxin-mediated activation of toll-like
receptor (TLR) 4 pro-inflammatory signaling (37, 44), and the innate immune signaling
complex called the inflammasomes (Figure 2.1) (45).
TLR4-mediated signaling can activate the hepatic pro-inflammatory nuclear
factor-kappa B (NF-κB) signaling cascade to induced hepatic inflammation and
oncogenic interleukin 6 (IL-6)-signal transducer and activator of transcription 3 (STAT3)
pathway (46, 47). Detail mechanistic activation of NF-κB signaling and subsequent proinflammatory response in liver diseases has recently been reviewed (48, 49).
Inflammasomes are a group of intracellular multimeric protein complexes that mediate
autoactivation of caspase 1 when activated by endotoxin and other particles that have
surface expression of foreign epitopes (45). Activation of caspase 1 by cleavage results
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in the maturation and secretion of the pro-inflammatory cytokines IL-1β and IL-18,
leading to hepatic inflammation. Caspase 1 activation can also inactivate sirtuin 1
(SIRT1) by cleavage (50), where SIRT1 is a NAD+-dependent protein deacetylase with
anti-inflammatory properties (51-55), and it is recognized to protect against obesityinduced hepatic steatosis and inflammation (51, 56-59). IL-1β expression has recently
been shown in mice to promote senescence-associated secretory phenotype (SASP) in
hepatic stellate cells that facilitates chemical carcinogen-induced HCC development
(60).

2.2.1.2 Adipose tissue
Obesity disrupts the dynamic role of adipocyte in energy homeostasis, resulting
in extrahepatic perturbations including systemic inflammation and altering adipokine
signaling (Figure 2.1) (61). In the obese state, adipose cells expansion signals immune
cells to infiltrate into the tissue and secrete pro-inflammatory cytokines tumor necrosis
factor alpha (TNFα) and IL-6 (61). These pro-inflammatory cytokines are released into
systemic circulation along with free fatty acids (FFA) from metabolic excess (62-67),
perturbing the function of other peripheral tissue including the liver (63, 68).
Systemic elevation in FFA and cytokine concentration can act upon hepatocytes
through interacting with their respective receptors, including the TLR4 (46, 47). Hepatic
NF-κB signaling activation can trigger the systemic release of hepatic fetuin A (FetA)
(46, 47, 69), a liver secretory glycoprotein elevated in NAFLD (69, 70). FetA associated
with FFA can stimulate inflammatory cytokine production from adipocytes and
macrophages via TLR4 receptors (46, 47, 69), creating a feed-forward mechanism to
promote further systemic inflammation (Figure 2.1). Elevated systemic FFA, particulary
saturated FA, can also activate the Jun kinases (JNKs) pathway, especially in myeloid
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cells, to induce pro-inﬂammatory cytokines production (63, 71). JNKs are members of
the mitogen-activated protein kinase (MAPK) signaling group, and are activated by
physical stress and receptor mediated mechanisms including the TNF receptor 1, TLR2
and TLR4 (72, 73). Detail mechanistic activation of MAPK signaling and subsequent proinflammatory response in liver diseases has been extensively reviewed (48). Recently,
saturated FA was found to activate JNK signaling by decrease membrane fluidity,
leading to subsequent clustering and activation of c-Src that activates the JNK pathway
(74). This evidence suggests that alterations in dietary FA composition may modulate
hepatic pro-inflammatory signaling.
Circulating TNFα and IL-6 are believed to be the pivotal cytokines involved in
obesity-associated hepatic inflammation (61, 75-77). Systemic TNFα can prime hepatic
KCs and hepatocytes receptor-mediated mechanisms (78, 79), resulting in the activation
of pro-inflammatory signaling including the Activation Protein-1 (AP-1), NF-κB and JNK
(78, 79). JNK activation can induce many physiological and pathophysiological
processes including apoptosis, cell proliferation, cell migration and cytokine production.
JNK activation was also associated with Ras-MAPK signaling activation that leads to the
phosphorylation of retinoid X receptor (RXR)-α (80), a key step in HCC development
(81-83).

2.2.1.3 Other systemic perturbations
Elevated expressions of circulatory growth hormone and factors including insulin
and IGFs have been associated with MetS (84, 85). The signal transduction networks of
insulin and IGFs both play critical roles in promoting neoplasia in various tissues,
whereas circulatory IGF-binding proteins (IGFBPs) attenuate the bioactivities of IGFs
(84, 85). Insulin and IGFs can mediate mitogenic signaling through receptor-mediated
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mechanisms, thereby activating Ras-MAPK and the phosphatidylinositol 3-kinase (PI3K)
and Akt pathways (84, 85). These pathways are important regulators of mammalian cell
proliferation and survival, and are often dysregulated in human cancers (84, 85). It
remains controversial as to whether obesity is associated with increased IGFs levels.
Some observational studies have reported positive associations between systemic IGF1
and IGF2 and BMI in individuals with T2DM [67, 68]. However, obesity also reduces the
release of growth hormone that controls hepatic IGF synthesis [69]. The association
between IGF and BMI from the European Prospective Investigation into Cancer and
Nutrition (EPIC) study was non-linear, where those with a BMI of 26-27 had the highest
circulatory IGF1 concentration (86). However, a linear negative association between
IGFBP1 and BMI was observed (86), suggesting that dietary components that induce
IGFBP expression may still be effective in reverting oncogenic effects of IGFs.
Other hallmarks associated with NAFLD are systemic lipid markers that are also
risk factors of atherosclerosis, including elevated triglyceride (TG), cholesterol (CHOL),
LDL and oxidative stress (87). The elevated LDL in the presences of oxidative stress can
result in the increased generation of oxidized LDL (oxLDL) (87). oxLDL is an emerging
factor that is associated with hepatic inflammation, and may promote the progression
from steatosis to NASH (88, 89). Under physiological conditions, myeloid cells including
macrophages can internalize excess lipoprotein-derived cholesterol by receptormediated systems (88, 89). When LDL becomes highly oxidized, these particles may
display structures that are similar to pathogen-associated epitopes that increases their
uptake by macrophages, partially through scavenger receptors A (SR-A) and CD36 (90).
Internalization of these oxLDL by macrophages has been postulated to accumulate in
the lysosomal compartment due to poor degradation, leading to presence of cholesteryl
ester crystals (87, 91, 92). The presence of these internal cholesteryl ester crystals,
along with oxidation-specific epitopes of LDL can be seen as damaged associated
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molecular patterns (DAMPs) and can activate the inflammasomes (93). Apart from
stimulating the inflammasome, accumulation of oxLDL-derived cholesterol can also
induce the activation of NF-κB signaling (94, 95). These described oxLDL-stimulated
pro-inflammatory effects are well-documented on circulatory macrophages, but emerging
evidence have provided support that similar events do occur in KCs (91). Isolated KCs
from mice with early NASH has been shown to predominately accumulate cholesterol
and cholesteryl ester crystals specifically in the lysosomes, and displayed proinflammatory phenotypes (91, 92, 96). Hepatic inflammation observed in these mice was
associated with the increased cholesterol storage inside lysosomes of KCs (92, 97).
Intravenous injection of oxLDL for 2 weeks induced severe hepatic inflammation as
displayed in NASH in mice fed HFD for 23 weeks, as compared to PBS injected HFD-fed
mice (98). SR and/or Cd36 deletion reduced hepatic inflammation and the development of
NASH (92, 97). It remains to be elucidated as to whether oxLDL-induced hepatic
inflammation stems mainly from affected circulatory macrophages or KCs.

2.2.2 Intrahepatic perturbations
2.2.2.1 Lipid metabolism
Hepatic lipid accumulation in NAFLD results from disturbance in lipid
homeostasis,

and

can

contribute

to

NASH

progression

through

intrahepatic

perturbations by multiple mechanisms (Figure 2.2) (11, 99). Elevated FFA as described
previously can up-regulate the expression of hepatic FA transporter, leading to hepatic
lipid accumulation (11, 99). Metabolic excess from diets especially rich in carbohydrates
can promote hepatic lipid accumulation through activating hepatic lipogenesis including
de novo synthesis of FAs (11, 99). FA synthesis is catalyzed by acetyl-CoA carboxylase
(ACC) and fatty acid synthase (FAS), enzymes that are regulated by nuclear receptors
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including PPARs, FXR and SREBP-1c/CHREBP (100-103). Donnelly et al observed that
NAFLD patients have dysregulated de novo lipogenesis (DNL), where DNL is
significantly elevated at fasting state, contributing ~25% of lipids in very low density
lipoproteins as compared to ~5% in healthy individuals (104). Analysis of human normal
liver, HCCs and corresponding surrounding non-tumor liver tissue showed Akt-signaling
activation in non-neoplastic surrounding livers and HCC when compared with normal
livers (105). This observation is associated with increased hepatic CHOL, TG, and the
progressive induction of lipogenic proteins including ACC, FAS and SCD1 (105),
suggesting the potential tumorigenic effects of lipogenesis and the association with Akt
activation.
Increased hepatic ceramide has also been associated with NAFLD progression
(106-108), where liver is the key site for ceramide synthesis (107). Ceramides are
members of the sphingolipid family that are integral to the membrane bilayer structure,
but also have cell-signaling properties (107). Three different pathways are responsible
for ceramide synthesis: de novo synthesis, a sphingomyelinase pathway, or a salvage
pathway (107). A diet high in fat, specifically rich in saturated fatty acids, can up-regulate
the rate-limiting enzyme involved in ceramide de novo synthesis (Figure 2.2) (109, 110).
Other perturbations exhibited in NAFLD, including elevations in circulating LPS and FFA,
as well as increased oxidative stress and inflammation can also promote ceramide
synthesis (106, 111-113).
Numerous pathways have been elucidated for ceramide’s role in NAFLD
progression. Specifically with hepatic inflammation, ceramide can lead to mitochondrial
dysfunction (107), resulting in the subsequent elevation in ROS (Figure 2.2). Increased
mitochondrial generation of ROS can promote hepatocyte apoptosis, and a further
recruitment of inflammatory cells into the liver, creating a vicious cycle to sustain and
amplify hepatic inflammation (107, 114-116).
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2.2.2.2 ER stress
Elevated synthesis of lipogenic enzymes demands excess work of the
endoplasmic reticulum (ER) for proper protein folding (117-119), hereby inducing ERstress. Hepatic DNL has been impeded in promoting hepatic inflammation through
activation of ER stress-mediated unfolded protein response (UPR; Figure 2.2) (117-119).
UPR consists of three distinct pathways regulated by ER membrane-bound proteins:
inositol requiring (IRE) 1α - X-box binding protein 1 (XBP1) system, PKR-like ER kinase
(PERK)-eukaryotic initiation factor (eIF) 2α signaling, and activating transcription factor
(ATF) 6α (117-119). Increased activation of IRE1α and ATF6α signaling in HCC tissue
was correlated with increased severity of HCC histological grading (120), and was
associated with greater expression of the carcinogenic glucose regulated protein
78/binding immunoglobulin protein (GRP78/BiP) that is overexpressed in human HCC
(120). Activation of the PERK and IRE1 pathways can promote NF-κB mediated proinflammatory response, whereas PERK-signaling in tumors can promote cellular growth
through activation of Akt (121-123). ER stress can also exacerbate lipid accumulation by
activating lipogenesis through SREBP-1c (124), creating a vicious cycle to sustain the
pro-inflammatory state.

2.2.2.3 ROS and CYP-P450 enzymes
FA oxidation occurs within mitochondria, peroxisomes and the ER (11, 99). βoxidation that occurs in the mitochondria is effective in generating cellular energy, and
maintaining lipid homeostasis (11, 99). Unlike short- or median-chain FAs, long-chain
FAs (LCFA) in the cytosol require carnitine palmitoyltransferase-1 (CPT-1) for their
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translocation into the mitochondria (11, 99). Malonyl-CoA, an early intermediate of DNL
synthesized by ACC, is an allosteric inhibitor of CPT-1 (125), thus elevated DNL can
inhibit FA β-oxidation and promote excess hepatic lipids in NAFLD (126). Hepatic lipid
overload can also promote LCFA ω-oxidation that occurs in the ER and induce the
generation of ROS (Figure 2.2) (127), which is a key factor for NASH progression from
steatosis (128).
ROS are toxic to macromolecules (lipids, proteins, RNA and DNA), and may
facilitate cancer initiation (128). Dysregulation in the balance between ROS generation
and removal will lead to oxidative stress, which promotes inflammation, apoptosis and
necrosis (128). ROS can also be generated by the activation of CYP-P450 enzymes
(Figure 2.2) (128). The increased CYP-P450 protein expression and activity have been
observed in obesity and NAFLD in both humans and rodents (129). The CYP-P450
superfamily consists of a group of enzymes with multiple functions. The main role of
CYP-P450 protein in the liver includes the metabolism of xenobiotics (drugs, toxins,
carcinogens) and endogenous substrates (FAs and steroids) (128, 129). CYP2E1 is a
CYP-P450 enzyme that is mainly expressed in the liver, highest in hepatocytes, and has
been identified as one of the relevant risk factors in NAFLD pathology (128-130).
CYP2E1 overexpression in a transgenic mouse model induced hepatic steatosis and
injury (131), whereas application of CYP2E1 antibody inhibited hepatic lipid peroxidation
in murine NASH model (132). Further, Cyp2e1 knockout mice are protected from HFDinduced insulin resistance (133, 134), providing evidence to suggest that CYP2E1 does
play a role in NAFLD progression and metabolic syndrome.
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2.2.2.4 Inflammation and TLR4
Innate immunity involving TLRs provides the first line of defense against
microbial invasion. The anatomical connection between the intestine and liver renders
hepatic cells being constantly exposed to intestinally-derived microbial components (44).
Liver cells, specifically hepatocytes, play a major role in the uptake of these intestinalderived microbial components including Gram-negative bacterial LPS, and their
subsequent clearance from systemic circulation via bile secretion (135). TLRs are
pattern-recognition receptors that recognize microbial components, including pathogenassociated molecular patterns (PAMPs) such as LPS (136). Activation of TLRs
subsequently elicits innate immune response including pro-inflammatory signaling
(Figure 2.1). Under normal physiological conditions, only small amounts of intestinallyderived microbial components are translocated to the liver, and this low baseline
activation of TLRs do not induce liver inflammation or injury (137). However, disruption
of the intestinal barrier from metabolic surplus and HFD can increase hepatic exposure
to PAMPs (24, 34, 35), leading to an exacerbated activation of TLR-mediated signaling.
TLR4 mediates innate immune signaling by recognizing the lipid immunogenic
proportion of LPS, but TLR4 activation by LPS requires co-receptors CD14 and MD-2,
as well as the facilitation of LPS-binding protein (LBP) that acts as a soluble shuttling
protein (135). Different TLRs elicit specific biological response due to their differential
involvement of Toll/interleukin 1 receptor (TIR) domain-containing adaptor molecules,
including the MyD88 and TIR-domain-containing adapter-inducing interferon-β (TRIF)
(136). MyD88-dependent signaling involves both MAPK and NF-κB signaling activation,
leading to the production of pro-inflammatory cytokines TNFα and IL-6 (135, 136). TRIFactivation can induce an alternative pathway, leading to the activation of the transcription
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factors IRF3 and NF-κB and the subsequent production of Type I interferon (IFN) and
inflammatory cytokines (135, 136).
TLR4 is expressed in all types of liver cells (135). KCs are among the first liver
cells to be exposed to intestinal-derived microbial components, due to their localization
in the liver sinusoid (135). KCs mediate majority of cytokine and chemokine production
after LPS stimulation (Figure 2.1) (37), and results in the induction of oxidative stress, as
well as fibrogenic responses including expression of transforming growth factor beta 1
(TGFβ1), matrix metalloproteinases (MMPs) and platelet-derived growth factor (38). IL12 and IL-18 released by KCs can activate hepatic natural killer cells, leading to the
synthesis and the release of IFN-γ (138). However, LPS-stimulated KCs also secrete
anti-inflammatory cytokine IL-10 and can contribute to the down-regulation of proinflammatory response (139). Activation of TLR4 in hepatic stellate cells stimulates
release of pro-inflammatory cytokines and extracellular matrix (ECM) production (38),
which are critical steps in promoting hepatic fibrogenesis (Figure 2.1).

2.3 Tomato
Tomato is the edible fruit of the Solanum lycopersicum, and consumed in diverse
ways, including raw as well as processed in broad varieties of dishes. A species
originating in the South American Andes, the tomato is now cultivated worldwide.
Second only to China, the the United States represent 18.2% of the world production
share averaged from 2001 to 2011. In 2011 it produced ~12.5 million tons of tomatoes
(140). The consumption of tomatoes (fresh and processed) in individual countries varies
dramatically, from <0.1 kg per person in few countries within South East Asia, to >80kg
per person in some European countries. The average consumption of tomatoes in the
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United States is ~50 kg per capita, which is more than twice the worldwide average of
~20 kg (141).
Tomatoes are excellent source of many micronutrients and phytochemicals
including α-tocopherol, ascorbic acid, carotenoids, folate, polyphenols, and potassium
(142). However, tomatoes are best known for their high concentrations of the carotenoid
lycopene. The lycopene content of common tomato based foods can vary dramatically
(Table 2.1) (143). Fresh tomatoes contain between 8-42 mg lycopene per 1 kg of the
fruit, depending on tomato variety, maturity, and environmental conditions such as
temperature and light availability (143).

2.3.1 Tomato effects on the risks for NAFLD-associated diseases
High dietary intake of tomatoes is associated with reduced risk for human
diseases including cardiovascular disease (144-146) and cancers at numerous sites
(147-149). Higher consumption of tomato-based products in 38,455 women was
associated with a reduced risk of CVD between the highest and the lowest quintiles of
intake (145). A review of 72 epidemiologic studies reported a consistent inversed
relationship between intake of tomatoes for plasma lycopene concentrations with risks
for prostate, lung and stomach cancer (149). Separate studies observed that
consumption of lycopene-rich tomato is inversely associated to colorectal cancer risk
(150). This association remains to be explored with liver cancer. However, observational
data cannot be used to determine whether tomatoes or lycopene has chemopreventive
properties. In addition, there is considerable uncertainty in the estimation of dietary
intake of tomatoes and/or lycopene using food frequency questionnaires or serum
concentrations (147, 149). Clinical trials have been conducted to examine the effects of
tomato products and lycopene containing supplements on various cancers (147, 148).
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Similar to observational studies, the clinical studies that utilized tomato products or
lycopene-containing supplements that often contain other phytonutrients (phytoene,
phytofluene, β-carotene, and tocopherols) cannot isolate an independent effect of
lycopene, per se. Therefore, human interventions and animal studies that compare the
effects between isolated lycopene and the whole food tomato are essential in
differentiating their potential beneficial effects against liver diseases. Tomatoes are good
dietary source of vitamin A and C, but they also consist of phytochemical including
carotenoids and flavonoids. Lycopene is the most abundant carotenoid found in
tomatoes, tomato products and other red fruits, and these food have also been shown to
contain lycopene metabolites (151). With respect to liver diseases, we have previously
shown that tomato extract supplementation was more protective against HFD-induced
hepatic inflammation than lycopene (152). Clearly, further investigations are needed to
examine whether nutrients in tomatoes may work additively or synergistically in
protecting against liver diseases.

2.4 Lycopene
Lycopene is a polyisoprenoid that belongs to the family of carotenoid compounds
that are synthesized only plants and microorganisms but not in animal and humans.
Lycopene plays a role in the photosynthetic machinery in plants, and is responsible for
red and orange colors of fruits and vegetables (Table 2.1). Lycopene has a molecular
formula of C40H56 , a molecular weight of 536.85 kD, and it is insoluble in water. When
dissolved in petroleum ether solution, lycopene has λmax of 472 nm and e% 3450.
Lycopene is a non-cyclic carotenoid, consists of an open chain of hydrocarbon
containing 11 conjugated and 2 non-conjugated double bonds arranged linearly. This
double bond configuration of lycopene allows this carotenoid to undergo extensive
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isomerization of up to 1056 theoretical configurations (153).

However, only a few

lycopene isomers are found in nature (Figure 2.3). All-(E), 5-(Z), 9-(Z) and 15-(Z) are the
most common lycopene isomers found in foods, and the 5-(Z) isomer was found to be
the most stable thermodynamically (148). Lycopene isomerization also occurs in human
tissues after consumption. Lycopene is present in numerous human tissues at various
concentrations (Table 2.2). All-(E) isomer predominates the main dietary sources of
lycopene, but a significant greater portion of lycopene found in mammalian tissues are in
the (Z)-conformation (154, 155). Using dietary

14

C-lycopene it has been demonstrated

that 92% all-trans lycopene is extensively metabolized in humans to 50% All-(E)-, 38%
5-(Z)-, 1% 9-(Z)- and 11% other (Z)-lycopene isomers after 24 hours (155).

2.4.1 Lycopene consumption and bioavailability
Similar to tomato consumption, dietary lycopene intake varies dramatically
among populations. It has been estimated that Italians in Italy consume 14.3 mg/day of
total carotenoids, and lycopene makes up about half of that amount (156). The average
intake of lycopene in the United States ranges from 6.6–10.5 mg/day for men and from
5.7–10.4 mg/day for women (157), and over 80% of the United States dietary lycopene
source is derived from processed tomato products (158).
A large number of factors can play a role of altering lycopene bioavailability in
humans, including interpersonal difference, food processing and dietary composition.
Plasma and human tissues levels of lycopene can reflect dietary lycopene intake (159),
and they are excellent tools to evaluate lycopene bioavailability and lycopene intake in
research studies. Lycopene is present in various forms within the plant, including
crystalline form inside chromoplasts, or carotenoid-protein complexes in chloroplasts
(160). Processing and storage of lycopene-containing foods can modify lycopene
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structure as well as its bioavailability. Improper processing (exposure to light and
oxygen) can lead to undesirable isomerization or degradation of lycopene (161).
Conventional thermal processing of tomatoes increases lycopene bioavailability by
disrupting food matrixes (162), thereby increasing bioavailability (163-165) while
minimizing isomerization (166).
Lycopene is a lipid-soluble compound, and lycopene consumption in diets with
lipids increases lycopene bioavailability (148). For example, salads with full-fat dressing,
but not with non-fat dressing, resulted in higher postprandial plasma lycopene
concentrations (Brown et al. 2004). Absorption of lycopene requires this carotenoid to be
released from food matrixes, and incorporated into mixed micelles. Similar to other
dietary lipids, lycopene in micelles must be translocated into the enterocyte through
passive diffusion prior to absorption (167). Recent studies have shown that lycopene
absorption can be facilitated by a cholesterol membrane transporter scavenger class B
type I (SR-B1) (168, 169). Once inside the enterocyte lycopene, along with other dietary
lipids, is packaged into chylomicrons and released into the lymphatic system for delivery
to peripheral tissues and eventually the liver (170).

2.4.2 Lycopene effects on the risks for NAFLD-associated diseases
Studies suggest that lycopene can be one of the important bioactive compounds
responsible for reducing chronic disease risk including cardiovascular disease and
cancer, which have been extensively reviewed (143, 148, 154). In a prospective, nested,
case-control study with 28,345 middle-aged and elderly women, higher plasma lycopene
concentrations are associated with a lower risk of CVD between upper and lower half of
plasma lycopene (171). Greater serum concentrations of carotenoids (including
lycopene) in 840 middle-aged Finnish men are also inversely associated with serum C-
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reactive protein and 7-year change in maximum intima media thickness (172). Elevated
in serum C-reactive protein and 7-year change in maximum intima media thickness are
both risk factors for atherosclerosis. In a separate study using a subset of data (n =
4557) from the third National Health and Nutrition Survey (NHANES III) revealed
inversed association between serum carotenoids (including lycopene) and C-reactive
protein (173).
The evidence that supports the anti-carcinogenic properties of lycopene
stemmed from various epidemiological studies, where lycopene-rich fruits and
vegetables intake is inversely associated with cancer mortality from all sites assessed
(150, 174). A prospective study showed that frequent intake of lycopene-rich foods was
associated with lower prostate cancer risk (RR=0.84; 95% CI = 0.73 to 0.96; P=0.003)
(175). A second prospective cohort study with 84,805 postmenopausal women
demonstrated that lycopene consumption was inversely associated with the risk for
estrogen and progesterone receptor positive breast cancer risk (176). A significant
inverse relationship was also found between serum lycopene and the risk of a number of
cancers including those of gastrointestinal tract origin (149, 175, 177, 178). The potential
relationship between lycopene and liver cancer has yet to be fully assessed, possibly
hampered by the low disease prevalence (149, 175, 178, 179), with the exception of
alcohol-induced HCC risk(180). In the latter case the association was negative.
A number of clinical trials have examined the relationship between lycopene
containing supplements and risk factors associated with specific cancers. In a placebocontrolled clinical study, six-month consumption of a synthetic lycopene supplementation
(15 mg/day lycopene) but not placebo significantly reduced serum prostate specific
antigen, which is a risk factor for prostate cancer (181). Another randomized, placebocontrolled, double-blind, crossover trial showed that a two-month supplementation with
tomato-extract (30 mg/day lycopene) reduced free IGF-I in thirty-six premenopausal
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women with a high breast cancer risk (182). Vrieling et al demonstrated that eight-week
supplementation of tomato extract (30 mg/day lycopene) in 41 men and 30 women at
high risk for colorectal cancer elevated serum IGFBP-1 in women, and IGFBP-2 in both
men and women (183).
It is important to note that no adverse effects have been associated with
consuming high levels of tomatoes or lycopene (up to 75 mg/day for 7 days) (149, 175,
178). NASH patients have significantly lower plasma lycopene than healthy controls
(184), suggesting the potential interactions between low lycopene status and the
development of liver diseases (184).
In vitro and in vivo experiments have demonstrated that lycopene may have
chemopreventive effects with respect to liver cancer. Lycopene treatments on hepatoma
cell lines showed inhibitory effects on cellular growth, migration and invasion (154, 185,
186). Dietary lycopene inhibits liver-specific carcinogen diethylnitrosamine (DEN)induced preneoplastic lesions in the rat liver (152, 187-189), and effective in reducing
NASH-promoted, DEN-initiated hepatocarcinogenesis in rats (152, 187, 188). Lycopene
supplementation in rats that develop spontaneous liver tumors also significantly reduced
the GST-P-positive areas in HCC lesions, a marker for tumor promotion (189).
However, the primary outcomes for these rat studies were hepatic preneoplastic lesions
which, in this model, have a high probability of developing into liver tumors. There are
currently no published in vivo studies that have determined whether lycopene can
effectively reduce liver tumor development and progression in animal models. The effect
of lycopene against HCC may also vary depending on the HCC experimental models.
For example, dietary lycopene has failed to protect against liver cancer in rats that
spontaneously develop hepatic tumors (190).
Despite a relatively large body of evidence that suggests a beneficial effect of
lycopene on chronic disease risk, one prospective study with ~40,000 women observed
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no association between dietary lycopene and risk of cardiovascular disease (CVD)
(145). A case-control study also showed that higher plasma lycopene concentrations
were not associated with the lower risk of CVD in older men (191). Other observational
studies have found inclusive evidence supporting a beneficial link between prostate
cancer and lycopene intake (192). Some clinical trials also observed a weak effect or no
effect of tomato consumption or lycopene supplementation on prostate cancer risk (193196). These contradictory outcomes highlight the possibility that biological effects of
lycopene may vary between individuals. This potential inter-individual difference on
lycopene actions may be due to factors including genetic variance that alters lycopene
bioavailability and metabolism.

2.5 Lycopene metabolism
Due to lycopene’s association with a lower risk for chronic diseases,
considerable attention is been paid to its metabolic products. Lycopene metabolism
involves both the chemical and enzymatic modifications to generate a collection of
lycopenoids that include lycopenal, lycopenol and lycopenoic acid (Figure 2.3). These
lycopenoids are generated in plants and animals through oxidation (148, 197) and nonenzymatic and enzymatic cleavage of the double bonds of the lycopene molecule (148,
154, 197). Thus the lycopenoids detected in human plasma maybe from dietary sources
or endogenous synthesis (151).

2.5.1 Chemical oxidation:
The unique structures of polyisoprenoid and carbonyl compounds such as
lycopene make them susceptible to cleavage by auto-oxidation, radical-mediated
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oxidation, and singlet oxygen (198). These oxidative conditions can be present in both
synthetic conditions (food processing), as well as in vivo if the tissues are exposed to
oxidative stress, including those observed in the obese state. Utilizing various
experimental conditions it has been demonstrated that lycopene is susceptible to
cleavage. After incubating lycopene under atmospheric oxygen at 37oC for 72 hrs, Kim
et al identified eight oxidative products (3,7,11-trimethyl-2,4,6,10-dodecatetraen-1al,6,10,14-trimethyl-3,5,7,9,13-pentadecapentaen-2

one,

acyclo-retinal,

apo-14′-

lycopenal, apo-12′-lycopenal, apo-10′-lycopenal, apo-8′-lycopenal, and apo-6′-lycopenal)
(199). After exposing lycopene to another oxidizing system Caris-Veyrat et al identified
eight apolycopenals and three apolycopenones (200). These metabolites included
acyclo-retinal and apo-10’-lycopenal, which are the predicted central and eccentric
enzymatic cleavage products of lycopene, respectively (200). The synthesis of acycloretinoids (ACR) has generated significant research interests. Acyclo-retinoic acid has been
demonstrated to have chemopreventive effects against liver cancer (reviewed below).
Subsequent oxidation of acyclo-retinal in homogenate of pig liver results in the production
of acyclo-retinoic acid (199), providing evidence for the potential in vivo synthesis.
Commercial processing of tomatoes can generates lycopenoids through auto-oxidation
(201), including 6 apolycopenals, 8 lycopene epoxides and a cyclolycopene diol.

2.5.2 Oxidative metabolism in plants
In plants, lycopene is synthesized as precursors of other carotenoids including
carotenes (202), but may also be further metabolized to form lycopenoids
(apolycopenoids and epioxides derivatives) as found in both raw (151, 203-206), and
processed tomato products (151, 201, 202, 207). Kopec et al recently quantified
apolycopenals (apo-6′-, 8′-, 10′-, 12’-, and 14′-lycopenal) in fruits and vegetables, and
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found the sum of the lycopenals in Roma tomato and tomato paste were 65 ng/g and
734 ng/g, respectively (151). The presences of lycopenoids in plants have been
attributed partly to two different classes of carotenoid cleavage enzymes. The 9-cisepoxycarotenoid dioxygenases are responsible for the formation of the plant hormone
abscisic acid from neoxanthin and violaxanthin.

Carotenoid cleavage dioxygenase

(CCD) are responsible for the formation of various carotenoid metabolites. Schwartz et
al have identified nine potential carotenoid cleavage enzymes from the analysis of the
Arabidopsis genome (208-210). In vitro, CCD1 and CCD7 have been demonstrated to
cleave the 9’,10’ double bond of lycopene, and CCD1 can also cleave the 5’,6’ double
bond (211). It remains to be determined as to whether other CCDs can effective cleave
lycopene in plant tissue.

2.5.3 Oxidative metabolism in mammals
The metabolism of lycopene in mammals has been attributed to the activities of
endogenous oxidants, as well as endogenous carotenoid cleavage enzymes. A series of
in vitro experiments provided evidence to indicate potential in vivo formation of lycopene
metabolites. For example, incubating deuterated lycopene with rat intestinal postmitochondrial fractions generated 3-keto-apo-13-lycopenone and 3,4-dehydro-5,6dihydro-15,15′-apolycopenal, as well as four oxidative metabolites (197). Only two
carotenoid cleavage enzymes have been discovered in mammals, and controversy
exists in regards to their capacities in metabolizing lycopene (154).
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2.3.3.1 BCO1
The

beta

carotene

15’,15’-oxygenase

(BCO1)

has

been

cloned

and

characterized in a number of mammalian species, and it is responsible for the central
cleavage of carotenoids at the 15’,15’ double bond (212-215). For pro-vitamin
carotenoids such as α-carotene, β-carotene, and β-cryptoxanthin, central cleavage by
BCO1 is the major pathway for vitamin A synthesis (215). However, it remains
controversial as to whether lycopene is a potential substrate for BCO1. Redmond et al
observed the synthesis of central cleavage product acyclo-retinal when lycopene was
incubated in recombinant murine BCO1, but acyclo-retinal was only detected when
lycopene concentrations were 2.5-3 times higher than the observed Km for β-carotene
(216). Most recently, Sena et al observed that lycopene was able to be cleaved by the
purified recombinant human BCO1 to yield acyclo-retinal, but this enzymatic reaction
has a lower Vmax (28.0±0.8 nmol acyclo-retinal/mg BCO1/hr) and KM (1.7±0.4 μM)
compared beta carotene by BCO1 (Vmax = 197.2±23.2 retinal/mg BCO1/h; KM = 17.2±4.0
μM) (217). In contrast, numerous studies found no detectable activity of BCO1 towards
lycopene. Utilizing a purified recombinant BCO1 isolated from human liver cDNA library,
Lindqvist and Andersson demonstrated that BCO1 can cleave both β-carotene and βcryptoxanthin, but not lycopene (215). The low affinity of BCO1 towards β-cryptoxanthin
as compared to β-carotene lead the authors to conclude that the presence of at least
one unsubstituted β-ionone ring is required for the effective catalytic cleavage by BCO1
(215). Other investigators have also observed no lycopene cleavage by human BCO1
isolated from the retinal pigment epithelium (218), by the Drosohpila homologue of
BCO1 (213), and the crude preparations of rat liver and intestine (219). These studies
indicate that lycopene is a poor substrate for BCO1. However, it is important to note that
these mechanistic studies most likely utilized All-(E)-lycopene. All-(E) isomer
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predominates the main dietary sources of lycopene, but a significant greater portion of
lycopene found in mammalian tissues are in the (Z)-conformation (154, 155). Using
dietary 14C-lycopene, Ross et al demonstrated that 92% all-trans lycopene is extensively
metabolized in humans to 50% All-(E)-, 38% 5-(Z)-, 1% 9-(Z)- and 11% other (Z)lycopene isomers after 24 hours (155). Future investigations are required to elucidate
whether isomerization of lycopene may impede BCO1 capacity to metabolize this
carotenoid.

2.3.3.2 BCO2
Beta carotene-9’,10’-oxygenase (BCO2) is the second mammalian carotenoid
cleavage enzyme first cloned and characterized by Kiefer et al. It is responsible for the
asymmetric (eccentric) cleavage of carotenoids at the 9’,10’ double bond (220). Using
isolated murine BCO2, Kiefer et al demonstrated the BCO2-dependent cleavage of βcarotene and lycopene (220). Our laboratory later cloned and characterized the BCO2
enzyme from ferrets (Mustela putorius furo), a mammal that metabolizes carotenoids
similar to humans (absorption, tissue distribution and concentration) (221). Further
analysis of the recombinant ferret BCO2 revealed that BCO2 has a higher optimum pH
than BCO1 (221). This observation supports the later findings by Amengual et al that
BCO2 is a mitochondrial protein, whereas BCO1 is localized in the cytoplasm (222).
BCO2 appears to have much broader substrate specificity than BCO1 in regards to the
β-ionone ring structure of carotenoids. Utilizing E. coli expressing the recombinant
murine BCO2, Amengual et al observed BCO2 catalysis of various carotenoids at the
9’,10’ position, including β-carotene, β-cryptoxanthin, lutein and zeaxanthin (222).
Apocarotenoids generated from BCO2-mediated cleavage of lutein and zeaxanthin can
be further metabolized by BCO2 into rosafluene (222). Our laboratory observed that
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recombinant ferret BCO2 can catalyze the cleavage of All-(E)-β-carotene and (Z)lycopene isomers (5-(Z)-lycopene and 13-(Z)-lycopene) effectively at the 9’,10’ double
bond, generating β-apo-10’-carotenal and β-apo-10’-lycopenal, respectively (Figure 2.3)
(221). However, all-(E)-lycopene was not an effective substrate for the recombinant
ferret BCO2, providing some evidence to suggest that lycopene isomerization may alter
its affinity for mammalian carotenoid cleavage enzymes. Lycopene was also observed to
accumulate more significantly in mice that lack the BCO2 enzyme than wild-type mice
(223), further support that BCO2 is an important enzyme involved in lycopene
metabolism. BCO2 is differentially expressed in numerous human tissues (224), thus the
localized apolycopenoids concentration may vary at the tissue level. The 19 singlenucleotide polymorphism (SNP) of BCO2 found in humans may alter the expression
and/or function of this enzyme depending on the modification of reading frame (225).
The SNP rs2115763 at the BCO2 locus was associated with IL-18 concentrations (225,
226). IL-18 is a pro-inflammatory cytokine. Its plasma concentrations are elevated in
individuals with diabetes and cardiovascular disease. Female variant allele carriers of a
common SNP in the BCO2 gene can have low fasting HDL-cholesterol concentrations
(225, 227). In other mammals, BCO2 SNPs have been described in bovine (228, 229),
sheep (230), and chickens (231). The nonsense mutation of BCO2 in bovine has been
shown to affect β-carotene concentrations in their plasma, milk and adipose tissue (228,
229). Other polymorphisms of the BCO2 gene are related to adipose color in lamb (230),
or skin color in chickens (231). These data suggest that a gene-diet interaction with
respect to human health and disease may exist between the BCO2 enzyme and dietary
carotenoids.
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2.3.3.3 Potential alternative pathways
It has been well-documented that anoxygenic photosynthetic bacteria synthesize
carotenoids, produce carotenoid-derived volatile compounds, and express carotene
oxygenases that resemble those involved in plant abscisic acid synthesis (232).
Questions remain as to whether the human gut microbiome can synthesize
apolycopenoids from dietary lycopene, and/or modulate lycopene metabolism at the
intestinal mucosa. Since gut microbiome can be modulated through diet, and is
significantly affected by disease states including metabolic syndrome and NAFLD (2429), a potentially fruitful avenue of investigation would be to investigate the crosstalk
between these parameters and human carotenoid metabolism.

2.5.4 Oxidation of apolycopenoids:
The apolycopenoids generated from the BCO2 cleavage still share a similar
structure and oxidation susceptibility to their parent compound, lycopene, and can
potentially evolve and form other metabolites. We observed that apo-10’-lycopenal can
be further metabolized to form apo-10’-lycopenol and apo-10’-lycopenoic acid
(APO10LA) when incubated in post-nuclear fraction of ferret liver homogenates,
depending on the presence of NADH or NAD+ respectively (Figure 2.3) (221). Ross et al
observed that dietary

14

C-lycopene was rapidly metabolized in humans into polar

metabolites and excreted into urine, with the rapid peak of

14

CO2 in breath after dosing,

suggesting that β-oxidation is involved in lycopene metabolism (155). Rats fed

14

C-

lycopene resulted in apo-8’- and apo-12’-lycopenal in hepatic tissue 24-hr post-dosing,
plus a significant amount of unidentified short-chain polar metabolites present
differentially in tissues (20%, 38% and 67% of isotope label in liver, seminal vesicle and
prostate respectively) (233). No APO10LA was detected in white adipose tissue of mice
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orally treated with lycopene or APO10LA as detected using mass spectrometry, but
observed a metabolite with a molecular weight of 2 Da larger than APO10LA, suggesting
further metabolism of APO10LA (234). Since BCO1 has been shown to cleave and
metabolize β-apocarotenoids (235), it is plausible that these polar metabolites from
lycopene supplementation are BCO1/BCO2 cleavage products of apolycopenoids, or
generated by in vivo carotenoid cleavage enzymes that have yet to be identified. Apocarotenoids generated from eccentric cleavage of β-carotene have been shown to
undergo β-oxidation to produce retinoic acid (RA), a molecule that can modulate cell
differentiation though transactivation of RA receptor elements (RAREs) (236). It remains
to be elucidated as to whether apolycopenoids can be oxidized to form acyclic retinoids
(ACR), the hypothesized central cleavage product of lycopene (Figure 2.3). ACR has
been shown to induce RA receptor beta (RARβ), a molecule where its transcription is
modulated by RARE (81, 237). APO10LA has been shown to share similar RARβ
induction as ACR (234, 238).

2.6 Apolycopenoids: Biological effects
Recent investigations including our own have proposed that the biological
activities of lycopene may be mediated in part by lycopene’s metabolites (234, 238-240).
As previously reviewed, genetic variants of the BCO2 gene are prevalent in humans and
other mammals (225), and BCO2 polymorphism has been associated with modified
status of carotenoid and pro-inflammatory cytokine IL-18 (223, 225, 228, 241). Murine
models deficient in BCO2 enzyme altered mitochondrial function and induced lipid
accumulation in liver tissue, as well as elevated oxidative stress in liver cells when
treated with lutein or zeaxanthin (222). Further, zeaxanthin supplementation in BCO2
deficient mice resulted in the induction of stress pathways in hepatic tissue, including
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MAPK signaling (222). This observation demonstrated the potential gene and nutrient
interactions between BCO2 and lycopene on metabolic consequences, and could
potentially explain the inconsistent clinical results in lycopene’s beneficial effects.
Despite the lack of evidence for the in vivo synthesis of ACR from lycopene, ACR
has received considerable attention in the study of HCC chemoprevention. ACR has
been demonstrated to inhibit both carcinogen-induced and spontaneously occurring
hepatocarcinogenesis in vivo (81, 242-244). Exposure of hepatoma cell lines to ACR can
suppress growth through inducing apoptosis via caspase-3 cleavage (245), and
subsequent inhibition of RXRα phosphorylation by suppressing Ras-MAPK pathway
(237), up-regulating RARβ expression (81, 246), and promoting cell cycle arrest by
increasing cellular levels of p21CIP1 (246-248). ACR treatments can inhibit angiogenesis
of endothelial cells by modulating the mitogenic MAPK pathway (249). Oral ACR in
patients with HCC significantly reduced cancer recurrence, and improved survival
without serious side-effects (250, 251). A phase II/III clinical trial of ACR was also
effective in preventing second primary HCC in hepatitis C virus-positive patients (252).
Whether ACR treatment is effective in preventing NAFLD/NASH associated HCC and
reversing NASH pathologies in humans remains to be investigated. However, a recent
study utilizing genetically-induced obese male mice (db/db) showed that 34 weeks of
dietary ACR supplementation at pharmacological doses (0.03% and 0.06%) significantly
inhibited DEN-induced liver cell adenomas development (81). These chemopreventive
effects of ACR were associated with attenuation of hepatic steatosis, insulin resistance
as measured by QUICKI, and markers of chronic inflammation (81). Future studies need
to be conducted to address whether ACR supplementation at a physiological dose would
suppress diet-induced hepatic injuries associated with NAFLD/NASH.
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2.7 Molecular mechanisms of lycopene biological functions
It remains to be determined as to whether lycopene is an important nutrient with
health benefits, specifically its efficacy in inhibiting obesity-promoted liver tumorigenesis
in vivo and in humans. However, increasing in vivo and in vitro evidence suggests that
lycopene has multi-faceted biological functions. The following provides an update of the
potential

mechanisms

by

which

lycopene

and

its

metabolites

may

exhibit

chemopreventive effects against liver cancer.

2.7.1 Modulating pro-inflammatory signaling and cytokine expression
Pro-inflammatory NF-κB/STAT3/AP-1 signaling activation is involved in the
production of tumor-promoting cytokines by immune/inflammatory and neighboring cells,
thereby stimulating cell proliferation and survival of transformed cells (48). The mitogenic
MAPK-signaling cascade can also modulate pro-inflammatory activity and cell survival
when activated by physical stress and receptor mediated mechanisms (72, 73).
Lycopene has been shown to inhibit NF-κB and MAPK signaling (253-257). For
example, in LPS-exposed macrophages, lycopene treatment (1 µM) inhibited NF-κB and
MAPK-Erk activation, as well as decreased TNFα production, potentially though
inhibiting LPS-induced superoxide synthesis (253). Marcotorchino et al observed that
lycopene pretreatment (0.5-2 µM) on RAW 264.7 macrophages reduced LPS-stimulated
TNFα mRNA and protein expression in a dose-dependent manner (258). These antiinflammatory effects of lycopene were associated with decreased JNK and NF-κB
signaling activation, as well as with reduced LPS-stimulated macrophage migration
(258). Similar NF-κB-inhibiting effects of lycopene (0.5-2 µM) were observed in cigarette
smoke-stimulated

macrophages,

and

the

inhibitory

mechanisms

involved

the
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suppression of NF-κB DNA binding, reduction in NF-κB/p65 nuclear translocation, as
well as the inhibition of NF-κB inhibitors IKKα and IκBα by phosphorylation (254).
Lycopene’s capacity to inhibit NF-κB signaling also occurs in cells other than of
myeloid origin. Of relevance to NAFLD and obesity, it was observed that pretreatment of
preadipocytes, differentiated 3T3-L1 adipocytes, and human adipocyte primary culture
with lycopene (2 µM) decreased macrophage conditioned medium induced and TNFαmediated induction of pro-inflammatory cytokine and chemokines (IL-6 and MCP-1)
(255, 258). TNFα is a cytokine that induces NF-κB signaling (48, 49). Using a system
where 3T3-L1 adipocytes were transfected with the NF-κB-dependent luciferase reporter
plasmid, Gouranton et al showed that lycopene pretreatment significantly reduced the
TNFα-stimulated reporter luciferase activity (255), suggesting that lycopene inhibited
cytokine

production

through

suppressing

NF-κB

activation.

Further,

lycopene

pretreatment in adipose tissue explants of mice fed a HFD for 6 weeks decreased
proinflammatory cytokine and chemokine expression (255). In a separate study, dietary
lycopene in diet-induced obese rats significantly reduced adipose tissue expression of
IL-6 and MCP-1 mRNA expression (259), supporting the notion that lycopene may
suppress inflammation associated with metabolic excess. More specific to transformed
liver cells, lycopene treatments (1-10 µM) on SK-Hep-1 cells from human hepatoma
significantly reduced NF-κB activation and promoter-binding, partially through upregulation of IκBα protein expression (260).
Limited research has been conducted to elucidate the biological activities of
lycopene metabolites, but evidence from recent studies suggests that apolycopenoids
may suppress expression of pro-inflammatory cytokines. It has been shown that
APO10LA treatment (2 µM) decreased pro-inflammatory Il-6 and Il-1β mRNA expression
in TNFα-stimulated adipocytes (3T3-L1 cells; adipose tissue explants of mice subjected
to HFD in ex vivo culture; primo culture of human mature adipocytes in vitro), but did not
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alter markers of adipogenesis (234). APO10LA and apo-14’-lycopenoic acid (2 µM)
pretreatments on human THP-1 macrophages suppressed the H2O2-induced NF-κB and
MAPK activation (261), and apo-14’-lycopenoic acid appeared to have greater NFκB/MAPK-suppressing capacity than APO10LA. It is important to note that the in vitro
concentrations of APO10LA necessary to elicit the described effects were higher than
the reported human plasma lycopene concentration (50-900 nmol/L) (158). Of note,
studies by our laboratory found that the intracellular APO10LA concentration was below
detection level in cells incubated with APO10LA (238, 262). The absence of intracellular
APO10LA could be due to the low carotenoids uptake in cell culture study. We also
previously showed that dietary lycopene supplementation results in higher levels in
hepatic and lung tissues than in plasma (262, 263). This may partially explain why the
effective APO10LA concentrations for in vitro studies were much higher than plasma
concentration.

2.7.2 Antioxidant mechanisms
As a polyisoprenoid, lycopene’s unique structure consists of a series of centrally
located conjugated double bonds (198). These double bonds can contribute to the
chemical reactivity towards free radicals and oxidizing agents that may be relevant for
lycopene antioxidant effects in animals (264-266). DNA damage by oxidative stress,
including ROS, is one of the key steps for cancer initiation. Apart from chemically
interacting with radicals, lycopene can reduce oxidative stress by modulating ROSproducing enzymes (CYP-P450 enzymes, NADPH oxidase, iNOS, COX-2 and 5-LOX),
and inducing antioxidant/detoxifying Phase II enzymes (HO-1, NQO1 and GST). These
Phase II enzymes are regulated by the nuclear factor E2-related factor 2-antioxidant
response element (Nrf2-ARE) system. Lycopene antioxidant effects and associated
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mechanisms have been extensively reviewed (148, 154, 267, 268). Toledo et al
observed that the chemopreventive capacities of lycopene against hepatic precancerous
markers were associated with decreased hepatic DNA strand breakage (189), and
Astorg et al showed that dietary lycopene significantly decreased hepatic preneoplastic
lesions by potentially inhibiting CYP2E1 (187). Investigations by our laboratory revealed
that dietary lycopene and tomato extract in rats were effective in inhibiting NASHpromoted, DEN-initiated hepatocarcinogenesis, but through different mechanisms than
reported by Astorg et al (152, 187). Our study conducted by Wang et al observed that
tomato extract inhibited NASH-promoted hepatocarcinogenesis through reduction in
CYP2E1 expression, whereas the chemopreventive effects of lycopene were associated
with the induction of Nrf2 and HO-1 (152). These results suggest the potential differential
chemopreventive effects between the whole food tomatoes that contain apolycopenoids,
versus the isolated carotenoid lycopene.
The antioxidant capacity of apolycopenoids has been observed in BEAS-2B
human bronchial epithelial cells, where pretreatment of BEAS-2B cells with APO10LA
resulted in a dose-dependent inhibition of both ROS production and H2O2-induced
oxidative damage (262). With respect to mechanisms involved in NAFLD progression,
human HepG2 cells treated with dose-dependent concentrations of apo-8’-lycopenal (110 µM) induced Nrf2-ARE activity, and the expression of HO-1 and NQO1 (269). These
Nrf2-inducing effects were found to depend on suppression of Erk/p38 activation by
phosphorylation, and Nrf2 inhibitor Kelch-like ECH-associated protein 1 (Keap1) (269).
APO10LA and apo-14’-lycopenoic acid (2 µM) pretreatments on human THP-1
macrophages also reduced H2O2-induced ROS production (261). These observations
were accompanied by the reduction in Erk/p38 activation, and the ROS producing
enzyme COX-2 (261). However, subsequent investigations are required to determine
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whether the antioxidant capacity of apolycopenoids is a significant mechanism in
suppressing NAFLD progression.

2.7.3 Retinoid Receptors Interactions
The central cleavage BCO1 enzyme is responsible for generating vitamin A from
provitamin A carotenoids. Vitamin A derivatives include all-(E)-RA and 9’-(Z)-RA and are
ligands for retinoid receptors RAR and RXR, respectively (82). Both RAR and RXR
consist of three types (α, β, and γ), with different isoforms for each (82). Retinoid
receptors are ligand-dependent transcription factors that regulate genes involved in
critical processes in human physiology including differentiation and metabolism, whereas
the loss in retinoid activity results in deviations from normal cell proliferation and death
(82). These gene transcription regulations require retinoid receptors to form dimerized
complexes and subsequently bind to RARE/RXRE that are located in the 5’ promoter
region of responsive genes (82). With respect to cancer cells, up-regulating retinoid
receptors expression and activity can mediate growth inhibitory effects. Some of these
RAR/RXR-induced growth inhibitory genes include the cell cycle inhibitor p21CIP1 and
RARβ (82). RARβ appears to have the dominant tumor suppressor role, whereas loss of
RARβ expression is associated with tumor progression.

RARβ expression is often

decreased in human HCC and liver cancer cell lines (237), and suppressed in HCC
lesions in rats with chemically-induced HCC (270). Phosphorylation of RXRα inhibits
retinoid signaling, and has been shown to accumulate in human HCC tissue and cell
lines (237). This RXRα phosphorylation site is found to be a MAPK/Erk consensus site
(83), and as previously mentioned, elevated MAPK/Erk signaling is often associated with
metabolic syndrome and insulin resistance. These data suggest a potential mechanistic
link between metabolic syndrome and elevated HCC risk. Further, induction of hepatic
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retinoid signaling in mice by eliminating lecithin:retinol acyltransferase expression
resulted in protection against chemically-induced HCC. This evidence suggests that
retinoid signaling plays a protective role against HCC development.
Utilizing a series of luciferase reporter constructs with and without site-directed
mutagenesis of the RAR binding site of RARE, our laboratory has demonstrated that
APO10LA increased luciferase activity only in wild-type RARE, although its activity was
at a magnitude less than all-(E)-RA (238). This study raised an important question as to
whether APO10LA can also function as a retinoic acid analog. Indeed, using the RAREluciferase mouse model, a study showed that APO10LA can transactivate RAR in vivo
and in vitro, as well as induce RAR target genes (RARβ and CYP26A1) in adipose tissue
(234). Further transcriptomics analysis revealed that APO10LA treatment modulated
27.5% of the genes in adipose tissue that were also regulated by all-(E)-RA, the known
ligand of RAR (234). These data suggest that lycopene metabolites may elicit differential
biological activities than their parent compound. The metabolism of lycopene and the
subsequent generation of apolycopenoids might be required to exhibit lycopene’s effects
on RAR/RXR-dependent gene transcription that are similar to other natural ligands of
RAR and RXR.

2.7.4 Anti-metastatic effects
Tumor metastasis is the major cause of cancer recurrence and mortality,
involving a complex and multifaceted program that allows malignant cells to disseminate
from primary tumors and to invade a distant site. Increased intra-tumoral blood supply is
essential for sufficient growth of large tumors, provides a route for distant metastasis,
and it is a process mediated by angiogenesis. Angiogenic mediators including vascular
endothelial growth factor (VEGF) are involved in orchestrating the development of new
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vessels, and are up-regulated by hypoxia as well as by oncogenic signals (271).
Metastatic cells acquire invasion capacity by expressing elevated levels of MMPs that can
degrade all know components of ECM (271). MMP2 and MMP9 are closely related to
metastasis, and MMP9 expression has been correlated with the growth of human HCC
(272). MMP9 has also been shown to release and activate latent forms VEGF ligands
sequestered within the ECM, thereby facilitating angiogenesis (271).
Lycopene treatments (1-10 µM) on SK-Hep-1 cells significant suppressed in vitro
cell invasion (260). This observed property of lycopene was associated with the
reduction in MMP9 gene and protein expression, as well as the elevation in tissue
inhibitor of metalloproteinase-1 (TIMP-1) expression, which inactivates MMP9 through
post-translational regulation. A follow-up study from the same research group showed
that oral lycopene supplementation (20 mg/kg BW) significantly reduced the expression
of VEGF, MMP9, and suppressed lung metastasis in athymic nude mice injected with
SK-Hep-1 cells (185), providing further evidence to suggest that lycopene may have
anti-metastatic effects on liver tumors.
Lycopene metabolite apo-8’-lycopenal has been shown to have similar antimetastatic effects in SK-Hep-1 cells as lycopene (239), and share comparable
mechanisms including MMP9 suppression and elevation in TIMP1. However, apo-8’lycopenal treatment was more effective than lycopene at the same concentration (10
µM) (239). We have observed that APO10LA is effective at inhibiting migration and
invasion of both cancer and endothelial cells by suppressing actin remodeling and
ruffling/lamellipodia formation [Miao B and Wang XD, Tufts University, Boston, MA, USA.
Unpublished work, 2012]. This APO10LA-mediated inhibition of endothelial cell
migration/invasion suppressed MMP2 expression and angiogenesis, as measured by
endothelial cell tube formation and aortic ring assays. These accumulated results
indicate apolycopenoids may exhibit anti-metastatic properties.
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2.7.5 SIRT1 up-regulation:
The mammalian sirtuins (SIRTs) are a family of NAD+-dependent enzymes (273).
They have homology to the Saccharomyces cerevisiae gene silent information regular 2
(Sir2). Seven SIRTs have been identified in humans. Because SIRTs require NAD+ for
their enzymatic activity, their activity is directly linked with cellular energy metabolism.
During low cellular energy state, the NAD+/NADH ratio increases and activates SIRTs.
Apart from NAD+/NADH ratio, SIRTs can also be regulated by endogenous microRNAs
and proteins involved in signal transduction and transcription.
Metabolic surplus by HFD can promote persistent up-regulation of hepatic JNK
signaling and inhibit SIRT1 expression and activity (274, 275). Alternatively, overactivation of the protease caspase 1 by HFD can also down-regulate SIRT1 protein by
cleavage of SIRT1 protein (50). As mentioned previously, SIRT1 activation is protective
against obesity-induced hepatic steatosis and inflammation (51, 56-59). The genetic
overexpression of SIRT1 has been shown to protect mice from obesity-promoted
hepatocarcinogenesis (53), suggesting that SIRT1 is a potential molecular target for
dietary and therapeutic agents against HCC development.
Mammalian SIRT1 deacetylates a series of target proteins that are important for
circadian rhythms, energy balance, glucose homeostasis, lipid metabolism, and
mitochondrial function (51-55). SIRT1 activation protects against obesity-induced
glucose

intolerance,

insulin

resistance,

hepatic

steatosis,

inflammation,

and

carcinogenesis (51, 53, 56-59). The SIRT1 agonist, resveratrol, has also been shown to
improve health and survival of mice on a high calorie diet (276). SIRT1 can inhibit
steatosis by deacetylating SREBP-1c and liver X receptor (LXR), which are transcription
factors that regulate the expression of glycolytic and lipogenic genes (277-280) (281).
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SREBP-1c deacetylation by SIRT1 has been shown to inhibit SREBP-1c promotion of
Scd gene transcription (278, 279), thus reducing hepatic lipogenesis. Conversely,
deacetylation of LXR by SIRT1 can activate LXR activity (277) and lead to the induction
of cholesterol efflux genes including Abcg5/8 and Cyp7a1 (282).
SIRT1 activation has also been shown to alter peroxisome proliferator-activated
receptor (PPAR) α- and γ-mediated signaling (56, 283, 284). PPARα and PPARγ are
transcription factors involved in lipid metabolism including FA β-oxidation, FA uptake,
lipolysis and mitochondrial uncoupling (285). SIRT1 activation in adipose tissue
promotes lipolysis and fatty acid mobilization by repressing PPARγ adipogenic activity
through interaction with PPARγ DNA binding site (284). In addition, a recent study
showed that SIRT1 can deacetylate PPARγ and induce brown remodeling of white
adipose tissue (283). SIRT1 can also deacetylate the PPARγ coactivator 1α (PGC-1α) to
promote mitochondrial biogenesis and FA β-oxidation, through modulating PPARαmediated transcription activation (56).
SIRT1 attenuates hepatic inflammation by deacetylating and/or reducing NF-κB
p65 expression, thereby attenuating NF-κB-induced expression of pro-inflammatory
cytokines (51, 53, 55, 56, 286). A recent study demonstrated that SIRT1 has the
capacity to attenuate hepatic IGF expression through STAT5 deacetylation (287), and
IGF can participate in oncogenic signaling. These observations further support the
notion that SIRT1 can be an effective therapeutic target in suppressing NAFLD
progression.
SIRT1 activation is associated with AMP-activated protein kinase (AMPK)
activity, a central metabolic sensor. Its activity is controlled by the tumor suppressor
liver-kinase B1 (LKB1) (51-55). The mechanisms by which SIRT1 regulates AMPK
activity are unclear because there appears to be a reciprocal relationship between
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SIRT1 and AMPK (288). The SIRT1-mediated AMPK activity may be tissue dependent
(289). AMPK signaling in macrophages has been shown to inhibit adipocyte insulin
signaling and glucose uptake in a SIRT1-dependent manner (290). In contrast, SIRT1
signaling activation in the liver has been shown to promote AMPK activation by
phosphorylation (289). AMPK activation promotes phosphorylation of acetyl-CoA
carboxylase (ACC) to the inactive form of the enzyme (291). Hepatic ACC activation
promotes steatosis by carboxylating acetyl-CoA to form malonyl-CoA. Malonyl CoA
plays a pivotal role in fatty acid metabolism by serving as a substrate for FA biosynthesis
and inhibitor of the rate-limiting enzyme of FA β-oxidation, carnitine acyl transferase I
(289, 291).
To our knowledge, there are no published studies that have investigated the
effect of lycopene modulations on SIRT1 activity. Preliminary data generated from our
laboratory revealed a novel role of APO10LA in up-regulating hepatic expression of
SIRT1, decreasing acetylation of SIRT1 downstream target, and inhibiting steatosis in
genetically-induced obese (ob/ob) mice (240).

2.8 Conclusion
The scientific research community on carotenoids has made significant strides on
the understanding lycopene metabolism, and the biological effects of lycopene and its
metabolites, apolycopenoids. There is strong evidence to suggest that BCO2-mediated
vertebrate carotenoid metabolism may play a critical role in lycopene’s biological effects,
since modifying BCO2 enzyme expression in animal models can alter its effects on nonprovitamin A carotenoids. This notion is supported by data indicating that
apolycopenoids are biologically active. In particular, we and others have provided
evidence that APO10LA was effective in up-regulating SIRT1 protein expression,
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activating the Nrf2-mediated expression of HO-1, transactivating the RARE-mediated
RARβ induction, as well as in protecting mice against carcinogenesis in lung and liver.
Moreover, genetic variants of the BCO2 gene are prevalent in humans and other
mammals. BCO2 polymorphism has been associated with the alterations in human and
animal carotenoid status, pro-inflammatory cytokine IL-18 expression, and in fasting
HDL levels. These observations suggest that the existence in BCO2 polymorphism and
its potential impact on lycopene metabolism may partially explain the conflicting
outcomes of clinical trials with lycopene. In addition, recent studies provided direct
evidence that SIRT1 can protect against carcinogenesis associated with metabolic
syndrome through its anti-inflammatory effects. Thus, dietary supplementation with
SIRT1 agonists may be useful in suppressing inflammation and carcinogenesis
associated with metabolic alterations.
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Table 2.1: Lycopene content of common fruits and vegetables1

Fruits and vegetables

1

Lycopene (mg/g wet weight)

Tomatoes

8.8–42.0

Watermelon

23.0–72.0

Pink guava 54.0

54.0

Pink grapefruit 33.6

33.6

Papaya

20.0–53.0

Apricot

<0.1

Source: Rao, A.; Waseem, Z.; Agarwal, S., Food Research International 1998; 31: 737-741
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Table 2.2: Lycopene levels in human tissues1

Tissue

Lycopene (nmol/g wet weight)

Adrenal

1.90 - 21.60

Breast

0.78

Colon

0.31

Kidney

0.15 - 0.62

Liver

0.10 - 20.702

Lung

0.22–0.57

Ovary

0.3

Pancreas

0.7

Prostate

0.8

Skin

0.42

Stomach

0.2

Testes

1

1.28 - 5.72

4.34–21.36

Source: Rao, A.; Waseem, Z.; Agarwal, S., Food Research International 1998; 31: 737-741,
unless otherwise indicated.
2
Source: Schmitz, H.H.; Poor, C.L.; Wellman, R., et al., J. Nutr. 1991; 121: 1613.
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Figure 2.1: Mechanisms of extra-hepatic perturbations in non-alcoholic fatty liver
disease (NAFLD) progression.
Metabolic surplus and/or high fat diet (HFD) can disrupt the intestinal epithelia, leading
to hepatic inflammation through promoting portal endotoxemia, increasing circulatory
lipopolysaccharides (LPS) and activating the inflammasome. Circulatory LPS can
stimulate proinflammatory cytokine secretion by macrophages (Mɸ) and adipocytes
through toll-like receptor (TLR)-4-mediated signaling. LPS can also act on Kupffer cells
(KCs) and hepatic stellate cells (HSCs) via TLR4 signaling to promote hepatic
inflammation and fibrogenesis. Hepatic inflammation activates hepatocytes secrete
fetuin A (FetA) into systemic circulation. Metabolic surplus stimulates adipocyte
hypertrophy and the subsequent systemic release of free fatty acids (FFA). Circulatory
FFA can associate with FetA released from the liver and activate TLR4-mediated
proinflammatory signaling in adipocyte and Mɸ, creating a feed-forward mechanism in
promoting further systemic and hepatic inflammation. IL, interleukin.
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Figure 2.2: Mechanisms of intra-hepatic perturbations in non-alcoholic fatty liver
disease (NAFLD) progression.
Increase in dietary lipids elevates triglyceride (TG) and cholesterol delivery to the liver by
chylomicrons (CM) and CM remnants (Rem.). Excess TG is stored in the liver and can
promote hepatic steatosis. TG repackaging involves generation of fatty acids (FAs) and
ceramide. Accumulation of ceramide can disrupt mitochondrial function and induce
reactive oxygen species (ROS) production, which subsequently leads to hepatic
inflammation. Excess hepatic long-chain FA (LCFA) can undergo ω-oxidation in the
endoplasmic reticulum (ER), and result in generation of ROS. ROS production can also
be stimulated by cytochrome (CYP) P450 enzyme activation. Elevated dietary sugars
can stimulate de novo lipogenesis (DNL) to generate FA, and stimulate ER stressmediated unfolded protein response (UPR), leading to hepatic inflammation. ATF6α,
activating transcription factor 6α; CE, cholesterol esters; GI, gastrointestinal; IRE1α,
inositol requiring 1α; LPL, lipoprotein lipase; PERK, PKR-like ER kinase.
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Figure 2.3: Schematic illustration of lycopene metabolic pathway by beta
carotene-9’,10’-oxygenase (BCO2).
5-(Z) and 13-(Z) lycopene are preferentially cleaved by BCO2 at 9’10’-double bond. The
cleavage product, apo-10’-lycopenal, can be further oxidized to apo-10’-lycopenol or
reduced to apo-10’-lycopenoic acid (APO10LA), dependent on the presence of NADH.
Whether apolycopenoids can be oxidized to form acyclic retinoids remains to be
elucidated. RAR, retinoic acid receptor.
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Figure 2.4: Mechanisms of sirtuin 1 expression regulations, and downstream
signaling.
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Chapter

III:

Lycopene

metabolite,

apo-10’-lycopenoic

acid,

inhibits

diethylnitrosamine-initiated, high fat diet-promoted hepatic inflammation and
tumorigenesis in mice.1

1

This chapter has been published as a journal article:
Ip BC, Hu KQ, Liu C, Smith DE, Obin MS, Ausman LM, Wang XD. Lycopene metabolite, apo-10'lycopenoic acid, inhibits diethylnitrosamine-initiated, high fat diet-promoted hepatic inflammation
and tumorigenesis in mice. Cancer Prev Res (Phila Pa). 2013;6:1304-16.
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3.1

Abstract

Obesity is associated with increased risk in hepatocellular carcinoma (HCC)
development and mortality. An important disease control strategy is the prevention of
obesity-related hepatic inflammation and tumorigenesis by dietary means. Here, we
report that apo-10’-lycopenoic acid (APO10LA), a cleavage metabolite of lycopene at its
9’,10’-double

bond

by

carotene-9’,10’-oxygenase,

functions

as

an

effective

chemopreventive agent against hepatic tumorigenesis and inflammation. APO10LA
treatment on human liver THLE-2 and HuH7 cells dose-dependently inhibited cell growth
and up-regulated sirtuin 1 (SIRT1), a NAD+-dependent protein deacetylase that may
suppress hepatic carcinogenesis. This observed SIRT1 induction was associated with
decreased cyclin D1 protein, increased cyclin-dependent kinase inhibitor p21 protein
expression, and induced apoptosis. APO10LA supplementation (10 mg/kg diet) for 24
weeks significantly reduced diethylnitrosamine-initiated, high fat diet (HFD)-promoted
hepatic tumorigenesis (50% reduction in tumor multiplicity; 65% in volume) and lung
tumor incidence (85% reduction) in C57Bl/6J mice. The chemopreventive effects of
APO10LA were associated with increased hepatic SIRT1 protein and deacetylation of
SIRT1 targets, as well as with decreased caspase-1 activation and SIRT1 protein
cleavage. APO10LA supplementation in diet improved glucose intolerance and reduced
hepatic inflammation (decreased inflammatory foci, TNFα, IL-6, NF-κB p65 protein
expression, and STAT3 activation) in HFD-fed mice. Furthermore, APO10LA
suppressed Akt activation, cyclin D1 gene and protein expression, and promoted PARP
protein cleavage in transformed cells within liver tumors. Taken together, this data
indicates that APO10LA can effectively inhibit HFD-promoted hepatic tumorigenesis by
stimulating SIRT1 signaling while reducing hepatic inflammation.
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3.2

Introduction
Primary liver cancer is the third leading cause of cancer deaths in the world (1,

2). Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer
accounting for 70-85% of cases (1, 2), with the rates twice as high in males as in
females (1). HCC’s escalating morbidity and mortality trends parallel to the rising
prevalence of non-alcoholic fatty liver disease (NAFLD), a pathology that is observed in
75-100% of overweight and obese adults and children (3, 4). NAFLD prevalence
increases with age (5), and can progress to the more severe form of NAFLD called
nonalcoholic steatohepatitis (NASH). NASH is associated with insulin resistance,
increased oxidative stress, induced inflammatory cytokine release, and can ultimately
lead to cirrhosis and end-stage liver disease, including HCC (6). Given the obesity
epidemic, poor prognosis of HCC and its high mortality rate, the prevention of
obesity/NAFLD through dietary means represents an important disease control strategy
for preventing liver cancer.
Chronic liver inflammation, as displayed in NASH, plays a key role in enhancing
liver tumorigenesis (6, 7). Previous animal studies demonstrated that high fat diet (HFD)
and obesity promote liver tumorigenesis by inducing chronic inflammation through the IL6/STAT3 (interleukin-6/STAT3) pathway, with STAT3-activated tumors being more
aggressive in humans (6, 8-10). Sirtuin 1 (the mammalian ortholog of yeast Sir2; SIRT1)
is a conserved NAD+-dependent protein deacetylase expressed in various tissues
including the liver (11). Mammalian SIRT1 has emerged as a key metabolic sensor
linking nutrient signals to metabolic homeostasis (11). SIRT1-mediated metabolic
modulations have been demonstrated to protect against HFD-induced hepatic
inflammation by ameliorating HFD-induced hepatic expression of IL-6 and TNFα (11-14).
The potential mechanisms involved include modulations of NF-κB signaling (11-14), and
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AMP-activated protein kinase (AMPK) (11). More importantly, genetic overexpression of
SIRT1 has been shown to protect mice from HFD-promoted hepatocarcinogenesis (14).
These demonstrations raise an important question as to whether dietary compounds that
can up-regulate SIRT1 expression and/or activity may exhibit anti-inflammatory and anticarcinogenic effects.
Epidemiological studies have established beneficial effects of lycopene-rich
tomato and tomato products against various cancers (as reviewed in (15-17)). Although
it remains to be determined as to whether lycopene is an important nutrient with health
benefits, increasing in vivo and in vitro evidence support that lycopene has multi-faceted
biological functions (15-17). These demonstrated biological effects of lycopene include
antioxidant functions, suppression of cell proliferation, anti-angiogenesis, and antiinflammation (17-19). In regards to liver cancer risks, NASH patients have been shown
to have significantly reduced plasma lycopene (20), suggesting the potential interactions
between low lycopene status and the development of liver diseases (20). Dietary
lycopene has been shown to reduce the diethylnitrosamine (DEN)-initiation of liver
preneoplastic

foci

in

rats

(21).

Our

laboratory

demonstrated

that

lycopene

supplementation can ameliorate DEN-initiated, HFD-promoted precancerous lesions in
the liver (22). Apart from reducing hepatic tumorigenesis, lycopene supplementation has
also been shown to inhibit experimental metastasis of injected human hepatoma cells in
mice (19). However, our mechanistic understanding of how lycopene functions against
tumorigenesis, specifically HFD/obesity-related hepatic inflammation and tumorigenesis,
is far from complete.
We and others have recently demonstrated that lycopene as a non-provitamin A
carotenoid can be preferentially cleaved by the enzyme beta-carotene 9’,10’-oxygenase
(BCO2), and generate metabolites including apo-10’-lycopenal, apo-10’-lycopenol and
apo-10’-lycopenoic acid (APO10LA; chemical structure in Figure 3.1) (23, 24). Studies
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suggest that these metabolites may exhibit more important biological roles than their
parent compound lycopene (17, 25-28), providing the rationale to investigate BCO2mediated vertebrate carotenoid metabolism and associated health outcomes. BCO2 is
highly expressed in the liver and in other peripheral tissues (29). Modulating BCO2
expression can alter lipid metabolism, oxidative stress, and lycopene concentration in
both hepatic and adipose tissue, as well as in plasma (30, 31). Interestingly, the singlenucleotide polymorphism (SNP) rs2115763 at the BCO2 locus was associated with
elevated IL-18 concentration (32), a pro-inflammatory cytokine that correlated with
diabetes and cardiovascular disease. Female variant allele carriers of a common SNP in
the BCO2 gene can also have reduced fasting HDL-cholesterol concentrations (32).
Recent investigations including our own, show that lycopene metabolite
APO10LA displays significant biological activities (17). These activities include the
transactivation of retinoid acid receptor elements (RAREs) (25, 28), the induction of
retinoic acid receptor beta (RARβ) (25), and the inhibition of lung cancer development
(25). Other lycopene metabolites including apo-12’-lycopenal and apo-8’-lycopenal can
also reduce cell proliferation in human prostate cancer DU145 cells (33), and inhibit
metastatic behavior of human liver adenocarcinoma SK-Hep-1 cells (26), respectively.
Intriguingly, we have recently revealed that APO10LA can up-regulate the hepatic
expression of SIRT1, decrease acetylation of SIRT1 downstream target, and inhibit
hepatic steatosis in genetically-induced obese (ob/ob) mice (27). However, whether
APO10LA can up-regulate SIRT1 signaling and ameliorate HFD-promoted liver
inflammation and tumorigenesis remain to be explored.
The present study investigated the potential inhibitory effects of APO10LA
against HFD-promoted hepatic tumorigenesis, and elucidated, utilizing both in vitro and
in vivo models, the underlying mechanisms by which APO10LA exhibits these
chemopreventive effects.
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3.3

Materials and Methods

3.3.1

In vitro study – cell lines, reagents and APO10LA treatment

The THLE-2 human immortalized liver cell line and HuH7 human liver cancer cell line
were purchased from the ATCC (VA, USA). These cell lines were not authenticated once
received by our laboratory. Cells were cultured at 37°C in a humidified incubator
containing 5% CO2, in the “complete” bronchial epithelial cell growth medium (BEGMTM)
supplemented with 10% FBS. The “complete-BEGMTM” incorporated the addition of
Bullet kit CC3170 (Lonza, MD, USA), 5 ng/mL epidermal growth factor, and 70 ng/mL
phosphoethanolamine. A stock solution of APO10LA (20 mmol/L; BASF, Ludwigshafen,
Germany) was dissolved in tetrahydrofuran (THF; Sigma-Aldrich, USA; containing
0.025% butylated hydroxytoluene as an antioxidant), and stored at -80°C. A working
solution was prepared in the culture medium immediately before use. Using highperformance liquid chromatography (HPLC), we analyzed and recovered over 95% of
APO10LA in cell culture medium after 2-3 days’ treatments. THLE-2 cells (3x105) were
seeded in 60 mm plates coated with bovine serum albumin/collagen/fibronectin in 10%
FBS-supplemented “completed-BEGMTM” medium for experiments. After overnight
incubation, the cells were treated with increasing concentrations of APO10LA or vehicle
(0.1% THF as control) in serum-free “completed-BEGMTM” medium for the indicated
time. The cells were subsequently collected for analysis.

3.3.2

In vitro study – cell proliferation assay

THLE-2 cells were seeded at 5x103 cells/well and incubated overnight in 96-well plates
in 10% FBS-supplemented “completed-BEGMTM” medium. Cells were subsequently
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treated with varying concentrations of APO10LA in serum-free “completed-BEGMTM”
medium for indicated time points. Cell proliferation was analyzed using the AQueous
One Solution Cell Proliferation Assay kit (Promega, WI, USA). All measurements were
done in triplicate.

3.3.3

In vivo experiments – study design1

The experimental protocol was adapted from a well-established animal model to study
HCC pathogenesis (9, 34-37). All animal protocols were approved by the Institutional
Animal Care and Use Committee at the JM-USDA Human Nutrition Research Center on
Aging at Tufts University. Pregnant female C57Bl/6J mice were purchased from the
Jackson Laboratories (ME, USA) to generate male C57Bl/6J mice for this study. Male
mice were acclimated to the standard laboratory chow (Harlan Laboratories, MA, USA),
given water ad libitum, while kept on a 12-hour light/dark cycle in a controlled
temperature and humidity room. Two-week-old mice were randomized to either be
injected intraperitoneally (i.p.) with saline (-DEN arm) or with the well-established liverspecific carcinogen diethylnitrosamine (DEN; Sigma-Aldrich; +DEN arm) at a dosage of
25 mg/kg body weight as previously described (9). At 6 weeks of age, mice under the
+DEN arm were randomized to either an obesogenic HFD (HFD+DEN; Bio-Serv, NJ,
USA; composition in Table 3.1), in which 60% of energy is fat derived, or the same HFD
supplemented with APO10LA (HFD+DEN+APO10LA; 10 mg/kg diet) for 24 weeks. Mice
without DEN-initiation were given the HFD only (HFD-DEN). All mice were given fresh
diets every 2-3 days, and maintained on their respective diets until the experiment was
completed. Body weights of mice were recorded weekly. Mice were euthanized at 30
weeks of age by exsanguinations under deep anesthesia without fasting.
1

Chapter III incorporated three out of seven study arms. For information of the complete study
design and outcomes, please refer to Appendix I.
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3.3.4

In vivo experiments – APO10LA treatment

The APO10LA used in this study was provided by Dr. Hansgeorg Ernst (BASF,
Ludwigshafen, Germany) with 99% purity, and was incorporated directly into the diet to
achieve a homogenous diet mixture. Diets with APO10LA were made every 2-4 weeks,
and were kept at -20oC (up to 4 weeks) or 4oC (< 1 week) inside opaque boxes to avoid
degradation of APO10LA. The APO10LA concentration and stability in the diet were
evaluated as previously described (23, 25). APO10LA degradation was between 0.5-5%
at -20oC or 4oC for one month, and was less than 10% at room temperature for three
days. The rationale for selecting this APO10LA dose was based on the reduced murine
absorption of carotenoids (~1/10 of human absorption) (25, 27, 38). An established
equation is used to calculate the dosage equivalence for human consumption (39),
which indicated that our APO10LA supplemented dose of 10 mg/kg diet is approximately
equivalent to 0.36 mg APO10LA/day in a 60 kg adult man. A/J mice supplemented with
the same APO10LA dose for 14 weeks resulted in a plasma APO10LA concentration of
~1.0 nmol/L (25). This amount is comparable to the sum of apo-lycopenals (1.9 nmol/L)
but much lower than lycopene (1089±380 nmol/L) found in human plasma of individuals
who had consumed tomato juice (with 21.8 mg lycopene/day) for 8 weeks (40). The
APO10LA dose we used was ~20 times less than the average human dietary lycopene
(~8 mg/day) (16), and much lower than lycopene doses used in dietary supplements (1530 mg/day).

3.3.5

In vivo experiments – glucose and insulin tolerance test

Mice underwent 6-hour fasts in two separate occasions that were two weeks apart, and
were injected with glucose (1 g/kg body weight; i.p.) or insulin (0.75 U/kg body weight;
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i.p.). Blood samples were collected from tail vein at different time points (0, 30, 60, 90,
120 mins) post-glucose administration, and blood glucose was measured using a
glucometer (LifeScan, USA).

3.3.6

In vivo experiments – liver tumors quantification

Whole livers were removed from study mice post-euthanization. Surface liver tumors
(tumor multiplicity) were counted by two investigators blinded to treatments, and the
tumor diameters were measured with a caliper to calculate tumor volume. Tumor volume
was calculated based on the assumption that the tumor was spherical (volume = 4/3πr3,
where r = diameter/2). Liver weights were recorded after removal of the intact
gallbladder, and the liver was washed with saline for further processing. Large surface
tumors were removed, snap-frozen in liquid nitrogen and stored at -80oC. The right lobe
of mouse liver was fixed in 10% buffered formalin solution (Thermo Fisher Scientific,
USA), and embedded in paraffin for serial sectioning and subsequent analysis by
histological methods. The remaining sections of liver were divided into smaller portions,
snap-frozen in liquid nitrogen and stored at -80oC.

3.3.7

In vivo experiments – histopathological evaluation

Five μm sections of formalin-fixed, paraffin-embedded liver tissue were stained with
hematoxylin (H) and eosin (E) for histopathological examination. Two independent
investigators blinded to treatment groups examined the sections under light microscopy.
Liver histopathology of non-tumor areas was graded according to steatosis magnitude
(both macro- and microvesicular), and the degree of liver inflammation severity as
described previously (41, 42). Briefly, the degree of steatosis was graded 0-4 (grading 0
=<5%, 1 = 5–25%, 2 = 26–50%, 3 = 51–75%, 4 >75%), based on the average percent of
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fat-accumulated hepatocytes per field at 100x magnification under H&E staining in 20
random fields. Inflammatory foci were evaluated by the number of inflammatory-cell
clusters in 20 random fields at 100x magnification, which mainly constitute mononuclear
inflammatory cells. Mean foci per field was calculated and reported as inflammatory-cell
clusters per cm2. Liver histopathology of the tumor areas was classified as hyperplasia,
adenoma, and hepatocellular carcinoma.

3.3.8

In vivo experiments – HPLC analysis

Hepatic APO10LA concentrations were measured by HPLC as previously described (23,
25). APO10LA was quantified relative to the internal standard by determining peak areas
calibrated against known amounts of standard.

3.3.9

Analysis for both in vitro and in vivo studies – RNA extraction and quantitative

Real-Time PCR (qRT-PCR)
Total RNA was extracted from THLE-2 cells and from frozen liver sections with Trizol
reagent (Invitrogen, USA), as previously described (27). cDNA was prepared from the
RNA samples using M-MLV reverse transcriptase (Invitrogen) and an automated thermal
cycler PTC-200 (MJ Research, USA). qRT-PCR was performed using FastStart
Universal SYBR Green Master (ROX) (Roche, USA). Relative gene expression was
determined using the 2-∆∆CT method. Primer sequences are listed in Table 3.2.
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3.3.10 Analysis for both in vitro and in vivo studies – protein isolation and western
blotting
THLE-2 cells were lysed in cold whole cell lysis buffer (25 mM Hepes at pH=7.5, 300
mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 10% glycerol, 1% Triton X-100) containing
protease inhibitors. The THLE-2 cell lysates were centrifuged at 15,000 x g for 10 min at
4oC, and the supernatant was used. Tissue protein lysates were prepared by treating
liver tissue with lysis buffer as described previously (27). The protein concentration of
the supernatant was measured by the Coomassie Plus protein quantification method
(Thermo Fisher Scientific). For western blotting analysis, equal amounts of protein (3050 µg for in vitro study, and 50-100 µg for in vivo study) of each sample were boiled in
reducing Laemmli sample buffer and resolved by 8-12% SDS-PAGE. Proteins were then
transferred onto Immobilon-P membranes (Millipore, MA, USA), blocked with 5% non-fat
milk in TBST buffer, and incubated with selected primary antibody. The following
antibodies were used for western blotting: acetylated NF-κB p65 (Lys310), AMPKα, Akt,
cleaved PARP, NF-κB p65, phosphorylated-Akt (Ser473), phosphorylated-AMPKα
(Thr172), phosphorylated-STAT3 (Tyr705), p21, STAT3, TNFα (Cell Signaling, MA,
USA), IL-6 (R&D, MN, USA), acetylated-FoxO1, caspase-1, cyclin D1, FoxO1, SIRT1
(Santa Cruz, TX, USA). Proteins were detected by a horseradish peroxidase-conjugated
secondary antibody (Bio-Rad, CA, USA). The specific bands were visualized by a
SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce, IL, USA) according to
the manufacturer's instructions. Anti-actin antibody (Sigma-Aldrich) was used to detect
β-actin for loading normalization of some proteins. Intensities of protein bands were
quantified using GS-710 Calibrated Imaging Densitometer (Bio-Rad).
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3.3.11 Analysis for both in vitro and in vivo studies – statistical analysis
For in vitro study, GraphPad Prism (GraphPad Software, CA, USA) was used to perform
the statistical analysis, and resulting values were expressed as means ± SEM. Group
means were compared using one-way ANOVA analysis with Bonferroni’s adjustments
for multiple comparisons. For in vivo study, SAS 9.3 software was used to perform the
statistical analysis. Student’s t-test was used to test for the differences between the
following

comparisons:

1)

HFD-DEN

and

HFD+DEN;

2)

HFD+DEN

and

HFD+DEN+APO10LA. P-value was set at 0.05 for the comparisons to reach statistical
significance.

3.4

Results

3.4.1

APO10LA reduced cell proliferation and induced apoptosis in liver cells

To elucidate the potential molecular targets of APO10LA, we first conducted an in vitro
study using THLE-2 cells (primary normal liver cells transformed by SV40 large T
antigen infection), and the HuH7 human liver cancer cell line. APO10LA treatments on
THLE-2 significantly reduced cell proliferation (30-50% reduction) in a dose-dependent
manner (Figure 3.2A). Similar effects were observed in HuH7 cells (data not shown).
Since APO10LA may function as a retinoic acid (RA) analog (Figure 3.1 for chemical
structure) and transactivates RAREs (25, 28), we examined p21 protein expression, a
RA-inducible protein that inhibits cell cycle progression (7). APO10LA treatments dosedependently up-regulated p21 protein expression (Figure 3.2B), and induced PARP
protein cleavage in THLE-2 cells (Figure 3.2C), indicating the induction of cell apoptosis.
Furthermore, APO10LA treatments dose-dependently up-regulated SIRT1 protein
expression (Figure 3.2D), but did not alter Sirt1 mRNA level in THLE-2 cells (data not
shown). Since SIRT1 modulates hepatic metabolic homeostasis in part through AMPK
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activation (11), we examined AMPKα phosphorylation in THLE-2 cells and found that
APO10LA-induced up-regulation of SIRT1 was associated with increased AMPKα
phosphorylation (Figure 3.2E).

3.4.2

APO10LA inhibited DEN-initiated, HFD-promoted hepatic tumorigenesis and

reduced glucose intolerance in mice without altering body/liver weights
We conducted a dietary intervention study with APO10LA at 10 mg/kg diet in a DENinitiated, HFD-promoted liver cancer model with C57Bl/6J male mice for 24 weeks
(Figure 3.3A: study design). This is a well-established animal model to study HCC
pathogenesis (9, 34-37). As expected, liver tumors failed to develop in the absence of
DEN-injection (HFD-DEN; Table 3.3). Similar to the results described by Park et al (9),
DEN-initiation resulted in visible and multiple surface liver tumors in HFD-fed mice
(Figure 3.3B-a, 2B-b). H&E staining of formalin-fixed, paraffin-embedded liver tissues
showed the development of both hepatic adenoma and HCC in C57Bl/6J mice (Figure
3.3B-c, 2B-d, 2B-e, 2B-f), with infiltration of inflammatory cells within both non-tumor and
tumor regions (Figure 3.3B-c, 2B-d, 2B-g). APO10LA supplementation in diet
significantly decreased the hepatic surface tumor multiplicity (by 50%; Table 3.3; Figure
3.3B-a, 2B-b), and volume (by 65%; Table 3.3). All DEN-injected mice developed liver
tumors, and APO10LA did not alter liver tumor incidence (Table 3.3). Interestingly, lung
tumors developed in 26% of HFD+DEN mice (Figure 3.3B-h; Table 3.3), and APO10LA
supplementation significantly decreased lung tumor incidence to less than 5% (Table
3.3). Final mean body and liver weights did not differ between all three groups (Table
3.3). Body weights were comparable to the C57Bl/6J diet-induced obesity phenotype
described by The Jackson Laboratory (43) and Park et al (9), where mice were placed
on a diet with 60% of energy from fat for 20-26 weeks. All groups of mice in this present
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study exhibited the same degree of mortality (Table 3.3). However, APO10LA
supplementation significantly reduced glucose intolerance (Table 3.3; Figure 3.4) without
altering global insulin resistance, as compared to HFD+DEN (data not shown). Hepatic
APO10LA concentration was 0.3±0.1 pmol/g liver in APO10LA-supplemented mice, and
was not detectable in mice without supplementation (Table 3.3).

3.4.3

APO10LA reduced the number of hepatic inflammatory foci and expression of

pro-inflammatory biomarkers
All three groups exhibited the same degree of hepatic steatosis in the non-tumor regions
(Table 3.3). HFD+DEN displayed a significant increase in hepatic inflammatory foci as
compared to HFD-DEN mice without DEN-injection. APO10LA supplementation in diet
significantly reduced the number of hepatic inflammatory foci (by 65%; Table 3.3) in the
non-tumor regions, as compared to HFD+DEN. Supplementation with APO10LA did not
alter the mRNA expression of Tnfα, Il-6 and Il-1β as compared to HFD+DEN (data not
shown). Nevertheless, APO10LA significantly reduced hepatic pro-inflammatory
biomarkers including TNFα (38%; Figure 3.5A), IL-6 (by 50%; Figure 3.5B), and NF-κB
p65 (by 40%; Figure 3.5C) protein expression, caspase-1 cleavage (by 55%; Figure
3.5D), and STAT3 phosphorylation (Tyr705; by 55%; Figure 3.5E) in the overall liver
tissue, as compared to HFD+DEN. NF-κB p65 protein expression was correlated with IL6 protein expression (R2=0.35; p<0.001) and liver tumor volume (R2=0.36; p=0.018),
whereas IL-6 protein expression was correlated with TNFα protein expression (R2=0.39;
p=0.010) and SIRT1 cleavage (R2=0.38; p=0.012). The HFD+DEN group also had a twofold induction of NF-κB p65 protein expression as compared to the HFD-DEN group
(Figure 3.5C). None of these modulations were observed within the liver tumor regions
between HFD+DEN and HFD+DEN+APO10LA groups (data not shown).
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3.4.4

Reduction in HFD-promoted hepatic tumorigenesis by APO10LA was associated

with increased hepatic SIRT1 protein, deacetylation of FoxO1 and NF-κB, and AMPKα
phosphorylation
APO10LA supplementation did not alter the mRNA expression of Sirt1 as compared to
HFD+DEN (data not shown). However, as compared to HFD+DEN, APO10LA
significantly increased hepatic SIRT1 protein expression (by 50%; Figure 3.5.6A) to a
level that was comparable to HFD-DEN, and induced the deacetylation of SIRT1 direct
targets, which included NF-κB p65 (Lys310; by 67%; Figure 3.5.6B) and FoxO1 (by
50%; Figure 3.5.6C) in the overall liver tissue. These observations were associated with
the significant decrease in hepatic SIRT1 protein cleavage (by 40%; Figure 3.5.6D), and
with increased AMPKα phosphorylation (by 65%; Figure 3.5.6E). Hepatic SIRT1 protein
expression was inversely correlated with NF-κB p65 protein expression (R2=-0.32;
p=0.048), NF-κB p65 acetylation (R2=-0.40; p=0.007) and SIRT1 protein cleavage (R2=0.36; p=0.023). Hepatic AMPKα phosphorylation was also inversely correlated with liver
tumor numbers (R2=-0.41; p=0.007) and TNFα protein expression (R2=-0.51; p<0.001).
DEN-initiation in HFD+DEN had a significant reduction in hepatic SIRT1 protein
expression (by 60%; Figure 3.5.6A) and AMPKα phosphorylation (by 50%; Figure
3.5.6E), as compared to HFD-DEN. None of these modulations were observed within the
liver tumor regions between HFD+DEN and HFD+DEN+APO10LA groups (data not
shown).
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3.4.5

APO10LA induced PARP cleavage, suppressed Akt phosphorylation and cyclin

D1 protein expression within the liver tumor region
APO10LA supplementation significantly reduced Akt phosphorylation (Ser473; by 45%;
Figure 3.5.7A) within the liver tumor region, as compared to HFD+DEN. This APO10LAdependent phenomenon was accompanied with the significant reduction in both cyclin
D1 gene (by 31%; Figure 3.5.7B) and protein expression (by 39%; Figure 3.5.7C), as
well as a non-significant up-regulation of p21 protein expression (by 207%; p=0.08;
Figure 3.5.7D) in tumor regions, indicating suppression in cancer cell proliferation. Cyclin
D1 protein expression was correlated with Akt phosphorylation (R2=0.45; p=0.045) in
liver tumors, glucose intolerance (R2=0.72; p=0.048), and with liver tumor numbers
(R2=0.43; p=0.061) that almost reached statistical significance. APO10LA also
significantly induced PARP protein cleavage (by 94%; Figure 3.5.7E) within the tumor
region as compared to HFD+DEN, suggesting the induction of apoptosis. All these
modulations were specific to the liver tumor regions, and were not observed within the
overall liver tissue between HFD+DEN and HFD+DEN+APO10LA (data not shown).
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3.5

Discussion
The present study provides the novel insight that APO10LA, a metabolite

generated by the BCO2 cleavage enzyme from the non-provitamin A carotenoid
lycopene, can inhibit HFD-induced liver inflammation and HFD-promoted liver
tumorigenesis. Previous studies with murine models and human cell lines lacking BCO2
enzyme showed that supplementation or treatment of non-provitamin A carotenoids can
alter lipid metabolism and induce oxidative stress (30). SNP at the BCO2 locus was
associated with elevated pro-inflammatory IL-18 in humans (32). This present study
demonstrates that APO10LA as a BCO2 cleavage product of lycopene has strong
biological activities, and may function as an effective chemopreventive agent against
HCC influenced by inflammation and metabolic syndrome. Our results support the notion
that enzymatic cleavage products of non-provitamin A carotenoids may have more
important biological roles than their parent compounds. A gene-diet interaction with
respect to human health and disease may exist between the BCO2 enzyme and dietary
carotenoids. Apart from endogenous synthesis, it is important to note that apolycopenoids do exist in dietary plant foods (40), and can be produced by non-specific
oxidation of carotenoids (44). Since apo-lycopenals in human plasma can originate from
diet and human metabolism (40), our present study can thus evaluate the potential
biological effects of lycopene metabolites derived from both dietary sources and in vivo
metabolism. We have previously shown that tomato extract supplementation was more
protective against HFD-induced hepatic inflammation than lycopene (22). Clearly, further
investigations are needed to examine whether these dietary tomato-derived apocarotenoids can provide protective effects against chronic diseases in humans.
In the present in vivo study, the hepatic concentration of APO10LA was in
picomolar range (Table 3.3), which is markedly lower than hepatic lycopene
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concentration in rats (7.5-17.6 nmol/g liver) (22), and in humans (0.1-20.7 nmol/g liver)
(45). However, the effective APO10LA concentrations to induce SIRT1 protein
expression in vitro were between 2-10 µmol/L, which are higher than the reported human
plasma lycopene concentration (50-900 nmol/L) (15). Consistent with our previous
studies utilizing APO10LA (25, 46), we found that the intracellular APO10LA
concentration was below detection level. In our previous in vitro study, A549 cells treated
with 1 µmol/L of beta-cryptoxanthin resulted in intracellular beta-cryptoxanthin levels of
0.39 ng/106 cells (~0.04 µmol/L on the basis of cell volume) (47). The absence of
intracellular APO10LA could be due to the low carotenoids uptake in cell culture study,
as well as further “leakage” of carotenoids during cell-washing procedures to avoid
potential carotenoids contamination in cell membrane. Another study from our laboratory
showed that dietary lycopene is better accumulated in tissue than in plasma (48). This
may explain why the effective APO10LA concentration to induce SIRT1 was much
higher than plasma concentration. In addition, we believe that the APO10LA
supplemented dosage used in our study is physiologically relevant to the biological
effects of lycopene metabolites derived from both dietary sources and in vivo
metabolism.
The chemopreventive effects of APO10LA demonstrated in this investigation
were associated with the reduction in hepatic inflammatory foci, hepatic protein
expression of TNFα, IL-6, and NF-κB p65, and the decreased activation of the oncogenic
transcription factor STAT3. Moreover, reduction in NF-κB p65 protein in response to
APO10LA supplementation was significantly correlated with decreased liver tumor
volume and IL-6 expression. These results support the concept that obesity promotes
liver tumorigenesis through IL-6/STAT3 activation (6, 9), and that APO10LA can reduce
HFD-promoted liver inflammation and tumorigenesis.
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Consistent with anti-inflammatory and chemopreventive actions, a key
observation of this study is that APO10LA supplementation induced SIRT1 protein
expression and increased deacetylation of SIRT1 targets (NF-κB p65 and FoxO1).
SIRT1 has been shown to play a protective role against HFD-promoted hepatic
steatosis, inflammation, and most recently hepatocarcinogenesis (11-14). It is proposed
that SIRT1 attenuates hepatic protein expression of IL-6 and TNFα through
deacetylation and/or reduced expression of NF-κB p65 (11-14, 49). Indeed, in the
present study, SIRT1 protein expression was inversely correlated with both the NF-κB
p65 acetylation and protein expression. SIRT1 protein level was also restored by
APO10LA to HFD-DEN level. Interestingly, APO10LA-induced hepatic SIRT1 protein
expression occurred without changes in Sirt1 mRNA levels, suggesting a posttranslational modification of SIRT1. Chalkiadaki et al demonstrated that HFD can
stimulate SIRT1 protein cleavage by caspase-1 activation, leading to the reduction in
SIRT1 deacetylation capacity (50). Caspase-1 is a downstream effector of the NLRP3
(NACHT, LRR and PYD domains-containing protein-3) inflammasome, a proinflammatory scaffolding complex that can activate the NF-κB-inducing cytokine IL-1β
(51). The inflammasome is activated in the liver by HFD and obesity (51, 52), and AMPK
activation by phosphorylation can attenuate this stimulation (51, 52). We found that
APO10LA ameliorated HFD-induced activation of caspase-1. Importantly, the APO10LAmediated reduction in caspase-1 activation was significantly associated with reduced
SIRT1 cleavage, and increased AMPK phosphorylation. Together, these findings
suggest that APO10LA can interrupt the vicious cycle of HFD-promoted up-regulation of
NF-κB p65 signaling, escalation in inflammasome function, and reduction in SIRT1
signaling, thus delivering protection against this induced hepatic tumorigenesis. Further
investigations with SIRT1 knockout mice are currently ongoing in our laboratory.
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Increased Akt activation in transformed cells of human liver tumors is a risk factor
for early disease recurrence (ie: tumor growth, progression, invasion and metastasis
promotion) (53). PI-3K/Akt signaling in human HepG2 hepatoma cells plays a key role in
basal cell proliferation that correlates with increased cyclin D1 (54), and in insulin growth
factor receptor-mediated DNA replication (54). Small molecules that abrogate Akt
phosphorylation in human HCC cell lines caused irreversible growth arrest and
apoptosis (55), indicating the importance of Akt-mediated signaling for the growth and
survival of transformed cells within liver tumors. In the present study, APO10LA
significantly reduced hepatic surface tumor volume by 65%. Analysis of liver tumor
regions revealed that this APO10LA-dependent tumor volume reduction was associated
with suppressed Akt phosphorylation, attenuated cyclin D1 gene and protein expression,
up-regulated p21 protein expression, and induced PARP protein cleavage, as compared
to HFD+DEN. These APO10LA-dependent modulations in biomarkers of cell
proliferation and apoptosis were supported by our in vitro results, thus providing a
potential mechanism by which APO10LA may reduce liver tumorigenesis. We, and
others also showed that APO10LA may function as a RA analog to transactivate RAREs
(25, 28), and induce RARβ expression in vitro (25, 28), therefore providing an alternative
mechanism by which APO10LA may inhibit proliferation and promote apoptosis of
transformed cells. Intriguingly, the chemical structure of APO10LA is also similar to
acyclic RA, which has recently been shown to inhibit cyclin D1 expression and prevent
hepatic fibrosis and HCC development (56).
Impaired glucose tolerance and insulin resistance are associated with human
NAFLD (57), NASH (58), and are risk factors that can mediate the effects of obesityinduced inflammation (6, 58). Park et al observed that obese mice bearing liver tumors
were glucose intolerant and hyperinsulinemic when compared to lean mice bearing liver
tumors (9). We asked whether tumor-bearing per se was associated with liver
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inflammation and glucose intolerance. The presence of liver tumors in our HFD-fed mice
was associated with increased hepatic inflammation, but HFD-feeding regardless of liver
tumor-bearing promoted glucose intolerance, as compared to the lean chow-fed
C57Bl/6J mice described by The Jackson Laboratory (43) and Park et al (9). Importantly,
APO10LA supplementation significantly reduced these pathologies (Table 3.3) without
altering global insulin resistance. NF-κB-signaling has been associated with glucose
intolerance (6, 58). HFD-fed mice lacking the NF-κB-activating kinase IκB kinase β (Ikkβ)
in hepatocytes retained liver insulin sensitivity, but developed insulin resistance in
muscle and fat (6, 58). HFD-fed mice lacking Ikkβ in myeloid cells, however, retained
global insulin responsiveness and were protected from obesity-induced insulin
resistance (6, 58). Subsequent research is required to investigate whether APO10LA
supplementation might be predominately altering NF-κB-signaling in myeloid cells.
Metastasis results in 90% of cancer-related fatalities, and extrahepatic
metastasis of HCC occurs primarily in lungs of humans and mice (9, 34-37). In this
study, APO10LA supplementation significantly decreased lung tumor incidence to less
than 5% of mice, as compared to 26% in HFD+DEN. This result supports our previous in
vivo findings in A/J mice that APO10LA is a potential chemopreventive agent against
lung tumorigenesis (25). DEN is a liver-specific pro-carcinogen in C57Bl/6 mice, and
previous histological studies observed pulmonary metastatic foci in mice bearing DENinduced liver cancer (9, 34-37, 59). Thus, it is possible that APO10LA can inhibit HCC
multiplicity, volume, as well as metastasis to the lungs. Previous studies demonstrated
that lycopene metabolites have anti-metastatic effects in human liver adenocarcinoma
SK-Hep-1 cells (26). Recently, we observed that APO10LA is effective at inhibiting
migration and invasion of both cancer and endothelial cells by suppressing actin
remodeling and ruffling/lamellipodia formation (Miao B and Wang XD, unpublished data),
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indicating anti-angiogenesis as a potential mechanism for APO10LA chemopreventive
properties.
Taken together, the present study provides the novel insight that APO10LA, a
metabolite generated by the BCO2 cleavage enzyme from the non-provitamin A
carotenoid lycopene, can inhibit HFD-induced liver inflammation and HFD-promoted liver
tumorigenesis, potentially through activating SIRT1-mediated signaling (Figure 3.8:
Schematics of results).
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Table 3.1: High fat diet composition for C57Bl/6J male mice fed for 24 weeks.
Ingredients:

g/kg diet

Casein

228.0

Lard

358.5

Ash

35.0

Moisture

<100.0

Maltodextrin

220.0

Corn Starch

0.0

Sucrose

140.2
(22% of dietary carbohydrates)

Vitamin mix

40.0

Mineral Mix

10.0

Choline Chloride

1.3

DL-Methionine

2.0

Total Carbohydrate
Total Protein
Total Fat
Total Fiber

360.2
(26.0% energy)
228.0
358.5
(59% energy)
0.0
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Table 3.2: Primers sequences for RT-PCR analysis of liver tissue

Genes:

Forward:

Reverse:

β-Actin

CTTTTCCAGCCTTCCTTCTTGG

CAGCACTGTGTTGGCATAGAGG

Cyclin D1

TCGTGGCCTCTAAGATGAAGGA

AAGCAGTTCCATTTGCAGCAG

Il-1β

AGCCAAGCTTCCTTGTGCAAGTGT

GCAGCCCTTCATCTTTTGGGGTCC

Il-6

GGATACCACTCCCAACAGACCT

GCCATTGCACAACTCTTTTCTC

p21

GGACAGCAGAGGAAGACCATGT

GGCGTTTGGAGTGGTAGAAATC

Tnfα

CAAACCACCAAGTGGAGGAG

CGGACTCCGCAAAGTCTAAG

Sirt1

GCTCGCCTTGCTGTAGACTT

TGTGACAGAGAGATGGCTGG
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Table 3.3: Primary outcomes1

Study Group:
HFD-DEN

HFD+DEN

HFD+DEN
+APO10LA

Animal Number (n)

8

26

26

Mortality (# of animals)

1†

2†a

2a

Incidence (%)

0‡

100†a

100a

Multiplicity (#)

0‡

14.6 ± 1.9†a

7.6 ± 1.0b

Volume (mm3)

0‡

306.2 ± 113.2†a

101.8 ± 33.9b

0‡

26†a

4b

Final Body Weight (g)

52.9 ± 1.4†

50.9 ± 0.6†a

50.5 ± 1.0a

Liver Weight (g)

4.9 ± 0.1†

4.8 ± 0.1†a

4.6 ± 0.1a

Hepatic Steatosis Score
[median (range)]

2 (1-2)†

2 (1-3)†a

2 (0-2)a

Liver Inflammatory Foci
(number/cm2)

0 ± 0‡

1.7 ± 0.5†a

0.6 ± 0.2b

ND

ND

0.3 ± 0.1

796.5 ± 64.5†

797.0 ± 36.5†a

600.0 ± 18.4b

Liver Tumor:

Lung Tumor Incidence (%)

Hepatic APO10LA
(pmol/g of liver)
Glucose Intolerance (AUC)2

1

Data shown are mean ± SEM unless otherwise indicated. Different letter or symbol superscripts
represent p≤0.05 for comparisons between HFD+DEN and HFD+DEN+APO10LA (letters) or
HFD+DEN and HFD-DEN (symbols). ND, not detected.
2
See Figure 3.4 for the graphical presentation of glucose tolerance test.
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Lycopene
LYCOPENE
Carotene-9',10'-oxygenase
Carotene-9’-10’-oxygenase
O
OH

APO-10'-LYCOPNEOIC
ACID
Apo-10’-Lycopenoic
Acid

O
OH

ACYCLIC
Acyclic RETINOIC
RetinoicACID
Acid

OH

ALL-TRANS
All-Trans RETINOIC
Retinoic ACID
Acid

O

Figure 3.1. Chemical structure of lycopene, APO10LA, acyclic retinoic acid and alltrans retinoic acid.
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Figure 3.2. Effects of APO10LA treatments in THLE-2 cells.
THLE-2 cells were plated and treated with indicated concentration of APO10LA for 2 or 3
days as described in Material and Methods. Protein expression in cell lysates were
analyzed by western blotting and β-Actin was used as loading control unless specified
otherwise. A, Cell proliferation. B, p21 protein level. C, PARP cleavage (PARP as
loading control). D, SIRT1 protein level. E, AMPKα (Thr172) phosphorylation (AMPKα as
loading control). Representative western blots of three independent experiments are
shown, and all treatments were performed in triplicates. For panels B-E, the data reflect
2-day APO10LA treatments. Data presented in different letter superscripts represent
p≤0.05. All fold changes normalized to APO10LA=0 µM.
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Figure 3.3. In vivo study design, gross and histopathology of liver tumors,
inflammation and lung tumor.
Panel A. In vivo study design. Panel B: Representative picture or light micrograph of
livers from HFD+DEN or HFD+DEN+APO10LA: B-i, livers from HFD+DEN with tumors
(arrow). B-ii, livers from HFD+DEN+APO10LA with tumors (arrow). B-iii, H&E stained
hepatic adenoma (arrow) at 25X. B-iv, H&E stained hepatic adenoma with inflammatory
cell infiltration (arrows) at 100X. B-v, H&E stained HCC at 25X. B-vi, H&E stained poorly
differentiated (discohesive, pleomorphic, anaplastic, giant) HCC at 400X. B-vii, H&E
stained hepatic inflammatory foci in the non-tumor region at 400X. B-viii, lung surface
tumors (arrows).
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Glucose Tolerance Test (GTT)
HFD-DEN

HFD+DEN

HFD+DEN+APO10LA

Blood Glucose (mg/dL)

450
400
350
300

250
200
150
100
0

30

60

90

120

Time Post Administration (mins)
Figure 3.4. Inhibition of carcinogen-initiated (DEN), HFD-promoted glucose
intolerance by APO10LA.
Glucose tolerance test was conducted on 6-8 mice/group and calculated for AUC.
APO10LA, apo-10’-lycopenoic acid; DEN, diethylnitrosamine; HFD, high-fat diet.
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Figure 3.5. Effects of APO10LA supplementation on hepatic pro-inflammatory
biomarkers.
In vivo study design as described in Figure 3. Protein expression in liver lysates (HFDDEN, n=6; HFD+DEN and HFD+DEN+APO10LA, n=22) were analyzed by western
blotting and β-Actin was used as loading control unless specified otherwise. Graphical
representation of fold changes in: A, TNFα. B, IL-6. C, NF-κB p65. D, active caspase-1.
E, STAT3 (Tyr705) phosphorylation (STAT3 as loading control). 1 representative
western blot per group is shown. Fold changes normalized to HFD+DEN. Values are
mean ± SEM. * and **Difference from HFD+DEN, p≤0.05 and ≤0.01, respectively.
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Figure 3.6. Modulations in hepatic SIRT1 expression and its deacetylation targets
as well as AMPKα phosphorylation by APO10LA.
Protein expression in liver
lysates
(HFD-DEN,
n=6;
HFD+DEN and
HFD+DEN+APO10LA, n=22) were analyzed by western blotting and β-Actin was used
as loading control unless specified otherwise. Graphical representation of fold changes
in: A, SIRT1. B, NF-κB p65 (Lys310) acetylation (NF-κB p65 as loading control). C,
FoxO1 acetylation (FoxO1 as loading control). D, cleaved SIRT1. E, AMPKα (Thr172)
phosphorylation (AMPKα as loading control). 1 representative western blot per group is
shown. Fold changes normalized to HFD+DEN. Values are mean ± SEM. * Difference
from HFD+DEN, p≤0.05.
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Figure 3.7. Effects of APO10LA on biomarkers involved in cell proliferation and
apoptosis in liver tumors.
mRNA from liver tumors (n=10-12 per group) were analyzed by RT-PCR. Protein
expression in liver tumor lysates (n=10-12 per group) were analyzed by western blotting
and β-Actin was used as loading control unless specified otherwise. Graphical
representation of fold changes in: A, Akt (Ser473) phosphorylation (total Akt as loading
control). B, cyclin D1 mRNA. C, cyclin D1 protein expression. D, p21 protein expression.
E, PARP cleavage (PARP as loading control). 1 representative western blot per group is
shown. Fold changes normalized to HFD+DEN. Values are mean ± SEM. * and
**Difference from HFD+DEN, p≤0.05 and ≤0.01, respectively.
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Figure 3.8: Schematics of results
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Chapter IV: Lycopene and apo-10’-lycopenoic acid have differential mechanism of
protection against hepatic steatosis in beta-carotene-9’,10’-oxygenase knockout
male mice
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Abstract

Non-alcoholic fatty liver disease is positively associated obesity and cardiovascular
disease risk. Apo-10’-lycopenoic acid (APO10LA), generated endogenously by betacarotene-9’,10’-oxygenase (BCO2) cleavage of lycopene, inhibited hepatic steatosis in
BCO2-expressing wild-type mice. We examined whether BCO2 is essential for lycopene
and APO10LA biological effects. Six-week-old BCO2-knockout (BCO2-KO) male and
female mice were fed a high-saturated-fat diet (HFD) with or without APO10LA (10
mg/kg diet) or lycopene (100 mg/kg diet) for twelve weeks. Lycopene or APO10LA
inhibited hepatic steatosis (78% vs 72%, respectively) in BCO2-KO males. Females did
not develop steatosis, had greater hepatic cholesterol and differential lipid metabolism,
but lower plasma triglyceride and cholesterol than males. APO10LA-mitigated steatosis
in males was associated with reduced hepatic cholesterol and activated sirtuin 1
signaling, which resulted in reduced fatty acids (FA) and triglyceride synthesis markers,
and elevated cholesterol efflux genes. These APO10LA-mediated effects were not
mimicked by lycopene-supplementation. Intriguingly, steatosis-inhibition by lycopene
induced PPARα and PPARγ-related genes that increases mitochondrial uncoupling, FA
β-oxidation and uptake in mesenteric adipose tissue (MAT). Expression of ten MAT
PPAR-related genes were inversely correlated with steatosis score, suggesting that
lycopene reduced steatosis by increasing MAT FA utilization. Collectively, our data
suggest that lycopene and APO10LA inhibit HFD-induced steatosis in BCO2-KO male
mice through differential mechanisms. Sex disparity of BCO2-KO was observed in the
outcomes of HFD-induced liver steatosis, weight gain, and plasma lipids.

117
4.2

Introduction
Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease that is

observed in 75-100% of overweight and obese adults and children (1). NAFLD describes
a series of related disorders that can progress in stages from simple steatosis to fibrosis
and cirrhosis (2). Patients with NAFLD are often associated with metabolic syndrome
including insulin resistance and hypertriglyceridemia, as well as with increased
cardiovascular disease (CVD) and related risk factors (3), which include an atherogenic
lipid profile [high in serum TG and LDL cholesterol; low in HDL cholesterol (HDL-C)] and
systemic inflammation (4, 5). Liver has the capacity for de novo lipogenesis (DNL) and
secretion of lipoprotein particles. Liver dysfunction can modify risk factors of CVD (3, 4).
In the light of the current obesity epidemic and increasing prevalence of NAFLD, the
prevention of NAFLD-associated metabolic disorders through dietary means represents
an important strategy.
Observational data indicates that the intake of lycopene-rich foods is inversely
associated with CVD risk (6, 7), as well as CVD risk indicators, such as dyslipidemia and
systemic inflammation (6, 7). In vivo and in vitro studies have suggested multi-faceted
mechanisms linking lycopene to NAFLD (8-10); serving as an antioxidant, modulating
cholesterol metabolism, and inhibiting inflammation (8-10). Of note, NAFLD patients
have significantly reduced plasma lycopene concentration (11), suggesting a potential
interactions between low lycopene status and CVD risk.
We and others have demonstrated that the enzyme beta-carotene 9’,10’oxygenase (BCO2) plays a critical role in the endogenous metabolism of non-provitamin
A carotenoids including lycopene (12, 13). BCO2 metabolizes lycopene through
asymmetric cleavage at the 9’,10’ double bond, and generates metabolites, which
included apo-10’-lycopenal, apo-10’-lycopenol and apo-10’-lycopenoic acid (APO10LA;
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chemical structure in Supplemental Figure S1) (12, 13). Evidence suggests that these
metabolites may exhibit more important biological roles than lycopene itself (9, 14, 15),
and BCO2 ablation in mice altered lycopene metabolism (16, 17). In particular,
APO10LA supplementation was effective in inhibiting hepatic steatosis in geneticallyinduced obese (ob/ob) mice (15), as well as attenuating high saturated fat diet (HFD)induced liver inflammation, and tumor number and volume in C57Bl/6J mice (18). An
important question remains as to whether the biological activity of lycopene could be
different from its metabolite APO10LA, in the absent of BCO2 expression. This
information is critically needed because nineteen SNPs of BCO2 have been found in
humans (19), and BCO2 gene variants can account for the differential expression and
activity of the BCO2 enzyme among individuals. BCO2 SNPs have been associated with
increased circulatory pro-inflammatory IL-18 expression (19), as well as with decreased
HDL-C concentrations (19), suggesting a gene-diet interaction between the BCO2
enzyme and dietary lycopene on human health outcomes. We hypothesize that the
biological effects of lycopene would be different from APO10LA the absence of BCO2
enzyme expression.
Utilizing a murine model that lacks BCO2 protein expression, we investigated the
separate effects of lycopene or APO10LA supplementation on HFD-induced hepatic
steatosis, and determine the underlying mechanisms thereof.
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4.3

Materials and Methods

4.3.1

Study Design

The animal study protocol was approved by the Institutional Animal Care and Use
Committee at the Jean Mayer-USDA Human Nutrition Research Center on Aging at
Tufts University. BCO2-KO mice with BCO2 protein ablation were generated as
previously described (20). The schematic for the study design is shown in Figure 1A.
Study mice were acclimated to the standard laboratory chow (Harlan Laboratories, MA,
USA), maintained on a 12-hour light/dark cycle in a controlled temperature and humidity
room, and given water ad libitum. Six-week-old male and female BCO2-KO mice were
randomized to four different diets: 1) an obesogenic high saturated fat diet (HFD; BioServ, NJ, USA; information cited in (21)), in which 60% of energy is lard derived; 2) HFD
supplemented with APO10LA (HFD+APO10LA; 10mg/kg diet); 3) HFD supplemented
with lycopene placebo beadlet (HFD+LyP; 1000mg beadlet/kg diet); 4) HFD
supplemented with lycopene (HFD+Ly; 100 mg lycopene/kg diet) for 12 weeks. We
included both male and female mice in our study because there are no previous
published studies to our knowledge that examined the biological effects of APO10LA in
BCO2-KO mice. All study mice were given fresh diets every 2-3 days, and maintained on
their respective diets until the experiment was completed. Mice were weighed weekly,
and euthanized at 18 weeks of age by exsanguinations under deep isoflurane (Isothesia,
Butler Schein, Dublin OH, USA) anesthesia without food deprivation.

4.3.2

Dietary supplementation

The APO10LA used in this study was provided by Dr. Hansgeorg Ernst (BASF,
Ludwigshafen, Germany) with 99% purity. The lycopene-supplement was in the form of
a 10% lycopene beadlet (BASF, Ludwigshafen, Germany). APO10LA, lycopene or
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placebo beadlet without lycopene was incorporated directly into the HFD to achieve a
homogenous diet mixture. Diets with supplementation were made every 2-4 weeks, and
were kept at -20oC (up to 4 weeks) or 4oC (< 1 week) inside opaque boxes to avoid
degradation of supplement. We selected the same APO10LA dosage (10 mg/kg diet) as
our published study (18), where APO10LA supplementation for 24-weeks reduced HFDpromoted hepatic inflammation in C57Bl/6J male mice. A/J mice supplemented with the
same APO10LA dose for 14 weeks had a plasma APO10LA concentration of ~1.0
nmol/L (14). This plasma concentration is comparable to the sum of apo-lycopenals (1.9
nmol/L) found in human plasma of individuals who had consumed tomato juice (with
21.8 mg lycopene/day) for 8 weeks (22). Based on the assumption that BCO2-KO mice
have similar carotenoid absorption as other strains of mice on a vitamin-supplemented
semi-purified diet (~1/10 of human absorption) (14, 15, 23), our lycopene supplemented
dose (100 mg/kg diet) is approximately equivalent to 8.1 mg lycopene/day in a 60 kg
adult man (24, 25). The average human dietary lycopene was ~8 mg/day (26, 27). In
addition, our laboratory (B.C. Ip et al, unpublished data) showed that BCO2-KO mice
supplemented with the identical lycopene dose for 24-weeks had a mean hepatic
lycopene concentration that were within ranges for humans (0.1-20.7 nmol/g tissue) (28).

4.3.3

Liver and adipose tissue processing

Whole livers were removed from study mice post-euthanization, and washed with saline.
Liver weights were recorded after removal of the intact gallbladder. The right lobe of
mouse liver was removed, fixed in 10% buffered formalin solution (Thermo Fisher
Scientific, USA), and embedded in paraffin for serial sectioning and histological analysis.
The remaining sections of liver were divided into smaller portions, snap-frozen in liquid
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nitrogen and stored at -80oC. Mesenteric adipose tissue (MAT) was removed, snapfrozen in liquid nitrogen and stored at -80oC for further processing.

4.3.4

Histopathological evaluation

Five μm sections of formalin-fixed, paraffin-embedded liver tissue were processed and
stained with hematoxylin (H) and eosin (E). Two independent investigators blinded to
treatment groups evaluated the liver sections under light microscopy for steatosis
magnitude and inflammation severity as described previously (18), in 20 random fields at
100x magnification per sample. Briefly, the degree of steatosis was graded 0-4 (grading
0 =<5%, 1 = 5–25%, 2 = 26–50%, 3 = 51–75%, 4 >75%), based on the average percent
of fat-accumulated hepatocytes per field. Hepatic steatosis incidence was evaluated by
the % of mice in each group with steatosis grading > 0. Inflammatory foci were evaluated
by the number of inflammatory-cell clusters, which mainly constitute mononuclear
inflammatory cells as described previously (18). Hepatic inflammatory foci incidence was
evaluated by the % of mice in each group with one or more liver inflammatory foci. Five
μm sections of formalin-fixed, paraffin-embedded liver tissue were processed and
stained with hematoxylin and eosin (H&E). Two independent investigators blinded to
treatment groups evaluated the liver sections under light microscopy for steatosis
magnitude and inflammation severity as described previously (18), in 20 random fields at
100x magnification per sample. Briefly, the degree of steatosis was graded 0-4 (grading
0 =<5%, 1 = 5–25%, 2 = 26–50%, 3 = 51–75%, 4 >75%), based on the average percent
of fat-accumulated hepatocytes per field. Hepatic steatosis incidence was evaluated by
the % of mice in each group with steatosis grading > 0. Inflammatory foci were evaluated
by the number of inflammatory-cell clusters, which mainly constituted mononuclear
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inflammatory cells as described previously (18). Hepatic inflammatory foci incidence was
evaluated by the % of mice in each group with one or more liver inflammatory foci.

4.3.5

Hepatic cholesterol contents

Liver lipids were extracted as previously described (29). Hepatic total and free
cholesterol (TC and FC respectively) contents were analyzed by gas chromatography,
as described previously (29). Cholesterol was quantified relative to the internal standard
by determining peak areas calibrated against known amounts of standard. Cholesteryl
ester (CE) was computed as the difference between TC and FC (29). Hepatic
cholesterol was corrected for the wet liver weight used in the analysis, and was
expressed as mg/g wet liver weight.

4.3.6

Plasma lipid and lipoprotein profile

Blood from cardiac puncture was collected into EDTA-coated tubes and plasma was
separated from red blood cells by centrifugation at 1500 × g for 20 min at 4°C. Plasma
total cholesterol (TC), high-density lipoprotein cholesterol, and TG concentrations were
determined on a Cobas Mira automated analyzer using enzymatic reagents (Roche
Diagnostics). Non-HDL-C (nHDL-C) was calculated as the difference between TC and
HDL-C.

4.3.7

RNA extraction and quantitative Real-Time PCR (qRT-PCR)

Trizol reagent (Invitrogen, USA) was used to extract total RNA from frozen liver and
mesenteric adipose tissue, as previously described (18). cDNA for was synthesized from
the RNA samples using M-MLV reverse transcriptase (Invitrogen) and an automated
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thermal cycler PTC-200 (MJ Research, USA). FastStart Universal SYBR Green Master
(ROX) (Roche, USA) was used to perform qRT-PCR, and the relative gene expression
was determined using the 2-∆∆CT method. Primer sequences are listed in Table 4.2.

4.3.8

Protein isolation and western blotting

Liver tissue was treated with lysis buffer to extract tissue protein lysates as described
previously (18). Coomassie Plus protein quantification method (Thermo Fisher Scientific)
was used to measure the protein concentration of the supernatant. Equal amounts of
protein (50-100 µg) of each sample were boiled in reducing Laemmli sample buffer and
resolved by 8-12% SDS-PAGE for western blotting analysis. Proteins were subsequently
transferred onto Immobilon-P membranes (Millipore, MA, USA), blocked with 5% non-fat
milk in TBST buffer, and incubated with selected primary antibody. The following
antibodies were used for western blotting: acetyl-CoA carboxylase (ACC), AMPactivated protein kinase (AMPK)α, phosphorylated-ACC (Ser79), phosphorylatedAMPKα (Thr172), stearoyl-CoA desaturase (SCD1) (Cell Signaling, MA, USA),
interleukin (IL)-6 (R&D, MN, USA), acetylated-Foxhead box protein O (FoxO)1, FoxO1,
heme-oxygenase (HO)-1, SIRT1 (Santa Cruz, TX, USA). Horseradish peroxidaseconjugated secondary antibody (Bio-Rad, CA, USA) was used to detect specific
proteins, and the specific bands were visualized by a SuperSignal West Pico
Chemiluminescent Substrate Kit (Pierce, IL, USA) according to the manufacturer's
instructions. β-Actin protein was used for loading normalization of some proteins unless
specified otherwise, which was detected by an anti-actin antibody (Sigma-Aldrich). GS710 Calibrated Imaging Densitometer (Bio-Rad) was used to quantify the intensities of
protein bands.
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4.3.9

Statistical analysis

SAS 9.3 software was used to perform the statistical analysis. Two-way ANOVA was
used to examine the overall, diet, sex, or diet*sex interaction effects on study outcomes
modified by APO10LA or lycopene supplementation. Student’s t-test and chi-square test
were used to examine the differences between the following comparisons: 1) HFD and
HFD+APO10LA; 2) HFD+LyP and HFD+Ly. Spearman’s rank correlation was used to
perform nonparametric measures of statistical dependence between two variables.
Statistical significance is p=0.05.
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4.4

Results

4.4.1

APO10LA and lycopene supplementation ameliorated HFD-induced hepatic

steatosis incidence in BCO2-KO male mice without altering body/liver weights
Final mean body and liver weights did not differ significantly between supplemented and
non-supplemented BCO2-KO mice (Table 4.3 and 4.4). Male mice weighed significantly
more than female mice at the start and end of the experiment (Table 4.3 and 4.4).
APO10LA and lycopene supplementation significantly decreased HFD-induced liver
steatosis incidence and score in male mice (Table 4.3 and 4.4; Figure 4.2B). Female
mice fed HFD for 18 weeks did not develop steatosis, and APO10LA or lycopene
supplementation did not alter these steatosis outcomes (Table 4.3 and 4.4). APO10LA,
but not lycopene supplementation, significantly reduced plasma TG, hepatic FC and CE
content in both male and female mice (Table 4.3 and 4.4). Both hepatic FC and TC were
correlated with steatosis score (R2=0.33, p=0.03; R2=0.35, p=0.02, respectively). Female
mice had significantly greater hepatic TC and CE than males, but FC was not different
between males and females (Table 4.3 and 4.4). Female mice had less weight gain,
plasma TG, TC and non-HDL-C than males (Table 4.3 and 4.4). Female mice had lower
plasma TG than males only within the HFD and HFD+APO10LA groups (Table 4.3).
These results suggest that lycopene and APO10LA had biological effects in the absence
of BCO2. Sex disparity exists on diet-induced hepatic steatosis and lipid metabolism in
BCO2-KO mice.

4.4.2

APO10LA supplementation decreased HFD-induced hepatic inflammation in

BCO2-KO male mice, but not lycopene supplementation
APO10LA, but not lycopene supplementation significantly reduced hepatic inflammatory
foci incidence in male but not female BCO2-KO mice (Table 4.3). This APO10LA-
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mediated inflammation suppression in male mice was associated with reduced hepatic
IL-6 protein (94%; p=0.06; Figure 4.3A), as well as with elevated anti-inflammatory HO-1
protein (74%; Figure 4.3B) expression in both male and female mice. The effect of
APO10LA or lycopene on the expression of these hepatic biomarkers was similar in
female and male mice.

APO10LA supplementation increased hepatic SIRT1 protein, deacetylation of FoxO1,
and AMPKα phosphorylation
APO10LA, but not lycopene supplementation significantly increased hepatic SIRT1
protein expression (58%; Figure 4.3C), and induced the deacetylation of SIRT1 direct
target FoxO1 (33%; Figure 4.3D) in both male and female mice, as compared to HFD.
These observations were associated with the significant increase in AMPKα
phosphorylation (Thr172; 67%; Figure 4.3E), and decreased SIRT1 protein cleavage
(64%; Figure 4.3F). Hepatic SIRT1 protein cleavage was inversely correlated with SIRT1
protein (R2=-0.50; p=0.001) and HO-1 protein (R2=-0.59; p<0.001) in HFD and
HFD+APO10LA mice but not in HFD+Ly and HFD+LyP mice. These data suggest that
APO10LA mitigated HFD-induced steatosis through activating SIRT1 signaling.

4.4.3

APO10LA-induced hepatic SIRT1 signaling activation was associated with

decreased lipogenic biomarkers expression, and with up-regulated cholesterol efflux
genes
Supplementation

of

APO10LA,

but

not

lycopene,

significantly

reduced

expression/activation of proteins involved in hepatic lipogenesis, which included the
inhibition of ACC by phosphorylation (Ser79; 79%; Figure 4.3G), reduced SCD1 protein
expression (71%; Figure 4.3H) and decreased Scd1 gene expression (40%; Figure
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4.4A). Hepatic Scd1 gene expression was significantly correlated with SCD1 protein
(R2=0.64; p=0.003), SIRT1 protein (R2=-0.31; p=0.044), as well as with hepatic steatosis
score

(R2=0.45;

p=0.002)

in

HFD

and

HFD+APO10LA

mice.

Hepatic

ACC

phosphorylation was significantly correlated with SIRT1 protein expression (R2=0.43;
p<0.001) in all mice. APO10LA also significantly increased hepatic cholesterol efflux
gene ATP-binding cassette transporter (Abc)g5/8 expression (11%; Figure 4.4A) and
bile synthesis gene cytochrome P450 family (Cyp)7a1 expression (65%; Figure 4.4A),
and had no significant effect on Abcb11 or Cyp8b1 gene expression (Figure 4.4A). In
addition, hepatic SIRT1 protein expression was significantly correlated with Abcg5/8
gene expression in all mice (R2=0.32; p=0.005). The effect of APO10LA or lycopene on
the expression of these hepatic biomarkers was similar in female and male mice.
APO10LA or lycopene supplementation did not alter other genes involved in hepatic
cholesterol metabolism [Abca1, Abcg1, apolipoprotein A1 (ApoA1), and ApoB; data not
shown]. Female mice expressed lower Abca1, ApoA1 and ApoB but greater Abcg1 gene
than males (Figure 4.4B). These data suggest that APO10LA reduced hepatic steatosis
and cholesterol through inhibiting fatty acids (FA) synthesis, promoting FA β-oxidation
and cholesterol efflux. Female BCO2-KO mice exhibited differential hepatic cholesterol
metabolism as compared to male mice.

4.4.4

Lycopene up-regulated PPARα-inducible genes in mesenteric adipose but not in

hepatic tissue, in both male and female mice
PPARα is a transcription factor involved in lipid metabolism including FA β-oxidation, FA
uptake, and lipolysis (30). We observed that lycopene supplementation in BCO2-KO
mice, but not APO10LA, significantly induced PPARα gene (53%; Figure 4.4C), as well
as PPARα-inducible genes including very-long chain acyl-CoA dehydrogenase (Acad-
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VL; 38%; Figure 4.4C), fatty acid transport protein 4 (Fatp4; 29%; Figure 4.4C) and Lpl
(43%; Figure 4.4C) in BCO2-KO mice. Similar trends were observed in other PPARαassociated genes [including medium-chain Acad (Acad-M), acyl-CoA oxidase 1 (Acox1),
Cd36, Fatp1, hormone sensitive lipase (Hsl), monoacylglycerol lipase (Mgll), patatin-like
phospholipase domain containing 2 (Pnpla2); data not shown] in MAT. APO10LA or
lycopene effects on these MAT biomarkers were similar in female and male mice. In
addition, PPARα gene expression in MAT was significantly correlated with a number of
PPARα-inducible genes (Table 4.5). Lycopene-induced Acad-M and Pnpla2 gene
expression were inversely correlated with hepatic steatosis score (R2=-0.31, p=0.018;
R2=-0.23, p=0.070, respectively). APO10LA or lycopene supplementation had no effects
on hepatic PPARα-associated genes (Acad-M, Cd36, Cpt, Fatp2, Fatp5, PPARα) in
BCO2-KO mice (data not shown). These data suggest that PPARα-associated genes
induction by lycopene was tissue specific in the absence of BCO2.

4.4.5

Lycopene-mitigated steatosis in male mice was associated elevated expression

of PPARγ-associated genes in mesenteric adipose tissue
Activation of the transcription factor PPARγ has been shown to promote mitochondrial
uncoupling and FA utilizing genes expression (30). APO10LA or lycopene effects on the
following MAT biomarkers were similar in female and male mice. Lycopene, but not
APO10LA supplementation significantly increased MAT expression of PPARγassociated genes including cell death-inducing DFFA-like effector a (Cidea; 55%; Figure
4.4D), diglyceride acyltransferase 1 (Dgat1; 45%; Figure 4.4D), PR domain containing
16 (Prdm16; 47%; Figure 4.4D) and Ucp3 (55%; Figure 4.4D) in BCO2-KO mice. Similar
trends were observed in other PPARγ-associated genes [including Cd36, cytochrome c
(Cysc), phosphoenolpyruvate carboxykinase (Pck1), PPARγ, PPARγ coactivator 1α
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(Pgc1α), solute carrier family 2 type 4 (Slc2a4), Ucp1; data not shown] in MAT.
Lycopene-induced Cysc, Dgat1, Pgc1α, PPARγ, Prdm16, Slc2a4, Ucp1 and Ucp3 gene
expression were inversely correlated with hepatic steatosis score (R2=-0.46, -0.24, 0.48, -0.42, -0.55, -0.35, -0.26 and -0.55, respectively; p=0.001, 0.056, 0.007, 0.001,
0.001, 0.011, 0.029 and 0.035 respectively). PPARy gene and PPARγ-associated genes
were significantly correlated with each other (Table 4.6). These data suggest that
lycopene induced MAT PPARγ-associated genes in the absence of BCO2, and inhibited
steatosis by up-regulating MAT FA utilization.
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4.5

Discussion
The novel findings of the present work are that supplementation with either

lycopene or its metabolite, APO10LA, inhibited high saturated fat-induced hepatic
steatosis

incidence

and

degree

in

BCO2-KO

male

mice.

Dietary

lycopene

supplementation exhibited protective effects against steatosis despite the absence of
BCO2 enzyme expression, suggesting that the parent lycopene may exhibit biological
functions. In addition, the biochemical and molecular analysis of liver and MAT suggests
that the beneficial effects of lycopene and APO10LA in the BCO2-KO mouse result from
different mechanisms. BCO2-KO mice elevated lycopene accumulation in tissue and
serum as compared to wild-type mice (16, 17). However, in contrast to previous findings
(31), a recent study showed that lycopene was metabolized to acyclo-retinal by purified
recombinant human beta-carotene-15,15’-oxygenase (BCO1) (32), and in an earlier
study by recombinant murine BCO1 (33). Further investigations with BCO1/BCO2
double KO mice are currently ongoing in our laboratory to examine if lycopene-mediated
functions are the effects of lycopene metabolites generated by BCO1 cleavage.
In the present study, APO10LA-mitigated steatosis and inflammation in BCO2KO male mice coincided with induced SIRT1 protein, deacetylation of SIRT1 direct
downstream target, FoxO1, as well as with reduced SIRT1 protein cleavage. These
results suggest that APO10LA modulated SIRT1 protein in a post-translational manner,
which is similar to our previous findings (18). APO10LA-mediated steatosis reduction
and SIRT1-signaling activation in BCO2-KO mice were associated with decreased
lipogenic SCD1 gene and protein, as well as with increased AMPK activation and ACC
phosphorylation. Importantly, Scd1 gene expression in APO10LA-supplemented BCO2KO mice correlated with hepatic steatosis score, and negatively correlated with SIRT1
protein. SIRT1-signaling activation protected mice from HFD-induced steatosis and
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inflammation by inhibiting FA biosynthesis and promoting FA β-oxidation (34, 35),
through inhibiting Scd gene induction (36) and activating AMPK (37). AMPK is an
enzyme that inhibits ACC by phosphorylation to the inactive form of the enzyme (38).
Hepatic ACC activation promotes FA biosynthesis and steatosis, while inhibits FA βoxidation (36-38). Therefore, these data suggest that APO10LA reduced steatosis
through SIRT1-signaling activation. Moreover, the APO10LA biological effects in the
present study are in agreement with our previous findings using mouse strains with
BCO2 expression (15, 18), indicating that APO10LA may not be further metabolized by
BCO2 enzyme, despite the presence of a 9’,10’ double bond in its structure.
Hepatic FC accumulation was shown to sensitize rats to cytokine-mediated
steatohepatitis (39). In the present study, the decreased hepatic FC in APO10LA-fed
BCO2-KO male mice coincided with reduced hepatic inflammation and IL-6 expression
(p=0.06), and elevated HO-1 expression. APO10LA also induced hepatic cholesterol
efflux and bile synthesis genes, without altering other genes involved in hepatic
cholesterol metabolism. APO10LA supplementation stimulated HO-1 in lungs of A/J
mice (14). The SIRT1-activator resveratrol induced hepatic HO-1(40), cholesterol efflux
and bile synthesis genes (41). In contrast, hepatocyte-specific deletion of SIRT1 in mice
suppressed hepatic Cyp7a1 and promoted hepatic cholesterol accumulation, steatosis
and inflammation (35). Notably, APO10LA-induced hepatic Abcg5/8 in the present study
was correlated with SIRT1 protein. Abcg5/8 and Cyp7a1 are also targets the
transcription factor farnesoid X receptor (FXR) (42), but APO10LA did not modulated two
other FXR-modifiable genes, Abcb11 and Cyp8b1. Therefore, these results suggest that
APO10LA modulated Abcg5/8 and Cyp7a1 genes through SIRT1-activation.
In the present study, lycopene protected BCO2-KO male mice against HFDinduced hepatic steatosis despite the absence of hepatic SIRT1-signaling modulations.
Lycopene

can

accumulate

in

adipose

tissue

(10),

and

modulate

adipose
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lipid/inflammation-associated signaling cascades (43, 44). Evidence showed the portal
vein directly connects the liver with the visceral MAT (45, 46), and visceral fat content is
highly correlated with the degree of liver steatosis in humans (47, 48). In the present
study, the lycopene-reduction in steatosis was associated and inversely correlated with
induced PPARα- and PPARγ-associated genes in MAT. PPARα activation can result in
the net effect of reducing FA for synthesis and secretion from cells (49). PPARγactivation in adipose tissue increases adipocyte differentiation, FA sequestration, and FA
utilization (50, 51). Therefore lycopene-mediated up-regulation in MAT PPARα and
PPARγ-associated genes may have promoted FA utilization, and subsequently reduced
lipid delivery from MAT to the liver. Lycopene-modulations in PPAR-associated signaling
were observed in the adrenal, liver and kidney of rodents in previous studies (17, 52,
53). However, the present study showed that lycopene in BCO2-KO mice only modified
PPARα-associated genes in MAT and not in the liver. Future research is needed to
examine whether BCO2 expression can modify tissue specificity of lycopenemodulations in PPARα-associated signaling. In addition, it should be noted that lycopene
effects on PPARα- and PPARγ-mediated signaling were relatively modest, thus this
might explain why lycopene did not reduce final BW.
In the present study, HFD-feeding induced hepatic steatosis in male but not in
female BCO2-KO mice. BCO2-KO females gained less BW and exhibited differential
hepatic lipid metabolism as compared to males. NAFLD patients are more likely to be
males and postmenopausal women (54), and the difference in NAFLD prevalence may
be attributed to the putative protective effects of estrogen. Estrogen treatment inhibited
hepatic lipid storage in estrogen-deficient mice (55, 56), and decreased BW in HFD-fed
C57Bl/6J female mice (57). Therefore, the sex disparity on HFD-induced steatosis and
BW in the present study may be the difference in circulatory estrogen between male and
female BCO2-KO mice. Elevated Abcg1 gene in BCO2-KO females as compared to
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males may also protect females from hepatic lipid accumulation, as targeted disruption
of Abcg1 in mice resulted in accumulation of neutral and phospholipid in hepatocytes
(58).
Female BCO2-KO mice in the present study had greater hepatic TC and CE,
lower plasma TG, TC, and non-HDL-C, but no effects on HDL-C as compared to male
mice. These observations in BCO2-KO females were associated with lower Abca1,
ApoA1, and ApoB gene, but greater Abcg1 gene expression than male mice. ApoB is
required for the assembly and secretion of intestinal and hepatic apolipoproteins that
transport CE and TG (59). Therapeutic inhibition of ApoB synthesis reduced plasma TC
and TG in humans (59). Therefore, it is plausible that the reduced ApoB expression in
BCO2-KO females as compared to males may contribute to the sex disparity in plasma
lipids. Hepatic cholesterol efflux to HDL requires ABCG1, whereas efflux to the HDL
precursor ApoA1 requires ABCA1 (58). Since female BCO2-KO mice had elevated
Abcg1 but reduced Abca1 and ApoA1 gene as compared to males, these results may
explain why male and female BCO2-KO mice had similar HDL-C.
Taken together, the results from the present study suggested that both lycopene
and APO10LA supplementation were effective in reducing high saturated fat-induced
liver steatosis in mice where BCO2 expression was absent. APO10LA-mediated ability
to prevent hepatic steatosis and inflammation in male mice was associated with SIRT1signaling activation in the liver, whereas lycopene-mediated ability to prevent hepatic
steatosis was associated with modulations in MAT lipid metabolism. Female BCO2-KO
mice were less prone to HFD-induced liver steatosis, weight gain, elevated plasma TG
and TC than male mice.
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Table 4.1: HFD composition.
Ingredients:

g/kg diet

Casein

228.0

Lard

358.5

Ash

35.0

Moisture

<100.0

Maltodextrin

220.0

Corn Starch

0.0

Sucrose

140.2
(22% of dietary carbohydrates)

Vitamin mix

40.0

Mineral Mix

10.0

Choline Chloride

1.3

DL-Methionine

2.0

Total Carbohydrate
Total Protein
Total Fat
Total Fiber

360.2
(26.0% energy)
228.0
358.5
(59% energy)
0.0
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Table 4.2: Primers sequences for RT-PCR analysis of liver and mesenteric adipose
tissue from BCO2-KO mice
Genes:

Forward:

Reverse:

Abcb11

TCTGACTCAGTGATTCTTCGCA

CCCATAAACATCAGCCAGTTGT

Abcg5

AGGGCCTCACATCAACAGAG

GCTGACGCTGTAGGACACAT

Abcg8

CTGTGGAATGGGACTGTACTTC

GTTGGACTGACCACTGTAGGT

Acad-M

AGGGTTTAGTTTTGAGTTGACGG

CCCCGCTTTTGTCATATTCCG

Acad-VL

CTACTGTGCTTCAGGGACAAC

CAAAGGACTTCGATTCTGCCC

Acox1

TAACTTCCTCACTCGAAGCCA

AGTTCCATGACCCATCTCTGTC

β-Actin

CTTTTCCAGCCTTCCTTCTTGG

CAGCACTGTGTTGGCATAGAGG

Cd36

GCGACATGATTAATGGCACA

CCTGCAAATGTCAGAGGAAA

Cidea

TGACATTCATGGGATTGCAGAC

GGCCAGTTGTGATGACTAAGAC

Cyp7a1

GGGATTGCTGTGGTAGTGAGC

GGTATGGAATCAACCCGTTGTC

Cyp8b1

CCTCTGGACAAGGGTTTTGTG

GCACCGTGAAGACATCCCC

Cysc

CCAAATCTCCACGGTCTGTTC

ATCAGGGTATCCTCTCCCCAG

Dgat

TCCGTCCAGGGTGGTAGTG

TGAACAAAGAATCTTGCAGACGA

Fatp1

CGCTTTCTGCGTATCGTCTG

GATGCACGGGATCGTGTCT

Fatp4

ACTGTTCTCCAAGCTAGTGCT

GATGAAGACCCGGATGAAACG

Hsl

CCAGCCTGAGGGCTTACTG

CTCCATTGACTGTGACATCTCG

Lpl

GGGAGTTTGGCTCCAGAGTTT

TGTGTCTTCAGGGGTCCTTAG

Mgll

CGGACTTCCAAGTTTTTGTCAGA

GCAGCCACTAGGATGGAGATG

Pck1

CTGCATAACGGTCTGGACTTC

CAGCAACTGCCCGTACTCC

Pgc1α

TATGGAGTGACATAGAGTGTGCT

CCACTTCAATCCACCCAGAAAG

Pnpla2

GGATGGCGGCATTTCAGACA

CAAAGGGTTGGGTTGGTTCAG

PPARα

GTACCACTACGGAGTTCACGCA

CATTGTGTGACATCCCGACAG

PPARγ

GGATAAAGCATCAGGCTTCCAC

AACCTGATGGCATTGTGAGACA

Prdm16

CCACCAGCGAGGACTTCAC

GGAGGACTCTCGTAGCTCGAA

Slc2a4

GTGACTGGAACACTGGTCCTA

CCAGCCACGTTGCATTGTAG

Scd

CCGGAGACCCCTTAGATCGA

TAGCCTGTAAAAGATTTCTGCAAACC

Ucp1

AGGCTTCCAGTACCATTAGGT

CTGAGTGAGGCAAAGCTGATTT

Ucp3

CTGCACCGCCAGATGAGTTT

ATCATGGCTTGAAATCGGACC
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Table 4.3. Primary outcomes of BCO2-KO mice fed a HFD with or without
APO10LA supplementation for 12 weeks.1
Study Groups
Males
HFD

HFD+
APO10LA

HFD

HFD+
APO10LA

10

12

10

12

Liver Weight
(g)

1.02
±0.03

1.02
±0.03

0.92
±0.04

Initial Body
Weight (g)

19.64
±0.55

19.51
±1.46

Final Body
Weight (g)

36.94
±1.62

Body Weight
gain (g)
Hepatic
Steatosis
Incidence (%)

Animal (n)

Hepatic
Steatosis Score
[median(range)]
Hepatic
Inflammatory
Foci Incidence
(% of mice)

Two-way ANOVA
or Chi-square test

Females
Overall

Diet*Sex

Diet

Sex

0.97
±0.02

0.01

0.92

0.8

<0.01

16.34
±0.50

16.20
±0.31

<0.01

0.95

0.80

<0.01

36.28
±0.93

26.68
±1.37

27.35
±0.94

<0.01

0.59

0.99

<0.01

17.34
±1.39

16.76
±0.87

10.34
±1.34

11.15
±0.73

<0.01

0.52

0.91

<0.01

90

25*

0

0

0.09

<0.01

1 (0-2)

0 (0-2)*

0 (0-0)

0 (0-0)

0.06

<0.01

40

0*

20

16

0.04

0.88

Hepatic Cholesterol (mg/g wet tissue)
TC
FC
CE

2.46
±0.16

2.01
±0.09*

3.50
±0.37

2.69
±0.16*

1.50
±0.05
0.96
±0.14

1.36
±0.03*
0.65
±0.08*

1.51
±0.05
1.98
±0.34

1.41
±0.04*
1.28
±0.15*

<0.01

0.4

0.01

<0.01

0.04

0.64

0.01

0.47

<0.01

0.31

0.01

<0.01

Plasma Lipids (mg/dL or %)

1

TG

312.30
±22.06

252.45
±20.10

234.80
±18.95

222.16
±9.70

<0.01

0.19

0.04

<0.01

TC

117.20
±3.5

121.16
±5.21

97.40
±6.42

96.67
±4.67

<0.01

0.64

0.83

<0.01

HDL-C:TC
(%)

45.79
±0.89

47.37
±0.81

46.30
±0.98

47.23
±0.42

0.43

0.67

0.11

0.84

Non-HDL-C

63.70
±2.66

63.81
±2.89

52.68
±4.13

51.08
±2.60

<0.01

0.78

0.74

<0.01

Values are means ± SEMs or n (%). Two-way ANOVA was used to examine the overall, diet,
sex, and diet*sex effects. Student’s t-test or Chi-square test was used to compare between HFD
and HFD+APO10LA in the corresponding sex. *Different from HFD in the corresponding sex, P <
0.05.
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Table 4.4. Primary outcomes of BCO2-KO mice fed a HFD with or without lycopene
supplementation for 12 weeks.1
Study Groups
Males

Two-way ANOVA
or Chi-square test

Females

HFD
+LyP

HFD
+Ly

HFD
+LyP

HFD
+Ly

10

12

10

12

Liver Weight
(g)
Initial Body
Weight (g)

1.04
±0.04
19.48
±0.50

0.98
±0.03
19.35
±0.40

0.89
±0.03
16.24
±0.37

0.90
±0.02
16.12
±0.28

Final Body
Weight (g)

35.28
±1.27

34.49
±1.25

25.28
±1.13

Body Weight
Gain (g)

15.80
±1.17

15.03
±1.34

Hepatic
Steatosis
Incidence (%)

80

18*

Animal (n)

Hepatic
Steatosis Score 1 (0-2)
0 (0-2)*
[median(range)]
Hepatic
Inflammatory
30
8
Foci Incidence
(% of mice)
Hepatic Cholesterol (mg/g wet
tissue)
TC
2.47
2.28
±0.30
±0.20
1.50
1.43
FC
±0.05
±0.04
0.96
0.85
CE
±0.27
±0.14

Overall

Diet*Sex

Diet

Sex

<0.01

0.26

0.37

<0.01

<0.01

0.99

0.75

<0.01

26.70
±1.13

<0.01

0.36

0.9

<0.01

9.04
±0.99

10.58
±0.92

<0.01

0.31

0.79

<0.01

0

0

0.02

<0.01

0 (0-0)

0 (0-0)

0.02

<0.01

0

8

0.53

0.14

3.01
±0.21
1.50
±0.03
1.51
±0.19

3.04
±0.17
1.49
±0.04
1.55
±0.14

0.04

0.62

0.73

0.01

0.44

0.38

0.25

0.45

0.02

0.7

0.87

<0.01

Plasma Lipids (mg/dL or %)

1

TG

254.80
±17.11

248.73
±18.03

250.61
±18.70

233.87
±22.69

0.88

0.79

0.55

0.62

TC

109.30
±2.79

107.81
±4.04

96.51
±5.16

95.48
±5.79

0.08

0.96

0.79

0.01

HDL-C:TC
(%)

51.45
±1.11

46.79
±0.90

47.20
±0.76

47.54
±0.79

0.92

0.66

0.99

0.59

Non-HDL-C

57.85
±1.96

57.44
±2.51

51.16
±3.18

50.31
±3.56

0.15

0.94

0.79

0.02

Values are means ± SEMs or n (%). Two-way ANOVA was used to examine the overall, diet,
sex, and diet*sex effects. Student’s t-test or Chi-square test was used to compare between
HFD+LyP and HFD+Ly in the corresponding sex. *Different from HFD in the corresponding sex, P
< 0.05.
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Table 4.5: Spearman’s rank correlation of PPARα-associated genes in mesenteric
adipose tissue of BCO2-KO mice.1

R2

Acad-

Acad-

Acad-

Acox

M

VL

1

Cd36

Fatp1

Fatp4

Hsl

Lpl

Mgll

Pnpla2

PPAR
α

1.00

M
AcadVL
Acox1
Cd36
Fatp1
Fatp4
Hsl
Lpl
Mgll
Pnpla2
PPAR
α

1

0.64

1.00

***
0.53

0.78

1.00

***

***

0.65

0.82

0.89

***

***

***

0.69

0.83

0.89

0.80

***

***

***

***

0.54

0.80

0.59

0.73

0.58

***

***

***

***

***

0.39

0.77

0.90

0.88

0.74

0.66

**

***

***

***

***

***

0.11

0.18

0.15

0.09

0.06

0.11

0.12

1.00

0.39

0.79

0.88

0.85

0.76

0.73

0.95

0.07

**

***

***

***

***

***

***

***

0.53

0.76

0.96

0.87

0.88

0.53

0.87

0.13

0.86

***

***

***

***

***

***

***

***

***

0.26

0.60

0.65

0.66

0.56

0.52

0.78

***

***

***

***

***

***

1.00
1.00
1.00
1.00

** and *** represents p-values <0.01 and <0.001 respectively.

0.13

1.00
1.00

0.75

0.60

***

***

1.00
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Table 4.6: Spearman’s rank correlation of PPARγ-associated genes in mesenteric
adipose tissue of BCO2-KO mice.1

2

R

Cidea

Cidea

1.00

Cysc
Dgat
Lpl
Pck1
Pgc1a
PPARγ
Prdm16
Slc2a4
Ucp1
Ucp3

1

0.67
***

Cysc

Dgat

Lpl

Pck1

Pgc1a

PPARγ

Prdm16

Slc2a4

Ucp1

Ucp3

1.00

0.32

0.43

*

**

1.00
0.22

1.00

0.30

0.54

-0.08

1.00

*

*

***

0.56
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Figure 4.1. Chemical structure of lycopene and apo-10’-lycopenoic acid
(APO10LA)
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Figure 4.2. Study design and histopathology of liver.
Panel A. Schematic for study design. Panel B: Representative picture or light micrograph
of livers from HFD or HFD+APO10LA, HFD+LyP or HFD+Ly. APO10LA, apo-10’lycopenoic acid; BCO2, beta carotene-9’,10’-oxygenase; HFD, high-fat diet; KO,
knockout; Ly, lycopene; LyP, lycopene placebo.
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Figure 4.3. Hepatic molecular markers in BCO2-KO mice that were or were not
supplemented with lycopene or APO10LA.
Protein expression in liver lysates (HFD, HFD+APO10LA, HFD+LyP, HFD+Ly; n=2024/group). β-Actin was used as loading control unless specified otherwise. Graphical
representation of fold changes in: A, IL-6; B, HO-1; C, SIRT1; D, FoxO1 acetylation
(FoxO1 as loading control); E, phosphorylated AMPKα (Thr172; AMPKα as loading
control); F, cleaved-SIRT1; G, phosphorylated ACC (Ser79; ACC as loading control); H,
SCD1. Representative western blots with 1 sample per group are shown. Fold changes
normalized to HFD or HFD+LyP. Values are means ± SEMs. *Different from the
corresponding HFD, P < 0.05. ACC, acetyl-CoA carboxylase; Acox1, acyl-CoA oxidase
1; AMPK, AMP-activated protein kinase; APO10LA, Apo-10’-lycopenoic acid; FoxO,
Foxhead box protein O; HFD, high saturated fat diet; HO, heme-oxygenase; IL,
interleukin; Ly, lycopene; LyP, lycopene placebo; SIRT1, sirtuin 1; SCD1, stearoyl-CoA
desaturase 1.
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Figure 4.4. Hepatic and mesenteric adipose mRNA expression in BCO2-KO mice
that were or were not supplemented with lycopene or APO10LA.
mRNA expression in liver or mesenteric adipose tissue lysates (HFD, HFD+APO10LA,
HFD+LyP, HFD+Ly, n=20-24/group; males or females, n=40-44/group). Graphical
representation of fold changes in: Panel A – Hepatic mRNA of Abcg5/8, Cyp7a1, Scd1,
Abcb11, Cyp8b1. Panel B – hepatic mRNA of Abca1, Abcg1, ApoA1, ApoB. Panel C –
PPARα-associated genes: Acad-VL, Fatp4, Hsl, Lpl, Mgll, PPARα; Panel D - PPARγassociated and BAT-specific genes: Dgat, Cidea, Prdm16, Ucp3. Fold changes
normalized to HFD, HFD+LyP or males. Values are means ± SEMs. *Different from the
corresponding HFD or males, P < 0.05.

149

Figure 4.5: Schematics of results for apo-10’-lycopenoic acid (APO10LA)-mediated
effects
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Figure 4.6: Schematics of results for lycopene-mediate effects
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Chapter V: Lycopene supplementation inhibited high-fat diet-promoted hepatic
tumorigenesis in both wild-type and beta-carotene-9’,10’-oxygenase knockout
mice
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5.1

Abstract

Obesity is associated with increased liver cancer risks and mortality. A recent study (Ip
et al., 2013) showed that apo-10’-lycopenoic acid, a lycopene metabolite generated by
beta-carotene-9’,10’-oxygenase (BCO2), inhibited carcinogen-initiated, high-fat diet
(HFD)-promoted liver inflammation and hepatocellular carcinoma (HCC) development.
The present investigation examined the outstanding question of whether the lycopene
could suppress HFD-promoted hepatic tumorigenesis in BCO2-knockout (BCO2-KO)
and wild-type male mice. Results showed that lycopene supplementation (100 mg/kg
diet) for 24 weeks had similar effects on suppressing HFD-promoted liver tumor
incidence (19% vs 20%) and multiplicity (58% vs 62%) in wild-type and BCO2-KO mice,
respectively. Interestingly, lycopene chemopreventive effects in wild-type mice was
associated with reduced hepatic pro-inflammatory signaling (phosphorylation of nuclear
factor-κB p65 and signal transducer and activator of transcription 3; interleukin-6 protein)
and inflammatory foci (p=0.06). In contrast, the protective effects of lycopene in BCO2KO but not in wild-type mice were associated with reduced hepatic endoplasmic
reticulum stress-mediated unfolded protein response (ERUPR), through decreasing
ERUPR-mediated protein kinase RNA-activated like kinase–eukaryotic initiation factor 2α
activation, and inositol requiring 1α–X-box binding protein 1 signaling. Furthermore,
lycopene supplementation in BCO2-KO mice increased hepatic microRNA (miR)-199a/b
and miR-214 levels, which was associated with the reduced expression of these miRs
direct targets including proto-oncogene Met mRNA, mTOR mRNA and protein, and βcatenin protein. These results provided novel experimental evidence that dietary
lycopene can prevent HFD-promoted liver tumor incidence and multiplicity in mice, and
may elicit different mechanisms depending on BCO2 expression.
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5.2

Introduction
Primary liver cancer is the third leading cause of cancer deaths worldwide(1, 2),

and hepatocellular carcinoma (HCC) is the most common type of primary liver cancer,
accounting for 70-85% of cases (1, 2). Non-alcoholic fatty liver disease (NAFLD) is a
pathology that is observed in 75-100% of overweight and obese adults and children (3,
4), and its rising prevalence parallels closely with HCC’s escalating morbidity and
mortality trends (3, 4). The prevention of liver cancer progression through dietary means
represents an important disease control strategy because HCC has a high mortality rate
and a poor prognosis.
Previous animal studies demonstrated that high fat diet (HFD) and obesity
promoted liver tumorigenesis by inducing chronic inflammation through the IL-6/STAT3
(interleukin-6/signal transducer and activator of transcription 3) pathway, with STAT3activated tumors being more aggressive in humans (5-8). Metabolic surplus from excess
calorie consumption can also elevate synthesis of hepatic enzymes, which creates
excess demand on the endoplasmic reticulum (ER) for proper protein folding (9-11). This
excess demand on the ER leads to the induction of ER stress-mediated unfolded protein
response (ERUPR) (9-11), which was associated with liver cancer development (11).
Observational studies have shown beneficial associations between lycopene-rich
foods against various cancers (as reviewed in (12-14)), including those of
gastrointestinal tract origin (13, 15, 16). Patients with NAFLD have significantly reduced
plasma lycopene (17), suggesting the potential interactions between low lycopene status
and the development of liver diseases (17). In the rat model, dietary lycopene has been
shown to reduce the liver-specific carcinogen diethylnitrosamine (DEN)-initiation of liver
preneoplastic foci(18), inhibit hepatic glutathione S-transferase placental-form positive
foci in rats that develop spontaneous liver tumors (19), and ameliorate DEN-initiated,
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HFD-promoted precancerous lesions (20). However, the primary outcomes for these rat
studies were hepatic preneoplastic lesions that may develop into tumors. There are
currently no published in vivo studies to demonstrate whether lycopene can effectively
reduce liver tumor development and progression. Our mechanistic understanding of how
lycopene functions against hepatic tumorigenesis is also far from complete (21).
Lycopene, a non-provitamin A carotenoid, can be preferentially metabolized by
the enzyme beta-carotene 9’,10’-oxygenase (BCO2), and generate apo-10’-lycopenoids
including apo-10’-lycopenoic acid (APO10LA) (22, 23). We have recently shown that
APO10LA supplementation at 10 mg/kg diet significantly reduced hepatic inflammation
(decreased inflammatory foci, tumor necrosis factor α, IL-6, NF-κB p65 protein
expression and STAT3 activation) and tumorigenesis in HFD-fed mice (24). Therefore,
lycopene metabolites may exhibit protective effects against obesity associated hepatic
inflammation and tumorigenesis. The outstanding question is whether BCO2 expression
is critical for the potential biological effects of lycopene against HFD-promoted liver
tumorigenesis. This information is critically needed because nineteen single-nucleotide
polymorphisms (SNPs) of BCO2 have been found in humans (25). These BCO2 SNPs in
humans associated with increased circulatory pro-inflammatory IL-18 expression (25),
and with reduced circulatory high density lipoprotein (25), suggesting a gene-diet
interaction between the BCO2 enzyme and dietary lycopene on human health outcomes.
We hypothesize

that

lycopene

is

effective

in

inhibiting

HFD-promoted

liver

tumorigenesis, and lycopene biological actions could be different in the absences of
BCO2 expression.
Utilizing the BCO2 knockout (BCO2-KO) and wild-type mice, the present study
investigated the potential inhibitory effects of lycopene against HFD-promoted hepatic
tumorigenesis, and elucidated the underlying mechanisms by which lycopene exhibited
these chemopreventive effects.
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5.3

Materials and Methods

5.3.1

Study Design

The in vivo experimental protocol was adapted from a previous model to study HCC
pathogenesis (6, 24, 26). All study protocols were approved by the Institutional Animal
Care and Use Committee at the Jean Mayer-USDA Human Nutrition Research Center
on Aging at Tufts University. The generation of BCO2-KO mice with BCO2 ablation at
the protein level was described in previously published study (27). The respective wildtype control mice with a 129SvJ/SvEvTac F1 generation mixed genetic background were
established by conventional cross breeding in our animal facility. The rationale for the
selected wild-type background was based upon the embryonic stem (ES) cell mouse
strain utilized to generate the BCO2-KO mice (27). Therefore, utilizing mice that share
the same genetic background as these ES cells was thought to best represent the
biological effects of BCO2 enzyme expression. The schematic for the study design is
shown in Figure 5.1A. Study mice were acclimated to the standard laboratory chow
(Harlan Laboratories, MA, USA), maintained on a 12-hour light/dark cycle in a controlled
temperature and humidity room, and given water ad libitum. Two-week-old male wildtype and BCO2-KO mice were injected intraperitoneally (i.p.) with a liver-specific
carcinogen, diethylnitrosamine (DEN; Sigma-Aldrich) at a dosage of 25 mg/kg body
weight as previously described (6, 24). At 6 weeks of age, wild-type and BCO2-KO mice
were randomized to either an obesogenic HFD (Table 5.1; F6635; Bio-Serv, NJ, USA;
WT, wild-type on HFD; KO, BCO2-KO on HFD), in which 45% of energy was fat derived,
or the same HFD supplemented with lycopene (WT+Ly or KO+Ly; 100 mg/kg diet) for 24
weeks (Figure 5.1A). All study mice were weighed weekly, given fresh diets every 2-3
days, and maintained on their respective diets until the experiment was completed. Mice
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were euthanized at 30 weeks of age by exsanguination under deep anesthesia without
being food deprived.

5.3.2

Lycopene treatment

Whole livers were removed from study mice after euthanization and processed
as previously described (24). Briefly, two investigators unaware of treatment
groups counted the surface liver tumors (tumor multiplicity). Livers were weighed
and washed with saline for further processing.

Large surface tumors were

removed, snap-frozen in liquid nitrogen and stored at -80oC. The left lobe of
mouse liver was fixed in 10% buffered formalin solution (Thermo Fisher
Scientific, USA), processed and embedded in paraffin for serial sectioning as
described in previous study (24). The remaining sections of liver were divided
into smaller portions, snap-frozen in liquid nitrogen and stored at -80oC.

5.3.3

Liver tumors quantification and liver tissue processing

Whole livers were removed from study mice after euthanization and processed as
previously described (24). Briefly, two investigators unaware of treatment groups
counted the surface liver tumors (tumor multiplicity). Livers were weighed and washed
with saline for further processing. Large surface tumors were removed, snap-frozen in
liquid nitrogen and stored at -80oC. The left lobe of mouse liver was fixed in 10%
buffered formalin solution (Thermo Fisher Scientific, USA), processed and embedded in
paraffin for serial sectioning as described in previous study (24). The remaining sections
of liver were divided into smaller portions, snap-frozen in liquid nitrogen and stored at 80oC.
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5.3.4

Histopathological evaluation of liver tissue

Five μm sections of formalin-fixed, paraffin-embedded liver tissue were stained with
hematoxylin and eosin (H&E) for histopathological examination. H&E stained liver slides
were examined by two independent investigators blinded to treatment groups under light
microscopy (Zeiss, USA). Liver histopathology of non-tumor areas was graded in 20
random fields at 100x magnification, according to the degree of liver inflammation
severity as described previously (24, 28, 29). Briefly, inflammatory foci were evaluated
by the number of inflammatory-cell clusters, which mainly constitute mononuclear
inflammatory cells. Mean foci per field was calculated and reported as inflammatory-cell
clusters per cm2.

5.3.5

HPLC analysis

Hepatic lycopene concentrations were measured by HPLC as previously described (23,
30). Lycopene was quantified relative to the internal standard by determining peak areas
calibrated against known amounts of standard.

5.3.6

RNA and microRNA (miRNA) extraction and quantitative Real-Time PCR (qRT-

PCR)
Total RNA was extracted from frozen liver sections with Trizol reagent (Invitrogen, USA),
as previously described (24). cDNA was prepared from the RNA samples using M-MLV
(for mRNA; Invitrogen) or M-MuLV (for miR; BioLabs) reverse transcriptases and an
automated thermal cycler PTC-200 (MJ Research, USA). qRT-PCR was performed
using FastStart Universal SYBR Green Master (ROX) (Roche, USA). Relative gene

158
expression was determined using the 2-∆∆CT method. Primer sequences are listed in
Table 5.2.

5.3.7

Protein isolation and western blotting

Tissue protein lysates were prepared by treating liver tissue with lysis buffer as
described previously (24). The protein concentration of the supernatant was measured
by the Coomassie Plus protein quantification method (Thermo Fisher Scientific). For
western blotting analysis, equal amounts of protein (50-100 µg) of each sample were
boiled in reducing Laemmli sample buffer and resolved by 8-12% SDS-PAGE. Proteins
were then transferred onto Immobilon-P membranes (Millipore, MA, USA), blocked with
5% non-fat milk in TBST buffer, and incubated with selected primary antibody. The
following antibodies were used for western blotting: mammalian target of rapamycin
(mTOR), nuclear factor kappa-B (NF-κB) p65, eukaryotic initiation factor (eIF) 2α,
phosphorylated-eIF2α (Ser51), phosphorylated NF-κB p65 (Ser536), (phosphorylatedSTAT3 (Tyr705), phosphorylated S6 (Ser235/236), S6, STAT3 (Cell Signaling, MA,
USA), IL-6 (R&D, MN, USA), CCAAT/enhancer-binding protein homology protein
(CHOP), and cyclin D1 (Santa Cruz, TX, USA). Proteins were detected by a horseradish
peroxidase-conjugated secondary antibody (Bio-Rad, CA, USA). The specific bands
were visualized by a SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce, IL,
USA) according to the manufacturer's instructions. Dilution series and calibration curve
were performed for each of the antibodies used to quantify protein. Anti-actin antibody
(Sigma-Aldrich) was used to detect β-actin for loading normalization of some proteins.
Intensities of protein bands were quantified using GS-710 Calibrated Imaging
Densitometer (Bio-Rad).
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5.3.8

Statistical analysis

SAS 9.3 software was used to perform the statistical analysis. Two-way ANOVA analysis
with Tukey’s adjustments for multiple comparisons was used to evaluate the effects of
BCO2 protein expression, lycopene supplementation, and the potential interactions
between these two factors. Chi-square test was used to examine the effects of mouse
strains or dietary lycopene on liver tumor incidence. Student’s t-test or Wilcoxon signedrank test was used to test for the differences between the following comparisons: 1) WT
and WT+Ly; 2) KO and KO+Ly. Statistical significance was p < 0.05.
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5.4

Results

5.4.1

Lycopene supplementation inhibited liver tumorigenesis in both wild-type and

BCO2-KO mice without altering body/liver weights
Food intake by weight was similar among the four groups of mice (Table 5.3). Lycopene
had no significant effect on body or liver weight in either mouse strain (Table 5.3),
although BCO2-KO mice exhibited significantly lower final body and liver weights than
wild-type mice (Table 5.3). DEN-initiation resulted in visible and multiple surface liver
tumors in HFD-fed BCO2-KO and wild-type mice (Figure 5.1B-i through 5.1B-iii). Dietary
lycopene supplementation significantly decreased the hepatic surface tumor incidence
(~20%; Table 5.4) and multiplicity (~60%; Table 5.4; Figure 5.1B-i through 5.1B-v),
irrespective of mouse strain. H&E staining of formalin-fixed, paraffin-embedded liver
tissues showed the infiltration of inflammatory cells in wild-type mice (Figure 5.1B-vi).
Hepatic lycopene concentrations were 19.4 and 18.2 nmol/g tissue in WT+Ly and
KO+Ly mice respectively, and were not detectable in mice without supplementation
(Table 5.3). There was no significant effect of mouse strain on hepatic lycopene
concentrations (Table 5.3).

5.4.2

Lycopene-mediated suppression in hepatic tumorigenesis was associated with

reduced hepatic inflammation in wild-type mice
Numerous animal studies suggested that HFD-promoted liver tumorigenesis was
associated with an elevated pro-inflammatory response, by inducing the NF-κB, and the
IL-6/STAT3 signaling pathway(6, 8, 31, 32). Dietary lycopene reduced the number of
hepatic inflammatory foci (58%; p=0.06; Table 5.3) in wild-type mice. KO and KO+Ly
mice did not develop hepatic inflammatory foci (Table 5.3). Lycopene supplementation in
wild-type mice significantly reduced hepatic pro-inflammatory biomarkers including IL-6
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(58%; Figure 5.2A) protein expression, phosphorylation of NF-κB p65 (Ser536; 42%;
Figure 5.2B) and STAT3 (Tyr705; 43%; Figure 5.2C), as compared to non-supplemented
mice. None of these lycopene-mediated modulations were observed in BCO2-KO mice.

5.4.3

Reduced hepatic tumorigenesis by dietary lycopene was associated with

attenuated expression of hepatic ER stress markers in BCO2-KO but not wild-type mice
Dietary lycopene significantly suppressed markers of ERUPR-mediated protein kinase
RNA-activated like kinase (PERK)-eIF2α signaling in BCO2-KO mice, but not wild-type
mice, including the activation of eIF2α by phosphorylation (65%; Figure 5.2D), and the
expression of CHOP protein (39%; Figure 5.2E). Similarly, lycopene supplementation
also significantly reduced ERUPR-mediated activation of inositol requiring (IRE) 1α - Xbox binding protein 1 (XBP1) system, as measured by splicing of XBP1 mRNA in BCO2KO but not wild-type mice (Xbp-1s; 16%; Figure 5.3A).

5.4.4

Lycopene supplementation was associated with increased miR-199a/b and miR-

214 expression in BCO2-KO but not wild-type mice
Decrement

in

miR-199a/b

and

miR214

have

been

associated

with

HCC

development(33-37), and linked to ERUPR (36). We observed that the lycopene-mediated
reduced ERUPR in BCO2-KO mice coincided with the significant elevation in hepatic miR199a/b (25%; Figure 5.3B) and miR-214 expression (23%; Figure 5.3B), but not in wildtype mice. miR-199a/b directly targeted Mtor and proto-oncogene Met mRNA, leading to
the subsequent down-regulation of their protein products(33, 38). Whereas for miR-214,
it has been shown to reduce β-catenin protein without altering its mRNA (Ctnnb1)
expression(34, 35). Elevated miR199a/b and miR-214 in lycopene-supplemented BCO2KO mice was associated with reduced Mtor mRNA (27%; Figure 5.3A), mTOR protein
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(43%; p=0.06; Figure 5.4A), Met mRNA (17%; Figure 5.3A), β-catenin protein (19%;
Figure 5.4B), but not β-catenin mRNA (Ctnnb1; Figure 5.3A). In wild-type mice, dietary
lycopene also lessened Mtor mRNA (20%; Figure 5.3B), mTOR protein (42%; Figure
5.4A), and β-catenin protein (33%; Figure 5.4B) expression. However, lycopene reduced
mTOR signaling as measured by S6 ribosomal protein phosphorylation was only
observed in BCO2-KO mice (61%, Figure 5.4C), but not in wild-type mice.

163
5.5

Discussion
To the best of our knowledge, the present study provides the first experimental

evidence that lycopene supplementation is effective in inhibiting DEN-initiated liver tumor
incidence and multiplicity in two different strains of mice, the BCO2-KO strain and its
respective wild-type. The final body weight difference between wild-type and BCO2-KO
mice in the present study did not impede the beneficial effects of dietary lycopene
against primary liver tumor outcomes. This result underscores the potential
chemopreventive effects of dietary lycopene against HFD-promoted tumorigenesis in
mice, regardless of the amount of body weight gain. Moreover, the hepatic lycopene
concentrations in lycopene-supplemented mice were within ranges for humans (0.1-20.7
nmol/g tissue) (39). Therefore, we believe that the lycopene supplemented dosage used
in the present study was physiologically relevant to lycopene biological effects in human
conditions.
Results from the present study revealed that dietary lycopene exhibits
chemopreventive effects in the absence of BCO2 expression. Analysis of liver tissue
suggests that the molecular mechanisms for lycopene chemopreventive effects are
mouse strain specific. The lycopene-mediated chemopreventive effects in wild-type mice
coincided with reduced hepatic inflammatory foci (p=0.06), hepatic IL-6 protein, NF-κB
p65 activation (phosphorylation), and activation of the oncogenic transcription factor
STAT3. These lycopene-mediated mechanistic modulations appeared similar to the
chemeopreventative effects of the lycopene metabolite APO10LA in C57Bl/6J wild-type
mice(24). Further investigations are required to determine whether lycopene beneficial
effects in mice elicit similar anti-inflammatory signaling as its metabolite APO10LA, when
BCO2 enzyme expression was present.
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Elevated ERUPR is associated with liver cancer development (11). ERUPR consists
of three distinct pathways regulated by ER membrane-bound proteins: IRE1α-XBP1
system, PERK-eIF2α signaling, and activating transcription factor (ATF) 6α (9-11).
Elevated IRE1α and ATF6α signaling activation in HCC tissue were correlated with
increased severity of HCC histological grading (40), and can induce PERK signaling
(40). In contrast to wild-type mice, lycopene-mediated chemopreventive effects in BCO2KO mice were associated with reduced IRE1α-XBP1 and PERK-eIF2α activation. These
observations from the present study suggest that lycopene chemopreventive effects
implicated differential molecular mechanisms in the absence of BCO2. The beta
carotene 15’,15’-oxygenase (BCO1) is responsible for the central cleavage of
carotenoids at the 15’,15’ double bond (41-44). It remains controversial as to whether
lycopene is a potential substrate for BCO1, as numerous studies found no detectable
activity of BCO1 towards lycopene (21). Nevertheless, the central cleavage product
acyclo-retinal (apo-15,15’-lycopenal) was detected when lycopene was incubated in
purified recombinant human BCO1 (45), and in recombinant murine BCO1 (46). Thus it
is plausible that the chemopreventive outcomes of lycopene-supplemented BCO2-KO
male mice were due to lycopene itself, or potential metabolites of lycopene generated by
BCO1.
MicroRNA are endogenous noncoding RNAs that are known to regulate gene
expression by targeting mRNA translation and/or degradation (47). Recent studies have
identified the miRNA profile or the “miRNome” in human liver tumors, and have found
that miR-199a/b and miR-214 are decreased in human HCC (33, 36-38). miR-199a/b upregulation inhibited proliferation and invasiveness of HCC cell lines (37), whereas
increases in miR-214 suppressed growth liver tumor xenografts in vivo (36). Moreover,
IRE1α-XBP1 and PERK-eIF2α activation can reduce miRNA levels (47-50), and abolish
the tumor suppressor effects of miR-214 in vitro and in vivo (36). We observed in BCO2-
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KO mice that lycopene-mediated ERUPR inhibition coincided with increased miR-199a/b
and miR-214 expression. However, since miRNA expression can also regulate ERUPR
(47), further investigations are needed to determine whether lycopene up-regulated miR199a/b and miR-214 expression via ERUPR inhibition.
mTOR is a serine/threonine protein kinase that interacts with several proteins to
form two distinct complexes named mTOR complex 1 (mTORC1) and 2 (51). Chronic
mTORC1 activation promoted HCC development in mice, through activation of S6
ribosomal protein by phosphorylation (52). Importantly, miR-199a/b directly degraded
proto-oncogene Met and Mtor mRNA and reduced their encoded protein products (33,
38), whereas transfection of miR-199a/b into HCC-derived cell lines inhibited
phosphorylation of S6 (33). In the present study, lycopene-mediated miR-199a/b upregulation in BCO2-KO mice was associated with reduced hepatic Met and Mtor mRNA,
mTOR protein, and S6 phosphorylation. These results suggested that lycopene
chemopreventive effects in BCO2-KO mice were associated with reduced mTORC1
activation,

potentially

through

inducing

miR-199a/b

expression.

Lycopene

supplementation in wild-type mice also reduced mTOR mRNA and protein, but had no
effects on S6 phosphorylation. The mTORC1 pathway integrates inputs from at least five
cellular and extracellular signaling, and mTORC1 kinase activity can be modulated by
modifying mTOR-associated proteins within the mTORC1 complex (51). It is plausible
that lycopene supplementation in wild-type mice induced upstream signaling(s) that
increased mTORC1 activity and counteracted the suppressive effect on S6
phosphorylation from mTOR protein reduction.
Down-regulation of hepatic miR-214 was associated with cell growth, cell
invasion, stem-like traits and early recurrence of HCC (34, 35). miR-214 overexpression
inhibited proliferation of HCC cells in vitro (36), and reduced the tumorigenicity and βcatenin protein in vivo (34). We observed in BCO2-KO mice that lycopene-induced
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hepatic miR-214 expression was associated with decreased β-catenin protein but not
mRNA. These results from the present study were consistent with previous findings,
where miR-214 reduced β-catenin protein via inhibiting β-catenin mRNA translation (34,
35).
Together, our data from the present study suggested that

lycopene

supplementation suppressed HFD-promoted hepatic tumorgenesis via differential
mechanisms depending on BCO2 expression in mice (Figure 5.5 and 5.6). The present
study underscores the importance of dietary lycopene and BCO2 interactions on human
health benefits that clearly need further investigations with clinical trials.

167
5.6

Literature cited:

1.
Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA Cancer J Clin.
2012;62:10-29.
2.
Forner A, Llovet JM, Bruix J. Hepatocellular carcinoma. Lancet. 2012;379:124555.
3.
Page JM, Harrison SA. NASH and HCC. Clin Liver Dis. 2009;13:631-47.
4.
Baffy G, Brunt EM, Caldwell SH. Hepatocellular carcinoma in non-alcoholic fatty
liver disease: An emerging menace. J Hepatol. 2012;56:1384-91.
5.
Wang Y, Ausman LM, Greenberg AS, Russell RM, Wang XD. Nonalcoholic
steatohepatitis induced by a high-fat diet promotes diethylnitrosamine-initiated early
hepatocarcinogenesis in rats. Int J Cancer. 2009;124:540-6.
6.
Park EJ, Lee JH, Yu GY, He G, Ali SR, Holzer RG, Osterreicher CH, Takahashi
H, Karin M. Dietary and genetic obesity promote liver inflammation and tumorigenesis by
enhancing IL-6 and TNF expression. Cell. 2010;140:197-208.
7.
He G, Yu GY, Temkin V, Ogata H, Kuntzen C, Sakurai T, Sieghart W, PeckRadosavljevic M, Leffert HL, Karin M. Hepatocyte IKKbeta/NF-kappaB inhibits tumor
promotion and progression by preventing oxidative stress-driven STAT3 activation.
Cancer Cell. 2010;17:286-97.
8.
Sun B, Karin M. Obesity, inflammation, and liver cancer. J Hepatol. 2012;56:70413.
9.
Hetz C. The unfolded protein response: controlling cell fate decisions under ER
stress and beyond. Nat Rev Mol Cell Biol. 2012;13:89-102.
10.
Fu S, Watkins SM, Hotamisligil GS. The role of endoplasmic reticulum in hepatic
lipid homeostasis and stress signaling. Cell Metab. 2012;15:623-34.
11.
Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver disease. J Hepatol.
2011;54:795-809.
12.
Clinton SK. Lycopene: chemistry, biology, and implications for human health and
disease. Nutr Rev. 1998;56:35-51.
13.
Giovannucci E. Tomatoes, tomato-based products, lycopene, and cancer: review
of the epidemiologic literature. J Natl Cancer Inst. 1999;91:317-31.
14.
Wang XD. Lycopene metabolism and its biological significance. Am J Clin Nutr.
2012;96:1214S-22S.
15.
Giovannucci E, Rimm EB, Liu Y, Stampfer MJ, Willett WC. A prospective study of
tomato products, lycopene, and prostate cancer risk. J Natl Cancer Inst. 2002;94:391-8.
16.
Giovannucci E, Ascherio A, Rimm EB, Stampfer MJ, Colditz GA, Willett WC.
Intake of carotenoids and retino in relation to risk of prostate cancer. J Natl Cancer Inst.
1995;87:1767-76.
17.
Erhardt A, Stahl W, Sies H, Lirussi F, Donner A, Haussinger D. Plasma levels of
vitamin E and carotenoids are decreased in patients with nonalcoholic steatohepatitis
(NASH). Eur J Med Res. 2011;16:76-8.
18.
Astorg P, Gradelet S, Berges R, Suschetet M. Dietary lycopene decreases the
initiation of liver preneoplastic foci by diethylnitrosamine in the rat. Nutr Cancer.
1997;29:60-8.
19.
Toledo LP, Ong TP, Pinho AL, Jordao A, Jr., Vanucchi H, Moreno FS. Inhibitory
effects of lutein and lycopene on placental glutathione S-transferase-positive
preneoplastic lesions and DNA strand breakage induced in Wistar rats by the resistant
hepatocyte model of hepatocarcinogenesis. Nutr Cancer. 2003;47:62-9.

168
20.
Wang Y, Ausman LM, Greenberg AS, Russell RM, Wang XD. Dietary lycopene
and tomato extract supplementations inhibit nonalcoholic steatohepatitis-promoted
hepatocarcinogenesis in rats. Int J Cancer. 2010;126:1788-96.
21.
Ip BC, Wang X-D. Non-alcoholic steatohepatitis and hepatocellular carcinoma:
implications for lycopene intervention. Nutrients. 2014;6:124-62.
22.
Kiefer C, Hessel S, Lampert JM, Vogt K, Lederer MO, Breithaupt DE, von Lintig
J. Identification and characterization of a mammalian enzyme catalyzing the asymmetric
oxidative cleavage of provitamin A. J Biol Chem. 2001;276:14110-6.
23.
Hu KQ, Liu C, Ernst H, Krinsky NI, Russell RM, Wang XD. The biochemical
characterization of ferret carotene-9',10'-monooxygenase catalyzing cleavage of
carotenoids in vitro and in vivo. J Biol Chem. 2006;281:19327-38.
24.
Ip BC, Hu KQ, Liu C, Smith DE, Obin MS, Ausman LM, Wang XD. Lycopene
metabolite, apo-10'-lycopenoic acid, inhibits diethylnitrosamine-initiated, high fat dietpromoted hepatic inflammation and tumorigenesis in mice. Cancer Prev Res (Phila Pa).
2013;6:1304-16.
25.
Lietz G, Oxley A, Boesch-Saadatmandi C, Kobayashi D. Importance of betacarotene 15,15'-monooxygenase 1 (BCMO1) and beta-carotene 9',10'-dioxygenase 2
(BCDO2) in nutrition and health. Mol Nutr Food Res. 2012;56:241-50.
26.
Vesselinovitch SD, Mihailovich N, Rao KV. Morphology and metastatic nature of
induced hepatic nodular lesions in C57BL x C3H F1 mice. Cancer Res. 1978;38:200310.
27.
Amengual J, Lobo GP, Golczak M, Li HNM, Klimova T, Hoppel CL, Wyss A,
Palczewski K, von Lintig J. A mitochondrial enzyme degrades carotenoids and protects
against oxidative stress. FASEB J. 2011;25:948-59.
28.
Matteoni CA, Younossi ZM, Gramlich T, Boparai N, Liu YC, McCullough AJ.
Nonalcoholic fatty liver disease: a spectrum of clinical and pathological severity.
Gastroenterology. 1999;116:1413-9.
29.
Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR.
Nonalcoholic steatohepatitis: a proposal for grading and staging the histological lesions.
Am J Gastroenterol. 1999;94:2467-74.
30.
Lian F, Smith DE, Ernst H, Russell RM, Wang XD. 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;28:1567-74.
31.
Wang Y, Ausman LM, Greenberg AS, Russell RM, Wang X-D. Nonalcoholic
steatohepatitis induced by a high-fat diet promotes diethylnitrosamine-initiated early
hepatocarcinogenesis in rats. Int J Cancer. 2009;124:540-6.
32.
Hill-Baskin AE, Markiewski MM, Buchner DA, Shao H, DeSantis D, Hsiao G,
Subramaniam S, Berger NA, Croniger C, Lambris JD. Diet-induced hepatocellular
carcinoma in genetically predisposed mice. Hum Mol Genet. 2009;18:2975-88.
33.
Fornari F, Milazzo M, Chieco P, Negrini M, Calin GA, Grazi GL, Pollutri D, Croce
CM, Bolondi L, Gramantieri L. MiR-199a-3p regulates mTOR and c-Met to influence the
doxorubicin sensitivity of human hepatocarcinoma cells. Cancer Res. 2010;70:5184-93.
34.
Wang X, Chen J, Li F, Lin Y, Zhang X, Lv Z, Jiang J. MiR-214 inhibits cell growth
in hepatocellular carcinoma through suppression of beta-catenin. Biochem Biophys Res
Commun. 2012 Nov 30;428:525-31.
35.
Xia H, Ooi LLPJ, Hui KM. MiR-214 Targets β-Catenin Pathway to Suppress
Invasion, Stem-Like Traits and Recurrence of Human Hepatocellular Carcinoma. PLoS
ONE. 2012;7:e44206.
36.
Duan Q, Wang X, Gong W, Ni L, Chen C, He X, Chen F, Yang L, Wang P, Wang
DW. ER stress negatively modulates the expression of the miR-199a/214 cluster to

169
regulates tumor survival and progression in human hepatocellular cancer. PLoS ONE.
2012;7:e31518.
37.
Hou J, Lin L, Zhou W, Wang Z, Ding G, Dong Q, Qin L, Wu X, Zheng Y, Yang Y.
Identification of miRNomes in human liver and hepatocellular carcinoma reveals miR199a/b-3p as therapeutic target for hepatocellular carcinoma. Cancer Cell. 2011;19:23243.
38.
Kim S, Lee UJ, Kim MN, Lee E-J, Kim JY, Lee MY, Choung S, Kim YJ, Choi Y-C.
MicroRNA miR-199a* regulates the MET proto-oncogene and the downstream
extracellular signal-regulated kinase 2 (ERK2). J Biol Chem. 2008;283:18158-66.
39.
Schmitz HH, Poor CL, Wellman R, Erdman Jr JW. Concentrations of selected
carotenoids and vitamin A in human liver, kidney and lung tissue. J Nutr. 1991;121:1613.
40.
Shuda M, Kondoh N, Imazeki N, Tanaka K, Okada T, Mori K, Hada A, Arai M,
Wakatsuki T, Matsubara O. 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;38:605-14.
41.
Takitani K, Zhu C-L, Inoue A, Tamai H. Molecular cloning of the rat β-carotene
15, 15′-monooxygenase gene and its regulation by retinoic acid. Eur J Nutr.
2006;45:320-6.
42.
von Lintig J, Vogt K. Filling the gap in vitamin A research. Molecular identification
of an enzyme cleaving β-carotene to retinal. J Biol Chem. 2000;275:11915-20.
43.
Wyss A, Wirtz G, Woggon W-D, Brugger R, Wyss M, Friedlein A, Bachmann H,
Hunziker W. Cloning and expression of β, β-carotene 15, 15′-dioxygenase. Biochem
Biophys Res Commun. 2000;271:334-6.
44.
Lindqvist A, Andersson S. Biochemical properties of purified recombinant human
β-carotene 15, 15′-monooxygenase. J Biol Chem. 2002;277:23942-8.
45.
dela Sena C, Narayanasamy S, Riedl KM, Curley RW, Schwartz SJ, Harrison
EH. Substrate specificity of purified recombinant human β-carotene 15, 15′-oxygenase
(BCO1). J Biol Chem. 2013:jbc. M113. 507160.
46.
Redmond TM, Gentleman S, Duncan T, Yu S, Wiggert B, Gantt E, Cunningham
FX. Identification, expression, and substrate specificity of a mammalian β-carotene 15,
15′-dioxygenase. J Biol Chem. 2001;276:6560-5.
47.
Maurel M, Chevet E. Endoplasmic reticulum stress signaling: the microRNA
connection. Am J Physiol Cell Physiol. 2013;304:C1117-C26.
48.
Lerner AG, Upton J-P, Praveen P, Ghosh R, Nakagawa Y, Igbaria A, Shen S,
Nguyen V, Backes BJ, Heiman M. IRE1α induces thioredoxin-interacting protein to
activate the NLRP3 inflammasome and promote programmed cell death under
irremediable ER stress. Cell Metab. 2012;16:250-64.
49.
Oikawa D, Tokuda M, Hosoda A, Iwawaki T. Identification of a consensus
element recognized and cleaved by IRE1α. Nucleic Acids Res. 2010;38:6265-73.
50.
Kimball SR, Horetsky RL, Ron D, Jefferson LS, Harding HP. Mammalian stress
granules represent sites of accumulation of stalled translation initiation complexes. Am J
Physiol Cell Physiol. 2003;284:C273-C84.
51.
Laplante M, Sabatini DM. mTOR signaling in growth control and disease. Cell.
2012;149:274-93.
52.
Menon S, Yecies JL, Zhang HH, Howell JJ, Nicholatos J, Harputlugil E, Bronson
RT, Kwiatkowski DJ, Manning BD. Chronic activation of mTOR complex 1 is sufficient to
cause hepatocellular carcinoma in mice. Sci Signal. 2012;5:ra24.

170
Table 5.1: High fat diet composition for BCO2-KO and wild-type male mice fed for
24 weeks.
Ingredients:

g/kg diet

Casein

228.0

Lard

238.5

Ash

35.0

Moisture

<100.0

Maltodextrin

220.0

Corn Starch

120.0

Sucrose

140.2

Vitamin mix

40.0

Mineral Mix

10.0

Choline Chloride

1.3

DL-Methionine

2.0

Total Carbohydrate

Total Protein

Total Fat
Total Fiber

463.0
(38.0% energy)
205.0
(17% energy)
240.0
(45% energy)
0.0
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Table 5.2: Primers sequences for RT-PCR analysis of liver tissue

Genes:

Forward:

Reverse:

β-Actin

CTTTTCCAGCCTTCCTTCTTGG

CAGCACTGTGTTGGCATAGAGG

Ctnnb1

ATGGAGCCGGACAGAAAAGC

CTTGCCACTCAGGGAAGGA

GTGAACATGAAGTATCAGCTCCC

TGTAGTTTGTGGCTCCGAGAT

Met
miR-199a

CCCAGTGTTAGACTACCTGTTC

miR-199b

CCCAGTGTTTAGACTACCTGTTC

miR-214

TGCCTGTCTACACTTGCTGTGC

Mtor

ACCGGCACACATTTGAAGAAG

CTCGTTGAGGATCAGCAAGG

GAGTCCGCAGCAGGTG

GTGTCAGAGTCCATGGGA

GATGCATGGTCGTAACAACG

GACCTGCAGAGGGTTCTCAC

Xbp1s
5S
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Table 5.3: Body weights, liver weights, food consumption, hepatic lycopene
concentration and inflammatory foci of DEN-induced wild-type or BCO2-KO mice
with or without lycopene supplementation for 24 weeks.1

Wild-type

BCO2-KO

p-values for Two-way ANOVA or
Wilcoxon signed-rank test

Study Group:
Overall

Diet
Effect

Strain
Effect

Diet*
Strain
Effect

41.6
±1.7

<0.01

0.06

<0.01

0.71

1.5
±0.1

1.3
±0.1

<0.01

0.14

<0.01

0.98

4.6
±0.2

3.4
±0.1

3.2
±0.1

<0.01

0.64

<0.01

0.55

2.6
±0.1

3.1
±0.5

3.0
±0.1

2.9
±0.1

0.35

0.59

0.54

0.11

Hepatic
Lycopene
(nmol/g
tissue)

0.0
±0.0

19.4
*
±4.1

0.0
±0.0

18.2
*
±3.2

0.01

<0.01

0.82

0.90

Inflammatory
Foci
2
(number/cm )

0.95
±0.6

0.55
±0.1
(p=0.06)

0.0
±0.0

0.1
±0.1

NA

0.29

0.04

NA

WT

WT
+Ly

KO

KO
+Ly

Animal (n)

26

26

22

21

Final Body
Weights (g)

52.2
±1.1

49.1
±1.3

43.6
±1.9

Liver Weights
(g)

2.4
±0.2

2.3
±0.1

Liver/Body
Weight
(%)

4.6
±0.2

Food
Consumption
(g)

1

Values are means ± SEMs or n (%). Two-way ANOVA was used to examine the overall, diet,
strain, and diet*strain effects. Student’s t-test or Wilcoxon signed-rank test was used to compare
between WT and WT+Ly or KO and KO+Ly. *Different from WT or KO, P < 0.05.

173
Table 5.4. Outcomes for hepatic tumorigenesis of DEN-induced wild-type or
BCO2-KO mice with or without lycopene supplementation for 24 weeks.1
Wild-type

BCO2-KO

p-values for
Two-way ANOVA or Chi-square test

Study Group:
WT

WT
+Ly

KO

KO
+Ly

Overall

Diet

Strain

Effect

Effect

0.03

0.48

0.01

0.52

Diet*
Strain
Effect

Liver Tumor Outcomes:
Incidence
(%)
Multiplicity
(n)

1

88

71

100

80

17.8
±4.5

7.4
±1.8*

10.3
±2.2

4.0
±0.7*

0.05

0.98

Values are means ± SEMs or (%). Two-way ANOVA was used to examine the overall, diet,
strain, and diet*strain effects. Student’s t-test or Chi-square test was used to compare between
lycopene-supplemented and non-supplemented mice. *Different from WT or KO, P < 0.05.
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Figure 5.1. Study design, gross and histopathology of liver tumor and
inflammation.
Panel A. Schematic for study design. Panel B: Representative picture or light micrograph
of livers from WT, WT+Ly, KO or KO+Ly: B-i, liver from WT with tumors (arrows). B-ii,
liver from KO with tumors (arrows). B-iii, H&E stained liver tumor at 25X. B-iv, liver from
WT+Ly. B-v, liver from KO+Ly. B-vi, H&E stained liver from WT with inflammatory cell
infiltration (arrows) at 100X.
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Figure 5.2. Effects of lycopene supplementation on hepatic pro-inflammatory and
ER-stress biomarkers.
Study design as described in Figure 5.1. Protein expression in liver lysates (WT, WT+Ly,
KO, KO+Ly n=16-20) were analyzed by western blotting and β-Actin was used as
loading control unless specified otherwise. Graphical representation of fold changes in:
A, IL-6. B, NF-κB p65 (Ser536) phosphorylation (NF-κB p65 as loading control). C,
STAT3 (Tyr705) phosphorylation (STAT3 as loading control). D, eIF2α (Ser51)
phosphorylation (eIF2α as loading control). E, CHOP. Representative western blots with
1 sample per group are shown. Fold changes normalized to WT or KO. Values are
means ± SEMs. * Different from the corresponding strains (WT or KO), P < 0.05.
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Figure 5.3. Effects of dietary lycopene on hepatic mRNA and miRNA expression.
mRNA and miRNA from liver tissue (n=16-20 per group) were analyzed by RT-PCR.
Actin was used as loading control unless specified otherwise. Panel A, graphical
representation of fold changes in: miR-199a/b (5S as loading control) and miR-214 (5S
as loading control). Panel B, graphical representation of fold changes in: Ctnnb1, Met,
Mtor, Xbp-1s. Fold changes normalized to WT or KO. Values are means ± SEMs. * or ***
Different from the corresponding strains (WT or KO), P < 0.05 or <0.001, respectively.
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Figure 5.4. Effects of lycopene supplementation on hepatic tumorigenic
biomarkers.
Study design as described in Figure 5.1. Protein expression in liver lysates (WT, WT+Ly,
KO, KO+Ly n=16-20) were analyzed by western blotting and β-Actin was used as
loading control unless specified otherwise. Graphical representation of fold changes in:
A, mTOR. B, β-catenin. C, S6 (Ser235/236) phosphorylation (S6 as loading control).
Representative western blots with 1 sample per group are shown. Fold changes
normalized to WT or KO. Values are means ± SEMs. * or ** Different from the
corresponding strains (WT or KO), P < 0.05 or <0.01, respectively.
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Figure 5.5: Schematics of lycopene-mediated effects in wild-type mice.
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Figure 5.6: Schematics of lycopene-mediated effects in BCO2-KO mice.
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Chapter VI: Discussion
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6.1

Summary:
The primary goal of this thesis was to provide a deeper understand in the

molecular mechanisms by which lycopene exhibits beneficial effects against obesityassociated hepatic steatosis and tumorigenesis, and on how BCO2 enzyme may
modulate lycopene functions. We first demonstrated that APO10LA, a lycopene
metabolite from BCO2-mediated cleavage, inhibited carcinogen-initiated, HFD-promoted
hepatic inflammation and tumorigenesis in C57Bl/6J wild-type mice. Second, we use the
BCO2-KO mouse model to reveal that BCO2 enzyme expression might not be critical for
biological effects of lycopene or APO10LA against HFD-promoted hepatic steatosis.
However, lycopene and APO10LA may have utilized differential mechanisms of action in
the absence of BCO2 expression. Finally, we demonstrated that both lycopene and
APO10LA supplementation were effective in inhibiting carcinogen-initiated, HFDpromoted liver tumorigenesis in BCO2-KO mice as well as the respective wild-type.
Lycopene protective effects against tumorigenesis in BCO2-KO mice may have initiated
alternative mechanisms of actions than in wild-type mice. The major observations from
this thesis are as follows:
1. APO10LA supplementation (10 mg/kg diet) for 24 weeks significantly reduced
DEN-initiated, HFD-promoted hepatic tumorigenesis (50% reduction in tumor
multiplicity; 65% in volume) and lung tumor incidence (85% reduction) in
C57Bl/6J mice. This was the first study to show that APO10LA
supplementation can exhibit chemopreventive effects against primary liver
tumors. In addition, APO10LA may also have suppressed cancer metastasis
from the liver to the lung. APO10LA supplementation in diet improved
glucose

intolerance

and

reduced

hepatic

inflammation

(decreased

inflammatory foci, TNFα, IL-6, NF-κB p65 protein expression, and STAT3
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activation) in HFD-fed mice. Furthermore, APO10LA suppressed Akt
activation, cyclin D1 gene and protein expression, and promoted PARP
protein cleavage in transformed cells within liver tumors.
2. The chemopreventive effects of APO10LA in C57Bl/6J mice were associated
with increased hepatic SIRT1 protein and deacetylation of SIRT1 targets.
APO10LA-mediated SIRT1 up-regulation was inversely associated with
caspase-1 activation and SIRT1 protein cleavage, suggesting that APO10LA
induced SIRT1 protein expression in a post-translational manner.
3. In this study with APO10LA supplementation at 10 mg/kg diet for 24 weeks,
the hepatic concentration of APO10LA was 0.3 pmol/g liver, which is
markedly lower than hepatic lycopene concentration in rats (7.5-17.6 nmol/g
liver) (1), and in humans (0.1-20.7 nmol/g liver) (2). A/J mice supplemented
with the same APO10LA dose for 14 weeks resulted in a plasma APO10LA
concentration of ~1.0 nmol/L (3). This amount is comparable to the sum of
apo-lycopenals (1.9 nmol/L) but much lower than lycopene (1089±380
nmol/L) found in human plasma of individuals who had consumed tomato
juice (with 21.8 mg lycopene/day) for 8 weeks (4). The APO10LA dose we
used was ~20 times less than the average human dietary lycopene (~8
mg/day) (5), and much lower than lycopene doses used in dietary
supplements (15-30 mg/day). Therefore, we believe that the APO10LA
supplemented dosage used in our study is physiologically relevant to the
biological effects of lycopene metabolites derived from both dietary sources
and in vivo metabolism.
4. APO10LA supplementation (10 mg/kg diet) reduced HFD-induced hepatic
steatosis and inflammation in BCO2-KO mice. APO10LA-mediated steatosis
and inflammation suppression was associated with reduced liver cholesterol
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content, as well as with up-regulated hepatic sirtuin 1 protein and signaling
activation including reduced liver de novo lipogenic markers (Scd1 gene and
protein; AMPK, acetyl-CoA carboxylase phosphorylation), elevated markers
of hepatic cholesterol efflux (Abcg5/8 and Cyp7a1 gene). These findings
supported results from Specific Aim 1 that APO10LA can induce SIRT1mediated signaling. This is also the first study to demonstrate that BCO2
expression is not essential for APO10LA biological functions.
5. Supplementation of lycopene (100 mgkg diet) inhibited HFD-induced
steatosis in BCO2-KO mice, but did not alter hepatic inflammation or
cholesterol contents. Lycopene supplementation also failed to modulate
hepatic SIRT1-mediated signaling in the absence of BCO2. This result
suggests that BCO2 expression may not be crucial for lycopene biological
function. However, in the absence of BCO2, lycopene mechanisms of action
were different from APO10LA.

Intriguingly, lycopene-mediated steatosis

suppression was associated with up-regulated peroxisome proliferatoractivated receptor (PPAR)α and PPARγ-inducible genes that are involved in
increasing FA β-oxidation, FA uptake, and mitochondrial uncoupling (AcadVL, Fatp4, Lpl, Pparα, Ucp3) in mesenteric adipose tissue (MAT).
Importantly, MAT Lpl and Ucp3 expressions were negatively correlated with
liver steatosis (R2=-0.51 and -0.42 respectively), suggesting that lycopenemediated steatosis reduction maybe associated with increased FA utilization
in MAT.
6. APO10LA supplementation (10 mg/kg diet) for 24 weeks had similar effects
on suppressing carcinogen-initiated, HFD-promoted liver tumor incidence (by
20% vs 30%), number (by 52% vs 32%) and volume (by 94% vs 88%) in wildtype (129SvJ/SvEvTac F1) and BCO2-KO mice, respectively. This result
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provided further evidence to support that APO10LA has chemopreventive
effects against HFD-promoted hepatic tumorigenesis.
7. In this study, 24-week lycopene supplementation (100 mg/kg diet) also had
similar effects on suppressing HFD-promoted liver tumor incidence (by 19%
vs 20%), number (by 56% vs 55%) and volume (by 96% vs 95%) in wild-type
and BCO2-KO mice, respectively. This result supports our findings from
Specific Aim 2 that BCO2 expression is not critical for lycopene biological
function.
8. Lycopene chemopreventive effects were associated with reduced proinflammatory signaling (phosphorylation of NF-κB p65 and STAT3; IL-6
protein) and inflammatory foci (p=0.06) in the livers of wild-type but not
BCO2-KO mice. On the contrary, the protective effects of lycopene were
associated with reduced hepatic ERUPR, through decreasing ERUPR-mediated
PKR-like ER kinase (PERK)-eukaryotic initiation factor (eIF) 2α activation and
inositol requiring (IRE) 1α - X-box binding protein 1 (XBP1) signaling in
BCO2-KO but not in WT mice. Furthermore, the chemopreventive effects of
LYC in BCO2-KO mice were associated with increased hepatic microRNA
(miR)-199a/b and miR-214 levels, as well as with reduced expression of
these miRs direct targets including proto-oncogene Met mRNA, mTOR
mRNA and protein, and β-catenin protein. This data provided novel evidence
that dietary lycopene can prevent HFD-promoted hepatic tumorigenesis in
mice, but may elicit differential mechanisms depending on BCO2 expression.
9. The lycopene dose used, 100 mg/kg diet, was approximately equivalent to
8.1 mg lycopene/day in a 60 kg adult man, which is similar to the estimated
average intake (~8 mg/day) (5, 6). This intake resulted in mouse hepatic
lycopene concentrations (~18.8 nmol/g tissue) that were within lycopene
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concentration ranges for humans (0.1-20.7 nmol/g tissue) (2) and rats (7.517.6 nmol/g tissue) (1). Therefore, we believe that the lycopene
supplemented dosage used in our study was physiologically relevant to the
biological effects of lycopene in human conditions.

6.2

Limitations:
This thesis work contributes a significant body of new and exciting information to

the field of carotenoid research and NAFLD-associated diseases. However, it is
necessary to point out that this body of research is not without limitations. Specific
limitations of this thesis work are as follows:
1. This thesis utilized murine models to elucidate lycopene actions on liver
disease outcomes, and examined specific mechanisms. These animal
models are excellent and feasible in examining the effects of dietary
interventions on chronic diseases that usually take more than decades to
develop. Despite our best efforts to mimic human physiology in regards to
carotenoid metabolism, it is important to note that these results were
produced using animal models that are designed to simulate human NAFLD
and liver tumorigenesis, and animals are certainly not human beings.
Supplementation studies can result in very different outcomes when done in
different experimental models. Therefore, extrapolation of these effects in
murine models to the effect of lycopene or APO10LA supplementation in
humans should be done with caution. Nevertheless, this thesis work provides
critical insight into future dietary recommendations and clinical trials involving
lycopene, tomato, and apo-lycopenoid intake for the prevention in NAFLDassociated diseases.
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2. Results from Specific Aims 2 and 3 demonstrated that lycopene exhibit
biological functions in BCO2-KO mice. This observation provided important
evidence that lycopene can still inhibit HFD-associated hepatic steatosis and
tumorigenesis in the absence of BCO2 expression. However, it is important to
point out that both studies could not include the original wild-type strain that
was generated along with the BCO2-KO (7). Despite our efforts to generate a
wild-type strain that would best represent the biological effects impeded by
BCO2 enzyme expression (129SvJ/SvEvTac; mouse strain of ES cell utilized
to generate the BCO2-KO mice), we acknowledge that the missing original
wild-type strain is a shortcoming of this thesis project. This issue could be
resolved if we had the opportunity to backcross our BCO2-KO strain to
C57Bl6/J mice for 10 generations to create a more comparable wild-type
strain.
3. We have hypothesized in Specific Aim 3 that the lycopene supplemented in
wild-type but not BCO2-KO mice can be metabolized into lycopene
metabolites, including APO10LA. However, due to the limited sensitivity of
our HPLC systems, as well as limited plasma available, we were unable to
detect lycopene metabolites in the liver or the plasma of lycopenesupplemented mice. Therefore, we are unable to address the lycopene
metabolism aspect of this study.
4. It has also been well-documented that anoxygenic photosynthetic bacteria
synthesize carotenoids, produce carotenoid-derived volatile compounds, and
express carotene oxygenases that resemble those involved in plant abscisic
acid synthesis (8). Questions remain as to whether the human gut
microbiome can synthesize apolycopenoids from dietary lycopene, and/or
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modulate lycopene metabolism at the intestinal mucosa. Since the animal
models used in this thesis are not germ-free animals, therefore, we cannot
disregard the possibility that dietary lycopene could be metabolized in mice
without BCO2 expression.
5. It was beyond the scope of this thesis to examine the biological functions
lycopene-rich tomato and tomato products, and how they are different as
compared to isolated lycopene or lycopene metabolites. Apart from lycopene
and lycopene metabolites, tomatoes are also rich in other nutrients including
vitamin C and folate. These nutrients may provide additive or synergistic
effects on the observed lycopene biological functions seen in the present
thesis. Future studies are required to examine these hypotheses.
6. Finally, the elucidated molecular mechanisms involved in lycopene or
APO10LA biological functions (anti-inflammation, ER stress, hepatic and
MAT lipid metabolism, SIRT1 signaling) were only associated or correlated
with our disease outcomes. Future in vivo and in vitro studies using genetic
manipulations (e.g. knock-in, knock-out, siRNA) techniques are essential to
confirm these molecular mechanisms of lycopene or APO10LA actions.

6.3

Future Directions:
This thesis work opens up several new research directions to further the field of

NAFLD-associated diseases and carotenoid research involving mechanistic and dietary
prevention studies. Specific future directions of this thesis work are as follows:
1. As mentioned throughout this thesis, chronic inflammation plays a critical role
in NAFLD-associated diseases. Consumption of HFD can promote hepatic
inflammation by disrupting the intestinal barrier, thereby allowing increased
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translocation of bacteria and related antigens into the systemic circulation (914). Liver receives a unique blood supply via the portal system connecting
itself to the GI tract, exposing liver cells to nutrients as well as bacterial
components that are translocated (15). Portal endotoxemia can sensitize
hepatic stellate cells and resident macrophages called KCs to bacterial
endotoxins including lipopolysaccharides LPS, leading to liver fibrosis and
cirrhosis (16-23). As our study proposed that both lycopene and APO10LA
supplementation can inhibit HFD-associated liver injuries, future research can
examine whether lycopene or APO10LA may exhibit these protective effects
through actions in the intestinal mucosa. Liver cells specifically hepatocytes
also play a major role in the uptake of these intestinal-derived microbial
components including Gram-negative bacterial LPS, and their subsequent
clearance from systemic circulation via bile secretion (24). It would be of
interests to examine lycopene or APO10LA effects on bile secretion, or may
prevent hepatic damages by intestinal bacteria.
2. Gut microbiome can be modulated through diet, and is significantly affected
by disease states including metabolic syndrome and NAFLD (9-14), it would
be of importance to investigate the crosstalk between these parameters and
human carotenoid metabolism.
3. As mentioned in the limitations, it has been well-documented that anoxygenic
photosynthetic bacteria synthesize carotenoids, produce carotenoid-derived
volatile compounds, and express carotene oxygenases that resemble those
involved in plant abscisic acid synthesis (8). Future studies can examine
whether the human gut microbiome can synthesize apolycopenoids from
dietary lycopene, and/or modulate lycopene metabolism at the intestinal
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mucosa. Also, the generation of BCO2-KO germ-free mice may adequately
determine whether BCO2 endogenous expression is indeed critical for
lycopene metabolism and biological functions.
4. As commented in the limitations, the elucidated molecular mechanisms
involved in lycopene or APO10LA biological functions (anti-inflammation, ER
stress, hepatic and MAT lipid metabolism, SIRT1 signaling) were only
associated or correlated with our disease outcomes. Future in vivo and in
vitro studies using genetic manipulations (e.g. knock-in, knock-out, siRNA)
techniques are essential to confirm these molecular mechanisms of lycopene
or APO10LA actions.

6.4

Conclusion:
This thesis addressed the efficacy of lycopene and its metabolite APO10LA in

protecting mice from HFD-associated liver diseases, elucidated the specific molecular
mechanisms associated with their biological functions, and examined how BCO2
expression may modulate these outcomes. We first demonstrated that APO10LA, a
lycopene metabolite from BCO2-mediated cleavage, inhibited carcinogen-initiated, HFDpromoted hepatic inflammation and tumorigenesis in C57Bl/6J wild-type mice. This study
provided evidence that this lycopene metabolite itself can exhibit biological functions,
thus supporting our hypothesis that BCO2 expression may be important for lycopene
actions. The chemopreventive effects of APO10LA were associated with increased
hepatic SIRT1 protein and deacetylation of SIRT1 targets. This APO10LA-mediated
SIRT1 protein up-regulation was associated with decreased caspase-1 activation and
SIRT1 protein cleavage, suggesting that APO10LA increased SIRT1 protein in a posttranslational manner. APO10LA supplementation in diet improved glucose intolerance
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and reduced hepatic inflammation (decreased inflammatory foci, TNFα, IL-6, NF-κB p65
protein expression, and STAT3 activation) in HFD-fed mice, both of which are risk
factors for MetS and NAFLD-associated diseases. Furthermore, APO10LA suppressed
Akt activation, cyclin D1 gene and protein expression, and promoted PARP protein
cleavage in transformed cells within liver tumors. This observation proposing that the
biological effects of APO10LA may be cell type specific.
In a second study, we use the BCO2-KO mouse model to reveal that BCO2
enzyme expression might not be critical for biological effects of lycopene or APO10LA
against HFD-associated hepatic steatosis. Similar to the first study, APO10LA-mediated
steatosis and inflammation suppression was associated with reduced liver cholesterol
content, as well as with up-regulated hepatic sirtuin 1 protein and downstream signaling
activation. This evidence supports our hypothesis that APO10LA biological functions are
associated with SIRT1-signaling, and that BCO2 expression is not essential for these
APO10LA-mediated effects. Interestingly, lycopene-mediated steatosis suppression in
BCO2-KO mice was not associated with the mechanisms modulated by APO10LA. This
observation provides some indications that BCO2 expression may indeed modulate the
biological functions of lycopene, despite lycopene capacity to retain its protective effects
in the absences of BCO2 expression. Dietary lycopene up-regulated MAT PPARα and
PPARγ-inducible genes that are involved in increasing FA β-oxidation, FA uptake, and
mitochondrial uncoupling, suggesting that lycopene-mediated steatosis reduction maybe
associated with increased FA utilization in MAT.
In our last study, we demonstrated that both lycopene and APO10LA
supplementation were effective in inhibiting carcinogen-initiated, HFD-promoted liver
tumorigenesis in BCO2-KO mice as well as the respective wild-type. This study provided
further evidence that lycopene and its metabolite APO10LA are protective against HFDassociated liver diseases in multiple strains of mice, and that BCO2 expression is not
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essential for their biological functions. However, different mechanisms were modulated
by lycopene in wild-type and BCO2-KO mice, proposing that lycopene metabolism by
BCO2 can modify lycopene activity on the cellular level.
Together,

these

studies

demonstrated

that

lycopene

and

APO10LA

supplementation in mice are both effective in protective against HFD-associated liver
injuries. Our observations revealed the unique biological activities exerted by lycopene
and APO10LA that served to inhibit a broad-range of HFD-associated liver diseases.
These findings supports that lycopene or APO10LA as effective disease prevention
strategies and provide the foundation for future animal and human studies examining the
efficacy and mechanisms by which lycopene or APO10LA supplementation prevents
HFD-related hepatic injury.
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Appendix I: Complete study design for animal study in Chapter III, and results on
primary outcomes.
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Introduction:
This animal study investigated the potential chemopreventive effects of apo-10’lycopenoic acid (APO10LA) against liver-specific carcinogen diethylnitrosamine (DEN)initiated, high-fat diet (HFD)-promoted liver tumorigenesis, as described in Chapter III.
The original in vivo study design incorporated two different doses of APO10LA (10 or 40
mg/kg diet) to elucidate the possible dose-response of APO10LA effects. This study also
had study arms of mice on a low fat diet (LFD), which was later changed to “high
carbohydrates diet or HCD”. The data of HFD and HCD groups are presented in the
Appendix II of this thesis dissertation.
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Table A1.1:

Primary outcomes for C57Bl/6J mice with or without DEN initiation.
+DEN

Animal
(n)
Mortality
(n)
Liver weight
(g)
Liver/Body
Weight
(%)

-DEN

LFD

HFD

HFD+L.
APO10LA

HFD+H.
APO10LA

LFD

HFD

HFD+H.
APO10LA

27

26

26

27

7

8

8

1

2

2

4

1

2

0

2.51
±0.16

2.44
±0.12

2.34
±0.14

2.37
±0.12

2.52
±0.12

2.61
±0.09

2.66
±0.13

6.17
±0.46

6.18
±0.21

6.18
±0.20

6.11
±0.22

5.82
±0.23

4.92
±0.11

5.02
±0.26

Liver tumor outcomes:
Liver
Incidence
(%)

100

100

100

100

0

0

0

Tumor
Multiplicity
(n)

10.85
±1.17

14.57
±1.56

7.63
±1.04

9.05
±1.65

0

0

0

Surface
Tumor
Volume
(mm3)

338.27
±154.00

306.20
±59.88

101.77
±25.59

75.43
±27.88

0

0

0

Lung Tumor
Incidence
(%)

0

26

4

0

0

0

0

Hepatic
Steatosis
Score
[median
(range)]

2
(0-3)

2
(1-3)

2
(0-2)

2
(1-2)

3
(2-4)

2
(1-2)

2
(2-2)

Liver
Inflammatory
Foci
2
(number/cm )

1.4
±0.3

1.7
±0.5

0.6
±0.2

1.2
±0.3

0.6
±0.4

0.0
±0.0

0.3
±0.3

GTT AUC

584.59
±26.69

796.50
±36.55

599.94
±18.44

716.25
±27.94

541.79
±18.32

746.29
±64.49

713.08
±45.95

ITT AUC

256.44
±4.75

257.75
±10.48

273.75
±6.43

277.53
±9.97

222.54
±5.75

311.08
±11.86

259.58
±10.04
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Figure A1.1: Complete study design for animal study in Chapter III
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Appendix II: High refined carbohydrate and high fat diets induced comparable
hepatic tumorigenesis in male mice1
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A2.1

Abstract
Previous studies demonstrated that diet-induced obese mice fed a semi-purified

high fat diet (HFD) promoted greater liver tumorigenesis than mice fed a non-semipurified chow diet. Since ingredients present in standard chow diets may elicit potential
chemopreventive properties that are not present in semi-purified diets, the present study
evaluated hepatic tumorigenic effects of dietary fat by replacing it with refined
carbohydrates (digestible saccharides; high carbohydrate diet [HCD]) in a semi-purified
diet without altering other components. Two-week-old C57Bl/6J male mice were
randomly injected i.p. either with the liver-specific carcinogen diethylnitrosamine (25
mg/kg body weight) to induce liver cancer, or with saline as the non-tumor control. At 6
weeks of age, mice with or without cancer initiation were further randomized to a HFD
(26% and 60% energy from carbohydrates and fat, respectively) or a HCD (66% and
12% energy from carbohydrates and fat, respectively), and were fed ad-libitum for 24
weeks. Results showed that HCD-fed mice had a comparable degree of hepatic
tumorigenesis (tumor number and volume) as HFD-fed mice, despite having significantly
reduced body weights. HCD-feeding induced greater hepatic endoplasmic reticulum
(ER) stress-mediated PKR-like kinase (PERK) activation and oncogenic IL-6/signal
transducer and activator of transcription 3 signaling than HFD-feeding. HCD-stimulated
PERK signaling was associated with elevated expression of pro-survival markers in
tumors, including induced Akt activation, increased extracellular signal-regulated kinases
1/2 phosphorylation and elevated cyclin D1 protein expression. However, HCD-mediated
PERK activation in tumors was also positively associated with markers of pro-apoptosis,
which included elevated C/EBP homology protein expression, and increased cleaved
caspase-3. HCD-fed mice had greater severity in hepatic steatosis than HFD-fed mice.
HCD-induced steatosis exacerbation was associated with increased expression in
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hepatic de novo lipogenic markers that can promote ER stress. Taken together, these
data indicated that chronic HCD consumption can produce comparable severity of
hepatic tumorigenesis as HFD, potentially through up-regulating PERK-mediated ER
stress.
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A2.2

Introduction
Liver cancer is the third leading cause of cancer-related deaths worldwide (1),

and hepatocellular carcinoma (HCC) is the most frequent and aggressive type of primary
liver tumor (1). The morbidity and mortality from HCC are parallel to the increasing
prevalence of non-alcoholic fatty liver disease (NAFLD) (2), which is a non-alcohol
related form of steatosis that is present in 75-100% of overweight and obese adults and
children (2). The molecular mechanisms involved in NAFLD-associated HCC
development are thought to include elevated systemic inflammation, dysregulated lipid
metabolism, and activated mitogen signaling related to insulin resistance (3-5).
Animal studies have demonstrated that diet-induced obesity (DIO) from
consuming a semi-purified high fat diet (HFD; 60% energy derived from fat) promoted
greater liver tumorigenesis than lean animals fed a standard chow diet (4, 6). The
mechanisms by which DIO promoted tumorigenesis were related to systemic elevations
of free fatty acids (FA) and the increased presence of the pro-inflammatory cytokines:
TNFα and IL-6 (4, 6). DIO promoted these pro-inflammatory responses by inducing the
NF-κB, MAPK, and IL-6/signal transducer and activator of transcription 3 (STAT3)
signaling pathways (3-6). STAT3-activated tumors in humans have been observed to be
more aggressive than tumors without STAT3 activation (3-6). Since chow diets (12%
energy from fat) contain other ingredients (e.g. phytonutrients and fiber) with potential
chemopreventive properties that are not present in semi-purified diets, reports
comparing outcomes between HFD-fed and chow-fed mice may be not appropriate to
evaluate the tumorigenic effects of dietary fat alone.
Epidemiological studies have suggested that a diet high in refined carbohydrates
(HCD; 50-65% of energy from carbohydrates; high glycemic index; and low in fiber)
could promote NAFLD progression (7-9), and was associated with increased HCC risk
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(10). These observational data have been consistent with comparable experimental
reports. Mice fed a high glycemic index diet for 24 weeks had greater hepatic
triglycerides and adiposity than mice fed a low glycemic index diet (11). HCD has been
shown to induce hepatic de novo lipogenesis (DNL) and increased synthesis of lipogenic
enzymes (12, 13). As a result, the demand for endoplasmic reticulum (ER) assisted
folding becomes elevated (14, 15), leading to the induction of an ER stress-mediated
unfolded protein response (ERUPR) (14, 15). Metabolic excess-induced ERUPR activation
has been associated with liver cancer development (16). Further, ER stress could also
induce fibrogenic activity of hepatic stellate cells (17). Hepatic fibrosis can promote the
development of liver cirrhosis (5), which is a significant risk factor for HCC development
(5). This evidence begs the question as to whether HFD would indeed promote greater
hepatic tumorigenesis (when compared to HCD), if the remaining compositions of the
diets were similar.
The present study investigated the liver tumorigenic effects of dietary fat in a
carcinogen-initiated HCC mouse model by replacing dietary fat with refined
carbohydrates (digestible saccharides) without altering other dietary components. In
addition, we explored potential mechanisms by which HCD exhibited its hepatic
tumorigenic effects by inducing ERUPR.
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A2.3
A2.3.1

Materials and Methods
Study design

The experimental protocol (Fig. A2.1A) was adapted from a well-established animal
model for studying HCC pathogenesis (4, 18), and approved by the Institutional Animal
Care and Use Committee at the Jean Mayer USDA Human Nutrition Research Center
on Aging at Tufts University. Pregnant female C57Bl/6J mice were purchased from the
Jackson Laboratories (Bar Harbor, ME, USA) to generate male mice for this study. Mice
were given water and food ad libitum, and maintained in an environmentally controlled
(12 hour light/dark cycle, temperature and humidity controlled) animal room throughout
the study. Two-week-old mice were randomly injected i.p. with either saline (-DEN arm)
or with the liver-specific carcinogen diethylnitrosamine (DEN; Sigma-Aldrich; +DEN arm)
at a dosage of 25 mg/kg body weight as previously described (4, 18). At 6 weeks of age,
mice under both the -DEN and +DEN arms were randomly assigned to either a HFD
(HFD-DEN or HFD+DEN; F3283; Bio-Serv, Frenchtown NJ, USA; composition in Table
A2.1), or HCD (HCD-DEN or HCD+DEN; F6395; Bio-Serv; Table A2.1). All animals
were euthanized without fasting at 30 weeks of age by terminal exsanguination under
deep isoflurane (Isothesia, Butler Schein, Dublin OH, USA) anesthesia.

A2.3.2

Quantification of liver tumors

After euthanization, whole livers were removed from study mice and processed for
biochemical and histological analyses as previously described (18). Primary outcomes
including liver tumor multiplicity were evaluated by two investigators blinded to
treatments, as described previously (18).
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A2.3.3

Histopathological evaluation

Sections (5 μm) of formalin-fixed, paraffin-embedded liver tissue were subjected to
hematoxylin (H) and eosin (E) staining and histopathological examination by two
independent investigators blinded to the treatment groups as previously described (18).

A2.3.4

RNA Extraction and qRT-PCR

Total RNA extraction from frozen liver tissue and subsequent qRT-PCR was performed
as previously described (18). Primer sequences are listed in Table A2.2.

A2.3.5

Protein isolation and western blotting

Protein isolation from frozen liver tissue and subsequent western blotting analysis of
specific proteins were executed as previously described (18). The following antibodies
were used for western blotting: acetyl-CoA carboxylase (ACC), Akt, eukaryotic initiation
factor 2α (eIF2α), MAPK-extracellular signal-regulated kinases (Erk) 1/2, PERK,
phosphorylated-Akt (Ser473), phosphorylated-eIF2α (Ser51), phosphorylated-p44/42
MAPK-Erk1/2 (Thr202/Tyr204), phosphorylated-PERK (Thr980), phosphorylated-STAT3
(Tyr705), stearoyl-CoA desaturase (SCD) 1, STAT3 (Cell Signaling, MA, USA), IL-6
(R&D, MN, USA), C/EBP homology protein (CHOP or GADD153), cyclin D1 (Santa
Cruz, TX, USA). Proteins were detected by a horseradish peroxidase-conjugated
secondary antibody (Bio-Rad, CA, USA). The specific bands were visualized by a
SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce, IL, USA) according to
the manufacturer's instructions. Anti-actin antibody (Sigma-Aldrich) was used to detect
β-actin used for the equal loading of some proteins. The intensities of bands were
quantified by using GS-710 Calibrated Imaging Densitometer (Bio-Rad).
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A2.3.6

Statistical analysis

SAS 9.3 software was used to perform the statistical analyses. Student’s t-test and nonparametric Wilcoxon signed rank tests were used to examine the differences in primary
outcome measurements for the following comparisons: 1) HFD-DEN and HCD-DEN; 2)
HFD+DEN (non-tumor) and HCD+DEN (non-tumor); and 3) HFD+DEN (tumor) and
HCD+DEN (tumor). Spearman’s rank correlation was used to perform non-parametric
measures of statistical dependence between two variables. P-value was set at 0.05 for
comparisons to reach statistical significance.
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A2.4

Results

A2.4.1

HCD- or HFD-fed mice had the same degree of DEN-initiated hepatic

tumorigenesis
No liver tumors were detected in uninitiated HFD and HCD-fed mice (HFD-DEN and
HCD-DEN; Table A2.3). All DEN-initiated mice (HFD+DEN and HCD+DEN) developed
multiple surface liver tumors (Fig. A2.1B-i,ii; Table A2.3), similar to those described in
previously published studies (4, 18). H&E staining of C57Bl/6J liver tissues showed
hepatic adenoma and HCC development (Fig. A2.1B-iii,iv), with inflammatory cell
infiltration within both tumor and non-tumor regions (Fig. A2.1B-v,vi). Hepatic surface
tumor multiplicity and volume were not statistically different between the HFD+DEN and
HCD+DEN groups (Table A2.3). Final body weights of HFD-fed mice were comparable
to the C57Bl/6J DIO phenotype as previously described (4, 19). HCD-fed mice weighed
~10 g less than HFD-fed mice within each DEN arm of this study (Table A2.3), but were
~10 g heavier than chow-fed mice (~32 g at 30 weeks of age) in previously published
studies (4, 19). All groups of mice in the current study had similar degrees of mortality
(Table A2.3).

A2.4.2

HCD-feeding induced more severe hepatic steatosis and greater DNL

enzymes expression than HFD-feeding
HCD-fed mice had more severe hepatic steatosis than HFD-fed mice (Table A2.3; Fig.
A2.1B-vii, viii). HCD-feeding induced greater protein expression of DNL enzymes in
liver and liver tumor tissue than HFD-feeding, including ACC (by 122% in HCD-DEN; by
294% in HCD+DEN (non-tumor); by 316% in HCD+DEN (tumor) Fig. A2.2A), and SCD1
(by 659% in HCD-DEN; by 243% in HCD+DEN (non-tumor); by 116% in HCD+DEN
(tumor); Fig. A2.2B). This HCD-associated DNL enzyme protein induction in liver tissue
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accompanied elevated gene expression of Acc (by 249% in HCD-DEN; by 186% in
HCD+DEN (non-tumor); Fig. A2.2C), Scd1 (by 498% in HCD-DEN; by 348% in
HCD+DEN (non-tumor); Fig. A2.2C) and fatty acid synthase (Fas; by 298% in HCDDEN; by 219% in HCD+DEN (non-tumor); Fig. A2.2C), thus implying a HCD-induced
transcriptional regulation of these DNL enzymes. This phenomenon was not observed in
liver tumor tissue (Fig. A2.2C).

A2.4.3

HCD-fed mice had greater ERUPR-associated PERK/eIF2α signaling

induction than HFD-fed mice
Replacing dietary fats with refined carbohydrates induced activation of PERK by
phosphorylation (by 106% in HCD-DEN; by 96% in HCD+DEN (non-tumor); by 89% in
HCD+DEN (tumor); Fig. A2.3A) in liver and liver tumor tissue in each DEN arm. This
HCD-mediated PERK activation was associated with the increased-phosphorylation of
PERK-downstream signaling molecule eIF2α (by 999% in HCD-DEN; by 75% in
HCD+DEN (non-tumor); by 63% in HCD+DEN (tumor); Fig. A2.3B). Hepatic PERK
activation in the +DEN arm was correlated with eIF2α phosphorylation in liver and liver
tumor tissue (R2=0.49; p=0.001 and R2=0.50; p=0.007 respectively). PERK and eIF2α
phosphorylation in the +DEN arm also correlated with ACC (PERK: R2=0.37; p=0.019;
eIF2: R2=0.36; p=0.018) and SCD1 (PERK: R2=0.30; p=0.049; eIF2α: R2=0.43; p=0.003)
protein expression in liver tissue. There was a suggestive correlation between eIF2α
phosphorylation and SCD1 (R2=0.35; p=0.08) in liver tumors. HFD- and HCD-fed mice
shared similar ERUPR-associated inositol requiring enzyme 1α (IRE1α)-mediated X-box
binding protein 1 (XBP-1) gene expression and splicing in liver tissue (data not shown).
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A2.4.4

HCD-feeding induced greater pro-inflammatory signaling activation than

HFD-fed mice
HCD-mediated PERK/eIF2α activation in +DEN arm was associated with induced IL-6
protein expression (by 79%; Fig. A2.3C) and IL-6-dependent oncogenic STAT3
phosphorylation (by 80%; Fig. A2.3D) in liver tissue. IL-6 expression was correlated with
the phosphorylation of PERK (R2=0.52; p<0.001) and eIF2α (R2=0.55; p<0.001), as well
as with ACC (R2=0.48; p<0.001) and SCD1 (R2=0.29; p=0.08) protein expression. We
observed no differences in the protein expression of NF-κB-inhibitory protein inhibitory
kappa B (IκB; data not shown).

A2.4.5
Replacing

HCD-feeding induced Akt and MAPK/Erk signaling in liver tumors
dietary

fat

with

refined

carbohydrates

induced

Akt

activation

by

phosphorylation (by 382%; Fig. A2.4A) in liver tumors. HCD-mediated Akt activation
was associated with the activation of Erk1/2 by phosphorylation (by 144%; Fig. A2.4B),
cyclin D1 protein expression (by 104%; Fig. A2.4C), and with increased Erk-mediated
downstream gene target cellular inhibitor of apoptosis protein (cIAP1; by 20%; p=0.08;
Fig.

A2.4D).

We

observed

correlations

between

Akt

activation

and

Erk1/2

phosphorylation (R2=0.49; p=0.006), eIF2α phosphorylation (R2=0.38; p=0.045), CHOP
(R2=0.40; p=0.030), and SCD1 (R2=0.47; p=0.019) protein expression. Erk1/2
phosphorylation was correlated with eIF2α phosphorylation (R2=0.55; p=0.002), and
SCD1 protein expression (R2=0.55; p=0.004). There was no difference in ribosomal
protein S6 (RPS6) phosphorylation between HFD and HCD tumors (data not shown).
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HFD-feeding reduced expression of pro-apoptotic markers in liver tumors

HCD-feeding induced greater pro-apoptotic CHOP protein expression than HFD-feeding
in the liver and liver tumor tissue (by 316% in HCD-DEN; by 105% in HCD+DEN (nontumor); by 68% in HCD+DEN (tumor); Fig. A2.4E). HCD-associated CHOP protein upregulation in liver tumors accompanied the induction of cleaved caspase-3 (by 485%;
Fig. A2.4F), suggesting cancer cell apoptosis. CHOP protein expression correlated with
SCD1 protein expression (R2=0.39; p=0.007) in the liver tissue, and had a suggestive
correlation with PERK phosphorylation (R2=0.33; p=0.09) in liver tumors.
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Discussion
The present study provided a novel observation that HCD- and HFD-feeding had

similar impacts on DEN-induced liver tumorigenesis in male mice, suggesting that
dietary fat did not have greater tumorigenic effects on the liver than dietary refined
carbohydrates. This outcome occurred despite the HCD-fed mice weighed significantly
less than HFD-fed mice, presumably due to the differential energy densities of the diets.
Therefore, HCD-feeding may utilize alternative pathways to promote liver tumorigenesis
than those that are obesity and/or weight-dependent.
ERUPR plays an important role in NAFLD development and progression (16, 20)
and we investigated whether ERUPR could be induced with HCD- or HFD-feeding. ERUPR
is characterized by the activation of three distinct signal transduction pathways
originating from the ER membrane that are mediated by the IRE1α/XBP1 system, the
PERK/eIF2α signaling, and the activation of transcription factor 6α (ATF6α) (16, 20). We
observed that replacing dietary fat with refined carbohydrates significantly induced
PERK/eIF2α signaling in both liver and liver tumor tissue. It has been reported that
PERK/eIF2α activation was important for cancer cell survival (21, 22). Genetic ablation
of PERK or a knock-in mutation of the PERK phosphorylation site on eIF2α both
significantly reduced the survival of transformed mouse embryo fibroblasts (22). Since
others have reported that tumors in PERK-knockout mice grew much slower and
exhibited a greater degree of apoptosis than in the respective wild-type mice (22), our
results suggested that refined carbohydrates may promote liver tumorigenesis through
eliciting PERK/eIF2α signaling. This notion is in support of observations that NAFLD and
NASH patients had increased eIF2α phosphorylation and GRP78/BiP expression (23),
suggesting a positive association between ERUPR and NAFLD progression.
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ERUPR has been linked to major inflammatory signaling networks including the
NF-κB pathway and the NF-κB-inducible cytokine IL-6 expression (5, 20). We observed
that HCD-induced PERK/eIF2α signaling activation was associated with increased IL-6
protein expression and STAT3 phosphorylation. This phenomenon occurred in the
absence of IκB modulation. It has been suggested that PERK/eIF2α-dependent NF-κBsignaling promotion can be mediated through the transcriptional repression of IκB (24).
PERK/eIF2α can also activate NF-κB-signaling in a non-IκB degradation-dependent
mechanism, involving the induced disassociation of IκBα from the NF-κB p65 subunit
(25). Our results suggest that HCD-feeding may have induced NF-κB activation in an
IκB-independent manner.
Interestingly, HCD-induced PERK/eIF2α signaling activation in the current study
was associated with elevated Akt-Erk1/2 signaling activation. This observation was
accompanied with the HCD-promoted increase in cyclin D1 protein expression, and a
non-significant increase in the Erk-mediated downstream gene target, the anti-apoptotic
cIAP1. The induction of the PI3K-Akt pathway is important to facilitate cancer cell
survival, which requires PERK/eIF2α signaling (26-28). The potential mechanisms for
the PERK-induced pro-survival included the Akt-mediated activation of MAPK/Erk
signaling (27), as well as the induction of cIAP1 and cIAP2 proteins (26, 29). Akt
activation in transformed cells of human liver tumors is a risk factor for early disease
recurrence (30, 31), and correlates with increased cell cycle promoter cyclin D1
expression (27, 32).
Although our observation suggests that replacing dietary fat with refined
carbohydrates may promote tumor growth through Akt-Erk signaling activation, both
HCD-fed and HFD-fed mice had comparable tumor volume.

PERK/eIF2α signaling

activation can initiate Atf4 translation, a transcription factor that induces the expression
of pro-apoptotic protein CHOP (16). In the present study, HCD-induced PERK/eIF2α
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signaling was associated with elevated CHOP protein expression in liver tumors. This
evidence suggests that HCD-mediated PERK/eIF2α activation may promote tumor cell
apoptosis, as indicated by the HCD-induced elevation in cleaved-caspase 3. These proapoptotic properties of PERK/eIF2α activation may counteract the tumor-proliferating
effects of Akt-signaling in HCD-fed mice, providing a plausible explanation to why HCDfed mice had similar hepatic tumorigenesis as HFD-fed mice.
Metabolic excess and/or obesity-related hepatic ER stress stemmed from
accumulation of misfolded protein, a phenomenon that was partially due to increased
synthesis of proteins involved in lipid metabolism (synthesis, oxidation, transport) (14,
33, 34). In the present study, HCD-fed mice had more severe hepatic steatosis than
HFD-fed mice, regardless of liver tumor-bearing. This HCD-induced elevated steatosis
was associated with the significant up-regulation of DNL genes and proteins including
ACC and SCD-1, as well as FAS gene expression. This evidence is consistent with
previous in vivo studies and clinical observations that HCD-induced NAFLD was
associated with elevated hepatic DNL (7-9). Donnelly et al observed that NAFLD
patients have elevated fasting DNL as compared to healthy individuals (35). Altering
dietary macronutrient contents can induce differential metabolic consequences in the
liver (8, 14, 36). Excessive dietary carbohydrates induced glucose conversion to FA by
DNL (8, 36), whereas excessive dietary fat elevated hepatic lipid uptake without
stimulating DNL (14, 36). C57Bl/6J mice fed a HFD for 500 days had significantly
reduced mRNA expression of DNL genes compared to chow diet-fed mice, suggesting a
potential negative feedback on lipogenesis by excessive dietary fat (6). In the current
study, we observed that HCD-induced DNL was correlated with PERK/eIF2α signaling
activation, providing evidence to support the notion that aberrant lipid metabolism
including elevated lipogenesis was an important contributor to hepatic ER-stress (20).
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It is important to note that ERUPR also has lipogenic capacity (15), whereas Aktsignaling activation can induce lipogenesis in a mammalian target of rapamycin complex
1 /ribosomal protein (RP) S6-dependent manner (31). Therefore, we are unable to
conclude whether HCD-induced DNL preceded the ERUPR-associated PERK/eIF2α
signaling. Interestingly, HCD-feeding did not induce RPS6 phosphorylation in tumor
regions. This observation provided some evidence to suggest that HCD-feeding may
promote hepatic steatosis in an Akt-independent manner. Further investigations are
required to determine whether HCD-promoted hepatic steatosis is independent of ERUPR.
We also acknowledge that the basal diet for this study lacked dietary fiber. Low dietary
fiber is associated with increased prevalence for metabolic syndrome and HCC risk in
humans (10). Diets rich in complex carbohydrates and fiber did not induce clinical DNL
in humans, suggesting a potential interaction between digestibility/structure of
carbohydrates and DNL (13).
Taken together, the present study proposed that chronic HCD-feeding can
promote comparable severity of hepatic tumorigenesis as for HFD feeding potentially
through up-regulating PERK-mediated ER stress (Figure A2.5: Schematics of results).
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Table A2.1: Diets composition for C57Bl/6J mice that were or were not treated with
DEN to initiate liver cancer, fed either a HFD or HCD for 24 weeks.1

BioServ Diets:

HCD (F6395)

HFD (F3282)
(g/kg diet)

Casein

228.0

228.0

Lard

50.02

358.5

Ash

35.0

35.0

Moisture

<100.0

<100.0

Maltodextrin

120.0

220.0

Corn Starch

308.85

0.0

240.2
(22% of dietary
carbohydrates)

140.2
(22% of dietary
carbohydrates)

Vitamin mix

40.0

40.0

Mineral Mix

10.0

10.0

Choline Chloride

1.3

1.3

DL-Methionine

2.0

2.0

Total
Carbohydrate

669.1
(66.5% energy)

360.2
(26.0% energy)

Total Protein

228.0

228.0

50.0
(12% energy)

358.5
(59% energy)

0.0

0.0

Sucrose

Total Fat
Total Fiber

1

Both HCD and HFD meet the National Research Council Committee on Animal Nutrition (NRC)
recommendations for murine diets. HCD, diet high in refined carbohydrates; HFD, high fat diet.
2
0.5% by weight of soybean oil was added to HCD to meet the NRC recommendation for the
linoleic acid content in murine diets (6.8 g/kg).
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Table A2.2: Primers sequences for RT-PCR analysis of liver tissue from C57Bl/6J
mice that were or were not treated with DEN to initiate liver cancer, fed either a
HFD or HCD for 24 weeks:

Genes:
Acc

Forward:

Reverse:

GGACAGACTGATCGCAGAGAAAG

TGGAGAGCCCCACACACA

β-Actin

CTTTTCCAGCCTTCCTTCTTGG

CAGCACTGTGTTGGCATAGAGG

cIAP1

TGTGGCCTGATGTTGGATAAC

GGTGACGAATGTGCAAATCTACT

Fas

GCTGCGGAAACTTCAGGAAAT

AGAGACGTGTCACTCCTGGACTT

Scd

CCGGAGACCCCTTAGATCGA

TAGCCTGTAAAAGATTTCTGCAAACC
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Table A2.3: Liver tumor outcomes, body and liver weights, hepatic steatosis and
inflammation in C57Bl/6J male mice that were or were not treated with DEN to
initiate liver cancer, fed either a HFD or HCD for 24 week1.

Study Group:
HFD
-DEN

HCD
-DEN

HFD
+DEN

HCD
+DEN

Animal Number, n

7

8

27

26

Mortality, # of animals

1

0

3

1

Incidence, %

0

0

100

100

Multiplicity, #

0

0

14.6±1.9

10.9±1.2

0

0

306±113

338±154

Final Body Weights, g

52.9±1.4

44.3±1.4*

50.9±0.6

41.2±0.6*

Liver Weights, g

2.6±0.1

2.5±0.1

2.4±0.1

2.5±0.2

Liver/Body Weight, %

4.9±0.1

5.8±0.2*

4.2±0.2

6.2±0.5*

Hepatic Steatosis Score2,
median (range)

2 (1-2)

3 (2-4)*

2 (1-3)

2 (0-3)*

Liver Inflammatory Foci,
number/cm2

0.0±0.0

0.6±0.4

1.7±0.5

1.4±0.3

Liver Tumor Outcomes:

Volume, mm

1

3

Values are means ± SEMs, median [range], or n (%). *Different from the corresponding HFD, P
< 0.05. HCD, diet high in refined carbohydrates; HFD, high fat diet; DEN, diethylnitrosamine.
2
The means for the hepatic steatosis were 1.83 and 2.15 for HFD+DEN and HCD+DEN
respectively. Wilcoxon signed rank test was used to examine the difference between steatosis
medians.
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Figure A2.1 Study design, gross and histopathology of liver tumors and
inflammation in C57Bl/6J male mice that were and were not treated with DEN to
initiate liver cancer, fed either a HFD or HCD for 24 weeks.
Panel A. Study design. Panel B: Representative picture or light micrograph of livers from
HFD+DEN or HCD+DEN: B-i, livers from HFD+DEN with tumors (arrows). B-ii, livers
from HCD+DEN with tumors (arrows). B-iii, H&E stained hepatic adenoma at 25X. B-iv,
H&E stained HCC at 25X. B-v, H&E stained hepatic inflammatory foci in the non-tumor
region at 400X. B-vi, H&E stained hepatic adenoma with inflammatory cell infiltration
(arrows) at 100X. B-vii, H&E stained hepatic steatosis from HFD+DEN at 25X. B-viii,
H&E stained hepatic steatosis from HCD+DEN at 25X.
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Figure A2.2 Hepatic DNL biomarkers in C57Bl/6J male mice that were or were not
treated with DEN to initiate liver cancer, fed either a HFD or HCD for 24 weeks.
Graphical representation of fold changes in: A, ACC protein. B, SCD1 protein. C, Acc
mRNA, Fas mRNA and Scd1 mRNA. Representative western blots with 1 sample per
group are shown. White bars represent HFD. Black bars represent HCD. -DEN arm,
n=6-7/group; +DEN arm (non-tumor), n=22-26/group; +DEN arm (tumor), n=1216/group. Fold changes normalized to HFD-DEN, HFD+DEN (non-tumor) or HFD+DEN
(tumor). Values are means ± SEMs. *Different from the corresponding HFD, P < 0.05.
ACC, acetyl Co-A carboxylase; Fas, fatty acid synthase; HCD, diet high in refined
carbohydrates; HFD, high fat diet; DEN, diethylnitrosamine; SCD, stearoyl-CoA
desaturase; T-, total.
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Figure A2.3 Hepatic PERK/eIF2α signaling and apoptotic markers in C57Bl/6J male
mice that were and were not treated with DEN to initiate liver cancer, fed either a
HFD or HCD for 24 weeks.
Graphical representation of fold changes in: A, PERK (Thr980) phosphorylation (total
PERK as control). B, eIF2α (Ser51) phosphorylation (total eIF2α as control). C, IL-6
protein. D, STAT3 (Tyr705) phosphorylation (STAT3 as control). Representative western
blots with 1 sample per group are shown. White bars represent HFD. Black bars
represent HCD. -DEN arm, n=6-7/group; +DEN arm (non-tumor), n=22-26/group; +DEN
arm (tumor), n=12-16/group. Fold changes normalized to HFD-DEN, HFD+DEN (nontumor) or HFD+DEN (tumor). Values are means ± SEMs. *Different from the
corresponding HFD, P < 0.05.
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Figure A2.4 Liver tumor Akt, MAPK/Erk, and IL-6 signaling in C57Bl/6J male mice
fed either a HFD or HCD for 24 weeks.
Graphical representation of fold changes in: A, Akt (Ser473) phosphorylation (total Akt
as control). B, Erk1/2 (Thr202/Tyr204) phosphorylation (total Erk1/2 as control). C, cyclin
D1. D, cIAP1 mRNA. E, CHOP. F, cleaved caspase 3. Representative western blots with
1 sample per group are shown. White bars represent HFD. Black bars represent HCD. DEN arm, n=6-7/group; +DEN arm (non-tumor), n=22-26/group; +DEN arm (tumor),
n=12-16/group. Fold changes normalized to HFD-DEN, HFD+DEN (non-tumor) or
HFD+DEN (tumor). Values are means ± SEMs. *Different from the corresponding HFD,
P < 0.05. CHOP, C/EBP homology protein; cIAP, cellular inhibitor of apoptosis; Erk,
extracellular signal-regulated kinases; HCD, diet high in refined carbohydrates; HFD,
high fat diet; DEN, diethylnitrosamine. p-, phosphorylated; T-, total.
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Figure A2.5: Schematics of results
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Appendix III: Complete study design for animal study in Chapter V, and results on
primary outcomes.
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Introduction:

The present animal study investigated the potential chemopreventive effects of lycopene
against liver-specific carcinogen diethylnitrosamine (DEN)-initiated, high-fat diet (HFD)promoted liver tumorigenesis in wild-type and beta-carotene-9’,10’-oxygenase knockout
(BCO2-KO) mice, as described in Chapter V. The original in vivo study design also
examined the chemopreventive effects of apo-10’-lycopenoic acid (APO10LA), which is
a lycopene metabolite that can be generated by BCO2 cleavage of lycopene. Wild-type
or BCO2-KO mice were supplemented with APO10LA at 10mg/kg diet. Based on results
from Chapter III, we hypothesized that APO10LA supplementation would inhibit DENinitiated, HFD-promoted liver tumorigenesis in wild-type and BCO2-KO mice. The study
design is shown in Figure A3.1. The primary outcome results are shown in Table A3.1.
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Table A3.1:

Primary outcomes for wild-type and BCO2-KO mice with DEN

initiation supplemented with lycopene or APO10LA for 24 weeks.

WT
Study
Group:
HFD

HFD
+Ly

BCO2-KO

2-way ANOVA

HFD
+A10

HFD

HFD
+Ly

HFD
+A10

Overall

Diet*
Strain

Diet
Effect

Strain
Effect

0.03

0.48

Liver Tumor Outcomes:
Incidence
(%)

88

71

70

100

80

70

Multiplicity

14.3

6.3

6.8

8.0

3.6

5.5

0.01

0.50

0.01

0.054

Final Body
Weights (g)

52.2

49.1

50.0

43.6

41.6

44.3

<0.01

0.61

0.17

<0.01

Liver
Weights (g)

2.4

2.3

2.6

1.5

1.3

1.5

<0.01

0.93

0.13

<0.01

Liver/Body
Weight (%)

4.6

4.6

5.1

3.4

3.2

3.4

<0.01

0.54

0.15

<0.01

TC

96.8

98.5

101.4

60.1

56.5

57.3

<0.01

0.85

0.38

<0.01

TG

148.3

144.3

138.3

104.2

89.8

91.6

<0.01

0.82

0.98

<0.01

HDL:TC

43.0

44.2

44.7

50.3

49.1

49.5

<0.01

0.39

0.72

<0.01

Food
Consumption (g/d)

2.6

3.1

3.0

3.0

2.9

2.9

0.60

0.23

0.77

0.78
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Figure A3.1: Complete study design for animal study in Chapter V
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Appendix IV. Replacing saturated fat with omega-6 polyunsaturated fat reduced
high fat diet reduced weight gain and liver steatosis in beta-carotene-9’,10’oxygenase knockout mice
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Introduction
Non-alcoholic

cardiovascular

fatty

disease

liver
risk.

disease

is

positively

Apo-10’-lycopenoic

acid

associated

obesity

(APO10LA),

and

generated

endogenously by beta-carotene-9’,10’-oxygenase (BCO2) cleavage of lycopene,
inhibited hepatic steatosis in BCO2-expressing wild-type mice. Chapter 4 of this thesis
investigated whether BCO2 is essential for lycopene and APO10LA biological effects
using BCO2-knockout (BCO2-KO) mice. We found that BCO2-KO male mice fed a diet
high in saturated fat (SFA) developed hepatic steatosis after 12 weeks of feeding.
Lycopene and APO10LA inhibited HFD-induced steatosis in BCO2-KO male mice
through differential mechanisms.
The present animal study is an extension to the Chapter 4 investigation. We were
interested to examine whether replacing the saturated fat source (lard) in SFA with a fat
source that is rich in polyunsaturated fatty acids (sunflower oil) can modify liver
pathologies induced by SFA, and the biological functions of APO10LA.
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A4.2 Materials and Methods
Please refer to Chapter 4 in regards to the materials and methods used for this
study. The identical BCO2-KO mice were used in this study as described in Chapter 4,
but only male mice were used in this study. At 6 weeks of age, BCO2-KO mice were
randomized to either a HFD rich in saturated fatty acids (SFA; F3282; Bio-Serv, NJ,
USA; 60% energy from lard), or a HFD rich in polyunsaturated fatty acids (PUFA; BioServ, NJ, USA; 60% energy from sunflower oil), with or without APO10LA (10mg/kg diet)
for 12 weeks (Figure A4.1). Both SFA and PUFA diets are identical except their fat
sources.
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A4.3

Results

A4.3.1 BCO2-KO male mice in the present study and lower final body weight and
degree of hepatic pathologies than those described in Chapter 4 after SFA-feeding for
12 weeks
BCO2-KO mice in the present study weighed ~10% less than those in the study
described in Chapter 4 (33.40 g vs 36.94 g) after 12-week HFD feeding. This
observation was associated with less hepatic steatosis incidence in study mice of the
present study (35%), as compared to the steatosis incidence of study mice in Chapter 4
(90%; Table 4.3). Study mice in the present study also developed less hepatic
inflammation after 12-week HFD feeding than study mice described in Chapter 4 (Table
A4.1; Table 4.3).

A4.3.2 PUFA-feeding lowered body weight, fasting insulin and ameliorated hepatic
steatosis incidence as compared to SFA-feeding in BCO2-KO male mice
Replacing lard with sunflower oil in the HFD significantly reduced final body weight of
BCO2-KO male mice (Table A4.1). This observation occurred despite the fact that
PUFA-fed mice consumed more food than SFA-fed mice (Table A4.1). PUFA-fed mice
also had lower fasting insulin and greater high-density lipoprotein cholesterol (HDL-C) to
plasma cholesterol ratio than SFA-fed mice, without altering fasting glucose, plasma
cholesterol, and plasma triglyceride (Table A4.1).

A4.3.3 Effects of replacing lard with sunflower oil on hepatic biomarkers
PUFA-feeding and SFA-feeding had similar hepatic sirtuin 1 protein expression, and
AMPK

phosphorylation.

However,

PUFA-fed

mice

had

elevated

stearoyl-CoA
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desaturase

(SCD-1)

protein

expression

and

acetyl-CoA

carboxylase

(ACC)

phosphorylation (Figure A4.2).

A4.3.4 Effects of replacing lard with sunflower oil on mesenteric adipose biomarkers
PUFA-feeding induced greater expression of FA utilizing genes, including PR domain
containing 16 (Prdm16; Figure A4.2) and PPARγ coactivator 1α (Pgc1α; p=0.10; Figure
A4.2) than SFA-feeding in mesenteric adipose tissue (MAT). Similar trends were
observed with other FA utilizing and lipid metabolism genes (Adipoq, Cidea, Cysc,
PPARα, Ucp1, Ucp3) without reaching significance (Figure A4.3).

A4.3.5 APO10LA supplementation did not significantly decrease hepatic steatosis in
BCO2-KO male mice
In contrast to results in Chapter 4, APO10LA supplementation had a trend decrease in
HFD-induced hepatic steatosis in BCO2-KO mice, but the effects did not reach
significance (Table A4.1; Table 4.3). APO10LA did not modulate food consumption, final
body weight, fasting glucose, fasting insulin, or plasma lipids (Table A4.1).
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Table A4.1. Primary outcomes of BCO2-KO mice fed a SFA or PUFA with or
without apo-10’-lycopenoic acid (A10) supplementation for 12 weeks.1
Study Groups
SFA

Animal (n)
Liver Weight
(g)
Final Body
Weight (g)
Food
Consumption
(g)
Hepatic
Steatosis
Incidence (%)
Hepatic
Steatosis Score
[median(range)]
Hepatic
Inflammatory
Foci Incidence
(% of mice)
Hepatic
inflammatory
foci number

Two-way ANOVA
or Chi-square test

PUFA

SFA

SFA+
A10

PUFA

PUFA+
A10

Overall

Diet*
A10

Diet

A10

13

13

13

13

1.00
±0.04
33.04
±1.32

1.04
±0.04
33.89
±1.69

1.09
±0.02
30.07
±1.07

1.08
±0.03
30.91
±0.82

0.16

0.46

0.04

0.52

0.13

0.99

0.02

0.51

2.41
±0.09

2.37
±0.07

2.56
±0.11

2.87
±0.18

0.02

0.15

<0.01

0.29

38.46

23.08

15.38

7.69

0.20

0.78

0.05

0.68

1
(0-2)

0
(0-2)

0
(0-2)

0
(0-1)

0.05

0.51

7.7

7.7

15.4

0.0

1.00

0.30
±0.15

0.08
±0.08

0.15
±0.10

0

1.00

0.30

0.68
±0.08

0.77
±0.17

0.40
±0.06

0.42
±0.08

0.04

0.75

<0.01

0.59

Fasting glucose
(mg/dL)
Fasting Insulin
(mg/dL)

Plasma Lipids (mg/dL or %)

1

TG

268.00
±34.43

239.69
±13.66

222.31
±7.81

228.77
±11.88

0.36

0.37

0.15

0.60

TC

102.83
±3.80

106.15
±3.58

95.69
±3.26

105.54
±5.09

0.24

0.42

0.35

0.10

HDL-C:TC
(%)

45.22
±1.06

45.00
±0.64

48.39
±0.98

46.98
±1.09

0.05

0.53

0.01

0.36

Values are means ± SEMs or n (%). Two-way ANOVA was used to examine the overall, diet,
sex, and diet*sex effects. Student’s t-test or Chi-square test was used to compare between
HFD+LyP and HFD+Ly in the corresponding sex. *Different from HFD in the corresponding sex, P
< 0.05.
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Figure A4.1: Study Design
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Figure A4.2: Hepatic biomarkers in BCO2-KO male mice that were fed either a
SFA or PUFA for 12 weeks.
Graphical representation of fold changes in: SIRT1 (β-actin as control); SCD-1 (β-actin
as control); AMPKα (Thr172) phosphorylation (AMPKα as loading control);
phosphorylated ACC (Ser79; ACC as loading control). White bars represent SFD. Purple
bars represent PUFA. n=26/group. Fold changes normalized to SFA. Values are means
± SEMs. *Different from the corresponding HFD, P < 0.05.

Figure A4.3. Mesenteric adipose tissue biomarkers in BCO2-KO male mice that
were fed either a SFA or PUFA for 12 weeks.
mRNA expression in mesenteric adipose tissue lysates (SFD, PUFA, n=26/group).
Graphical representation of fold changes in: Cidea, Cysc, Prdm16, Ucp1, Ucp3, Adipoq,
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Fat10, PGC1α, PPARα. Fold changes normalized to SFA. Values are means ± SEMs.
*Different from the corresponding HFD or males, P < 0.05.
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Appendix V. A pilot study to examine the role of sirtuin 1 catalytic activity in apo10’-lycopenoic acid effects against high-fat diet-induced hepatic steatosis
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A5.1

Introduction
Non-alcoholic

fatty

liver

disease

is

positively

associated

obesity

and

cardiovascular disease risk. In Chapter 4, apo-10’-lycopenoic acid (APO10LA),
generated endogenously by beta-carotene-9’,10’-oxygenase (BCO2) cleavage of
lycopene, inhibited hepatic steatosis in BCO2-expressing wild-type mice. The protective
effects of APO10LA in BCO2-KO male mice coincided with the induction of sirtuin 1
(SIRT1)-signaling activation.
The present animal study is an extension to the Chapter 4 investigation. We
conducted a pilot study to examine whether SIRT1 catalytic activity plays a critical role in
APO10LA protective effects.
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A5.2

Materials and Methods
Please refer to Chapter 4 in regards to the materials and methods used for this

study. SIRT1 catalytic knockout (SIRT1-KO) and their respective wild-type (SIRT1-WT)
mice were used in this study. This SIRT1-KO strain was kindly provided by Dr.
McBurney (Seifert EL et al., FASEB J 2012; 26:555-66), which carries a point mutation
lacking the SIRT1 catalytic activity (H355Y, 129/SvJ background). At 6 weeks of age,
SIRT1-WT and SIRT1-KO mice were randomized to a high fat diet (HFD) with or without
APO10LA (10mg/kg diet) for 12 weeks (Figure A5.1).
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A5.3

Results

A5.3.1 SIRT1-KO developed more severe hepatic steatosis than SIRT1-WT mice.
We found that absence of SIRT1 catalytic activity significantly induced HFD-promoted
hepatic steatosis (p=0.04; Table 1), and a trend increase in hepatic inflammation
(p=0.08; Table 1).

A5.3.2 APO10LA had no protective effects in SIRT1-WT or SIRT1-KO mice.
We previously showed that APO10LA supplementation inhibited these HFD-associated
hepatic injuries in wild-type mice. However, APO10LA did not reduce HFD-induced
hepatic steatosis in SIRT1-WT, potentially due to the small sample size. The protective
effects of APO10LA supplementation against HFD-associated injuries were lost in the
absence of SIRT1 activity (Table A5.1).
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Table A5.1: Hepatic steatosis of SIRT1-WT or SIRT1-KO mice fed a HFD with or
without apo-10’-lycopenoic acid (A10) supplementation for 12 weeks.

Study Groups
SIRT1-WT

SIRT1-KO

WT

WT+
A10

KO

KO+
A10

Animal (n)

3

3

3

3

Death (n)

0

0

1

0

Liver Weight
(g)

1.39

1.31

1.35

1.40

Final Body
Weight (g)

40.08

39/71

38.33

43.17

Hepatic
Steatosis Score
[median(range)]

1
(0-2)

0
(0-1)

2
(2-2)

0

0

1.5

Hepatic
inflammatory
foci number

Non-parametric analysis
Overall

Strain*
A10

Diet

Strain

2
(0-2)

0.75

0.04

1

0.89

0.08
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Figure A5.1: Study Design

