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ABSTRACT 

The prevalence of non-alcoholic fatty liver disease (NAFLD) is positively 

associated with the obesity epidemic and the risks for hepatocellular carcinoma (HCC), 

which is the second most cause of cancer mortality worldwide. Sirtuin 1 (SIRT1) is a 

NAD+-dependent deacetylase that has emerged as a key metabolic sensor that links 

environmental signals to metabolic homeostasis, NAFLD, and to metabolic syndrome-

associated HCC. Previous studies have shown that supplementation of tomato 

carotenoids, such as apo-10ʼ-lycopenoic acid (ALA) which is an oxidized metabolite of 

apo-10ʼ-lycopenal through lycopene cleavage by beta-carotene-9ʼ, 10ʼ-oxygenase, can 

increase the expression and activity of SIRT1 and impede the development of NAFLD 

and HCC. However, whether tomato carotenoids protect against NAFLD and HCC 

dependent on SIRT1 signaling is enigmatic, and the causality between SIRT1 activity and 

the pathogenesis of NAFLD and HCC remains unknown. The primary objective of this 

thesis is to investigate the causal role of systemic SIRT1 activity in the development of 

NAFLD and HCC, and whether dietary tomato and tomato carotenoids, such as ALA, 

protect against NAFLD and HCC in a SIRT1-dependent manner. 

In the 1st project, by utilizing SIRT1 homozygous mutation mice ablated of the 

catalytic activity of SIRT1 (MT) and their corresponding wild type (WT) littermates, we 

showed that SIRT1 loss-of-function aggravated high fat diet (HFD)-induced NAFLD 

progression, intriguingly, by promoting the mobility of free fatty acid (FFA) from 

mesenteric adipose tissue (MAT) to the liver. This study revealed a critical role of SIRT1 

in preventing NAFLD, and addressed the underlying mechanism that people without 

ʽbelly fatʼ still develop fatty liver when SIRTt1 activity decreases due to certain factors 

such as aging, unhealthy diet, or stress. In the 2nd project, both WT and MT mice were 

treated with hepatic carcinogen diethylnitrosamine, followed by HFD feeding with or 

without tomato powder (TP, representative of whole tomato) for 34 weeks. Results 

revealed that TP supplementation significantly reduced liver steatosis in both WT and 

MT mice through different molecular mechanisms. The protective effect of TP in WT 

mice was mediated by increasing SIRT1 protein expression and activity, and decreasing 

hepatic fatty acid binding protein 1 expression and FFA uptake. While in MT mice, TP 

decreased hepatic fatty acid synthesis through inactivating hepatic acetyl-CoA 

carboxylase mediated by AMPK phosphorylation, independent of SIRT1. Additionally, 

TP lowered il-6 mRNA expression in MAT and IL-6 concentration in plasma, as 

compared with MT mice without TP. In WT mice, dietary TP decreased caspase-1 

mediated IL-1β maturation. However, we did not detect significant hepatic inflammatory 

cell infiltration in both WT and MT mice.  Neither the mutation of SIRT1 activity nor TP 

supplementation altered incidence or multiplicity of HCC in both WT and MT mice. This 

could be due to the lack of inflammation as a target of TP protection or limited efficacy 

of SIRT1 in ameliorating HCC development in this mouse model. Our final project 
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demonstrated that ALA supplementation at 10 mg/kg diet in WT and MT mice for 34 

weeks achieved a comparable effect against NAFLD between WT and MT mice. 

Unexpectedly, MT mice developed less hepatic tumor multiplicity, as compared with WT 

mice fed the same dose of ALA. Interestingly, the ablation of SIRT1 activity resulted in 

increased expression of hepatic nuclear receptors (rxrα, lxrα, pparγ) and vitamin A 

transporter cd36, and hepatic retinol concentration, but decreased cyclin D1 protein 

levels, suggesting potential contribution of these nuclear receptors and retinol as well as 

cell cycle arrest to the reduction of hepatic tumor multiplicity. This study demonstrated 

that ALA protects against NAFLD and HCC independent of SIRT1 activity and the lack 

of SIRT1 activity reduced the progression of HCC in mice given HFD and ALA 

supplementation. 

In summary, through this thesis work, we first demonstrated the causal role of 

absence of SIRT1 activity in the pathogenesis of NAFLD, which underscores the key role 

of SIRT1 in ameliorating NAFLD progression through involving multiple organs. 

Secondly by exploring an efficient dietary strategy against NAFLD, we demonstrated that 

dietary TP as a whole food approach acts as an effective disease prevention strategy 

against NAFLD independent of SIRT1 activity. Lastly, we demonstrated that lack of 

SIRT1 activity inhibited HCC development in mice given HFD and ALA 

supplementation, highlighting the complex regulation of SIRT1 in hepatic tumorigenesis 

with paradoxical functions as tumor suppressor or tumor promoter.  
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BACKGROUND 

Obesity has become a leading epidemic concern worldwide, and the escalating 

incidence of nonalcoholic fatty liver disease (NAFLD) parallels the increasing obesity 

rates [1]. NAFLD is observed in 65%-85% of obese patients, with a higher prevalence in 

men compared to women [2].  NAFLD describes a range of related disorders that begin 

with hepatic steatosis, which can proceed to nonalcoholic steatohepatitis, non-alcoholic 

steatohepatitis (NASH), and fibrosis or cirrhosis as the final stage [3, 4]. 

Hepatocellular carcinoma (HCC) accounted for 85%-90% of primary liver 

cancers [5, 6], and is the second most common cause of cancer mortality worldwide [7]. 

According to the 18th Annual Report to the Nation on the Status of Cancer, the mortality 

of HCC is still increasing, despite of the decline in overall cancer death rates [8, 9]. 

NAFLD has been observed in 30%-40% of HCC patients in the US [5]. Indeed, with the 

involvement of inflammatory cytokines such as IL-1β, IL-6 and TNFα, simple steatosis 

can further progress to NASH, to severe fibrosis [10], which was observed in 

approximately 90% of HCC cases [11], highlighting the critical role of metabolism 

disorder on HCC development. Considering the lack of effective medical treatments for 

both NAFLD and HCC, preventing the incidence of NAFLD, or ameliorate NAFLD 

development at an early stage could be an important strategy.  

It is well understood that consumption of tomato and tomato products is inversely 

associated with the incidence of a number of chronic diseases and ameliorates risk factors 

of metabolic diseases [12]. In addition, the consumption of tomato products can inhibit 

systemic inflammation by reducing pro-inflammatory cytokines [13], decrease hallmarks 

of liver steatosis, and accelerate hepatic lipid metabolism [14]. Tomatoes are good 
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sources of the colorless carotenoids phytoene, phytofluene, and other micronutrients such 

as vitamin C, E, and flavonoids, which are all considered as good anti-oxidant agents 

[15]. Previous studies have established beneficial effects of tomato and tomato products 

against inflammation [16, 17], oxidative stress [18, 19] and various cancers [20] 

including lung, stomach, colorectal, prostate cancer, etc. Two studies in our lab have 

revealed the anti-hepatic inflammation [21] and anti-hepatic lesion [15] effect of tomato 

extract, which contains only fat-soluble nutrients of tomatoes. Unlike tomato extract, 

tomato powder (TP) contains water-soluble nutrients, making dietary TP supplementation 

contain public health relevance. 

. Lycopene, the pigment principally responsible for the characteristic deep-red 

color of ripe tomato and tomato products, is the most predominant carotenoid in human 

plasma. Lycopene has attracted attention due to its biological and physicochemical 

properties, especially related to its effects as a natural antioxidant, anti-inflammatory and 

anti-carcinogenic agent against certain types of cancers, including those of the liver [22] 

and lung [23]. We have previously demonstrated that in mammalian tissues, lycopene can 

be preferentially cleaved by beta-carotene 9’,10’-oxygenase, resulting in apo-10’-

lycopenal, which can be subsequently oxidized to apo-10’-lycopenoic acid (ALA) [24]. 

Intriguingly, both in vitro and in vivo studies found that ALA presented substantial anti-

carcinogenesis characteristic in lung and liver through reducing cyclin D1 by promoting 

p21 expression [25, 26]. Further exploring the mechanism, Ip et al. found that ALA 

ameliorated HCC by dose-dependently up-regulating sirtuin 1 (SIRT1) protein, which is 

concordant with previous report that ALA increased SIRT1 mRNA and protein levels in 
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genetically-induced obese (ob/ob) mice [27]. However, whether ALA inhibits HCC 

dependent on SIRT1 signaling remains to be explored. 

SIRT1 is an evolutionarily conserved NAD+-dependent histone and non-histone 

protein deacetylase [28, 29]. As a metabolic regulator, SIRT1 has been identified to 

control a series of physiological activities, including reducing fatty acid synthesis [30, 

31], increasing β-oxidation [32, 33], and decreasing adipocyte generation [34]. These 

functions of SIRT1 are exerted through coupling with NAD+ hydrolysis, transferring the 

acetyl group of the substrate to cleaved NAD+ (ADP-ribose), and generating O-acetyl-

ADP-ribose [29, 35, 36]. By virtue of these functions, SIRT1 has been widely studied as 

a molecular target to inhibit the pathogenesis of various diseases, including HFD-induced 

NAFLD [31, 37, 38]. Both animal and human studies suggest an inverse correlation 

between SIRT1 levels and NAFLD incidence [39, 40]. However, the causality of SIRT1 

in the development of NALFD remains unknown. 

SIGNIFICANCE 

Considering the high mortality rate for those withHCC, avoidance of 

carcinogenesis initiation is the best protection against HCC. While the connection between 

SIRT1, NAFLD, and HCC development has been established, a deeper understanding of 

the causality of SIRT1 on the development of these diseases and the specific mechanisms 

are essential. Utilization of systemic SIRT1 ablation mouse model and use of carefully 

designed experimental animal protocols are excellent tools with which to provide 

additional knowledge regarding the signaling mechanisms involved in NAFLD and related 

hepatocarcinogenesis. 
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In addition, dietary intervention represents a promising disease control strategy for 

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

intervention with isolated compounds, enabling researchers to identify specific 

mechanisms of action by these compounds. However, this thesis also involves the efficacy 

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

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

effects that are lacking from supplementation with a single compound. Therefore, 

supplementation with whole tomato may provide an effective nutritional approach to help 

reduce the severity of HFD-induced NAFLD and related carcinogenesis.  

In summary, the significance of our study lies in: 1) revealing underlying targets 

for future hepatic steatosis and HCC treatment; and 2) providing a dietary-oriented, public 

health-meaningful means to reduce hepatic steatosis and HCC development. Considering 

the high prevalence of HCC and its notorious mortality rate, this thesis work provides 

critical insight into future treatment of HCC, and establishes guidance for dietary 

recommendations and clinical trials involving tomato intake for the prevention of NAFLD 

and HCC. 

 

HYPOTHESIS 

The primary objective of this thesis was to investigate the causality of SIRT1 

activity on the development of NAFLD and HCC, and to determine whether the efficacy 

of tomato powder and ALA are dependent on SIRT1 signaling. We hypothesized that i) 

systemic SIRT1 ablation would accelerate the development of NAFLD and HCC, ii) 
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tomato powder supplements containing multiple tomato nutrients would provide 

protection against NAFLD and HCC independent of SIRT1, and iii) the efficacy of ALA 

is SIRT1 dependent. To test our hypotheses we developed four specific aims. 

 

SPECIFIC AIMS 

Specific Aim 1: To investigate the causality of sirtuin 1 in the development of non-

alcoholic fatty liver disease. 

To investigate Specific Aim 1, both sirtuin 1 (SIRT1) homozygous mice with the 

catalytic activity (MT) ablated and their corresponding wild type littermates (WT) were 

fed a high fat diet (HFD, 60% calories from fat) for 34 weeks. MT mice showed 

significantly higher levels of hepatic triglycerides which were accompanied with higher 

levels of SREBP-1 and SCD1and decreased phosphorylation of LKB1 and AMPK in the 

liver. Compared with WT mice, mRNA expression of lipogenic genes (lxrα, srebp-1c, 

scd1 and fas) in the mesenteric adipose tissue (MAT) increased significantly in MT mice. 

Fatty acid oxidation biomarkers (acox1, acox3, cpt, ucp1, sirt3) in both liver and MAT 

were comparable between groups. Interestingly, we observed that in MT mice, the 

mRNA level of hormone sensitive lipase (hsl), adipose triglyceride lipase (atgl) and 

perilipin-2 (plin-2), all involved in lipolysis, significantly increased in MAT, but not in 

epididymal adipose tissue. These changes positively correlated with circulating free fatty 

acid (FFA) concentrations and higher hepatic mRNA expression of cd36 for FFA uptake. 

The present study has provided novel evidence to suggest that under HFD-induced 

metabolic surplus, the lack of SIRT1 catalytic activity promotes release of FFA from 
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MAT and escalate non-alcoholic fatty liver disease (NAFLD) by interfering with lipid 

homeostasis in both liver and MAT. 

Specific Aim 2: To mechanistically examine the role of dietary tomato in preventing 

against NAFLD and HCC development. 

To investigate Specific Aim 2, we utilized the same systemic SIRT1 ablated mice 

in Specific Aim 1 and their WT counterparts. Both WT and MT mice were injected with 

diethylnitrosamine (DEN), and fed a high fat diet (HFD) with or without tomato powder 

(TP) for 34 weeks.  

As a result, we found that dietary TP significantly decreased liver steatosis and 

inflammation biomarkers in both MT and WT mice. In WT mice, TP decreased liver long 

chain fatty acid (FA) uptake by decreasing mRNA of fatty acid binding protein 1. Dietary 

TP also increased SIRT1 expression and IL-1β maturation associated with decreasing 

caspase 1. In MT group, TP decreased hepatic FA synthesis through inactivating hepatic 

acetyl-CoA carboxylase mediated by AMPK phosphorylation, and lowered il-6 

expression in mesenteric adipose tissue (MAT), contributing to lowered IL-6 

concentration in plasma and liver. Additionally, TP decreased mRNA levels of lipogenic 

genes (acc, fas, scd1, dgat1, dgat2) and pro-inflammatory biomarkers (il-1β, mcp1) in 

MAT. However, no significant effects of TP or SIRT1 activity were observed in HCC 

development.  

Therefore, we conclude that dietary TP supplementation can ameliorate HFD-

induced NAFLD and inflammatory responses independent of SIRT1 activity, but not 

affect carcinogen-induced HCC development.  
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Specific Aim 3: To investigate whether the efficacy of apo-10’-lycopenoic acid is 

SIRT1-dependent. 

ALA naturally exists in tomato and tomato products. Furthermore, it is also a 

cleavage product from lycopene, a major carotenoid in dietary tomatoes. In the second 

project, we found that TP, as whole food, can prevent against NAFLD and HCC. This led 

us to propose that ALA, as a biological metabolite from tomatoes, might play a role in 

preventing the development of NAFLD and HCC. To complete Specific Aim 3, the same 

WT and MT mice described in Specific Aim 1 were used. Both mice were injected with 

DEN, and fed a HFD with apo-10’-lycopenoic acid (ALA) for 34 weeks. 

Our results revealed that MT mice presented significantly higher acetylated-

FoxO1/total-FoxO1 ratios than WT mice. Dietary ALA resulted in comparable liver 

steatosis and HCC incidence between WT and MT mice. HCC tumor multiplicity was 

moderately decreased in MT mice, compared to WT mice (P = 0.08). In MT mice, 

hepatic retinol and retinyl palmitate concentration significantly increased, which was 

associated with elevated hepatic cd36 mRNA expression. Compared to WT mice, hepatic 

mRNA expressions of rxrα, rarγ and pparγ, as well as hepatic RXRα protein levels 

significantly increased in MT mice. In addition, hepatic cyclinD1 mRNA and protein 

levels significantly decreased in MT mice, which was associated with increased hepatic 

p21, p27 and p53 mRNA expressions. Hepatic levels of lipid metabolism-related genes 

and inflammatory biomarkers were comparable between WT and MT mice. 

As conclusion, the efficacy of ALA protecting against liver steatosis and HCC 

was not SIRT1-dependent. Systemic SIRT1 activity ablation can moderately inhibit HCC 

development, potentially mediated by elevating hepatic retinol concentration. 
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SUMMARY 

This thesis addresses the specific molecular mechanisms by which the lack of 

systemic SIRT1 activity accelerates HFD-induced NAFLD as well as prevention of 

carcinogen-initiated, HFD-promoted HCC by TP and ALA independent of SIRT1 

activity. Specifically, we have demonstrated the crucial role that SIRT1 plays in the 

development of NAFLD by involving not only liver, but also adipose tissue, providing a 

deeper understanding concerning the participation of multi-organs in the pathogenesis of 

NAFLD and proposing the underlying mechanism of the NAFLD incidence in lean 

population. In a second study, we revealed that TP supplementation was capable of 

preventing NAFLD including a reduction in steatosis and liver inflammation, but did not 

present significant benefits in impeding HCC development. The lack of SIRT1 promoted 

the severity of hepatic triglyceride accumulation and increased hepatic inflammatory 

biomarkers, but did not alter HCC development. This study demonstrated that as a whole 

food, TP had potent efficacy protecting against NAFLD at the initial step, but the efficacy 

of whole food against carcinogenesis is limited. Consistent with the first study, SIRT1 

mutation resulted in increased hepatic triglyceride deposit, but the role of SIRT1 in HCC 

development is still under debate since the 129/SvJ strain we utilized in this thesis 

presented impaired immune response. In our last study, in which we gave ALA, which 

presented substantial anti-HCC efficacy in the previous study from our lab, to both WT 

mice and mice lack of SIRT1 activity. The comparable HCC severity between WT and 

MT mice indicates that SIRT1 is not the only molecular target of ALA. Interestingly, 



10 
 

under the surplus of HFD and ALA, the lack of SIRT1 activity inhibited HCC, which was 

associated with increased hepatic retinol concentration. The inconsistent effect of SIRT1 

on HCC development that we observed in the second and the third study might be due to 

the effect of ALA, but requires further investigation.  

These studies revealed the unique biological activities exerted by SIRT1 that 

serve to inhibit HFD-induced NAFLD by affecting multiple organs. Our findings support 

whole food as an effective disease prevention strategy against NAFLD at the initial step. 

This thesis work also provided explanation in the necessity of utilizing C57BL6 

backcrossed mice in the study of HCC development, as well as laid the groundwork for 

future studies examining the mechanisms by which tomato supplementation and tomato 

products prevent hepatic steatosis and inflammation.  
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HEPATOCELLULAR CARCINOMA (HCC) 

HCC accounts for 85-90% of primary liver cancers [1, 2]. It is the fifth most common 

cancer among men, and the second most common cause of cancer mortality worldwide 

[3]. According to the 18th Annual Report to the Nation on the Status of Cancer, the 

incidence of HCC is still increasing, and HCC mortality is increasing at the highest rate, 

despite the decline in overall cancer death rates [4, 5]. HCC is an aggressive malignancy, 

with a 5-year relative survival rate of 16.6%, and an even lower survival rate in those 

diagnosed at a regional or distant stage (10.7% and 3.1%) [5, 6]. The risk of HCC 

development is influenced by a variety of environmental cues, including viral hepatitis 

infections, excessive alcohol consumption, smoking, and a rising epidemic concern, non-

alcoholic fatty liver disease (NAFLD) [7]. 

NON-ALCOHOLIC FATTY LIVER DISEASE (NAFLD) 

NAFLD) is defined by ≥ 5% of hepatic lipid accumulation, in the absence of 

significant alcohol consumption (140 g/week for women and 210 g/week for men for 

periods longer than two years), hereditary disease, or use of medications that induce 

steatosis such as amiodarone or tamoxifen [8, 9]. NAFLD describes a broad spectrum of 

liver disease that ranges from liver steatosis to non-alcoholic steatohepatitis (NASH), and 

ultimately, to fibrosis and cirrhosis [10-13]. NAFLD is the most common liver disease in 

developed countries, with a prevalence of 23%-30% in the general population [14] and 

80%-90% in obese adults [15]; the incidence of NAFLD is still escalating at an alarming 

rate paralleled with the increasing obesity rates [16]. NASH is a more advanced stage of 

NAFLD, which can be distinguished by the presence of inflammation and hepatocyte 

ballooning [11]. Robust evidence from several cohort studies have suggested that NASH 
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is a great risk for the incidence of liver fibrosis and cirrhosis [17-22], which is the 

excessive extracellular matrix deposition in liver, causing the replacement of normal 

hepatocytes with type I collagen-rich scar tissue and leading to the occurrence of hepatic 

dysfunction [23, 24]. Approximately 90% of HCC cases develop based on a natural 

history of severe fibrosis [24], with the involvement of oxidative stress [25-28], growth 

factors such as transforming growth factor-b1 (TGF-β1) and connective tissue growth 

factor (CTGF) [28, 29], inflammation-related biomarkers such as NF-кB and c-Jun NH2-

terminal kinase (JNK) [25, 28, 30-32], and Toll-Like Receptors (TLRs) [23, 25, 28].  

NAFLD and HCC 

NAFLD has been observed in 30% - 40% of HCC patients in the US [1], 

highlighting the critical role of metabolism disorder on hepatocellular carcinoma (HCC) 

development. HCC is an aggressive liver malignancy with poor prognosis, and nowadays, 

we still lack efficient treatment of HCC [33]. Since HCC is a heterogenous disease with 

other modifiable risk factors also contributing to its cancer burden [5], researchers have 

made great efforts to discover novel targets to not only block the progress of HCC, but 

also reduce the predisposing factors of HCC, such as obesity, hepatic inflammation, and 

NAFLD. One meta-analysis observed that caloric restriction contained anticancer 

efficacy by reviewing 44 studies [34], in which three studies reported the protective role 

of caloric restriction against liver cancer [35-37]. Therefore, potentially effective 

molecular targets that mimic caloric restriction against HCC warrant further 

investigation. 
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 SIRTUIN 1 (SIRT1) 

SIRT1 Function 

The sirtuins are a family of evolutionarily conserved NAD+-dependent histone 

and non-histone protein deacetylases [38]. Of these, the most intensively studied is silent 

information regulator T1 (SIRT1). SIRT1 can deacetylate a vast spectrum of protein 

substrates and therefore regulate gene transcription and protein signaling. This renders 

SIRT1 a wide range of biological and pathophysiological functions including promoting 

fat metabolism [39-42], enhancing insulin sensitivity [39, 43], inhibiting oxidative stress 

[44-46], and reducing chronic inflammation [47-49]. SIRT1 functions through coupling 

with NAD+ hydrolysis, and transferring the acetyl group of the substrate to cleaved NAD 

(ADP-ribose), generating O-acetyl-ADP-ribose [50-52].  

SIRT1 Regulatory Activity 

It is well known that NAD+ as a rate-limiting substrate for SIRT1 and is critical to 

the regulation of SIRT1 activity [50]. Nicotinamide phosphoribosyltransferase (NAMPT) 

is a rate-limiting NAD+ biosynthetic enzyme that produces nicotinamide mononucleotide 

(NMN) from nicotinamide (NAM) and 5′-phosphoribosyl-1-pyrophosphate (PRPP). With 

the involvement of a second enzyme, nicotinamide/nicotinic acid mononucleotide 

adenylyltransferase (NMNAT), NMN is then converted into NAD+, which is consumed 

by SIRT1 [53]. Studies have reported that depleting NAD+ results in decreased SIRT1 

activity [54, 55], and increasing DNA damage is associated with decreased levels of 

NAMPT level and NAD+ , followed by a reduced SIRT1 activity while causing no 

change in SIRT1 protein level [54]. This leads us to hypothesize that elevated DNA 
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damage and oxidative stress are closely related only to SIRT1’s activity, rather than its 

protein level. 

 

SIRT1 AND NAFLD  

It has been shown that FoxOs can regulate hepatic Nampt transcription level, and 

overexpression of NAMPT reduces total triglyceride levels in liver [56]. These results are 

aligned with a clinical study in which reduced hepatic NAMPT was observed in NAFLD 

patients [57]. Both animal and human studies suggest an inverse correlation between 

circulating SIRT1 levels and NAFLD incidence [58, 59]. Several SIRT1 transgenic 

mouse models have been established to explore the molecular mechanism of SIRT1 

signaling against hepatic steatosis development [39, 41, 60-63]. For example, global 

overexpression of SIRT1 using a knock-in Sirt1 genomic construct was shown to enhance 

energy expenditure and decrease high fat diet-induced hepatic steatosis [60]; the 

hepatocyte-specific deletion of SIRT1 caused hepatic steatosis [41, 62, 63], hepatic 

inflammation and endoplasmic reticulum stress [41], and the phenotype of heterozygous 

SIRT1 knockout mice fed a high-fat diet presented severe hepatic steatosis [64]. 

However, these mouse models either showed the effect of partial SIRT1 function, or 

focused on liver-specific SIRT1 function, owing to the limitation that whole body SIRT1 

gene knockout in mice would cause metabolic defects [65], developmental abnormality, 

and postnatal lethality [66, 67]. These shortcomings have become the challenge to 

expanded investigation for the causal effect of systemic SIRT1 activity on NALFD 

development, which thus highlights the need to develop a novel engineered animal model 

that can mimic whole-body SIRT1 knockout, but presents less fatal defects. 
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SIRT1 AND CANCER 

Controversy regarding cancer and sirtuins exists, mainly because sirtuins could 

act as either a tumor suppressor or tumor promoter depending on the cellular context or 

its targets in specific signaling pathways or specific cancers. SIRT1 was reported to be 

overexpressed in many types of cancer, including pancreas cancer [68], prostate cancer 

[69], and bladder cancer [70]. In these cancers, overexpression of SIRT1 impedes 

apoptosis, while silencing of SIRT1 by RNA interference sensitizes cancer cells to 

certain chemotherapeutic agents [68]. On the other hand, SIRT1 expression was reported 

to be reduced in colon cancer [71, 72], glioblastoma [73], and breast cancer [74] through 

different mechanisms. Overexpression of SIRT1 in APCMin/+ mouse inhibits colon cancer 

formation by SIRT1-dependent deacetylation and inactivation of β-catenin [72]. SIRT1 

was also reported to be a downstream target of Brca1 as SIRT1 overexpression inhibits 

the growth of Brca1 mutant cancer cells [75]. In addition, it has been reported impaired 

DNA damage response, genome instability, and tumorigenesis in multiple tissues in 

SIRT1 heterozygous knockout mice [76]. 

SIRT1 AND HCC 

SIRT1 Expression in HCC Tissue 

Whether SIRT1 inhibits or promotes HCC incidence is controversial. Compared 

to normal liver cell lines, a higher level of SIRT1 expression was observed in HCC cell 

lines including Hep3B [77-79], HepG2 [77-83], HuH7 [77, 78, 82, 83], HLE [79], HLF 

[79, 81], SKHep1 [77-79], HKCI-4 [77], HKCI-1 [77], SNU-449 [77], SNU-423 [77], 

PLC5 [77, 78], SMMC-7721 [78, 82], MHCC97H [78] and liver cancer stem cells [84]. 

By examining clinical HCC specimens, 20 studies reported an increase of SIRT1 protein 
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expression in HCC tumorous tissue compared to non-tumorous tissue [77-82, 84-97], and 

SIRT1 was predominantly localized in the nucleus [77, 78, 81, 91, 92, 97]. However, the 

mRNA levels between HCC tissue and paired normal liver tissue were comparable [77, 

85, 86, 94], indicating that SIRT1 affects HCC in a post-transcriptional manner. The 

expression of SIRT1 was positively correlated with tumor grade [77, 78, 98], but the 

association between SIRT1 and overall survival remains controversial.  Four studies 

showed that high SIRT1 expression predicted a lower overall survival rate [84, 86, 92, 

97] while three studies did not observe significant association between SIRT1 expression 

and HCC prognosis [77, 86, 96]. The inconsistent results might be due to variant 

expression of AMPK-α2, p-MEK, c-Myc and miR-34α expression, which have been 

reported to influence HCC prognosis [87, 90, 97, 98]. One showed that on the contrary to 

nuclear SIRT1, cytoplasmic SIRT1 predicted favorable prognosis [92], suggesting that 

SIRT1 might exert a different function on hepatic carcinogenesis depending on 

subcellular location. Although SIRT1 aberrant expression in HCC tissue was widely 

reported in previous studies, these results are observational, leaving the causal 

relationship between SIRT1 and hepatic carcinogenesis enigmatic.   

SIRT1 and Cell Proliferation 

Dual effects of SIRT1 on cell proliferation have been documented in previous 

publications. It has been reported that SIRT1 can transcriptionally and post-

translationally inhibit key cell cycles and apoptosis regulatory proteins such as p53 [77, 

96, 99], BCL6 [100], Ku-70 [101] and Smad7 [102]. In contrast, SIRT1 also contains a 

suppressive activity in tumor cell growth by interacting and deacetylating E2F1, which 

indirectly decreases pRb hyper-phosphorylation and induces cyclinD/cdk4 activity [71]. 
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Additionally, SIRT1 has been shown to directly deacetylate NF-κB, which is well-known 

for its anti-apoptotic function [102]. Despite the discrepancies existed for the role of 

SIRT1 in cell growth, consistent causal effects have been reported with regard to SIRT1 

promoting HCC cell proliferation [77-79, 81-89, 91, 93-96, 98, 103, 104] via blocking 

PARP-1, caspase-3 and c-Myc [77, 79, 83, 85, 91, 94, 97]. Considering the disparate 

effects of SIRT1 on cell proliferation in different cell context, the following paragraphs 

will focus on the pathways involved in SIRT1 regulating cell growth, specifically in 

human liver cancer cells. 

SIRT1 and p53 Signaling 

As one of the most important tumor suppressors, p53 was the first non-histone 

target identified for SIRT1 [105], and was widely discussed when investigating the role 

of SIRT1 in carcinogenesis.  By deacetylating p53 C-terminal lysines, SIRT1 

transcriptionally down-regulates p53 [106]; while by removing the acetyl group from 

k382 of p53, SIRT1 post-translationally decreases p53 protein stability, promoter binding 

affinity, and protein-protein association [99]. Since activated p53 has been reported to 

induce DNA repair, programmed cell death (apoptosis), autophagy, and cell migration, 

SIRT1 was identified to promote HCC by inhibiting p53 acetylation and transactivation 

in studies utilizing various liver cancer cell lines [77, 96, 97]. However, despite the 

preponderance of evidence from cell studies showing that inhibition of SIRT1 leads to 

increasing p53 levels, the association between SIRT1 and p53 in human HCC specimens 

was controversial. Zhang et al. found SIRT1 was correlated with p53 mutation [96], 

while such association was not observed in a study by Choi et al [81]. Mutant p53 tissue 

expressed higher p53 level [81], but two studies concluded opposite association between 
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p53 and SIRT1 levels in HCC tissue [80, 92]. The pathways involved in SIRT1 and 

cancer cell apoptosis revealed to be disparate in p53 wild-type and p53 mutant cells. In 

SK-Hep1 and HepG2 (p53 wild-type) cells, SIRT1 knockdown resulted in G1 arrest by 

enhancing p53 acetylation and p21 induction [77, 96], well known as required 

transcription factors for CDK2 inactivation [107]. On the other hand, silencing SIRT1 in 

Hep3B, PLC5 (p53 mutant) cells enhanced PARP cleavage, leading to cell apoptosis 

[77], indicating that the role of SIRT1 in cell apoptosis induction might be p53 

independent. Interestingly, lower risk of disease recurrence and longer relapse-free 

survival were shown in p53 mutant HCC patients [96]. The knockdown of SIRT1 in 

PLC5 and Hep3B resulted in decreased AMPK phosphorylation and increased p70s6K1, 

and consistently, animals injected with SIRT1 knockdown PLC5 cells ended up with 

larger tumors. However, opposite effects of knocking down SIRT1 were observed in 

HepG2 cells [96]. Since p53 mutation was frequently occurred in HCC patients [106], 

future studies are needed to investigate the differential regulation of cell cycle arrest and 

apoptosis by SIRT1 in p53 wild-type and p53 mutant patients. 

SIRT1 and the Yes-Associated Protein (YAP) Signaling 

The Yes-associated protein (YAP) is the mammalian ortholog of Drosophila 

Yorkie (Yki), a downstream effector of the Hippo signaling pathway responsible for cell 

growth control [108, 109]. Both YAP and its homolog TAZ act as transcriptional co-

activators of TEAD [110] and regulate an array of target genes including connective 

tissue growth factor (CTGF), which is responsible for cell proliferation, migration and 

epithelial-mesenchymal transition [108, 111, 112]. Utilizing comparative oncogenomics 

and expression analyses, YAP was pinpointed as the most likely driver genes in liver 
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cancer [109]. Cells harboring YAP mutation presented less proliferative activity [109], 

while transgenic YAP overexpression in liver caused tissue enlargement and hepatic 

tumorigenesis [113]. As a target gene of YAP/TEAD, CTGF has been also found over-

expressed in HCCs [112]. 

Both in vivo and in vitro studies showed that transcription level of YAP was 

downregulated with SIRT1 knockdown and up-regulated with SIRT1 knock-in [93]. 

SIRT1 overexpression enhanced binding of YAP to MKK3 promoter, which depended on 

YAP recruiting RNA polymerase II to MKK3 promoter region [93]. This contributed to 

the activation of MKK3/p38 pathways, which upregulated FLNA and induced cell 

proliferation [93, 114]. As one of the isoforms of YAP family, YAP2 contains more 

transactivation activity than YAP1 [115]. Immunostaining HCC hepatic tissue revealed 

higher expression of YAP2 compared to normal self-paired tissue, and the expression of 

SIRT1 was positively associated with YAP2 expression [92]. SIRT1 can post-

translationally deacetylate YAP2 and increase the interaction of YAP2 with TEAD4, 

subsequently decreasing YAP2-mediated CTGF and p21 transcription [91]. Therefore, 

SIRT1 not only regulates YAP2 expression, but also YAP2 transcriptional activity. 

Interestingly, mutating lysine to arginine on YAP2 on 4KR in C-terminus presented 

similar acetylation as wild-type YAP2, but SIRT1 overexpression did not increase the 

transcriptional activity of 4KR YAP2 [91], providing evidence that other HDACs might 

be involved in deacetylating YAP2. Consistent with this note, knockdown of YAP2 

decreased colony formation with or without SIRT1 presence, accompanied with 

increased PARP-1 cleavage [91], indicating that YAP2 might act as a specific target for 

HCC treatment independent on SIRT1. 
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SIRT1 and β-catenin 

Abnormal regulation of the transcription factor β-catenin is one of the most 

frequently reported events in the development of HCC [86, 116, 117]. As a key 

intracellular effector in the canonical Wnt signaling pathway, the level of β-catenin is low 

in hepatocytes under normal states via being degraded by a destruction complex 

comprised of APC, Axin, and GSK-3 [117-119]. However, when the canonical Wnt/ β-

catenin pathway is activated, the destruction complex will be degraded, leading to 

accumulation of β-catenin in cytoplasm [118, 119]. Surplus of β-catenin leads to its 

translocation to the cell nucleus, where it binds to the transcription factors Tcf/Lef and 

acts as a coactivator to stimulate the transcription of many genes involved in cell 

proliferation, such as c-Myc, c-Jun and Cyclin D1 [117].  

SIRT1 removes the acetylation of β-catenin at K345 [99], which promotes its 

accumulation at nucleus in mesenchymal stem cells [120], but limited evidence has been 

reported in terms of the effect of SIRT1 on β-catenin activation in HCC cells, and SIRT1 

expression was more frequently seen in HCC without β-catenin mutation. Our results of 

negative association of SIRT1 expression and β-catenin mutation support these 

observations, indicating SIRT1 is more likely to drive tumor progression in the tumors 

not dependent on the Wnt/β-catenin pathway. Capurro et al. [36] have shown that GPC3 

promotes the growth of HCC by stimulating canonical Wnt signaling in vivo and in vitro. 

Our study also found that Sirt1 up-regulation could increase the expression of GPC3. In 

the present study, we showed that Sirt1 up-regulation increased accumulation and nuclear 

translocation of the transcription factor β-catenin. SIRT1 is a direct target of miR-133b. 

This is consistent with one study in which mice receiving injection of SIRT1-
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overexpression cells had comparable tumor development as wild-type mice [120]. These 

results indicated that the regulatory effects of SIRT1 on β-catenin may not affect HCC 

development. 

SIRT1 in HCC Cell Senescence 

Cellular senescence in p53 wild-type cells was associated with enhanced p53 

acetylation on K382 and induction of p21, which were known for their role in senescence 

induction. SIRT1 plays a role in telomeric maintenance via regulating the expression of 

telomerase and members of the shelterin complex Mitogen-activated protein kinase 

(MAPK) cascades that are key signaling pathways responsible for the regulation of 

normal cell proliferation, survival and differentiation [121]. (MAP) kinase/extracellular 

signal-regulated kinase (ERK) kinase (MEK) is a dual threonine and tyrosine recognition 

kinase that phosphorylates and activates MAPK. Dysregulation of MAPK/ERK has been 

implicated in various cancers [122]. MKK3 preferentially activates p38a [123]. MEK1 is 

up-regulated in the genesis of a number of tumors, and is regarded as an oncogene which 

accelerates cancer formation, progression, and therapy resistance [124, 125]. MEK1-YAP 

interaction is critical for HCC proliferation and tumorigenesis [126]. The p38/MAPK 

signaling pathway controls both cell survival and cell apoptosis in the initiation and 

development of various cancers [127]. To date, four p38 MAPKs that might have 

overlapping functions have been identified: MAPK14 (p38α), MAPK11 (p38β), 

MAPK12 (p38γ), and MAPK13 (p38δ). While p38α is abundantly expressed in most 

tissues, the others seem to be expressed in a more tissue-specific manner. However, like 

SIRT1, activation of p38 can either suppress or stimulate tumorigenesis. On the one hand, 

it can stimulate premature senescence and p53-dependent growth arrest [128, 129]; on the 



27 
 

other hand, inactivation of p38 was reported to induce mitochondria-mediated apoptosis 

in HCC cells [130, 131]. Further studies on the role of SIRT1 in HCC cell senescence are 

warranted.  

TOMATO CONSUMPTION 

Tomatoes are good sources of the colorless carotenoids phytoene, phytofluene, 

and other micronutrients such as vitamin C, E and flavonoids, which are all considered as 

good anti-oxidant agents [132]. Tomato consumption has been demonstrated to be 

beneficial in populations of young and old alike. Specifically, one prospective cohort 

study has reported that the risk of cancer mortality significantly decreased by 50% in the 

highest tomato intake group, as compared to that in the lowest tomato intake group [133]. 

A more recent study showed that among Sudanese children, those who consumed 2~3 

tomatoes developed 48%~83% less total mortality rates, compared to those who did not 

consume tomatoes at all. In addition, tomato intake significantly reduced the incidence of 

diarrheal and respiratory infections, as well as the risks of diarrhea- and fever-related 

deaths [134]. 

Tomato Consumption and HCC 

Previous studies established additional evidence showing that the consumption of 

tomato and tomato products can protect against inflammation [135, 136], oxidative stress 

[137, 138] and various cancers including lung, stomach, colorectal, and prostate cancer 

[139]. Our two previous studies have revealed that tomato extract, which contains only 

fat-soluble nutrients of tomatoes, has beneficial effect in terms of anti-hepatic 

inflammation [140] and anti-hepatic lesion [132]. Unlike tomato extract, the constituting 

nutrients in fresh tomatoes are largely retained in the tomato powder, thus best mimic the 
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natural consumption of tomatoes, which renders our study to have public-health 

relevance. Considering the well-rounded beneficial nutrients contained in tomatoes and 

the protective effects against hepatic diseases of tomato extract, we expect tomato 

supplementation in our study to carry out a role in reducing DEN-initiated, HFD-

promoted hepatic steatosis and HCC development. 

APO-10’-LYCOPENOIC ACID (ALA) 

Apo-10’-lycopenoic acid (ALA) is a compound found in tomato products. It is 

also a metabolite from lycopene (a red carotenoid pigment in tomatoes) being cleaved by 

enzyme 9’,10’-monooxygenase (BCO2) [141, 142]. Accumulating evidence has 

suggested that ALA exhibits important biologic properties including anti-inflammation 

[143-145], reducing adipogenesis [146, 147] and inhibiting lung tumor development 

[148]. In addition, ALA has protective effects against HCC development. In a previous 

study we have shown that after diethylnitrosamine (DEN) injection and high fat diet 

(HFD) intervention, mice with ALA supplementation developed HCC with less 

multiplicity and volume, despite with the same tumor incidence [145]. However, the 

underlying mechanism of how ALA protects against hepatic steatosis and HCC 

development remains unclear. 

ALA, Cell Migration and Angiogenesis 

Peroxisome proliferator-activated receptor γ (PPARγ) is involved in regulation of 

angiogenesis, tumor progression and metastasis. We recently reported that ALA 

treatment in liver and lung cancer cells (HuH7 and A549) resulted in inhibited cell 

migration and cell invasion by utilizing transwell and wound healing models. 

Importantly, ALA can dose-dependently increase the mRNA and protein levels of 
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PPARγ, as well as the transactivity of PPARγ, a possible underlying mechanism by 

which ALA protects against tumor progression. The manuscript is attached as Appendix 

I. 

ALA, HCC and SIRT1 

Previous studies reported that resveratrol could promote SIRT1 activity, which 

was associated with ameliorated cancer progression [149]. Increased consumption of 

polyphenol-enriched fruits and vegetables is also associated with increased neuro-

protective, anti-inflammatory, and anti-cancer function by targeting the SIRT1 gene 

[149]. These studies showed a promising opportunity of suppressing cancer development 

by utilizing dietary intervention means. Interestingly, two studies in our lab consistently 

revealed an improvement of SIRT1 deacetylation activity by feeding mice with 

APO10LA, coupling with the reduction of hepatic fat accumulation and 

hepatotumorigenesis [145, 146]. However, these two studies only identified a positive 

association between APO10LA supplementation and SIRT1 activity, but not causal-

relationship, while whether SIRT1 is the direct target of APO10LA remains unknown. 
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CHAPTER III 

THE CAUSAL ROLE OF SIRT1 IN NON-ALCOHOLIC FATTY 

LIVER DISEASE 
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ABSTRACT 

Background: The incidence of nonalcoholic fatty liver disease (NAFLD) is escalating 

paralleled with obesity rates in both adults and children. Mammalian sirtuin 1 (SIRT1), a 

highly conserved NAD+-dependent protein deacetylase, has been identified as a 

metabolic regulator of lipid homeostasis and a potential target for NAFLD prevention and 

treatment. However, the mechanism of how SIRT1, in particularly its deacetylase 

activity, affects NAFLD has not been well investigated.  

Method: The current investigation addressed the causal effect of systemic SIRT1 activity 

on NAFLD development and the potential mechanism involved in both liver and 

mesenteric adipose tissue. At 6 weeks of age, both SIRT1 homozygous mice carrying a 

point mutation (H355Y, MT, n=10) that ablates the catalytic activity and their 

corresponding wild type littermates (WT, n=10) were fed a high fat diet (HFD, 60% 

calories from fat) for 34 weeks.  

Results: No changes in body weight, liver weight, and body composition (analyzed by 

EchoMRI-700) were observed between WT and MT mice, but MT mice showed 

significantly higher levels of hepatic triglyceride, and a trend toward more severe hepatic 

steatosis by pathological analysis. Such alteration was accompanied with higher protein 

levels of LXRα, SREBP-1, SCD1, involved in lipogenesis, and decreased 

phosphorylation of LKB1 and AMPK in the liver. In the mesenteric adipose tissue, 

mRNA expression of lipogenic genes (lxrα, srebp-1c, scd1 and fas) increased 

significantly in the MT mice, as compared with those of wild-type mice. Fatty acid 

oxidation biomarkers (acox1, acox3, cpt, ucp1, sirt3) in both liver and mesenteric adipose 

tissue were comparable between groups. Interestingly, we observed that in MT mice, the 
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mRNA level of hormone sensitive lipase (hsl), adipose triglyceride lipase (atgl) and 

perilipin-1, involved in lipolysis, significantly increased in mesenteric adipose tissue (not 

in epididymal adipose tissue), as compared with those of WT. These changes were 

correlated with higher concentrations of circulating free fatty acids (FFA) and higher 

hepatic mRNA expression of cd36 for FFA uptake.  

Conclusion: The present study provided novel experimental evidence that under HFD-

induced metabolic surplus, the lack of SIRT1 catalytic activity promoted release of FFA 

from mesenteric fat into systemic circulation and escalated NAFLD by interfering with 

lipid homeostasis in both liver and mesenteric adipose tissue. 
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INTRODUCTION 

Obesity has become a leading epidemic concern worldwide, and the escalating 

incidence of nonalcoholic fatty liver disease (NAFLD) parallels the increasing obesity 

rates [1]. NAFLD is observed in 65%-85% of obese patients, with a higher prevalence in 

men compared to women [2].  NAFLD describes a range of related disorders that begin 

with hepatic steatosis, which can proceed to nonalcoholic steatohepatitis [3], leading to 

higher risk of hepatocellular carcinoma [4]. Considering the increasing prevalence of 

NAFLD and the devastating outcome of NAFLD progression, it is of critical importance 

to have a mechanistic understanding for NAFLD development in order to develop 

preventive and therapeutic strategies for NAFLD. 

SIRT1 is an evolutionarily conserved NAD+-dependent histone and non-histone 

protein deacetylase [5, 6]. As a metabolic regulator, SIRT1 has been identified to control 

a series of physiological activities, including reducing fatty acid synthesis [7, 8], 

increasing β-oxidation [9, 10], and decreasing adipocyte generation [11]. These functions 

of SIRT1 are exerted through coupling with NAD+ hydrolysis, transferring the acetyl 

group of the substrate to cleaved NAD+ (ADP-ribose), and generating O-acetyl-ADP-

ribose [6, 12, 13]. The catalytic activity of SIRT1 is tightly regulated by the cellular 

NAD+ levels [12, 14, 15] and multiple nutritional, hormonal, and environmental cues that 

can alter the cellular NAD+ availability [15]. This explains the observation that SIRT1 

protein level and SIRT1 activity are not always parallel [16]; therefore, it is important to 

determine the effect of SIRT1 activity, rather than SIRT1 protein alone.  

Both animal and human studies suggest an inverse correlation between SIRT1 

levels and NAFLD incidence [17, 18]. Several SIRT1 transgenic mouse models have 
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been established to explore the molecular mechanism of SIRT1 signaling against hepatic 

steatosis development [10, 19-23]. Global overexpression of SIRT1 using a knock-in 

Sirt1 genomic construct resulted in enhancing energy expenditure and decreasing high fat 

diet-induced hepatic steatosis [19]. Hepatocyte-specific deletion of SIRT1 caused hepatic 

steatosis [10, 22, 23], hepatic inflammation and endoplasmic reticulum stress [10]. The 

phenotype of heterozygous SIRT1 knockout mice presented severe hepatic steatosis on 

high-fat diets [8]. However, these mouse models either showed the effect of partial 

SIRT1 function, or focused on liver-specific SIRT1 function, owing to the fact that whole 

body SIRT1 gene knockout in mice would cause metabolic defect [24], developmental 

abnormality, and postnatal lethality [25, 26]. This produces challenges of investigating 

the causal effect of systemic SIRT1 activity on NALFD development. Recently, an 

engineered systemic SIRT1 deacetylase activity ablation mouse model achieved similar 

SIRT1 loss-of-function effects with SIRT1 knockout mice, but with less resultant genetic 

defects [27]. Using this mouse model, Caron et al. observed an increasing hepatic lipid 

accumulation in SIRT1 activity ablated mice [21]. This study raised an important 

question and also opened the door to the further investigation as to how the lack of SIRT1 

activity promotes NAFLD.   

As an effort along this line, in this study we used the systemic SIRT1 activity 

ablation (MT) and wild-type mice (WT) in the current study to investigate the underlying 

mechanism by which SIRT1 activity ablation exerted on high fat diet (HFD)-induced 

NAFLD. 
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MATERIALS AND METHODS 

Animals and Diet 

 All study protocols including breeding were approved by the Institutional Animal 

Care and Use Committee of Tufts University. We utilized the homozygous H355Y 

SIRT1 mutant (MT), 129/SvJ background mouse expressing the SIRT1 protein that lacks 

its catalytic activity, as compared with that of a wild-type H355Y, sirt1+/+ 129/SvJ mouse. 

Both MT, 129/SvJ background mice and sirt1+/+ 129/SvJ mice exhibit hepatic steatosis 

similar to humans, and 129/SvJ mice are the animal model of choice in studies of high fat 

diet (HFD)-induced hepatic steatosis. At 4 weeks of age, SIRT1 genotypes of animals 

were determined by a PCR-based test performed on DNA isolated from tail-tip biopsies 

using the primers 5’-TGGAAGGAAAGCAATTTTGGT-3’ and 

g’CTGAGTTACCTTAGCTTGGC-3’. Mice were fed the standard laboratory chow diet 

(Envigo, Huntingdon, UK) for two weeks. At 6 weeks of age, mice were fed HFD (60% 

calories from fat, Bioserv, Frenchland, NJ) twice a week for 34 weeks, and body weight 

of each mouse was recorded weekly. The macronutrient component within the diet was 

listed in Appendix I. At 38 weeks of age, EchoMRI-100 (EchoMRI, Houston, TX) was 

used for mice body composition measurements, as described previously [28]. Briefly, 

after weights were recorded for each mouse, non-anesthetized mice were placed into a 

cylinder and inserted into the chamber unit of the MRI machine. Total fat mass was 

determined and fat composition was obtained by calculating the ratio of fat mass to body 

weight. All mice were killed at 40 weeks of age. Serum, livers, mesenteric adipose tissue 

(MAT), and epididymal adipose tissue were collected. Livers were weighed, and a piece 

of liver tissue from left lobe of liver was fixed in 10% buffered formalin solution for 
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histopathological examination while the remaining liver tissues were snap frozen in 

liquid nitrogen and stored at -80°C for further study. 

Liver Histopathology Evaluation 

 Five-micrometer sections of formalin-fixed and paraffin-embedded liver tissue 

were stained with hematoxylin and eosin (H&E) for histopathological examination. The 

sections were examined under light microscopy by 2 independent investigators who were 

blinded to the treatment groups.  A ZEISS microscope with a PixeLINK USB 2.0 (PL-

B623CU) digital Camera and PixeLINK µScope Microscopy Software was used for the 

examination. Liver steatosis was graded according to steatosis magnitude (both macro- 

and micro-vesicular fat accumulation) as described previously [29] (Figure 1A). Briefly, 

the degree of steatosis was graded based on the percentage of the liver section that was 

occupied by fat vacuoles at 100× magnification in 20 fields (grade 0 = <5%; grade 1 = 5–

25%; grade 2 = 26–50%; grade 3 = 51–75%; grade 4 = >75%). 

Liver and Plasma Triglyceride (TG) Quantification 

Plasma and hepatic TG were measured using a TG colorimetric assay kit 

(Cayman, USA). Plasma was obtained from EDTA tubes and centrifuged at 1,000 g for 

10 minutes, followed by pipetting off the top plasma layer. Liver tissue (about 40 mg) 

was minced and weighed, followed by homogenization in the standard diluent (0.2 ml) 

with an ultrasonic tissue homogenizer. The digested tissue was centrifuged for 10 

minutes at 10,000 g, and the entire supernatant was transferred and diluted 1:5 with the 

standard diluent. The TG contents in both plasma and liver were determined based on the 

absorbance at 540 nm after a coupled enzymatic reaction, and was adjusted with a 

standard glycerol solution. 
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Liver Cholesterol Quantification 

 A commercial cholesterol kit (Cell Biolabs Inc, San Diego, CA) was utilized for 

total cholesterol measurement. Briefly, 50 mg liver tissue was extracted with 1000 μL 

mixture of chloroflorm : isopropanol : NP-40 (7:11:0.1) in a micro-homogenizer. The 

pellet was kept after centrifuging the mixture for 10 minutes at 15,000 rcf. Removing the 

trace amounts of organic solvent, dried lipids was dissolved in 200 μL Assay Diluent 

with sonicating and vortexing. The cholesterol concentration was calculated according to 

the absorption at 540 nm wavelength. 

Protein Isolation and Western Blotting 

Whole cell protein was extracted from frozen liver tissue as previously described 

[30]. For nuclear protein extraction, 50-60 mg liver protein was minced and mixed with 

2ml hypertonic buffer, followed by homogenization for 30 seconds. The whole volume 

was then centrifuged at 5500 rpm for 5 minutes, and a second centrifugation (13000 rpm, 

5 minutes) was executed after washing pellets with 1ml hypertonic buffer. Pellets were 

then re-suspended in 100µl high salt buffer (5M NaCl) and shake-incubated on a Vortex 

Genie Turbo Mixer in 4°C cold room for 10 minutes. The supernatant was transferred 

and centrifuged at 55000 rpm for 60 minutes using an Ultracentrifuge. The protein 

concentration was measured by the Comassie Plus protein quantification method 

(Thermo Fisher Scientific) and adjusted to 10μg/μl. For Western blotting, 5μl whole cell 

lysates per sample were mixed with 6 μl 2X reducing Laemmli sample buffer and boiled 

in 100°C water bath for 5 minutes to denature. Denatured protein was then loaded on 

SDS-polyacrylamide gels and resolved according to their molecular weights. For protein 

detection, electroblotting was executed by transferring protein onto Immobilon-P 
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membranes (Millipore, MA, USA), followed by non-specific blocking (5% non-fat milk) 

in TBST buffer and incubation with appropriate primary antibodies. The following 

antibodies were used for Western blotting: phosphorylated-AMPK (Thr172), 

phosphorylated-ACC (Ser79), phosphorylated-LKB1 (Ser428), AMPK, ACC, LKB1, 

SCD1 (Cell Signaling, MA, USA), LXRα (Abcam, Cambridge, UK), Ac-FoxO1, FoxO1, 

and SREBP-1 (Santa Cruz, TX, USA). An anti-rabbit secondary antibody (Bio-Rad, CA, 

USA) linked to a horseradish peroxidase reporter enzyme was applied to binding the 

above primary antibody, and the bands of interest were detected by a SuperSignal West 

Pico Chemiluminescent Substrate kit (Sigma-Aldrich) according to the manufacturer’s 

instructions. Protein level of β-actin was used as reference for normalization. Intensities 

of protein bands were detected using GS-710 Calibrated Imaging Densitometer (Bio-

Rad). 

RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR) 

Total RNA was extracted from frozen liver tissue with TriPure Isolation Reagent 

kit (Roche, USA). Briefly, 50-100 mg frozen liver was minced, mixed with 1 ml TriPure 

Isolation Reagent, and centrifuged for 10 minutes at 12,000 g. Then 0.2 ml chloroform 

was added to each sample and the whole volume was centrifuged for 15 minutes at 

12,000 g. The collected upper aqueous phase was mixed with 0.5 ml isopropanol and 

centrifuged for 10 minutes at 12,000 g. The RNA pellet was obtained after discarding the 

supernatant, washed using 75% ethanol, followed by resuspending in DEPC water and 

incubating for 10 minutes at 55 4°C. Complementary DNA (cDNA) was synthesized with 

a reverse transcription PCR kit (M-MLV, Invitrogen, CA) and the Bio-Rad PTC 200 

(GMI, CA). Quantitative real-time PCR was performed using FastStart Universal SYBR 
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Green Master (Roche, USA). Relative gene expression was determined using the -2ΔΔCt 

method and normalized to the level of β-actin. Primer sequences are listed in Appendix 

II. 

Statistical Analysis 

SAS 9.3 software was utilized to perform the statistical analysis. The Mann-

Whitney U test was used to compare liver steatosis score distribution. The Student t test 

was used to compare TG, FFA levels and gene and protein expressions between wild-

type mice and MT mice. Logistic regression was utilized to analyze the correlation 

between steatosis score and hepatic TG level. Statistical significance was set as P < 0.05. 

RESULTS 

SIRT1 Mutation Increased Liver Triglyceride Level 

To test whether SIRT1 deacetylase activity was reduced in our mouse model, we 

measured the acetylation of FoxO1, and observed significantly higher acetylated-FoxO1 

to total-FoxO1 ratio in Sirt1 mutant (MT) mice, compared to wild-type (WT) mice 

(Figure 1B), indicating that the deacetylase activity of SIRT1 in MT mice was decreased. 

Average food consumption was similar between the two groups of mice (Table 1). There 

was no significant difference in final body weight, liver weight or liver weight/g body 

weight, and total fat mass between wild-type and mutant mice (Table 1). Hepatic 

cholesterol concentration was comparable between the two groups (wild-type vs. MT: 

52.35 ± 5.38 vs. 53.28 ± 2.19 mg/g tissue).  

To examine liver steatosis, we measured hepatic TG level using a TG 

quantification kit. We found that hepatic TG level was significantly higher in mutant 
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mice, compared to their wild-type counterparts (Figure 1C). The results from liver 

histopathological examination showed that among wild-type mice, 20% developed 

hepatic steatosis with a score of 1, 40% with a score of 2, and 30 with a score of 3; in 

contrast, all mutant mice developed hepatic steatosis with score at 2 or higher (55.6% 

with score 2, 44.4% with score 3; Figure 1D). Although overall liver steatosis was not 

significantly different between two groups, MT mice showed a trend toward higher liver 

steatosis severity as compared to wild-type mice. In addition, the hepatic TG level was 

significantly correlated with steatosis score (P = 0.04). 

SIRT1 Mutation Increased Hepatic Lipid Synthesis 

To address the molecular mechanism of increasing liver steatosis severity in MT 

mice, we quantified mRNA expressions and protein levels of the genes involved in 

lipogenesis and fatty acid β-oxidation. Result showed that phosphorylation of acetyl-CoA 

carboxylase (p-ACC), the inactive form of ACC, was significantly lower in MT mice 

(Figure 2A). This was correlated with lower phosphorylation of AMP-kinase (p-AMPK; 

Figure 2B). LKB1 phosphorylated at Ser428, the upstream signaling of p-AMPK [8, 31], 

was also reduced in MT animals (Figure 2C). LXRα mRNA, but not protein level, was 

higher in MT mice (Figure 2F). The protein level of sterol regulatory element-binding 

protein 1 (SREBP-1) and the mRNA level of its isoform, srebp-1c, were found elevated 

in MT mice (Figure 2D, F). The mRNA and protein level of SCD1, one of the 

downstream targets of SREBP-1c [32], were promoted in MT mice (Figure 2E, F). 

Hepatic nuclear PGC1α/whole-cell PGC1α ratio and hepatic PPARα protein levels were 

not changed (data not shown). Other lipogenic gene mRNA (fas, dgat1, dgat2, fatp2, 

pparα) were not altered between groups (Figure 2F). The mRNA levels of five β-
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oxidation related genes (acox1, acox3, cpt, ucp1, ucp2, sirt3) were measured in the liver, 

but no changes were observed between wild-type and MT mice (Figure 2G). These data 

suggest that increasing de novo lipogenesis, rather than decreasing β-oxidation, is a major 

mechanism leading to elevated liver steatosis in SIRT1 activity ablated mice. 

SIRT1 Mutation Increased Lipid Synthesis in MAT 

MAT can release free fatty acids (FFA) to venous drainage, which subsequently 

enters liver via portal vein and exposes liver to lipid accumulation [33-35]. Since the 

SIRT1 activity ablation in this model is systemic, we propose that lacking SIRT1 activity 

may affect lipid metabolism in MAT. To test this hypothesis, we examined lipogenesis 

and fatty acid β-oxidation related genes in MAT. We first examined the mRNA level of 

lipogenic genes (scd1, srebp-1c, fas, dgat1, dgat2, pparγ). Interestingly, srebp-1c showed 

a trend of increase (P = 0.07) in SIRT1 mutant mice, but its downstream targets, scd1 and 

fas were significantly higher in MT mice (Figure 3A). Liver X receptor α (LXRα) is 

known to activate the cleavage and movement of mature SREBP-1c to the nucleus [36]. 

We examined lxr-α expression and found lxrα transcription significantly elevated in MT 

mice (Figure 3A). This indicates that the lack of SIRT1 activity may promote LXRα-

mediated SREBP-1c maturation. We then determined the effect of SIRT1 activity 

ablation on fatty acid oxidation biomarkers (acox1, acox3, cpt, ucp1, ucp2). Results 

showed no difference in transcription levels of these genes between groups (Figure 3B). 

No alterations of gene expression were found in epididymal adipose tissue between two 

groups (data not shown). These results suggested an overall increasing lipogenesis level 

in MAT of MT mice. We also measured adiponectin mRNA level in both MAT and 

epididymal adipose tissue, as well as hepatic adiponectin receptor 1 and adiponectin 
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receptor 2 protein levels in WT and MT mice, but did not find significant differences 

between two groups (data not shown). In addition, the downstream target of adiponectin, 

hepatic PPARα, did not change in both mRNA levels (Figure 2F) and protein levels 

(data not shown), indicating that the difference of hepatic lipogenesis between wild-type 

and MT mice was not due to adiponectin activity in this mouse model. 

SIRT1 Mutation Caused hepatic steatosis via MAT-liver FFA mobilization 

Since hepatic steatosis could be the result of elevating fatty acid uptake by 1) up-

taking triglyceride in chylomicron or VLDL remnant that derived from dietary sources, 

and 2) up-taking FFA released from adipose tissue, we tested the possibility that SIRT1 

mutation affects liver TG uptake.  We examined plasma TG level and hepatic LDL-

receptor (ldl-r) transcription level and found no difference in these parameters between 

two groups (Figure 4A), suggesting that liver TG uptake was similar between WT and 

MT mice. 

We then examined plasma FFA and found the level of plasma FFA was 

significantly higher in MT mice (Figure 4B), as compared with that of WT mice. Since 

FFA from MAT directly enters liver through the portal vein [2, 33-35], lipolysis of MAT 

greatly contributes to FFA transferred to liver. We further hypothesized that the increase 

of FFA in mutant mice was attributed to the increasing MAT lipolysis. Of four genes 

related to mesenteric lipolysis (hsl, atgl, plin-1, plin-2), hsl, atgl and plin-2 significantly 

increased in MT mice (Figure 4C). CD36 is a transporter that takes up long chain fatty 

acids [36]. In the current study, we found that cd36 transcription level in liver was 

significantly higher in MT mice (Figure 4D). The mRNA level of lxrα, as a transcription 

factor that up-regulates CD36 transcription, was also elevated in MT mice. To test 
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whether wild-type and MT mice have different hepatic TG clearance rates, we examined 

the mRNA of microsomal triglyceride transfer protein (mttp), a transporter that exports 

TG, but observed no difference in its expression between groups (Figure 4D). These data 

suggest that increased FFA release from MAT may enter systemic circulation, and 

subsequently the liver, leading to augmented liver steatosis in sirt1 mutant mice. 

DISCUSSION 

To our knowledge, the present study has provided the first evidence that systemic 

SIRT1 activity loss promoted NAFLD by targeting both liver and MAT, as well as their 

cross-talk. We demonstrated that the accumulating hepatic TG due to the lack of SIRT1 

activity was associated with 1) increased hepatic fatty acid synthesis but unchanged β-

oxidation in liver; 2) increased lipid synthesis in MAT; and 3) elevated free fatty acid 

transport from MAT to liver.  

In the current study, the acetylated version of FoxO1 significantly increased in 

MT mice, supporting the observation that SIRT1 enzymatic activity in liver decreased 

due to a systemic SIRT1 activity ablation in this mouse model. After HFD (60% calories 

from fat) intervention for 34 weeks, we found that MT mice accumulated significantly 

higher TG level in liver. This suggests that the lack of systemic SIRT1 deacetylase 

activity can promote NAFLD development. Our findings were consistent with the 

previous studies showing that impaired SIRT1 signaling was associated with increased 

hepatic lipid deposition [8, 10, 19-21, 23]. It should be noted that our histopathologic 

analysis tended to present more severe hepatic steatosis in MT mice (P = 0.16). The 

discrepancy between our histopathologic grading and hepatic TGs was possibly due to 

the fact that the changes of hepatic TGs were more sensitive to detect compared to 
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histologic observation. Nevertheless, our steatosis grading score was significantly 

correlated with the hepatic TGs, which supports that systemic SIRT1 activity ablation can 

escalate NAFLD development. In the current study, we observed comparable hepatic 

total cholesterol levels, which agree with the similar mRNA expression levels of abca1 

and cyp7a1 between WT and MT mice. ABCA1 is a key transporter that exports 

cholesterol from liver, and Cyp7A1 is the gene that encodes cholesterol 7α-hydroxylase, 

the enzyme that catalyzes the initial step in bile acid synthesis. Our data suggest that the 

comparable hepatic cholesterol levels in wild-type and mutant mice may be due to 

unchanged reverse cholesterol transport and cholesterol catabolism, or alternatively, a 

high fat diet-induced metabolic surplus. Taken together, we conclude that the lack of 

SIRT1 enzymatic activity plays a minor role on cholesterol metabolism in this model. 

One of the important observations in the present study was that the lack of SIRT1 

deacetylase activity increased lipogenesis while maintaining fatty acid oxidation 

unchanged in both liver and MAT. In MT mice, increased hepatic lipogenesis was 

associated with reduced phosphorylations of LKB1, AMPK and ACC. LKB1 can be 

activated through phosphorylation at Ser428, which enhances its kinase activity of 

phosphorylating AMPK [7, 8, 31], resulting in enhanced inhibition of ACC by 

phosphorylating the enzyme to the inactive form [37]. Hepatic ACC activation promotes 

FA synthesis and lipid accumulation [37]. Unexpectedly, we observed higher levels of 

LXRα mRNA in MT mice, which is not in agreement with the previous report that SIRT1 

contributes to deacetylating and activating LXRα transcription in vitro [21]. However, 

these authors found that lxrα mRNA expression was similar in SIRT1 knock-out mice 

and their wild-type, suggesting that SIRT1 might regulate lxrα in multiple mechanistic 
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pathways in vivo [38]. One possible pathway is that SIRT1 activity ablation decreases the 

release of nicotinamide phosphoribosyltransferase (NAMPT), a rate limiting enzyme that 

catalyzes the biosynthesis of nicotinamide adenine dinucleotide (NAD) [39].  Decreased 

release of NAMPT from hepatocytes can attenuate the inhibition of lxrα transcription in 

MT mice [39]. It is important to note that the mRNA level of lxrα was also promoted in 

the MAT of MT mice, showing the consistence of the effect of SIRT1 activity on lxrα 

transcription in multiple tissues. To the best of our knowledge, this is the first report to 

reveal the effect of SIRT1 deacetylase activity on regulating lxrα transcription level in 

MAT. As one important target of LXRα, SREBP-1c plays a role as a transcription factor 

that regulates multiple lipogenic genes, including SCD1, FAS and ACC [32]. Compared 

to WT mice, the protein level of SREBP-1 in liver and the mRNA level of srebp-1c in 

both liver and MAT were significantly higher in MT mice. Data in this study showed that 

scd1 mRNA consistently increased in both liver and MAT, but an elevated level of fas 

mRNA was only observed in MAT. Further study is needed to examine whether SIRT1 

catalytic activity ablation affects other signaling pathways that alters FAS transcription 

levels specifically in MAT. It is interesting to note that the lack of SIRT1 enzymatic 

activity affected neither transcription of adiponectin in MAT nor adiponectin downstream 

targets in liver. Our observation that the lack of systemic SIRT1 activity did not impact 

adiponectin production and signaling does not agree with a previous study [40], in which 

adipocyte-selective SIRT1 knockout mice had reduced adiponectin production, compared 

to WT mice. Such a discrepancy might be due to the different effects of SIRT1 on 

adiponectin transcription, between SIRT1 adipocyte-specific knockout and systemic 

SIRT1 activity mutation.   
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In the present study, SIRT1 activity ablation did not affect plasma TG levels, 

which is consistent with previous findings that the SIRT1 protein levels were not 

correlated with the circulating TG levels in both human and animal studies [18, 41]. An 

intriguing observation in the present study is that the promoting effect of SIRT1 

deacetylase activity ablation on hepatic steatosis is coupled with an increase in circulating 

FFA level. It has been shown that the portal vein directly connects the liver with the 

visceral MAT, and visceral fat content is highly correlated with the severity of hepatic 

steatosis in humans [42, 43]. In the present study, we found that the higher circulating 

FFA was associated with higher mRNA levels of atgl, hsl and plin-2 in MT mice. ATGL 

is a rate-limiting lipolytic enzyme for TG hydrolysis, while HSL is the major hydrolase 

for diacylglyceride in the adipocytes [44, 45]. The phosphorylation of PLIN-2 is 

responsible for recruiting HSL to lipid droplets and meanwhile dissociates and activates 

ATGL. Jointly, the increased levels of atgl, hsl and plin-2 mRNA in MT mice indicate a 

higher rate of lipolysis in MAT. This result is contradictory to the findings from previous 

studies that SIRT1 promotes lipolysis in adipocytes [44, 45]. In the study of Picard et al. 

[45], they reported a decreased lipolysis rate in the epididymal adipose tissue of SIRT1 

heterozygous mice, which was associated with a lower level of circulating FFA. The 

discrepancy between that study and the current study might be due to the different 

adipose tissues used in the investigations. It is noted that the basal protein level of 

perilipins and activated HSL are different between MAT and epididymal adipose tissue, 

and moreover, the effect of HFD on ATGL activation is surprisingly inverse between the 

adipose tissue at two depots [46], leading us to hypothesize that SIRT1 differently 

regulates lipolysis between MAT and epididymal adipose tissue. CD36 mediates liver 
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FFA uptake and plays an important role in promoting steatosis [47, 48]. Interestingly, we 

observed an increased level of cd36 mRNA in the liver, but not in the MAT, in MT mice, 

indicating that SIRT1 might regulate cd36 transcription in a tissue-specific manner [47]. 

Previous studies reported that lipodystrophy occurred when fat mass was reduced and 

lipolysis was increased [49]. Interestingly, in the present study, we observed not only 

increased lipolysis, but also increased fatty acid synthesis in Sirt1 mutant animals fed 

high fat diet, which may lead to the dynamic homeostasis in mesenteric adipose tissue. 

This was supported by our body composition analyses showing that the percent fat mass 

and adipose tissue weight were comparable between wild-type and Sirt1 mutant mice, but 

significantly increased TG was found in the livers of Sirt1 mutant mice. This observation 

may help us to understand why some people without ‘fat belly’ still develop fatty liver 

when sirt1 activity decreases due to certain factors, such as aging, unhealthful diet, stress, 

or high alcohol consumption. 

Taken together, the results from the current study suggest that systemic SIRT1 

deacetylase activity ablation can promote hepatic steatosis by elevating lipogenesis in 

both liver and MAT (Figure 5). The lack of SIRT1 activity also promotes the release of 

FFA from MAT and consequent transport to liver, and increases liver FFA uptake by 

increasing hepatic FFA transporter (Figure 5). Whether SIRT1 activity is a potential 

molecular target for certain dietary components (e.g., tomato carotenoids) to prevent 

and/or mitigate development of NAFLD is currently under the investigation in this lab. 
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TABLE 1 

Food consumption, body weights, liver weights, body fat composition of wild-type or 

SIRT1 ablation mice with high fat diet intervention for 34 weeksa 

Study Group WT MT 

Animal (n) 10 10 

Food consumption (g/d) 3.2 ± 0.13 3.3 ± 0.22 

Final body weight (g) 49.73 ± 1.54 46.89 ± 1.68 

Liver weight (g) 1.87 ± 0.13 1.61 ± 0.11 

Liver/body weight (%) 7.71 ± 0.54 9.33 ± 1.64 

Fat composition (% total mass) 20.03 ± 1.03 19.93± 1.22 

 

aValues are means ± SEMs (n=10) or (%). Student t test was used to examine the 

difference between WT and MT mice. Statistical significance was P < 0.05. WT, wild-

type mice; MT, SIRT1 ablated mice. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 

 

  



68 
 

FIGURE LEGENDS 

Figure 1. A, Graphic representation for hepatic steatosis histopathology grading. B, C, D, 

liver Ac-FoxO1, liver steatosis score distribution and liver TG level (WT, MT n = 10). B, 

graphic representation of fold changes in hepatic acetylated FoxO1, FoxO1 as loading 

control. C, distribution of histopathologic liver steatosis score in WT, MT. D, TG level of 

livers. Values are % of total mice, or means ± SMEs. Mann–Whitney U test was used to 

compare liver steatosis score distribution; student t test was used to compare liver Ac-

FoxO1 ratio and TG level between WT and MT mice. *Different from WT, P < 0.05. 

WT, wild-type mice; MT, SIRT1 activity ablation mice. 

Figure 2. Effects of SIRT1 activity ablation on lipogenesis and fatty acid oxidation 

biomarkers. Changes of protein or mRNA expressions in liver lysates (WT, MT n = 10) 

were analyzed by western-blotting or RT-PCR, and β-actin was used as loading control 

unless specified otherwise. Graphical representation of fold changes in: A, 

phosphorylated ACC (Ser79; ACC as loading control); B, phosphorylated AMPK 

(Thr172; AMPK as loading control); C, phosphorylated LKB1 (Ser428; LKB1 as loading 

control); D, SREBP-1; E, SCD1; F, mRNA of lipogenesis-associated genes: lxrα, 

srebp1c, scd1, fas, pparα, dgat1, dgat2; G, mRNA of fatty acid oxidation-associated 

genes: acox1, acox3, sirt3, ucp1, ucp2, cpt. Values are means ± SMEs. Student t test was 

used to compare liver TG level between WT and MT mice. *Different from WT, P < 

0.05. 

Figure 3. Effects of sirt1 activity ablation on lipogenesis and fatty acid oxidation 

biomarkers. Changes of mRNA expressions in MAT lysates (WT, MT n=7-9) were 

analyzed by RT-PCR, and β-actin was used as loading control unless specified otherwise. 
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Graphical representation of fold changes in: A, lipogenesis-associated genes: lxrα, srebp-

1c, scd1, fas, pparγ, dgat1, dgat2; B, fatty acid oxidation-associated genes: acox1, cpt, 

ucp1, ucp2, acox3. Values are means ± SMEs. Student t test was used to compare liver 

TG level between WT and MT mice. *Different from WT, P < 0.05. 

Figure 4. Effects of SIRT1 activity ablation on plasma TG, FFA concentration and FFA 

mobilization biomarkers in liver and MAT. Changes of mRNA expressions in liver or 

MAT lysates (WT, MT n=7-9) were analyzed by RT-PCR, and β-actin was used as 

loading control unless specified otherwise. Graphical representation of fold changes in: 

A, plasma TG concentration; B, FFA concentration; C, FFA uptake transporter in liver: 

cd36, TG export transporter in liver: mttp; D, lipolysis-associated genes: agtl, plin-2, hsl, 

plin-1, FFA uptake transporter in MAT: cd36. Values are means ± SMEs. Student t test 

was used to compare liver TG level between WT and MT mice. *Different from WT, P < 

0.05. 

Figure 5. The potential effect of systemic SIRT1 ablation on the development of 

nonalcoholic fatty liver disease (NAFLD) through three pathways: (1) increase TG 

synthesis in the liver by promoting fatty acid synthetic genes; (2) increase TG synthesis 

in the mesenteric adipose tissue (MAT) by promoting fatty acid synthetic genes; and (3) 

promote the mobilization of fatty acid from MAT to liver by increasing hepatic free fatty 

acid uptake. 
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ABSTRACT 

Background: Tomato and tomato products can induce Sirtuin 1 (SIRT1) deacetylate 

activity and inhibit the development of nonalcoholic fatty liver disease (NAFLD), a risk 

factor for hepatocellular carcinoma (HCC) development. Whether the dietary tomato 

feeding inhibits NAFLD and HCC dependent on SIRT1 activity remains unknown. 

Methods: Mice with homozygous ablation in catalytic activity of SIRT1 (MT) and their 

corresponding wild type littermates (WT) were injected with diethylnitrosamine, and fed 

a high fat diet (HFD, 60% calories from fat) with or without tomato powder (TP, 

containing lycopene 100mg/kg diet) for 34 weeks. 

Results: Dietary TP supplementation significantly reduced liver steatosis in both WT and 

MT mice through different molecular mechanisms: protective effect of TP was mediated, by 

increasing SIRT1 protein expression and activity, and decreasing hepatic fatty acid 

binding protein 1 expression and long chain fatty acid (FA) uptake in WT mice; while in 

MT mice, TP decreased hepatic FA synthesis through inactivating hepatic acetyl-CoA 

carboxylase mediated by AMPK phosphorylation, independent of SIRT1. Although we 

did not detect significant inflammatory responses in either WT or MT mice, TP lowered 

il-6 expression in MAT and IL-6 concentration in plasma and liver, as compared with 

MT mice without TP; while in WT mice, dietary TP decreased caspase-1 mediated IL-1β 

maturation.  However, neither the mutation of SIRT1 activity nor TP supplementation 

altered HCC incidence or severity in both WT and MT mice, which could be due to the lack 

of inflammation as a target of TP protection or limited efficacy in ameliorating HCC 

development in this mouse model.  
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Conclusion: Dietary TP supplementation can ameliorate HFD-induced NAFLD and 

inflammatory responses independent of SIRT1 activity, but not affecting carcinogen-

induced HCC development. 

INTRODUCTION 

Nonalcoholic fatty liver disease (NAFLD) includes a wide spectrum of disease 

ranging from simple steatosis to nonalcoholic steatohepatitis (NASH), liver fibrosis, 

cirrhosis, and hepatocellular carcinoma (HCC) [1]. Obesity is a major risk factor of 

NAFLD [2]. In fact, an average of 76% obese patients was reported to have liver steatosis 

[3], and the incidence of NAFLD is still rising with paralleled to increasing obesity rates 

[4]. HCC accounted for 85%-90% of primary liver cancers, and is the second most 

common cause of cancer mortality worldwide [5-7]. According to the 18th Annual Report 

to the Nation on the Status of Cancer, the mortality of HCC is still increasing, despite  the 

decline in overall cancer death rates [8, 9]. NAFLD has been observed in 30%-40% of 

HCC patients in the US [5]. Indeed, with the involvement of inflammatory cytokines 

such as IL-1β, IL-6 and TNFα, simple steatosis can further progress to NASH, or even 

severe fibrosis [10], which was observed in approximately 90% of HCC cases [11], 

highlighting the critical role of metabolism disorder on HCC development. Considering 

the lack of effective medical treatments for both NAFLD and HCC, preventing the 

incidence of NAFLD, or ameliorate NAFLD development at early stage could be an 

important strategy.  

Tomatoes are good sources of the colorless carotenoids phytoene, phytofluene, 

and other micronutrients such as vitamin C, E, and flavonoids, which are all considered 

as anti-oxidant agents [12]. Previous studies have shown that consumption of tomato 
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products can inhibit systemic inflammation by reducing pro-inflammatory cytokines [13], 

decrease hallmarks of liver steatosis, and accelerate hepatic lipid metabolism [14]. 

Lycopene, a major pigment characterizing the redness of tomatoes and tomato products, 

is widely studied due to its biological activities [15, 16]. Accumulating evidence has 

shown that lycopene, and its natural cleavage product apo-10’-lycopenoic acid (ALA) 

[17], have protective efficacy against high fat diet (HFD)-induced liver steatosis, 

inflammation and cancer development [18-25], which was associated with improved 

hepatic Sirtuin 1 (SIRT1) expression and SIRT1 activity [18, 23, 24]. Interestingly, a 

marked increase of sirt1 mRNA level was also observed in animals with lycopene-rich 

tomato oleoresin supplementation [26], prompting us to address the question  whether the 

beneficial effects from natural tomato products are dependent on SIRT1 signaling.  

SIRT1 is an evolutionarily conserved NAD+-dependent deacetylase for both 

histone and non-histone proteins [27, 28]. By catalyzing the transfer of the acetyl-group 

from the substrate to cleaved nicotinamide adenine dinucleotide nicotine (NAD+), 

generated from NAD+ hydrolysis, SIRT1 can regulate the expressions of  multiple genes 

or proteins and control a series of physiological activities including energy metabolism 

[29-31], stress response [32, 33], and aging [34, 35]. By virtue of these functions, SIRT1 

has been widely studied as a molecular target to inhibit the pathogenesis of various 

diseases, including HFD-induced NAFLD [30, 36, 37]. Recently, an epidemiology study 

reported an inverse correlation between plasma SIRT1 concentration and the severity of 

liver steatosis in obese patients [38], indicating an interaction between SIRT1 and liver 

steatosis development. It is important to note, however, people with high risk of NAFLD, 

such as those in aging, obesity and chronic inflammation [2, 39-41], are susceptible to 
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developing SIRT1 dysfunction due to depleted NAD+ pool [42, 43], or impaired 

Nicotinamide phosphoribosyltransferase (NAMPT), a rate limiting enzyme in NAD+ 

biosynthesis [43, 44],which highlights the importance of developing an efficient strategy 

to inhibit NAFLD without depending on SIRT1 activity. 

Controversy regarding SIRT1 and HCC is still under debate as it could act as 

either a tumor suppressor or tumor promoter depending on its targets in specific signaling 

pathways. Dual effects of SIRT1 on cell proliferation have been documented in previous 

publications. It has been reported that SIRT1 can transcriptionally and post-

translationally promote cell proliferation by inhibiting key cell cycle and apoptosis 

regulatory proteins such as p53 [45-47], BCL6 [48], Ku-70 [49] and Smad7 [50]. In 

contrast, SIRT1 also contains a suppressive activity in tumor cell growth by interacting 

and deacetylating E2F1, which indirectly decrease pRb hyper-phosphorylation and 

induce cyclinD/cdk4 activity [51]. Additionally, SIRT1 has been shown to directly 

deacetylate NF-κB, which is well-known for its anti-apoptotic  function  [50]. Although 

SIRT1 was found elevated in human HCC tissue, compared to non-HCC tissue [45, 52-

56], the causality between SIRT1 and HCC remains unknown. Using transgenic mice 

models, two studies reported that SIRT1 was HCC promoter by increasing bile acid 

accumulation and impeding cell arrest at G1 [56, 57]; one study reported that SIRT1 was 

HCC inhibitor by decreasing expression of the ageing-associated gene p16 (Ink4a) and 

improving hepatic protection from both DNA damage [58]. These mouse models either 

showed the effect of SIRT1 overexpression, or partial SIRT1 function, given that mice 

with whole-body SIRT1 gene knockout developed metabolic defect [59], developmental 

abnormality, or postnatal lethality [60, 61]. The challenge of employing a systemic 



80 
 

SIRT1 knockout animal model to investigate the causal role of SIRT1 on HCC 

development was overcome recently by using an engineered mouse model with systemic 

SIRT1 deacetylase activity ablation to achieve similar SIRT1 loss-of-function effects 

with SIRT1 knockout mice but with less resultant genetic defects [27]. Using this mouse 

model, we and others observed an increasing hepatic lipid accumulation in SIRT1 

activity ablated mice [21] and proposed the underlying mechanism by which systemic 

SIRT1ablation aggravated HFD-induced hepatic steatosis [36]. These studies raised an 

opportunity to the further investigation as for how the lack of SIRT1 activity affects HCC 

initiation and development.   

To explore the causal effect of systemic SIRT1 activity on HCC development, we 

utilized the systemic SIRT1 activity ablated mice (MT), as compared to their wild-type 

(WT) counterparts, and a well-established two-hit mouse model [24, 62] in which tumor 

initiation by N-nitrosodiethylamine (DEN) was further promoted by HFD feeding. To 

examine the effect of tomato products on NAFLD, inflammation and HCC development, 

we fed both WT and MT mice HFD with or without tomato powder (TP), and further 

elucidated the underlying mechanism by which TP exhibited anti-NAFLD and HCC 

efficacy in both WT and MT mice.   

METHODS 

Animals and Diets 

All study protocols were approved by the Institutional Animal Care and Use 

Committee of Tufts University. We utilized the 129/SvJ background, outbred CD-1 

mouse strain carrying a point mutation (H355Y) expressing similar SIRT1 protein with 
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ablated catalytic activity, compared with their WT counterparts, as previously described 

[36]. At 2 weeks of age, both WT and MT mice were injected with DEN, a carcinogenic 

reagent mainly specific to liver, at 25 mg/kg body weight. At 4 weeks of age, genotyping 

was conducted by employing a PCR-based test to amplify DNA using the primers 5’-

TGGAAGGAAAGCAATTTTGGT-3’ and g’CTGAGTTACCTTAGCTTGGC-3’. We 

selected male mice for this study because the risk for males to develop liver cancer is 

higher than females in both humans and mice [63, 64]. At 6 weeks of age, to mimic the 

disorder induced by diet-induced obesity in human [65], we used mice fed high fat diet 

(HFD, 60% calories from fat, Bioserv, NJ) with or without TP supplementation. The 

macronutrient component within the HFD was listed in Appendix I. At 38 weeks of age, 

EchoMRI-100 (EchoMRI, Houston, TX) was used for mice body composition 

measurement, as described previously [66]. Blood and tissues were collected post-

mortem. 

TP Supplementation 

TP was mixed in the diet to make lycopene level at 100mg/kg diet, which is 

equivalent to lycopene intake of 8.1 mg per day for person weighing 60-kg, as calculated 

in our previous study [62]. Since the average daily 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 [67], and 

lycopene doses used in dietary supplements are between 15-30 mg/day [62], the TP 

dosage used in the present study is within physiology relevance. 

Tissue Processing and Liver Tumor Quantification 

Livers, mesenteric adipose tissue (MAT), and epididymal adipose tissue were 

collected and weighed. Two investigators unaware of genotype and treatment groups 
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counted the number of surface liver tumors and measured the diameter of the tumors, as 

described [62]. A piece of liver tissue from the left lobe of liver was fixed in 10% 

buffered formalin solution for histopathological examination while the remaining liver 

tissues were snap frozen in liquid nitrogen and stored at -80°C for later analysis. 

Liver Histopathology Evaluation 

Paraffin-embedded liver tissues were cut into 5 μm sections and stained with 

hematoxylin-eosin (H&E) to evaluate histology of the tissues, as described previously 

[36]. The sections were examined under light microscopy by two independent 

investigators who were blinded to the group classification. A SEIZZ microscope with a 

PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK μScope Microscopy 

Software was utilized for the histopathology examination. Hepatic steatosis was graded 

according to the degree of both macro- and micro-vesicular lipid accumulations, as 

previously described [68]. Briefly, the severity of hepatic steatosis was evaluated based 

on the percentage of liver section that was occupied by lipid vacuoles at 100x 

magnification in 20 fields according to the following criteria: grade 0 = <5%; grade 1 = 

5–25%; grade 2 = 26–50%; grade 3 = 51–75%; grade 4 = >75%. The types of hepatic 

tumors were confirmed according to the following criteria:  (i) the presence of trabecular 

pattern with 3+ cell-thick hepatocellular plates/cords; (ii) mitotic figure; (iii) enlarged 

convoluted nuclei or high nuclei/cytoplasmic ratio; (iv) the presence of tumor giant cells 

with compact growth pattern; and (v) the presence of endothelial cells lining of sinusoids 

that surround enlarged hepatocellular plates/cords, as previously described [62]. 
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Protein Isolation and Western Blotting 

Liver protein isolation was described previously [23]. For MAT protein isolation, 

adipose tissue was homogenized in RIPA buffer with protease (Halt) and phosphatase 

(PhoStop) inhibitors at 100mg tissue/100 µL buffer. We pooled 3-4 samples per group to 

obtain detectable signals. MAT homogenates were centrifuged at 14,500 rpm for 10 

minutes at 4 °C, followed by removing the surface fat free homogenate. Repeat 

centrifugation and remove fat from samples. The whole volume was then centrifuged at 

55,000 rpm for 1 hour using an Ultracentrifuge. Both liver and MAT protein 

concentrations were measured by utilizing the Comassie Plus protein quantification 

method (Thermo Fisher Scientific) and adjusted to 10 μg/μl. For Western blotting, 5 μl 

liver whole cell lysates were mixed with 5 μl Laemmli sample buffer for protein 

denature. Protein detection was performed by electroblotting with details published 

previously [36]. The following primary antibodies were used for Western blotting: p-

AMPK (Thr172), p-ACC (Ser79), p-mTOR, p-MAPK (Thr202/Tyr204), p-STAT3, 

AMPK, ACC, SCD1, PARP, NF-κ B (Cell Signaling, MA, USA), Ac-FoxO1, FoxO1, 

SREBP-1, and p21 (Santa Cruz, TX, USA). The protein level of β-actin was used as 

internal control.  

RNA Extraction and qPCR 

Total RNA from either frozen liver tissue or MAT tissue was extracted using 

TriPure Isolation Reagent kit (Roche, USA), as the protocol indicates. Complementary 

DNA (cDNA) was synthesized with a reverse transcription PCR kit (M-MLV, Invitrogen, 

CA) and the Bio-Rad PTC 200 (GMI, CA). Quantitative real-time PCR was performed 

by employing the mixture of FastStart Universal SYBR Green Master (Roche, USA), 
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primer mix (including forward and reverse primers), PCR water and diluted cDNA. 

Relative gene expression was determined using the -2ΔΔCt method and normalized to the 

mRNA level of β-actin. Primer sequences are listed in Appendix II. 

 

High Performance Liquid Chromatography 

Quantitative analysis of LYC was performed utilizing high performance liquid 

chromatography (HPLC) techniques. Briefly, approximately 100 mg of liver tissue was 

homogenized in 3 ml of ethanol and saline (2:1 vol/vol) and extracted with 3.5 ml of 

hexane and ether (1:1 vol/vol). Extracts were vortexed for 1 minute followed by 

centrifugation at 2,000g for 10 minutes at 4°C and collection of the supernatant. Samples 

were extracted via this method 3 times followed by evaporation under nitrogen gas and 

reconstitution in 100 μl of ethanol and ether (2:1 vol/vol). 50 μl of the final extract was 

then injected into the HPLC system. The HPLC system consisted of a 2695 separation 

module and a 2998 photodiode array detector (Waters Corporate, Milford, MA). 

Separation was performed on a YMC C30 column (S-3 micron, 4.6 × 150 mm) (YMC, 

Wilmington, NC, USA) and the following gradient was used: 0 min, 90% A (methanol 

and 1% ammonium acetate [9:1 vol/vol]) and 10% B (methyl-ter-butyl ether); 20 min, 

85% A and 15% B; 30 min, 40% A and 60% B; 40 min, 30% A and 70% B; 52 min, 90% 

A and 10% B. The flow was set at 1 ml/min and LYC concentrations were measured at 

472 nm and quantified utilizing the area under the curve respective to an appropriate 

standard curve. An internal control (retinoic acid) was added to ensure efficient 

extraction and all procedures were performed under red light. 
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ELISA 

The reagents for IL-1β and IL-6 ELISA were from R&D System and BD 

Biosciences, respectively. Cytokine concentrations in liver and plasma were quantified 

according to the manufacturer protocols. Briefly, the capture antibody was diluted to 4 

µg/ml in Binding Solution and 100 µl of diluted antibody was added to each well. Then 

plates were sealed and incubated overnight at 4 °C, after which time 200 µl/well 

Blocking Buffer was added to block non-specific binding, and the plates were then 

incubated at room temperature (RT) for 1 hour. Plates were washed 3 times with 

PBS/Tween. After adding standards and samples, we added 100 µl diluted antibody to 

each well and incubated the plate for 1 hour at RT. After washing plate, we added 100 µl 

Av-HRP. The plate was then incubated at RT for 30 minutes. ABTS substrate solution 

was added to the plate for color development for1 hour at RT. OD at 405 nm was read for 

cytokine concentration calculation.  

Analysis of Plasma Free Fatty Acids (FFA)  

Plasma FFA was measure by utilizing a FFA colorimetric assay kit (Abcam, 

Cambridge, USA). Briefly, after adding 2 μL of acyl-coA synthetase reagent to each 

sample and standard well, total mixture was incubated for 30 min at 37 °C. Then 50 μL 

of reaction mix was added to each well and the entire plate was incubated for 30 min at 

37 °C protected from light. The concentration of FFA in each well was quantified by 

reading the absorbance at 570 nm. 

Statistical Analyses 

SAS 9.3 software was employed for the statistical analysis. Differences among 

groups were determined by using one-way ANOVA followed by Tukey post-hoc test. 
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Two-way ANOVA was used to examine the effects of TP or SIRT1 mutation on 

continuous variables. The Mann-Whitney U test was used to compare liver steatosis score 

distribution among groups. The χ² test was used to examine the difference on liver tumor 

incidence. Statistical significance was set as P < 0.05. 

RESULTS 

TP Attenuated NAFLD 

There was no significant difference in average food consumption, final body 

weight, liver weight or liver weight/body weight ratio, and total fat mass/body weight 

ratio among four groups (Table 1). Lycopene was undetectable in mice without TP 

supplementation. In WT+TP mice, hepatic lycopene was 7.72 ± 1.69 nmol/g liver, which 

was comparable with the hepatic lycopene concentration in MT+TP mice at 7.36 ± 2.02 

nmol/g liver. HCC incidence, liver tumor multiplicity, and liver tumor volume were not 

altered by either TP supplementation, or systemic SIRT1 ablation (Table 2). We did not 

observe inflammation foci incidence in the current study.  We quantified SIRT1 protein 

levels in four groups and found tomato powder (TP) supplementation significantly 

increased SIRT1 protein expression in WT mice (Figure 1A). To determine SIRT1 

deacetylase activity, we quantified the acetylation of FoxO1, and found MT mice had 

significantly higher acetylated-FoxO1 to total-FoxO1 ratio, compared with WT mice 

(Figure 1B).  

Using histopathology analysis, we found liver steatosis significantly decreased in 

animals with TP supplementation, in both WT and MT groups (Figure 1C), suggesting 

that TP can inhibit liver steatosis independent of SIRT1 deacetylase activity. We also 
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observed an increase of liver steatosis in MT mice, compared to WT mice, but the 

difference did not reach statistical significance (P = 0.14). Mice fed TP had substantially 

lower TG concentration in plasma, in both WT and MT groups. Plasma FFA 

concentration was comparable among four groups.  

TP Decreased NAFLD in WT and MT Mice Through Different Mechanisms 

To explore the underlying mechanism by which TP decreased liver steatosis, we 

first quantified mRNA and protein levels of genes that are involved in fatty acid synthesis 

and fatty acid oxidation. As a result, the phosphorylation of acetyl-CoA carboxylase 

(ACC), which inactivates ACC, did not change between WT and WT+TP mice, but 

significantly increased in MT+TP mice, compared with MT mice (Figure 2A). This was 

correlated with unchanged phosphorylation of AMP-kinase (AMPK) in WT vs. WT+TP 

mice, but enhanced p-AMPK in MT+TP mice, compared with MT mice (Figure 2B), 

indicating that TP inhibits ACC mediated by AMPK signaling. Other fatty acid synthetic 

enzymes such as stearoyl-CoA desaturase 1 (SCD1), sterol regulatory element-binding 

protein 1 (SREBP-1) and peroxisome proliferator-activated receptor α (PPARα) did not 

change among four groups (Supplemental Figure 2A-C). We also quantified the mRNA 

levels of six lipogenic genes (acc, fas, scd1, srebp-1c, lxrα, pparα), which presented 

comparable expressions among four groups (Supplemental Figure 3A). The hepatic 

mRNA levels of four fatty acid oxidation related genes (acox1, acox3, cpt1, sirt3) also 

remained unchanged among four groups (Supplemental Figure 3B). These data indicate 

that decreasing hepatic fatty acid synthesis might be a major mechanism by which TP 

mitigates hepatic steatosis in MT mice, but not WT mice. 
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It has been well-established that intrahepatic TG accumulation could be due to 

two mechanisms: 1) increasing de novo fatty acid synthesis versus fatty acid oxidation; 

and 2) exceeding hepatic lipid uptake compared to lipid output [70]. With the observation 

that in WT mice, TP inhibited hepatic steatosis development without altering hepatic 

lipid metabolism/catabolism, we examined the expressions of genes related to lipid 

transportation. Fatty acid binding protein 1 (FABP1) is mainly expressed in livers at high 

levels and facilitates the uptake of long chain fatty acid (LCFA) [71]. In the present 

study, we found that compared to WT mice, the mRNA level of fabp1 increased in MT 

mice (p = 0.087), while fabp1 expression was decreased in WT+TP vs. WT mice (Figure 

2C), suggesting that the anti-NAFLD effect of TP in WT mice is associated with SIRT1-

mediated decrease of LCFA uptake by the liver. Interestingly, by using two-way 

ANOVA analysis, we found that the mRNA of cd36, another fatty acid translocase that 

imports LCFA, significantly increased in MT mice, compared to WT mice (p = 0.048), 

while the mRNA of microsomal triglyceride transporter protein (mttp), a transporter that 

exports TG, significantly decreased in MT mice, as compared with their WT counterparts 

(p = 0.016, Figure 2C). Such data suggest that the lack of SIRT1 activity induces hepatic 

TG accumulation, possibly through increasing fatty acid uptake and inhibiting TG 

clearance. We also assessed the mRNA level of genes related to lipolysis in MAT (plin-2, 

atgl, hsl), which presented comparable transcription levels among the four groups (data 

not shown).  

TP Reduced MAT Fatty Acid Synthesis 

FFA released from MAT can be directly delivered to liver through portal vein 

[72]. We quantified the mRNA levels of eight lipogenic genes (acc, fas, scd1, dgat1, 
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dgat2, lxr-α, srebp-1c, pparγ) in MAT, and found that acc, fas mRNA levels significantly 

decreased with TP supplementation in both WT and MT mice. Compared to WT mice, 

MT mice had higher scd1 transcription, which was decreased to normal level after TP 

supplementation. In WT mice, TP inhibited dgat1 and dgat2 mRNA, indicating decreased 

fatty acid synthesis (Figure 3A). To further investigate the underlying mechanism for the 

inhibited lipogenic gene expressions by TP, we determined the phosphorylation of 

AMPK in MAT. As a result, p-AMPK level was significantly higher in TP supplemented 

mice, in both WT and MT groups (Figure 3B). To examine the effect of TP on lipid 

catabolism, we measured the mRNA levels of five β-oxidation related genes (ucp1, ucp2, 

cpt, acox1, acox3), and consistent with the data in liver, these genes presented 

comparable mRNA expression among all four groups (data not shown). 

TP Reduced Hepatic Inflammation 

Cytokines and adipokines play a pivotal role in the development of NAFLD [73]. 

Results from ELISA showed that TP significantly lowered the concentration of hepatic 

IL-1β, a proinflammatory cytokine, in WT mice (Figure 4A). IL-1β is synthesized as a 

biologically inactive pro-IL-1β polypeptide and requires to be cleaved by caspase-1 to 

generate mature IL-1β [74]. In the present study, the mRNA level of pro-il-β was similar 

among groups (Figure 4C), but a lowered mRNA level of caspase-1 was observed in 

WT+TP mice, suggesting that TP may decrease hepatic IL-1β concentration in WT mice 

in a post-translational manner.  

In MT mice, TP supplementation significantly decreased hepatic IL-6 

concentration without altering hepatic il-6 mRNA level (Figure 4B). Interestingly, we 

found plasma IL-6 concentration significantly decreased in MT+TP mice, compared to 
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MT mice, indicating that reduced hepatic IL-6 in MT+ TP mice might be due to less 

circulating IL-6 delivered from plasma to liver (Figure 4D). The notion that one-third of 

circulating IL-6 is estimated to originate from adipose tissue [75] prompted us to examine 

MAT il-6 transcription, which presented significant reduction in MT+TP mice, compared 

to MT mice (Figure 4E). Along with that, MAT il-1β and mcp1 significantly increased in 

MT mice, compared to WT mice, and giving TP supplementation decreased both il-1β 

and mcp1 to normal level (Figure 4E). These data lead us to propose that in MT mice, 

TP supplementation may decrease hepatic IL-6 concentration by decreasing circulating 

IL-6, presumably through reducing MAT il-6 transcription. 

TP Generated Limited Effects in HCC Development  

Although it has been proposed that NAFLD and hepatic inflammation are major 

risk factors for HCC development [15, 76, 77], in the current study, TP did not affect 

HCC development in both WT and MT mice, despite significantly decreased hepatic 

steatosis and inflammation observed with TP supplementation in both WT and MT mice. 

Chronic MAPK activation can promote HCC development via inducing the 

phosphorylation on loop residues Thr202/Tyr204 by MEK1/2 [78, 79]. Unexpectedly, in 

the current study, we found TP supplementation increased p38 MAPK phosphorylation in 

both WT and MT mice (Figure 5A), which was associated with increasing APMK 

activation. Other protein/kinases related to cell proliferation or apoptosis, such as cleaved 

PARP, NF-κB, p-STAT3, or p-mTOR, remained unchanged among four groups 

(Supplemental Figure 3A-D). We also examined the mRNA expressions of four genes 

involved in regulating cell cycle (p21, p27, p53, cyclin D1), and found the mRNA and 
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protein levels of p21 significantly increased in MT mice, with or without TP, compared 

to WT mice, while other genes did not among four groups (Figure 5B,C). 

DISCUSSION 

The present study has provided first evidence that TP can inhibit carcinogen-

induced, HFD-promoted liver steatosis and inflammation, independent of SIRT1 catalytic 

activity. In the WT mice, TP decreased NAFLD by 1) decreasing LCFA uptake in the 

liver; and 2) decreasing hepatic IL-1β maturation; in the MT mice, TP attenuated NAFLD 

development by 1) reducing de novo hepatic FA synthesis; and 2) reducing circulating 

IL-6 released from MAT, resulting in decreased hepatic IL-6 concentration.  

TP increase SIRT1 protein by decreasing caspase 1 in WT. In the current study, 

dietary TP significantly increased hepatic SIRT1 protein level in WT+TP vs. WT mice, 

without interfering sirt1 mRNA, indicating a post-transcriptional modification. This 

agrees with previous finding that supplementation with ALA, a lycopene metabolite, 

induced SIRT1 protein expression without changing sirt1 mRNA level [24]. Chalkiadaki 

et al. has shown that SIRT1 can be cleaved by caspase-1, under a HFD surplus [80]. In 

the present study, a significant decrease of caspase-1 mRNA was observed in mice fed 

with TP, suggesting that TP might be capable of inhibiting caspase-1 induction triggered 

by HFD and subsequently decreasing caspase-1 mediated SIRT1 cleavage. Compared to 

WT mice, MT mice showed substantial increase in actylated-FoxO1, indicating a 

significant decrease of SIRT1 deacetylase activity [36], which confirms the efficiency of 

SIRT1 activity ablation in our mouse model. The acetylated-FoxO1/total-FoxO1 ratio, 

however, was comparable between WT and WT+TP mice. This is possibly because 

genetic modification has greater effect on SIRT1 activity than dietary effect does.  
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TP decreases lipogenesis in MT mice via AMPK-ACC axis. ACC is a rate-limiting 

enzyme in de novo synthesis of fatty acids [70]. In the current study, we found p-ACC, 

the inactive form of ACC, was significantly lower in MT, while giving TP restored ACC 

phosphorylation that was impaired by SIRT1 mutation. A similar pattern was observed in 

AMPK phosphorylation, which was inhibited in MT mice, but restored by TP 

supplementation, suggesting that TP might decrease lipogenesis via AMPK-ACC axis. It 

should be noted that although we observed an increase of p-AMPK in WT+TP vs WT 

mice, the increase did not reach statistical significance, probably due to limited sample 

size. Controversies have been addressed recently on whether the activation of AMPK 

depends on SIRT1 activity [81, 82]. One previous study showed that ablating SIRT1 

activity decreased liver kinase b1 (LKB1) phosphorylation at Ser428, resulting in 

decreased AMPK phosphorylation [36]. However, in the current study, TP did not affect 

LKB phosphorylation (data not shown), it thus requires further investigation to determine 

how TP activates AMPK in the absence of SIRT1.   

TP decreases hepatic steatosis in WT mice via decreasing fabp3 expression. 

Previous studies reported that overexpression of fabp1 caused excessive hepatic TG 

accumulation [83-85], while silencing FABP1 ameliorated hepatic steatosis and 

inflammation in mice with NAFLD [71]. One provoking finding in our study was that 

compared to WT mice, MT mice had higher fabp1 transcription, while mice in WT+TP 

group had lower fabp1 mRNA level, suggesting that TP can mitigate hepatic steatosis 

through inhibiting FABP1-mediated LCFA uptake. Importantly, the inhibitory effect of 

TP on fabp1 was blunted in MT mice, indicating that TP decreases fabp1 transcription in 

a SIRT1 dependent pathway. Unexpectedly, on the contrary to decreased fabp1 
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expression, the mRNA expression of fabp3 was significantly increased in WT+TP mice, 

which might be the consequence of reduced fabp1 mRNA, given that FABP1 knock-out 

increased fabp3 transcription [71]. Furthermore, since the hepatic FABP3 concentration 

is 200–1000 times lower than that of FABP1 [71], the impact of FABP3 on liver LCFA 

uptake is minimal. In the present study, we also examined the effect of SIRT1 ablation on 

lipid metabolism, and found that hepatic mRNA level of cd36 significantly increased in 

MT mice, compared to WT mice, which was consistent with previous findings [36, 86]. 

Additionally, SIRT1 activity ablation caused a marked decrease of mttp transcription, 

which serves as evidence for impaired TG export in MT mice [87], ; it may help explaine 

increased hepatic TG concentration in MT vs. WT mice (p = 0.04). Dietary TP did not 

affect cd36 and mttp transcription in both WT and MT mice. 

TP imposed protective efficacy against lipogenesis in MAT. The mRNA levels of 

acc and fas were significantly lowered by TP supplementation and the phosphorylation of 

AMPK significantly increased by TP supplementation, in both WT and MT mice. Indeed, 

AMPK can be up-regulated by tomato products [88, 89] and contribute to down-

regulating lipogenic genes, such as ACC, FAS, and SCD1 [88, 90-92]. However, mRNA 

expressions of these genes were not changed by inducing AMPK in the liver, indicating 

that TP-induced AMPK activation might regulate lipogenesis in a tissue-specific manner. 

Despite documented inhibitory effect of AMPK against lipolysis [90, 93], we found that 

plasma FFA concentration and lipolysis-related gene expressions (plin-2, atgl, hsl) were 

comparable among four groups. Genetic modification of SIRT1 did not impact lipolysis 

either, showing discrepancy with our previous finding that systemic ablation of SIRT1 

increased MAT lipolysis, and promoted the mobilization of FFA from MAT to liver [36]. 
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One possible explanation for the inconsistency is that in the current study, we developed 

HCC mouse model using injection of DEN, a widely reported carcinogen that initiates 

tumorigenesis by inducing Wnt/β-catenin signaling [94], which can subsequently 

upregulate lipolysis by activating ATGL and HSL [95], resulting in mitigated anti-

lipolysis effects exerted by AMPK and SIRT1. 

TP lowered il-6 expression in MAT, contributing to lowered IL-6 concentration in 

plasma and liver. It has been reported that lycopene-rich tomato products have anti-

inflammatory functions in both animal and epidemiology studies [13, 96]. In the current 

study, TP decreased hepatic IL-1β concentration in WT+TP mice, compared to WT mice, 

whereas MT and MT+TP mice presented similar hepatic IL-1β level. The observation of 

unchanged hepatic mRNA expression of il-1β and comparable protein level of NF-κB, a 

well-known transcription factor for pro-inflammatory cytokines, indicates that TP 

reduces IL-1β via a post-translational mechanism. Accumulating evidence has shown that 

caspase-1 is a central regulator of HFD-induced NAFLD by proteolytically cleaving IL-

1β into its active form [97, 98], while IL-1β knock-out protects mice against early stages 

of NAFLD by decreasing the maturation of IL-1β [98]. Caspase-1 is a downstream 

effector of NLRP3 (NACHT, LRR and PYD domains-containing protein-3) 

inflammasome [99], which can be stimulated under HFD surplus [98, 99] while 

attenuated by SIRT1 activation [100]. Zhou et al. reported that adenovirus-mediated 

SIRT1 overexpression only partially suppressed HFD-induced NLRP3 inflammasome 

pathway, whereas improving SIRT1 activity by replenishing NAD+ pool completely 

inhibited NLRP3-mediated TNFα and IL-1β expression [101]. Therefore, SIRT1 activity, 

rather than its protein expression, is more important in suppressing NLRP3 pathway, 
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which explains why TP decreased caspase-1 transcription only in WT mice, but not in 

MT mice. Compared to liver, TP had even more significant effect on inhibiting 

inflammatory cytokines in MAT by decreasing il-1β, il-6 and mcp-1 transcription, 

possibly due to varied lycopene, or lycopenoid distribution resultant from TP 

supplementation in different tissue [102]. Previous studies reported that lycopene was 

capable of reducing IL-6 released from adipose tissue, resulting in decreased circulating 

IL-6 level [25, 103]. This was concordant with our observation of decreased MAT il-6 

transcription and decreased systemic IL-6 concentration with TP supplementation, 

indicating that TP inhibits hepatic inflammation via MAT-liver axis. NASH is a more 

advanced stage of NAFLD, which can be distinguished by the presence of inflammation 

and hepatocyte ballooning [104]. In the present study, we did not observe the occurrence 

of NASH, possibly owing to the feature of 129/SvJ and CD-1 strains, as both of them 

exhibit less susceptibility to hepatocyte enlargement than C57BL/6 mice under the same 

dietary intervention [105]. Although we observed decreased IL-6 or IL-1β concentration 

in liver and plasma in mice fed dietary TP, it is important to note that these biomarkers 

represented a status of chronic inflammation possibly resultant from DEN injection, 

which differs from NASH that was induced metabolically [106]. 

No significant effects of TP or SIRT1 activity were observed in HCC development. 

In spite of the inhibitory effect against hepatic steatosis and inflammation, TP did not 

show anti-HCC benefits in our study. This might be related to the activated MAPK 

signaling, a paradoxical effect of enhanced p-AMPK on cell survival. Although AMPK is 

essential for metabolic control by inhibiting anabolic processes and stimulating catabolic 

pathways, it also contributes to activating p38 MAPK signaling pathway [107, 108], and 
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global MAPK overexpression could induce aberrant cell proliferation and survival [78, 

79, 109]. Therefore, in dietary TP, the anti-HCC effect through decreasing AMPK-

inhibited hepatic steatosis and inflammation might be counteracted by AMPK-induced 

p38 MAPK activation. It is important to note that in the current study, lack of systemic 

SIRT1 activity did not affect HCC development. Cyclin-dependent kinase inhibitor p21 is 

best known as a tumor suppressor for its activities in modulating cellular apoptosis and 

survival [110]. Results from our study showed that both hepatic mRNA and protein levels 

of p21 significantly increased by ablating SIRT1 activities, which is concordant with 

previous report that SIRT1 can destabilize p53, consequently inhibiting p21 [111] while 

inhibition of SIRT1 restored p21-dependent cell-cycle arrest [112]. Increased p21 

expression possibly compromised the effects of SIRT1 ablation on inducing hepatic 

steatosis and inflammation, causing comparable HCC incidence between WT and MT 

mice. The unaltered HCC development among groups could also be due to one limitation 

of our study for not being able to monitor tumor growth in vivo at multiple time points. It 

has been revealed that a single injection of 20 mg/kg DEN in 129/SvJ mice resulted in 

80-100% HCC after 30-55 weeks [113, 114]. Using a similar HCC mouse model, mice 

did not show HCC incidence at 30 week-of-age in our pilot study, which led us to extend 

the study period to 40 weeks for the purpose of observing tumor incidence. Indeed, we 

could not rule out the possibility that dietary TP affected tumorigenesis, or the transition 

from adenoma to carcinoma at an earlier stage. However, since TP resembles whole food, 

rather than pharmacologic compounds, it is within expectation that TP might be an 

efficient dietary strategy for preventing metabolic disorders, but not a potent treatment 

against HCC initiated by detrimental carcinogen exposure. 
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TP dose rationale. In the present study, the hepatic lycopene level (7.56 ± 1.24 

nmol/g tissue) was within the range of lycopene concentration in normal human liver (0.2 

- 20.7 nmol/g tissue) [115], suggesting that the TP dosage used in our study is 

physiologically achievable and relevant in public health. However, this concentration is 

lower than the hepatic lycopene concentration of 19.4 ± 4.1 nmol/g tissue in C57BL6 

mice fed 100 mg lycopene/kg diet, as reported by Ip et al. [62], which is possibly due to 

differential absorption efficiency of lycopene in different animal strains. It is worth 

mentioning that lower lycopene concentrations might also contribute to limited benefits 

from dietary TP observed in the present study. One limitation of our study is that we did 

not compare the effect of TP with lycopene, since Ip et al. previously reported that 

lycopene exerted anti-NAFLD effects mainly by inducing PPARα and PPARγ-related 

genes, without affecting SIRT1 activity [25], indicating that SIRT1 was not the direct 

target of lycopene in impeding NAFLD development. 

Taken together, we provided the first evidence that TP supplementation elicited 

differential mechanism of inhibitory effects against hepatic steatosis and inflammation. In 

WT mice, TP-mediated anti-NAFLD effects were associated with decreasing FFA uptake 

and inhibiting IL-1β maturation whereas in MT mice, TP ameliorated NAFLD 

development by decreasing hepatic lipogenesis and inhibiting the release of IL-6 from 

MAT to liver (Figure 6A). However, neither TP supplementation nor SIRT1 mutation 

affected HCC development. Since TP is effective irrespective of the presence or absence 

of SIRT1 deacetylase activity, our findings suggest that dietary TP could be an effective 

dietary agent for preventing NAFLD development, especially in population with 

impaired SIRT1 activity.  
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TABLE 1 

Food intake, body weights, liver weights, liver/body weight, fat mass/body weight of 

DEN-injected, HFD-fed WT or MT mice with or without TP supplementation for 34 

weeks1. 

 

1Values are means ± SEMs. One-way ANOVA followed by Tukey post-hoc test was used to 

compare values among four groups. Two-way ANOVA was used to examine the diet or strain 

effects, which are shown as p values. WT, wild-type; MT, mutant; TP, tomato powder. 

  

Study group WT 

(N = 18) 

WT+TP 

(N = 16) 

MT 

(N = 13) 

MT+TP 

(N = 15) 

Diet 

effect 

Strain 

effect 

Food intake, g/d 3.9 ± 0.22 3.8 ± 0.15 3.8 ± 0.34 3.7 ± 0.40 0.86 0.69 

Body weights, g 44.74 ± 

1.48 

44.47 ± 

1.43 

41.50 ± 

1.52 

44.51 ± 

1.51 

0.42 0.31 

Liver weights, g 1.65 ± 0.14 1.79 ± 0.27 1.64 ± 0.13 

 

1.64 ± 0.12 

 

0.69 0.70 

Liver/body 

weight, % 

3.58 ± 0.21 3.95 ± 0.57 

 

4.06 ± 0.42 3.72 ± 0.29 

 

0.91 0.75 

Fat mass/body 

weight, % 

20.05 ± 

1.32 

21.15 ± 

1.06 

19.96 ± 

1.84 

20.15 ± 

1.75 

0.57 0.63 
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TABLE 2 

Steatosis score, HCC incidence by histopathology analysis, liver surface tumor 

multiplicity, tumor plasma TG concentration and plasma FFA concentration in all 

groups1 

 

1Values are %, means ± SEMs. One-way ANOVA followed by Tukey post-hoc test was used to 

compare values among four groups. Two-way ANOVA was used to examine the diet or strain 

effects, which are shown as p values. Bolded font represents p < 0.05. WT, wild-type; MT, 

mutant; TP, tomato powder, TG, triglyceride; FFA, free fatty acid. 

 

Study group  WT 

(N = 

18) 

WT+TP 

(N = 16) 

MT 

(N = 13) 

MT+TP 

(N = 15) 

Diet 

effect 

Strain 

effect 

Steatosis score  1.72 ± 

0.27 

0.31 ± 

0.27 

2.46 ± 

0.24 

0.67 ± 

0.21 

<0.0001 0.14 

HCC incidence, 

% 

 50ab 

 

37.5a 

 

64.3b 54.3ab 0.45 0.32 

Tumor 

multiplicity, n 

 2.78 ± 

1.04 

 

2.06 ± 

1.01 

 

1.92 ± 

0.84 

 

1.80 ± 

0.76 

 

0.69 0.70 

Tumor volume, 

cm3 

 1.61 ± 

0.82 

 

6.71 ± 

4.50 

 

2.89 

±2.13 

 

2.20 ± 

1.34 

 

0.48 0.64 

Plasma TG, 

mg/dl 

 1.52 ± 

0.27 

1.26 ± 

0.53 

1.58 ± 

0.49 

1.38 ± 

0.38 

0.04 0.39 

Plasma FFA, 

mg/dl 

 0.62 ± 

0.28 

0.73 ± 

0.31 

 

0.84 ± 

0.37 

 

0.66 ± 

0.25 

0.59 0.73 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 

 

  



105 
 

FIGURE 5 
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FIGURE 6 
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FIGURE LEGENDS 

Figure 1. Hepatic SIRT1 expression and activity and histopathology of liver steatosis in 

WT, WT+TP, MT, or MT+TP mice. Graphic representation of protein fold changes in: 

A, SIRT1, β-actin as loading control; B, acetylated-FoxO1, total-FoxO1 as loading 

control; and C, representative picture of H&E stained liver at x25. Values are means ± 

SMEs. One-way ANOVA followed by Tukey post-hoc test was used to compare protein 

expressions among four groups. Different letters indicate statistical difference (p < 0.05). 

WT, wild-type; MT, mutant; TP, tomato powder. 

Figure 2. Hepatic lipogenesis, lipid transportation-related gene mRNA and protein 

expressions in WT, WT+TP, MT, or MT+TP mice. Graphic representation of protein fold 

changes in: A, phosphorylated ACC (Ser79; ACC as loading control); B, phosphorylated 

AMPK (Thr172; AMPK as loading control); and mRNA fold changes in: C, lipid 

transportation-associated genes: fabp1, fabp3, fatp2, fatp4, fatp5, cd36, mttp, ldl-r, apoB. 

Values are means ± SMEs. One-way ANOVA followed by Tukey post-hoc test was used 

to compare protein or mRNA expressions among four groups. Different letters indicate 

statistical difference (p < 0.05). Two-way ANOVA was used to compared mRNA 

expressions between WT and MT mice. * MT different from WT, p < 0.05. WT, wild-

type; MT, mutant; TP, tomato powder. 

Figure 3. Lipogenesis and β-oxidation -related gene mRNA and protein expressions in 

MAT in WT, WT+TP, MT, or MT+TP mice. Graphic representation of fold changes in: 

A, mRNA of lipogenesis-associated genes: acc, fas, scd1, dgat1, dgat2, lxrα, srebp-1c, 

pparγ; B, phosphorylated AMPK (Thr172; AMPK as loading control); and C, mRNA of 

fatty acid oxidation-associated genes: ucp1, ucp2, cpt1, acox1, acox3. Values are means 
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± SMEs. One-way ANOVA followed by Tukey post-hoc test was used to compare 

protein or mRNA expressions among four groups. Different letters indicate statistical 

difference (p < 0.05). MAT, mesenteric adipose tissue; WT, wild-type; MT, mutant; TP, 

tomato powder. 

Figure 4. Hepatic caspase-1 mRNA expression, protein and mRNA levels of 

inflammatory cytokines in liver, plasma and MAT in WT, WT+TP, MT, or MT+TP 

mice. Graphic representation of fold changes in: A, hepatic IL-6 protein concentration; B, 

hepatic IL-1β protein concentration; C, mRNA of caspase-1 and hepatic inflammatory 

cytokines: il-1β, il-6, tnfα; D, plasma IL-6 concentration; and E, MAT mRNA of 

inflammatory cytokines: il-1β, mcp1, il-6, tnfα, inf-γ. Values are means ± SMEs. One-

way ANOVA followed by Tukey post-hoc test was used to compare protein or mRNA 

expressions among four groups. Different letters indicate statistical difference (p < 0.05). 

MAT, mesenteric adipose tissue; WT, wild-type; MT, mutant; TP, tomato powder. 

Figure 5. Hepatic protein and mRNA expressions of cell cycle-related genes in WT, 

WT+TP, MT, or MT+TP mice. Graphic representation of fold changes in: A, 

phosphorylated-MPAK (Thr202/Tyr204, total-MAPK as loading control); B, p21 (β-actin 

as loading control), and C, hepatic mRNA of cell cycle-related genes: p21, p27, p53, 

cyclinD1. Values are means ± SMEs. One-way ANOVA followed by Tukey post-hoc test 

was used to compare protein or mRNA expressions among four groups. Different letters 

indicate statistical difference (p < 0.05). WT, wild-type; MT, mutant; TP, tomato powder. 

Figure 6. TP supplementation elicited differential mechanism of inhibitory effects 

against hepatic steatosis and inflammation: in WT mice, TP-mediated anti-NAFLD 
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effects were associated with (1) increasing SIRT1 and decreasing FABP1-mediated 

LCFA uptake; and (2) inhibiting IL-1β maturation through suppressing caspase-1; while 

in MT mice, TP ameliorated NAFLD development by (1) activating AMPK signaling and 

decreasing de novo lipogenesis; and (2) inhibiting MAT IL-6 production, resulting in less 

liver IL-6 uptake from circulating system. WT, wild-type; MT, mutant; TP, tomato 

powder; NAFLD, non-alcoholic fatty liver disease; LCFA, long-chain fatty acid. 
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ABSTRACT 

Background: Apo-10’-lycopenoic acid (ALA) is an oxidized metabolite of apo-10’-

lycopenal through lycopene cleavage by beta-carotene- 9’,10’-oxygenase and also 

existing in tomato and tomato juice. Sirtuin 1 (SIRT1) is an NAD+-dependent deacetylase 

for histone and non-histone proteins. We have previously shown that ALA 

supplementation can increase the expression and activity of SIRT1, and decrease the 

development of liver steatosis and hepatocellular carcinoma (HCC) in mice. However, 

whether the efficacy of ALA against NAFLD and HCC is SIRT1-dependent remains 

unknown. 

Methods: SIRT1 homozygous mice ablated for the catalytic activity of SIRT1 (MT) and 

their corresponding wild type littermates (WT) were injected with diethylnitrosamine, 

followed by being fed a high fat diet (HFD) with ALA for 34 weeks. 

Results: MT mice presented similar SIRT1 protein expression but significantly higher 

acetylated-FoxO1/total-FoxO1 ratio than WT mice. Dietary ALA resulted in comparable 

liver steatosis and HCC incidence between WT and MT mice. Unexpectedly, a trend of 

decreasing liver tumor multiplicity was observed in MT mice, as compared with WT 

mice fed the same dose of ALA (P = 0.08). Interestingly, the ablation of SIRT1 activity 

resulted in an increased hepatic retinol level, which is associated with increased vitamin 

A transporter cd36 mRNA expression. The lack of SIRT1 activity was also associated 

with higher expressions of hepatic nuclear receptors (rxrα, lxrα, pparγ) and hepatic p21, 

p27 and p53 mRNA, but lower cyclin D1 protein levels, suggesting contribution of these 

nuclear receptors and retinol as well as cell cycle arrest to the reduction of hepatic tumor 

multiplicity.  
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Conclusion: ALA protects against NAFLD and HCC independent of SIRT1 activity and 

the lack of SIRT1 can reduce the tumor number in mice given HFD and ALA 

supplementation. 
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INTRODUCTION 

Hepatocellular carcinoma (HCC) accounted for 85-90% of primary liver cancers 

[1, 2]. It is the fifth most common cancer among men, and the second most common 

cause of cancer mortality worldwide [3]. According to the 18th Annual Report to the 

Nation on the Status of Cancer, both the incidence and mortality of HCC are rising 

rapidly, despite the decline in overall cancer death rates [4, 5]. Recently, increasing 

evidence has linked HCC to metabolic disorders such as obesity, a major risk factor of 

non-alcoholic fatty liver disease (NAFLD) [6, 7]. NAFLD describes a broad spectrum of 

liver disease which ranges from liver steatosis to non-alcoholic steatohepatitis (NASH), 

and ultimately, to fibrosis and cirrhosis [1, 6, 8]. In fact, NAFLD is observed in 30%-

40% HCC patients [1], and approximately 90% of HCC cases develop based on a natural 

history of severe fibrosis [9]. Given the poor prognosis of HCC and modifiable risk 

factors contributing to its cancer burden, the prevention of predisposing factors of HCC, 

such as obesity and NAFLD, through dietary interventions represents an important 

strategy to impede the progress of HCC. 

Previous studies have shown that tomatoes and tomato products can impede the 

progression of NAFLD [10, 11], liver inflammation [12, 13] and HCC [12, 14, 15]. 

Lycopene, as the predominant carotenoid in tomato products, has been widely studied as 

an anti-carcinogenic agent due to its biological and physicochemical properties [13, 16, 

17]. We have previously demonstrated that in mammalian tissues, lycopene can be 

preferentially cleaved by beta-carotene 9’,10’-oxygenase, resulting in apo-10’-lycopenal, 

which can be subsequently oxidized to apo-10’-lycopenoic acid (ALA) [18]. A recent 

study from our lab revealed the anti-angiogenesis effect of ALA by acting as a PPARγ 
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antagonist (Appendix I). Intriguingly, recent in vivo studies found that ALA presented 

substantial anti-carcinogenesis characteristic in lung and liver through reducing cyclin D1 

by promoting p21 expression [19, 20]. In the further exploration of the underlying 

mechanism, Ip et al. found that ALA ameliorated HCC by dose-dependently up-

regulating sirtuin 1 (SIRT1) protein, which is concordant with the previous report that 

ALA increased SIRT1 mRNA and protein levels in genetically induced obese (ob/ob) 

mice [21]. However, whether this inhibitory effect of ALA on HCC is dependent on 

SIRT1 signaling remains to be explored. 

SIRT1 is an evolutionarily conserved NAD+-dependent deacetylase for both 

histone and non-histone proteins [22, 23]. It exerts catalytic function via removing the 

acetyl group from the lysine of the target protein, thereby regulating the expression of 

target genes in both transcriptional and post-translational manners [22]. Accumulating 

evidence from our lab and others has consistently shown that SIRT1 is involved in 

maintaining hepatic lipid homeostasis by modulating lipid metabolism through 

decreasing fatty acid synthesis [24-26], enhancing β-oxidation [27, 28], and regulating 

the mobilization of free fatty acids from adipose tissue to the liver [24]. In contrast, the 

effect of SIRT1 on HCC development is controversial due to its differential roles in 

specific signaling pathways. For example, SIRT1 deacetylates and inhibits p53, a key 

tumor inhibitor inducing apoptosis [29-31], leading to accelerated cancer cell 

proliferation. On the contrary, SIRT1 suppresses NF-кB [19, 32], which can induce 

hepatic inflammation through transactivating IL-1β. However, the causality of SIRT1 on 

HCC development remains unknown due to the lack of a systemic SIRT1 knock-out 

animal model [24]. Recently, Serfeit et al. published a novel engineered systemic SIRT1 
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deacetylase activity-ablated mouse model, which mimics whole-body SIRT1 knockout 

mice, but presents less resultant genetic defects [33]. This allows an opportunity to 

further study how systemic SIRT1 activity affects the inhibitory effect of ALA against 

NAFLD and HCC. 

The present study investigated the effect of systemic SIRT1 activity ablation on 

carcinogen-initiated, high fat diet (HFD)-promoted HCC in mice with ALA 

supplementation, and elucidated the underlying mechanisms by which the lack of 

systemic SIRT1 activity affected HCC development in mice fed ALA. 

METHODS 

Animals and Diets 

All animal protocols for the study were approved by the Institutional Animal Care 

and Use Committee at the USDA Human Nutrition Research Center on Aging (HNRCA) 

at Tufts University. Male 129/SvJ background mice with homozygous H355Y SIRT1 

point mutation (MT) and their wild-type (WT) counterparts were utilized in the current 

study. At 2 weeks of age, mice were injected intraperitoneally with diethylnitrosamine 

(DEN, Sigma-Aldrich, MO, USA), a carcinogen well established for HCC initiation [34]. 

At 4 weeks of age, SIRT1 genotypes were determined by a PCR-based test performed on 

DNA isolated from tail-tip biopsies using the primers 5’-

TGGAAGGAAAGCAATTTTGGT-3’ and g’CTGAGTTACCTTAGCTTGGC-3’. All 

mice were housed individually and fed the standard chow diet (Envigo, Huntingdon, UK) 

for 2 weeks. At 6 weeks of age, mice were fed HFD (60% calories from fat, Bioserv, NJ, 

USA) with ALA (10 mg/kg diet) twice a week for 34 weeks. The macronutrient 
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component within the HFD was listed in Appendix I. The ALA used in this study was 

provided by Dr. Hansgeorg Ernst (BASF, Ludwigshafen, Germany) with 99% purity, 

analyzed by HPLC as previously described [19, 21]. At 40 weeks of age, livers and 

epidydimal adipose tissue were harvested from the animals and weighed. 

ALA Dose Rationale 

In the current study, ALA was provided at 10 mg/kg diet. The rationale for 

selecting this ALA dose was previously described [19]. Briefly, by using an established 

equation to calculate the dosage equivalence for human consumption [35], the ALA 

dosage utilized in this study is approximately equivalent to 0.36 mg ALA/day in a 60-kg 

adult man [19]. A/J mice fed the same ALA dose for 14 weeks accumulated circulating 

ALA concentration of 1.0 nmol/L [20], which is comparable to the sum of plasma apo-

lycopenals (1.9 nmol/L) detected in individuals who had consumed tomato juice (with 

21.8 mg lycopene/day) for 8 weeks [36].  

Liver Tumor Quantification 

An investigator unaware of genotype and treatment groups counted liver surface 

tumors and measured the diameter of the tumors, as previously described [16]. A piece of 

liver tissue from left lobe of liver was fixed in 10% buffered formalin solution for 

histopathological examination while the remaining liver tissues were snap frozen in 

liquid nitrogen and stored at -80°C.  

Histological Examination 

Tissue processing for histopathological examination was described previously 

[24]. Briefly, tissues from the left lobe of the liver of each mouse were processed with 
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fixation, dehydration, clearing, and paraffin wax infiltration and then embedded in 

paraffin to make tissue blocks for sectioning. Hematoxylin and eosin (H&E, Sigma 

Aldrich, MI, USA) was subsequently used to stain the liver tissue for histopathological 

analysis. A ZEISS microscope with a PixeLINK USB 2.0 (PL-B623CU) digital Camera 

and PixeLINK µScope Microscopy Software was used for image capture of the liver 

tissues. 

Hepatic steatosis was graded according to the degree of both macro- and micro-

vesicular lipid accumulations, as previously reported [24]. Briefly, steatosis score was 

assigned by evaluating the percentage of liver section that was occupied by lipid vacuoles 

at 100x magnification in 20 fields: grade 0 = <5%; grade 1 = 5–25%; grade 2 = 26–50%; 

grade 3 = 51–75%; grade 4 = >75%. The types of hepatic tumors were confirmed 

according to the following criteria:  (i) the presence of trabecular pattern with 3+ cell-

thick hepatocellular plates/cords; (ii) mitotic figure; (iii) enlarged convoluted nuclei or 

high nuclei/cytoplasmic ratio; (iv) the presence of tumor giant cells with compact growth 

pattern; and (v) the presence of endothelial cells lining of sinusoids that surround 

enlarged hepatocellular plates/cords, as previously described [16]. 

Protein Isolation and Western Blotting 

Approximately 50 mg of liver tissue was extracted using whole cell lysis buffer 

(50 mM HEPES, 300 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5% Triton X-100, 10% 

Glycerol, Protease Inhibitor Cocktail (Sigma-Aldrich), Phosphatase Inhibitor Cocktail 

(Sigma-Aldrich), and 1 mM PMSF (phenylmethylsulfonyl fluoride)). Protein 

concentration was determined using standard spectrophotometer techniques using 

Coomassie Blue (Thermo Scientific) with bovine serum albumin (BSA, Pierce) 



129 
 

standards. Protein extracts were stored at -80°C until needed for analysis. Whole cell 

lysate protein samples from liver containing 25-100 μg protein were run in SDS-

polyacrylamide gels (Protogel, National Diagnostics) with a standard protein marker for 

protein size determination (Bio-Rad Laboratories) followed by transfer to a methanol-

activated polyvinylidene fluoride (PVDF) membrane (Immobilon-P transfer membrane 

PVDF). Membranes were blocked in 5% non-fat dry milk or 5% BSA in 0.1% TBS-T (25 

mM Tris pH 8.0, 150 mM NaCl, 0.1% Tween-20) at room temperature for 1 hour. Blots 

were incubated with primary antibody at 4°C overnight. Protein concentrations of whole-

tissue lysate were determined by Bradford assay (Bio-Rad, CA, USA). Primary 

antibodies for proliferator-activated receptor (PPAR)α were purchased from Santa Cruz 

(TX, USA). Primary antibodies for phosphorylated, total acetyl-CoA carboxylase (ACC) 

were purchased from Cell Signaling (MA, USA). Monoclonal mouse antibody against β-

actin was purchased from Sigma-Aldrich (MA, USA). The secondary antibodies included 

horseradish anti-rabbit antibodies were purchased from Bio-Rad (CA, USA). The relative 

intensity of films was determined by employing GS-710 Calibrated Imaging 

Densitometer (Bio-Rad, CA, USA).  

RNA Extraction and Real Time-PCR 

Hepatic mRNA levels were determined by real-time PCR. Liver RNA was 

extracted using TriPure Isolation Reagent (Roche Applied Science) as per the 

manufacturer’s instructions. RNA quality and quantity were analyzed using 1% agarose 

gel and spectrophotomer (Abs260) techniques, respectively. Complementary DNA 

(cDNA) was synthesized by reverse transcription PCR (M-MLV, Invitrogen). Real-time 

PCR was performed using SYBER green (Fast Start Universal SYBR Green Master, 
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Roche) according to the manufacturer’s instructions on a 7500 Real Time PCR System 

(Applied Biosystems) detection system. Primer sequences used are listed in the 

Appendix II. Gene expression was determined by the -2ΔΔCt method relative to the 

control group after normalization to housekeeping gene, β-actin.  

High-Performance Liquid Chromatography (HPLC) Analysis 

The HPLC analysis for liver concentrations of lycopene was described in our 

previous publications [19-21]. Briefly, liver tissue was weighed and minced over ice, 

followed by adding 3 ml of saline and ethanol (1:2). Then 100 µl of retinyl acetate (RAC) 

was added to each tube as internal control. The mixture was homogenized. Remaining 

tissue on the homogenizer was washed off by 3.5 ml hexane and ether (1:1). Lycopene 

and retinol was extracted by vortexing the total mixture for 1 minute, followed by 

centrifuging for 15 minutes at 1,500 rpm at 4 °C. The upper layer of each sample was 

collected, and the extraction process was repeated. After all extractions, the samples were 

dried completely by nitrogen gas and then reconstituted with 100 μl ethanol. A 50 µl 

sample of final extract was injected into the HPLC system. The area under curve (AUC) 

was measured in each liver sample, and divided the AUC of RAC to calculate the 

efficiency of extraction. All procedures were conducted under red light. 

Statistical Analyses 

GraphPad Prism 5 was used to perform the statistical analysis. Normality and 

equal variance were assessed by utilizing SAS 9.3 PROC UNIVARIATE command. 

Mann-Whitney U test was performed to compare liver steatosis score distribution. Chi-

Square test was used to compare HCC incidence. Student t-test was used to HPLC 
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results, gene and protein expressions between WT and MT groups. Statistical 

significance was set as P < 0.05. 

RESULTS 

SIRT1 Ablation Decreased HCC development in ALA Fed Mice 

There were no significant differences in food intake, body weights, liver weights, 

and epididymal adipose tissue weights between the WT and MT mice fed HFD+ALA 

(Table 1). Histological assessments of liver tissue sections showed that WT and MT mice 

developed comparable incidence and severity of hepatic steatosis after ALA 

supplementation for 34 weeks. Systemic SIRT1 ablation did not alter the incidence of 

HCC, but showed a trend of reducing tumor multiplicity (P = 0.08) as compared to the 

WT group (Table 2). Consistent with histopathology results, lipid metabolism-related 

genes and inflammatory biomarkers were similar in the livers of WT and MT mice (data 

not shown). 

To test mouse model, we examined hepatic SIRT1 and acetyl-FoxO1/total-FoxO1 

ratio, and found acetyl-FoxO1/total-FoxO1 ratio significantly increased in MT mice, 

while SIRT1 protein level was not altered (Figure 1A,B). This indicates that SIRT1 

activity is impaired in MT mice [24], but the mutation of SIRT1 activity does not affect 

SIRT1 protein expression.  

SIRT1 Ablation Increased Hepatic Retinol Concentration In ALA Fed  

By utilizing HPLC, we first examined hepatic ALA concentration. However, 

hepatic ALA concentration was undetectable in both WT and MT mice, similar to our 

previous report that hepatic ALA concentration was at picomolar levels in C57BL6 mice 
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[19]. Interestingly, compared to WT mice, MT mice showed significantly higher hepatic 

concentrations of retinol and retinyl palmitate, the esterified form of retinol (Figure 2A, 

B). The ratio of hepatic retinol over retinyl palmitate was similar between WT and MT 

mice (Figure 2C).  

To further explore the underlying mechanism by which SIRT1 ablation increases 

hepatic retinol concentration, we examined hepatic mRNA of cd36, a transporter 

involved in cellular uptake of provitamin A carotenoids [37]. Compared to WT mice, MT 

mice showed significantly higher expression of hepatic cd36 mRNA, indicating that 

SIRT1 ablation may increase hepatic retinol concentration potentially via increasing 

hepatic retinol uptake.  

SIRT1 Ablation Increased Hepatic Retinoid and Liver X Receptor Expressions in ALA 

Fed Mice  

As the oxidative form of retinol, RA can increase the expression and 

transactivation of retinoid X receptor gene [37]. In the current study, we found that lack 

of SIRT1 activity increased hepatic mRNA levels of rxrα, lxrα and pparγ (Figure 3A), as 

well as hepatic RXRα protein expression, as compared with that of the WT mice (Figure 

3B). However, hepatic rarβ expression significantly decreased in MT mice, as compared 

to WT mice (Figure 3A). 

SIRT1 Ablation Induced Cell Cycle Arrest in ALA Fed Mice 

Once activated, RXR can form heterodimers with other nuclear receptors such as 

RAR, LXR and PPARs, and consequently induce the transcription of a wide range of 

genes. In the current study, we found that hepatic mRNA expressions of p27 and p53, 



133 
 

well-known tumor suppressors, significantly increased in MT mice (Figure 4A). Hepatic 

mRNA expression of p21 was also moderately elevated in MT mice, compared to WT 

mice (P = 0.07). This was correlated with increased RXRα protein expression and lxrα 

mRNA expression in MT mice, compare with the WT group. Cyclin D1 is an oncogene 

that upregulates G1 to S phase progression in many different cell types, and is involved in 

the development and progression of several cancers. In the current study, both mRNA 

and protein levels of hepatic cyclin D1 were significantly lower in MT mice compared to 

WT mice (Figure 4B, C). These results indicated that SIRT1 activity ablation induced 

cell cycle arrest by increasing tumor suppressor genes and inhibiting tumor promotor 

genes. 

DISCUSSION 

The current study provided first evidence that systemic SIRT1 ablation did not 

affect the efficacy of ALA on NAFLD in mice fed HFD. In addition, in mice given 

HFD+ALA, the lack of systemic SIRT1 activity inhibited HCC development through 

increasing hepatic retinol concentrations, which induced cell cycle arrest mediated by 

retinol and liver X receptors. 

Previous studies have shown that under the surplus of HFD, mice receiving ALA 

supplementation developed less hepatic steatosis and HCC, which was accompanied with 

reduced hepatic SIRT1 protein expression and decreased SIRT1 deacetylase activity [19, 

21]. In the present study, we found that the lack of systemic SIRT1 activity did not affect 

the efficacy of ALA on NAFLD development, indicating that ALA inhibits NAFLD 

independent of SIRT1 activity. An alternative mechanism by which ALA 

supplementation impedes NAFLD may be that ALA increases the phosphorylation of 
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AMPKα [19], leading to SIRT1 activation [25, 38]. The phosphorylation and expression 

of AMPKα, however, did not alter in the current study (data not shown), which partly 

explains lack of difference in NAFLD severity between WT and MT mice fed 

HFD+ALA. 

Intriguingly, in the present study, we found that given the same HFD+ALA diet, 

MT mice presented significantly higher hepatic retinol and retinyl palmitate 

concentrations, compared to WT mice. To the best of our knowledge, this is the first 

study to show that SIRT1 activity affects hepatic retinol concentration and retinol 

storage. All-trans-retinoic acid (RA) is a natural retinol metabolite, and it presents anti-

carcinogenesis benefit in various cancers such as pancreatic cancer and lung cancer in 

both animal studies [39, 40] and human studies [41, 42]. Lai et al. reported that higher 

retinol levels in the serum were significantly associated with less liver cancer in a cohort 

study [43], highlighting the role of retinol as a key biomarker of HCC development. One 

limitation of our study is that we are unable to detect hepatic RA level, since the hepatic 

RA concentration was too low to be detected. However, since retinol and RA levels are 

tightly correlated [44], we expect that hepatic RA concentration in MT mice was higher, 

paralleled with increasing hepatic retinol concentration, compared to that in WT mice. In 

the present study, the hepatic concentration of retinol was comparable to that in humans 

(8.7 ± 1102.2 nmol/g tissue) [45], indicating that the regulation of SIRT1 on hepatic 

retinol concentration is within physiological relevance.  

By further exploring the underlying mechanism by which MT mice accumulated 

higher amount of retinol in the livers, we found that the mRNA expression of cd36, a 

transporter for lipid-soluble vitamins including retinol, substantially increased in the 
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livers of MT mice. This finding is consistent with the previous report that SIRT1 can 

decrease hepatic CD36 protein level [46]. Using the same SIRT1 ablation mouse model, 

we consistently observed an increasing hepatic cd36 mRNA in mice that lack SIRT1 

activity [24]. These data indicate that the lack of SIRT1 activity can increase hepatic 

retinol concentrations, potentially by promoting liver retinol uptake through CD36.  

The transcriptional regulatory activities of RA are mediated by nuclear hormone 

receptors, including RARs and RXRs [47]. Binding of RA to these receptors results in 

recruitment of coactivator protein, which eventually promotes transcription of the 

downstream target gene. Additionally, RXRs can form heterodimers with other nuclear 

hormone receptors such as LXR and PPARs [48]. As expected, MT mice presented 

significantly higher RXRα mRNA and protein levels, and increased lxrα and pparγ 

mRNA expressions, compared to WT mice. It has been shown that the activation of 

PPARγ-RXRα heterodimers by their ligands, such as RA, synergistically inhibits cancer 

cell progression [49], mechanistically by inducing cell apoptosis via p53/p21 [50]. 

Concordantly, we found a higher hepatic p53 mRNA and a trend of increasing hepatic 

p21 mRNA in MT mice, which were correlated with higher RXRα protein expressed in 

MT mice. In the current study, MT mice showed increasing pparγ mRNA but similar 

pparα mRNA, compared to WT mice. The role of liver PPARα in hepatic carcinogenesis 

is controversial due to its paradoxical effects on cell proliferation and apoptosis [51]. On 

the contrary, several studies consistently report a role for PPARγ in prevention and 

treatment of HCC [52, 53], indicating that the activity of PPARγ might be a more potent 

target in impeding HCC development. In the present study, the hepatic mRNA level of 

p27 significantly increased in MT mice, as compared to that in WT mice. Previous 
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studies have reported that p27 is not regulated by RXRα [54], but increased by the 

activation of LXRα [55, 56], suggesting that the increased hepatic p27 mRNA might be 

resulted from activated LXRα in this study. By utilizing the same mouse model, we have 

consistently reported an increased lxrα mRNA expression after mutating SIRT1 

deacetylase activity [24]. Therefore, under the surplus of HFD+ALA, whether the 

increase and activation of LXRα in SIRT1 MT mice are due to the ligand activity of RA, 

or SIRT1 genetic manipulation per se warrants further investigation. In the present study, 

we found hepatic mRNA level of rarβ significantly decreased in MT mice, as compared 

to that in WT mice. Such result is consistent with previous studies showing that promoted 

SIRT1 expression is associated with increased abundance of rarβ mRNA expression [57, 

58], given that SIRT1 appears to deacetylate and coactivate RARβ [59]. Although RA 

acts as a ligand for RARβ activation, the decreased rarβ mRNA in MT mice in this study 

indicates that compared to retinoids, SIRT1 genetic modification might impose more 

potent influence on RARβ expression. 

In line with the increase of hepatic mRNA expressions of p53, p21 and p27, as 

critical cyclin dependent kinase inhibitors, hepatic mRNA and protein levels of cyclinD1 

significantly decreased in MT mice, which partially explained the decreased tumor 

multiplicity in the livers of MT mice, suggesting that the lack of SIRT1 activity can 

inhibit HCC development by promoting cell cycle arrest via decreasing hepatic cyclinD1 

level. To date, the role of SIRT1 on cancer development is still under debate. By 

employing the same systemic SIRT1 ablation mouse model with DEN injection and HFD 

intervention, the lack of SIRT1 did not alter HCC initiation or progression, despite of 

increased the severity of liver steatosis. However, the unaltered HCC development might 



137 
 

be due to the feature of 129/SvJ and CD-1 strains, which exhibit impaired immune 

response, compared to C57BL/6 mice [60]. During the preparation of this manuscript, we 

conducted a pilot study by backcrossing the outbred 129/SvJ-CD1 mice to the inbred 

C57BL/6 mice. We found that with DEN injection, the SIRT1 mutant mice developed 

less severe HCC, compared to their WT counterparts. Such data are consistent with the 

current study that under the setting of HFD+ALA, HCC development was ameliorated in 

MT mice. One major limitation of this study was that we did not have WT and MT mice 

fed HFD in parallel without ALA. This is because the primary objective of this study is to 

address whether the efficacy of ALA against NAFLD and HCC is dependent on SIRT1. 

Further investigation on the synergetic effects of ALA and SIRT1 ablation on HCC 

development with C57BL/6 background mice is currently ongoing in our laboratory.     

Taken together, the present study indicates that SIRT1 is not the only target of 

ALA in NAFLD prevention. We also found under the surplus of ALA that lack of SIRT1 

activity can inhibit the development of carcinogen-initiated, HFD-promoted HCC, 

potentially through increasing hepatic retinol concentration (Figure 5). 
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TABLE 1 

Table 1. Food intake, body weights, liver weights, liver/body weight, epididymal fat, epididymal 

fat mass/body weight of DEN-injected, HFD-fed WT or MT mice with ALA supplementation for 

34 weeks1. 

 

1Values are means ± SEMs. Student’s t test was used to compare values among four groups, 

which are shown as p values. WT, wild-type; MT, mutant; ALA, apo-10’-lycopenoic acid. 

 

  

Study group WT+ALA 

(N = 16) 

MT+ALA 

(N = 15) 

P Values 

Food intake, g/d 3.8 ± 0.15 3.7 ± 0.40 0.86 

Body weights, g 46.11 ± 1.71 47.79 ± 1.67 0.49 

Liver weights, g 3.65 ± 0.33 2.80 ± 0.24 0.07 

Liver/body weight, % 8.12 ± 0.93 6.15 ± 0.73 0.10 

Epididymal fat, g 1.72 ± 0.15 1.86 ± 0.14 0.50 

Epididymal fat mass/body weight, % 3.66 ± 0.24 3.85 ± 0.24 0.58 
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TABLE 2 

Table 2. Steatosis score, HCC incidence by histopathology analysis, liver surface tumor 

multiplicity in all groups1 

 

1Values are %, means ± SEMs. Chi square test was used to compare steatosis score between 

groups. Fisher’s exact test was used to compare HCC incidence and tumor multiplicity > 6 

percentage within each group, which are shown as P values. WT, wild-type; MT, mutant; ALA, 

apo-10’-lycopenoic acid. 

  

Study group WT+ALA 

(N = 16) 

MT+ALA 

(N = 18) 

 Strain 

effect 

Steatosis incidence, % 64.71 68.75  1.00 

Steatosis score 0.88 ± 0.18 1.06 ± 0.22  0.30 

HCC incidence, % 93.8 83.3  0.79 

Tumor multiplicity > 6, % 68.8 33.3  0.08 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE LEGENDS 

Figure 1. SIRT1 protein and deacetylase activity differences between WT and MT mice 

fed HFD+ALA. Changes of protein expression in liver lysates (WT, MT n = 10) were 

analyzed by Western-blotting. Graphical representation of fold changes in: A, SIRT1, β-

actin used as loading control; and B, acetylated FoxO1, total-FoxO1 used as loading 

control. Values are means ± SEMs. Student t test was used to compare protein 

expressions between WT and MT mice. WT, wild-type mice; MT, systemic SIRT1 

activity mutant mice.  

Figure 2. Effects of SIRT1 activity ablation on hepatic retinol and retinyl palmitate 

concentration and the underlying mechanism in WT and MT mice fed HFD+ALA. 

Changes of hepatic retinol and retinyl palmitate levels were analyzed by HPLC (WT, MT 

n = 6); changes of hepatic cd36 mRNA level was analyzed by qPCR (WT, MT n = 16). 

Graphic representation of fold changes in: A, hepatic retinol concentration; B, hepatic 

retinyl palmitate concentration; and C, hepatic cd36 mRNA, β-actin as control. Values 

are means ± SEMs. Student t test was used to compare compound concentrations and 

mRNA levels between WT and MT mice. WT, wild-type mice; MT, systemic SIRT1 

activity mutant mice.  

Figure 3. Effects of SIRT1 activity ablation on hepatic nuclear receptor mRNA and 

protein expressions in WT and MT mice fed HFD+ALA. Changes of protein expression 

in liver lysates (WT, MT n = 10) were analyzed by Western-blotting. Changes of mRNA 

expression (WT, MT n = 16) were analyzed by qPCR. β-actin was used as loading 

control unless specified otherwise. Graphical representation of fold changes in: A, 

mRNA levels of: rxrα, lxrα, pparγ, and rarβ; and B, RXRα protein. Values are means ± 
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SEMs. Student t test was used to compare protein and mRNA levels between WT and 

MT mice. WT, wild-type mice; MT, systemic SIRT1 activity mutant mice.  

Figure 4. Effects of SIRT1 activity ablation on hepatic mRNA and protein levels of cell 

cycle progression-related genes in WT and MT mice fed HFD+ALA. Changes of protein 

expression in liver lysates (WT, MT n = 10) were analyzed by Western-blotting. Changes 

of mRNA expression (WT, MT n = 16) were analyzed by qPCR. β-actin was used as 

loading control unless specified otherwise. Graphical representation of fold changes in: 

A, mRNA levels of: cyclinD1, p21, p27, p53; and B, cyclinD1 protein. Values are means 

± SEMs. Student t test was used to compare protein and mRNA levels between WT and 

MT mice. WT, wild-type mice; MT, systemic SIRT1 activity mutant mice. 

Figure 5. Graphic summary. Under the setting of HFD+ALA, SIRT1 activity ablation 

increased hepatic retinol uptake. This is followed by liver RXRα, LXRα and PPARγ 

activation, which elevates the transcription of cyclin dependent kinase inhibitors, leading 

to decreased cyclinD1 level, leading to impeded HCC as final event.   
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SUMMARY 

The primary goal of this thesis was to provide a deeper understanding of the 

causal role of systemic sirtuin 1 (SIRT1) activity in the development of non-alcoholic 

fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC), and whether tomato 

and tomato carotenoids protect against NAFLD and HCC dependent on SIRT1 activity. 

First, we used a systemic deacetylase activity ablated mouse model to investigate the 

causal role of SIRT1 in the pathogenesis of NAFLD, which involves liver, adipose tissue, 

and the cross-talk between two organs. Second, we employed a hepatic carcinogen-

initiated, HFD-promoted HCC model using both wild-type (WT) and systemic SIRT1 

activity ablated mice (MT) to investigate the efficacy of tomato powder (TP) on the 

pathogenesis of NAFLD and HCC, and to explore whether TP protects against NAFLD 

and HCC dependent on SIRT1 activity. Finally, we fed apo-10’-lycopenoic acid (ALA) 

to both WT and MT mice to examine whether ALA protects against NAFLD and HCC in 

a SIRT1-dependent manner. The major observations from this thesis work are as follows: 

1) Systemic SIRT1 activity ablation accelerated NAFLD development through 

three mechanisms: first, SIRT1 ablation increased hepatic triglyceride 

accumulation, which was accompanied with higher protein levels of LXRα, 

SREBP-1, and SCD1, involved in lipogenesis, and decreased phosphorylation 

of LKB1 and AMPK in the liver; secondly, the lack of SIRT1 activity 

increased lipid accumulation in MAT by increasing the mRNA expression of 

lipogenic genes (lxrα, srebp-1c, scd1 and fas), while maintaining fatty 

oxidation-related biomarkers (acox1, acox3, cpt, ucp1, sirt3) in both liver and 

MAT unchanged. Finally, we observed that the mRNA level of hormone 
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sensitive lipase (hsl), adipose triglyceride lipase (atgl) and perilipin-1, 

involved in lipolysis, significantly increased in MAT (not in epididymal 

adipose tissue), as compared with those of WT. These changes were 

correlated with higher circulating free fatty acid (FFA) concentrations and 

higher hepatic mRNA expression of cd36 for FFA uptake, indicating that 

systemic SIRT1 activity ablation promoted NAFLD development via 

increasing the mobilization of FFA from MAT to liver. This study revealed a 

critical role of SIRT1 in preventing NAFLD, and helped us to understand why 

some people without ‘fat belly’ still develop fatty liver when sirt1 activity 

decreases due to certain factors, such as aging, unhealthful diet, stress, or high 

alcohol consumption. 

2) Supplementation with TP (equivalent to lycopene concentration at 100 mg/kg 

diet) significantly reduced NAFLD severity. Specifically, TP supplementation 

significantly reduced liver steatosis in both WT and MT mice through 

different molecular mechanisms: protective effect of TP was mediated by 

increasing SIRT1 protein expression and activity, and decreased hepatic fatty 

acid binding protein 1 expression and long chain fatty acid (FA) uptake in WT 

mice; while in MT mice, TP decreased hepatic FA synthesis through 

inactivating hepatic acetyl-CoA carboxylase mediated by AMPK 

phosphorylation, independent of SIRT1. It is important to note that, in this 

study, we did not detect significant inflammatory responses, exemplified by 

the lack of inflammatory foci, in both WT and MT mice. Regardless, we 

found TP lowered il-6 expression in MAT and IL-6 concentration in plasma 
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and liver, as compared with MT mice without TP, while in WT mice, dietary 

TP decreased caspase-1 mediated IL-1β maturation. However, neither the 

mutation of SIRT1 activity nor TP supplementation altered HCC incidence or 

severity in both WT and MT mice, which could be due to the lack of 

inflammation as a target of TP protection or limited efficacy in ameliorating 

HCC development in this mouse model. This study provided the first evidence 

that TP, as a whole food, can inhibit NAFLD independent of SIRT1, which 

provided an efficient dietary strategy to inhibit the development of NAFLD, 

even in the population with impaired SIRT1 activity. 

3) Our final study demonstrated that in mice given HFD+ALA, the lack of 

systemic SIRT1 activity can attenuate the development of HCC by decreasing 

hepatic tumor multiplicity. Interestingly, the ablation of SIRT1 activity 

resulted in increased expressions of hepatic nuclear receptors (rxrα, lxrα, 

pparγ) and vitamin A transporter cd36 and hepatic retinol concentration, but 

decreased cyclin D1 protein levels, suggesting contribution of these nuclear 

receptors and retinol as well as cell cycle arrest to the reduction of hepatic 

tumor multiplicity. This study demonstrated that ALA protects against 

NAFLD and HCC independent of SIRT1 activity and the lack of SIRT1 

reduced the progression of HCC in mice given HFD and ALA 

supplementation. 

In summary, we conclude that systemic SIRT1 activity is crucial in maintaining 

hepatic lipid homeostasis. The lack of systemic SIRT1 activity can cause aggravated 

NAFLD through increasing lipogenesis in liver and MAT, as well as promoting the 
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mobilization of FFA from MAT to liver.  As a dietary strategy in preventing NAFLD 

development, we recommend the consumption of tomatoes or tomato products (such as 

tomato juice, paste), which are whole foods that can impede the progression of fatty liver, 

in a SIRT1-independent manner. Although SIRT1 is involved in decreasing hepatic 

triglyceride accumulation, the role of SIRT1 in HCC development in still controversial. 

In the 2nd project, HCC incidence and severity remained comparable between WT and 

MT mice fed with only HFD. However, in the 3rd project, we found that in mice given 

HFD+ALA, SIRT1 activity mutation resulted in reduced hepatic tumor multiplicity 

through decreasing the expressions of vitamin A transporter cd36 and hepatic nuclear 

receptors (RXRα, lxrα, pparγ), as well as hepatic retinol concentration. These studies 

underscore the complex regulation of SIRT1 in hepatic tumorigenesis with paradoxical 

functions as tumor suppressor or tumor promoter.    

 

LIMITATIONS 

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

the field of HFD-induced NAFLD and HCC. However, it is necessary to point out that 

this body of work is not without limitations. Specific limitations of this thesis work are as 

follows: 

1) We utilized 129/SvJ background mice, which were reported to have less 

susceptibility to hepatocyte enlargement than C57BL/6 mice under the same 

dietary intervention [1]. During this thesis work, our lab also used the same 

systemically ablated SIRT1 mouse model to study the role of SIRT1 in lung 
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cancer development, and results showed that mice with 129/SvJ background 

developed impaired immune response to cigarette smoking, which at least 

partly explains why we failed to observe inflammatory foci in this thesis 

project. Since the development of non-alcoholic steatohepatitis (NASH) 

mediates the escalation of NAFLD to HCC [2], the absence of NASH might 

have prevented a chance for HCC development. 

2) We were not able to observe HCC development by time point. It has been 

revealed that a single injection of 20 mg/kg DEN in 129/SvJ mice resulted in 

80-100% HCC after 30-55 weeks [3, 4]. In our preliminary study, we 

sacrificed 3 animals in each group (WT+HFD, WT+HFD+TP, MT+HF, 

MT+HFD+TP) at 26 week of age and did not observe any liver surface 

tumors. Therefore, we extended the study duration and sacrificed animals at 

40 week of age. Although there is a possibility that we could observe 

difference in tumor characteristic (adenoma vs. carcinoma) between wild type 

and SIRT1 mutant mice using histological methods, liver surface tumor 

incidence appeared to be similar. It is possible that liver surface tumor 

incidence was different between 26 week-of-age and 40 week of age, but it is 

logistically difficult for us to include more time points given the available 

number of mice and budget. 

3) In the second study, we did not have lycopene-supplemented groups in 

comparison with TP-supplemented groups. This is due to the scope of the 

specific aim of this study, i.e., determining whether the efficacy of TP 

protecting against NAFLD is SIRT1 dependent. In the previous study by Ip et 
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al [5], the consumption of lycopene did not increase SIRT1 expression or 

activity, while ALA supplementation significantly increased SIRT1 signaling. 

Therefore, we did not give mice lycopene supplementation in the second 

study, because we have previously demonstrated that lycopene protects 

against NAFLD in a SIRT1-independent manner.  

4) In the third study, we did not have a parallel matching group fed HFD without 

ALA. This is because previous study from our lab has already demonstrated 

that ALA supplementation can attenuate the progression of NAFLD and HCC 

[6, 7]. Therefore, examining the efficacy of ALA against NAFLD and HCC is 

beyond the scope of this study. In the third study, we aim to investigate 

whether the beneficial efficacy of ALA, which has been observed previously, 

is dependent on SIRT1 activity. Thus, two groups with WT and MT mice, 

both given ALA supplementation, is sufficient to test the primary hypothesis 

that the beneficial efficacy of ALA against NAFLD and HCC is SIRT1 

dependent. 

5) We need to point out that certain interpretation and mechanisms in this thesis 

work were based on mRNA expression only, in stead of protein levels. 

Therefore, further validation on protein levels are needed. 

6) Finally, the results from our studies on the protective capabilities of TP 

supplementation on NAFLD lay an important foundation for possible future 

dietary intervention clinical trials. However, it should be kept in mind that 

these results were produced by employing animal models. While these animal 

models are designed to mimic human NAFLD, there is no doubt that 
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substantial difference exists between mice and humans. Supplementation 

studies can result in very different outcomes when done in different 

experimental models. Therefore, extrapolation of these effects in rodent 

models to the effect of TP supplementation in humans should be done with 

caution. 

 

FUTURE DIRECTIONS 

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

HFD-induced NAFLD and HCC research involving mechanistic and dietary prevention 

studies. Specific future directions of this thesis work are as follows: 

1) In this thesis, we showed that the role of SIRT1 in HCC development is 

complex and controversial. However, as mentioned in the limitation section, we 

utilized 129/SvJ background, CD1 outbred mice, which exhibited impaired 

immune response and lack of inflammatory foci. The failure of developing 

severe hepatic inflammation might be the reason why we did not observe 

significant difference in HCC development between WT and MT mice, despite 

the observation of markedly increased hepatic steatosis in MT mice. Therefore, 

it would be important to backcross 129/SvJ mice to C57/BL6 mice, which is a 

mouse model widely used in HCC studies. In fact, during the completion of this 

thesis, our lab conducted a pilot study by utilizing the systemic SIRT1 ablated, 

C57/BL6 backcrossed mice and their WT littermates, to examine the causal role 

of SIRT1 in HCC development. They found that at 24 weeks of age, all mice 

injected carcinogen developed HCC. In addition, mice with mutated SIRT1 
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activity developed less tumor multiplicity than WT mice. This leads us to 

hypothesize that SIRT1 might be an oncogene in animals with normal immune 

response, which warrants further investigation. 

2) As discussed in the limitation section, our study revealing the protective 

effects of TP against HFD-induced NAFLD and the efficacy of TP in reducing 

hepatic inflammatory biomarkers. However, the study is unable to 

demonstrate dietary TP, as whole food, has advantage for its benefit over 

single compounds such as lycopene, or lycopene metabolites. Therefore, an 

important next step for this study would be the comparison of the effects of 

TP, lycopene, and ALA in protecting against the progression of NAFLD or 

HCC. 

3) A previous study in our lab has demonstrated that, compared to mice fed 

HFD, mice fed high refined-carbohydrates diet (HCD) developed comparable 

HCC, but more severe hepatic steatosis [8]. Such result is in line with 

emerging evidence that low-carb diet, or less refined carbohydrate diet, 

showed efficacy in the treatment and prevention of NAFLD [9, 10]. 

Therefore, a future study could utilize HCD as diet intervention to examine 

the role of dietary TP, or its metabolites, in HCD-induced NAFLD and HCC 

development. 

4) This thesis work demonstrated that the lack of SIRT1activity presented causal 

role in exacerbating NAFLD. Interestingly, SIRT1 has been recognized as a 

critical regulator of circadian rhythms in multiple tissues, including liver and 

brain [11-13]. In the liver, SIRT1 plays its role through ensuring proper 
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circadian oscillation in hepatocytes due to its deacetylase activity on histone 

H3 at the promoter of clock-controlled genes (CCGs) [13], as well as other 

circadian components including BAML1 and PER2 [11, 13]. SIRT1 activity 

itself oscillates in a circadian manner over the day/night cycle [14, 15]. 

Genetic or pharmacological modulation of SIRT1 expression and SIRT1 

activity could lead to altered hepatic circadian gene expression and signaling 

[16, 17], highlighting the importance of the SIRT1 pathway in controlling 

hepatic circadian rhythm. Therefore, an important next step could be the 

investigation of how SIRT1 prevents the development of NAFLD through its 

regulation of circadian rhythm. One pilot study from our lab has found that 

systemically ablating SIRT1 resulted in significant increase of mTOR mRNA 

expression in the brain. Since brain is the main organ controlling central 

circadian rhythm, it would also be important to examine brain crosstalk with 

liver through the modification of circadian rhythm. 

5) In this thesis work, we have demonstrated that systemic SIRT1 activity 

ablation aggravates NAFLD by involving liver and mesenteric adipose tissue. 

It is important to note that the lack of systemic SIRT1 activity could also 

affect other tissues. Intestine plays an important role in lipid absorption, 

excretion and distribution. In the third study, we revealed that systemic SIRT1 

activity mutation increased hepatic retinol concentration. However, the 

underlying mechanism remains unknown. It is possible that the deacetylase 

activity of SIRT1 impedes the uptake of dietary retinol by interfering with 

intestinal cd36 and sr-b1 transcription. Thus, an important further step could 
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be the examination of the crosstalk between intestine and liver in the 

development of NAFLD and HCC, and the role of SIRT1, TP or TP 

metabolite supplementation in the progression of NAFLD and HCC by 

regulating molecular signaling pathways in the intestine, as well as the cross-

talk between intestine and liver. 

 

CONCLUSION 

This thesis addresses the specific molecular mechanisms by which systemic 

SIRT1 activity ablation aggravates NAFLD and the prevention of NAFLD and liver 

inflammation via the supplementation of dietary TP and lycopene metabolite, ALA. 

Specifically, we have demonstrated the causal role of SIRT1 in NAFLD development by 

increasing lipogenesis in both liver and MAT, and importantly, by promoting the 

mobilization of FFA from MAT to liver. In a second study, we revealed that TP 

supplementation is capable of preventing NAFLD including a reduction in simple hepatic 

steatosis and inflammatory biomarkers. This reduction occurred in both WT and mice 

with impaired SIRT1 activity, but interestingly, through different mechanisms: in WT 

mice, TP decreased hepatic steatosis by inhibiting the uptake of FFA from circulating 

system to the liver, and the consumption of TP decreased hepatic IL-1β concentration by 

promoting the cleavage and maturation of IL-1β; in MT mice, TP inhibited hepatic 

steatosis by decreasing hepatic lipogenesis and reduced hepatic IL-6 concentration 

potentially through decreasing the release of IL-6 from MAT, and decreasing circulating 

IL-6 from circulating system to the liver.  In our last study, we demonstrated that under 

the surplus of HFD and ALA, systemic SIRT1 ablation resulted in attenuated HCC 
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progression, which was associated with increased hepatic retinol concentration and 

activated hepatic nuclear receptors (rxrα, lxrα, pparγ), as well as cycle-cycle inhibitor-

mediated cell-cycle arrest. Unexpectedly, neither the mutation of SIRT1 activity nor TP 

supplementation altered HCC incidence or severity in both WT and MT mice, which 

could be due to the lack of inflammation as a target of TP protection or limited efficacy 

in ameliorating HCC development in this mouse model. This underscores the necessity of 

utilizing mice with C57/BL6 background in the future studies.  

Taken together, this thesis work supports that dietary tomato powder, as a whole 

food approach, is an effective disease prevention strategy against NAFLD and highlights 

the key role of SIRT1 in preventing NAFLD progression through acting on multiple 

organs such as liver and MAT. 
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APPENDIX I 

Macronutrient Component Table. Summary of macronutrient composition of dietsa  

Macronutrients % of energy Source 

Protein 14 Casein 

Carbohydrate 26 Sucrose, Maltodextrin 

Fat 60 Lard 

 

aMineral mix, vitamin mix, DL-Methionine and choline chloride are added in the 

ingredients of diet (Bioserv, Frenchland, NJ, USA).  
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APPENDIX II 

Primer Sequence Table. Primers sequences for RT-PCR analysis in three studies. 

 

Genes: Forward: Reverse: 

Acox1 TAACTTCCTCACTCGAAGCCA AGTTCCATGACCCATCTCTGTC 

Acox3 GCCTCCTTCAACTCTGGGG TCAGTTCTTCGTAGCTTCTCTAGG 

β-Actin CTTTTCCAGCCTTCCTTCTTGG CAGCACTGTGTTGGCATAGAGG 

Atgl ACAGTGTCCCCATTCTCAGG CACATCTCTCGGAGGACCAT 

Cd36 GCGACATGATTAATGGCACA CCTGCAAATGTCAGAGGAAA 

Cpt GCACTGCAGCTCGCACATTACAA CTCAGACAGTACCTCCTTCAGGAAA 

Dgat1 TCCGTCCAGGGTGGTAGTG TGAACAAAGAATCTTGCAGACGA 

Dgat2 GCGCTACTTCCGAGACTACTT GGGCCTTATGCCAGGAAACT 

Fas GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT 

Fatp2 TCCTCCAAGATGTGCGGTACT TAGGTGAGCGTCTCGTCTCG 

Hsl CCAGCCTGAGGGCTTACTG CTCCATTGACTGTGACATCTCG 

Mttp CTCTTGGCAGTGCTTTTTCTCT GAGCTTGTATAGCCCGCTCATT 

Pgc1α TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG 

Plin2 AAGAGAAGCATCGGCTACGA GGCGATAGCCAGAGTACGTG 

Pparα GTACCACTACGGAGTTCACGCA CATTGTGTGACATCCCGACAG 

Pparγ GGATAAAGCATCAGGCTTCCAC AACCTGATGGCATTGTGAGACA 

Scd1 CCGGAGACCCCTTAGATCGA TAGCCTGTAAAAGATTTCTGCAAACC 
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Srebp1c TAGAGCATATCCCCCAGGTG GGTACGGGCCACAAGAAGTA 

Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT 

Ucp2 ATGGTTGGTTTCAAGGCCACA CGGTATCCAGAGGGAAAGTGAT 
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Abstract 

Sirtuin 1 (SIRT1) has been reported to protect against nonalcoholic fatty liver disease (NAFLD) 

development. The mechanism of how SIRT1 deacetylase activity affects NAFLD has not been 

well investigated. The current investigation addressed the causal effect of systemic SIRT1 

activity on NAFLD development and the underlying mechanism involved in both liver and 

mesenteric adipose tissue (MAT).  Both SIRT1 homozygous mice ablated the catalytic activity 

(sirt1Y/Y) and their corresponding wild type littermates (WT) were fed a high fat diet (HFD, 60% 

calories from fat) for 34 weeks. Sirt1Y/Y mice showed significantly higher level of hepatic 

triglyceride which was accompanied with higher levels of SREBP-1 and SCD1and decreased 

phosphorylation of LKB1 and AMPK in the liver. Compared with WT mice, mRNA expression 

of lipogenic genes (lxrα, srebp-1c, scd1 and fas) in the MAT increased significantly in sirt1Y/Y 

mice. Fatty acid oxidation biomarkers (acox1, acox3, cpt, ucp1, sirt3) in both liver and MAT 

were comparable between groups. Interestingly, we observed that in sirt1Y/Y mice, the mRNA 

level of hormone sensitive lipase (hsl), adipose triglyceride lipase (atgl) and perilipin-2 (plin-2), 

all involved in lipolysis, significantly increased in MAT, but not in epididymal adipose tissue. 

These changes positively correlated with circulating free fatty acid (FFA) concentrations and 

higher hepatic mRNA expression of cd36 for FFA uptake. The present study has provided novel 

evidence to suggest that under HFD-induced metabolic surplus, the lack of SIRT1 catalytic 

activity promotes release of FFA from MAT and escalate NAFLD by interfering with lipid 

homeostasis in both liver and MAT. 

Keywords: Non-alcoholic fatty liver disease, sirtuin 1, lipid metabolism, liver, adipose tissue  
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1. Introduction 

Obesity has become a leading epidemic concern worldwide, and the escalating incidence of 

nonalcoholic fatty liver disease (NAFLD) parallels the increasing obesity rates [1]. NAFLD is 

observed in 65%-85% of obese patients, with a higher prevalence in men compared to women 

[2].  NAFLD describes a range of related disorders that begin with hepatic steatosis, which can 

proceed to nonalcoholic steatohepatitis [3], leading to higher risk of hepatocellular carcinoma [4]. 

Considering the increasing prevalence of NAFLD and the devastating outcome of NAFLD 

progression, it is of critical importance to have a mechanistic understanding for NAFLD 

development in order to develop preventive and therapeutic strategies for NAFLD. 

SIRT1 is an evolutionarily conserved NAD+-dependent histone and non-histone protein 

deacetylase [5, 6]. As a metabolic regulator, SIRT1 has been identified to control a series of 

physiological activities, including reducing fatty acid synthesis [7, 8], increasing β-oxidation [9, 

10], and decreasing adipocyte generation [11]. These functions of SIRT1 are exerted through 

coupling with NAD+ hydrolysis, transferring the acetyl group of the substrate to cleaved NAD+ 

(ADP-ribose), and generating O-acetyl-ADP-ribose [6, 12, 13]. The catalytic activity of SIRT1 is 

tightly regulated by the cellular NAD+ levels [12, 14, 15] and multiple nutritional, hormonal, and 

environmental cues that can alter the cellular NAD+ availability [15]. This explains the 

observation that SIRT1 protein level and SIRT1 activity are not always parallel [16]; therefore, it 

is important to determine the effect of SIRT1 activity, rather than SIRT1 protein alone.  

Both animal and human studies suggest an inverse correlation between SIRT1 levels and NAFLD 

incidence [17, 18]. Several SIRT1 transgenic mouse models have been established to explore the 

molecular mechanism of SIRT1 signaling against hepatic steatosis development [10, 19-23]. 

Global overexpression of SIRT1 using a knock-in Sirt1 genomic construct resulted in enhancing 

energy expenditure and decreasing high fat diet-induced hepatic steatosis [19]. Hepatocyte-

specific deletion of SIRT1 caused hepatic steatosis [10, 22, 23], hepatic inflammation and 

endoplasmic reticulum stress [10]. The phenotype of heterozygous SIRT1 knockout mice 

presented severe hepatic steatosis on high-fat diets [8]. However, these mouse models either 

showed the effect of partial SIRT1 function, or focused on liver-specific SIRT1 function, owing 

to the fact that whole body SIRT1 gene knockout in mice would cause metabolic defect [24], 

developmental abnormality, and postnatal lethality [25, 26]. This produces challenges of 

investigating the causal effect of systemic SIRT1 activity on NALFD development. Recently, an 

engineered systemic SIRT1 deacetylase activity ablation mouse model achieved similar SIRT1 
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loss-of-function effects with SIRT1 knockout mice, but with less resultant genetic defects [27]. 

Using this mouse model, Caron et al. observed an increasing hepatic lipid accumulation in SIRT1 

activity ablated mice [21]. This study raised an important question and also opened the door to 

the further investigation as for how the lack of SIRT1 activity promotes NAFLD.   

As an effort along this line, in this study we used the systemic SIRT1 activity ablation (sirt1Y/Y) 

and wild-type mice (WT) in the current study to investigate the underlying mechanism by which 

SIRT1 activity ablation exerted on high fat diet (HFD)-induced NAFLD.  

2. Materials and Methods 

2.1. Study design 

All study protocols including breeding were approved by the Institutional Animal Care and Use 

Committee of Tufts University. We utilized the homozygous H355Y SIRT1 mutant (sirt1Y/Y), 

129/SvJ background mouse expressing the SIRT1 protein that lacks its catalytic activity, as 

compared with that of a wild-type H355Y, sirt1+/+ 129/SvJ mouse. Both sirt1Y/Y, 129/SvJ 

background mice and sirt1+/+ 129/SvJ mice exhibit hepatic steatosis similar to humans, and 

129/SvJ mice are the animal model of choice in studies of high fat diet (HFD)-induced hepatic 

steatosis. At 4 weeks of age, SIRT1 genotypes of animals were determined by a PCR-based test 

performed on DNA isolated from tail-tip biopsies using the primers 5’-

TGGAAGGAAAGCAATTTTGGT-3’ and g’CTGAGTTACCTTAGCTTGGC-3’. Mice were fed 

the standard laboratory chow diet (Envigo, Huntingdon, UK) for two weeks. At 6 weeks of age, 

mice were fed HFD (60% calories from fat, Bioserv, Frenchland, NJ, Supplemental Table 1) 

twice a week for 34 weeks, and body weight of each mouse was recorded weekly. At 38 weeks of 

age, EchoMRI-100 (EchoMRI, Houston, TX) was used for mice body composition measurement, 

as described previously [28]. Briefly, after weights were recorded for each mouse, non-

anesthetized mice were placed into a cylinder and inserted into the chamber unit of the MRI 

machine. Total fat mass was determined and fat composition was obtained by calculating the ratio 

of fat mass to body weight. All mice were killed at 40 weeks of age. Serum, livers, mesenteric 

adipose tissue (MAT), and epididymal adipose tissue were collected. Livers were weighed, and a 

piece of liver tissue from left lobe of liver was fixed in 10% buffered formalin solution for 

histopathological examination while the remaining liver tissues were snap frozen in liquid 

nitrogen and stored at -80°C for further study. 

2.2. Liver histopathology evaluation 
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Five-micrometer sections of formalin-fixed and paraffin-embedded liver tissue were stained with 

hematoxylin and eosin (H&E) for histopathological examination. The sections were examined 

under light microscopy by 2 independent investigators who were blinded to the treatment groups.  

A ZEISS microscope with a PixeLINK USB 2.0 (PL-B623CU) digital Camera and PixeLINK 

µScope Microscopy Software was used for the examination. Liver steatosis was graded according 

to steatosis magnitude (both macro- and micro-vesicular fat accumulation) as described 

previously [29] (Figure 1A). Briefly, the degree of steatosis was graded based on the percentage 

of the liver section that was occupied by fat vacuoles at 100× magnification in 20 fields (grade 0 

= <5%; grade 1 = 5–25%; grade 2 = 26–50%; grade 3 = 51–75%; grade 4 = >75%). 

2.3. Liver and plasma triglyceride (TG) quantification 

Plasma and hepatic TG were measured using a TG colorimetric assay kit (Cayman, USA). Plasma 

was obtained in EDTA tubes and centrifuged at 1,000 g for 10 minutes, followed by pipetting off 

the top plasma layer. Liver tissue (about 40 mg) was minced and weighed, followed by 

homogenization in the standard diluent (0.2 ml) with an ultrasonic tissue homogenizer. The 

digested tissue was centrifuged for 10 minutes at 10,000 g, and the entire supernatant was 

transferred and diluted 1:5 with the standard diluent. The TG contents in both plasma and liver 

were determined based on the absorbance at 540 nm after a coupled enzymatic reaction, and was 

adjusted with a standard glycerol solution. 

2.4. Liver cholesterol quantification 

A commercial cholesterol kit (Cell Biolabs Inc, San Diego, CA) was utilized for total cholesterol 

measurement. Briefly, 50 mg liver tissue was extracted with 1000 μL mixture of chloroflorm : 

isopropanol : NP-40 (7:11:0.1) in a micro-homogenizer. The pellet was kept after centrifuging the 

mixture for 10 minutes at 15,000 rcf. Removing the trace amounts of organic solvent, dried lipids 

was dissolved in 200 μL Assay Diluent with sonicating and vortexing. The cholesterol 

concentration was calculated according to the absorption at 540 nm wavelength. 

2.5. Protein isolation and Western blotting 

Whole cell protein was extracted from frozen liver tissue as previously described [30]. For 

nuclear protein extraction, 50-60 mg liver protein was minced and mixed with 2ml hypertonic 

buffer, followed by homogenization for 30 seconds. The whole volume was then centrifuged at 

5500 rpm for 5 minutes, and a second centrifugation (13000 rpm, 5 minutes) was executed after 

washing pallets with 1ml hypertonic buffer. Pellets were then re-suspended in 100µl high salt 
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buffer (5M NaCl) and shake-incubated a Vortex Genie Turbo Mixer in 4°C cold room for 10 

minutes. The supernatant was transferred and centrifuged at 55000 rpm for 60 minutes using an 

Ultracentrifuge. The protein concentration was measured by the Comassie Plus protein 

quantification method (Thermo Fisher Scientific) and adjusted to 10μg/μl. For Western blotting, 

5μl whole cell lysates per sample were mixed with 6 μl 2X reducing Laemmli sample buffer and 

boiled in 100°C water bath for 5 minutes to denature. Denatured protein was then loaded on SDS-

polyacrylamide gels and resolved according to their molecular weights. For protein detection, 

electroblotting was executed by transferring protein onto Immobilon-P membranes (Millipore, 

MA, USA), followed by non-specific blocking (5% non-fat milk) in TBST buffer and incubation 

with appropriate primary antibodies. The following antibodies were used for Western blotting: 

phosphorylated-AMPK (Thr172), phosphorylated-ACC (Ser79), phosphorylated-LKB1 (Ser428), 

AMPK, ACC, LKB1, SCD1 (Cell Signaling, MA, USA), LXRα (Abcam, Cambridge, UK), Ac-

FoxO1, FoxO1, and SREBP-1 (Santa Cruz, TX, USA). An anti-rabbit secondary antibody (Bio-

Rad, CA, USA) linked to a horseradish peroxidase reporter enzyme was applied to binding the 

above primary antibody, and the bands of interest were detected by a SuperSignal West Pico 

Chemiluminescent Substrate kit (Sigma-Aldrich) according to the manufacturer’s instructions. 

Protein level of β-actin was used as reference for normalization. Intensities of protein bands were 

detected using GS-710 Calibrated Imaging Densitometer (Bio-Rad). 

2.6. RNA extraction and real-time PCR  

Total RNA was extracted from frozen liver tissue with TriPure Isolation Reagent kit (Roche, 

USA). Briefly, 50-100 mg frozen liver was minced, mixed with 1 ml TriPure Isolation Reagent, 

and centrifuged for 10 minutes at 12,000 g. Then 0.2 ml chloroform was added to each sample 

and the whole volume was centrifuged for 15 minutes at 12,000 g. The collected upper aqueous 

phase was mixed with 0.5 ml isopropanol and centrifuged for 10 minutes at 12,000 g. The RNA 

pellet was obtained after discarding the supernatant, washed using 75% ethanol, followed by 

resuspending in DEPC water and incubating for 10 minutes at 55 4°C. Complementary DNA 

(cDNA) was synthesized with a reverse transcription PCR kit (M-MLV, Invitrogen, CA) and the 

Bio-Rad PTC 200 (GMI, CA). Quantitative real-time PCR was performed using FastStart 

Universal SYBR Green Master (Roche, USA). Relative gene expression was determined using 

the -2ΔΔCt method and normalized to the level of β-actin. Primer sequences are listed in 

Supplemental Table 2. 

2.7. Statistical analysis 
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SAS 9.3 software was utilized to perform the statistical analysis. The Mann-Whitney U test was 

used to compare liver steatosis score distribution. The Student t test was used to compare TG, 

FFA levels and gene and protein expressions between wild-type mice and sirt1Y/Y mice. Logistic 

regression was utilized to analyze the correlation between steatosis score and hepatic TG level. 

Statistical significance was set as P < 0.05. 

3. Results 

3.1. SIRT1 mutation increased liver triglyceride level.  

To test whether SIRT1 deacetylase activity was reduced in our mouse model, we measured the 

acetylation of FoxO1, and observed significantly higher acetylated-FoxO1 to total-FoxO1 ratio in 

Sirt1 mutant (sirt1Y/Y) mice, compared to wild-type (WT) mice (Figure 1B), indicating that the 

deacetylase activity of SIRT1 in sirt1Y/Y mice was decreased. Average food consumption was 

similar between the two groups of mice (Table 1). There was no significant difference in final 

body weight, liver weight or liver weight/g body weight, and total fat mass between wild-type 

and mutant mice (Table 1). Hepatic cholesterol concentration was comparable between two 

groups (wild-type vs. sirt1Y/Y: 52.35 ± 5.38 vs. 53.28 ± 2.19 mg/g tissue).  

To examine liver steatosis, we measured hepatic TG level using a TG quantification kit. We 

found that hepatic TG level was significantly higher in mutant mice, compared to their wild-type 

counterparts (Figure 1C). The results from liver histopathological examination showed that 

among wild-type mice, 20% developed hepatic steatosis with a score of 1, 40% with a score of 2, 

and 30 with a score of 3; in contrast, all mutant mice developed hepatic steatosis with score at 2 

or higher (55.6% with score 2, 44.4% with score 3; Figure 1D). Although overall liver steatosis 

was not significantly different between two groups, sirt1Y/Y mice showed a trend toward higher 

liver steatosis severity as compared to wild-type mice. In addition, the hepatic TG level was 

significantly correlated with steatosis score (P = 0.04). 

3.2. SIRT1 mutation increased hepatic lipid synthesis.  

To address the molecular mechanism of increasing liver steatosis severity in sirt1Y/Y mice, we 

quantified mRNA expressions and protein levels of the genes involved in lipogenesis and fatty 

acid β-oxidation. Result showed that phosphorylation of acetyl-CoA carboxylase (p-ACC), the 

inactive form of ACC, was significantly lower in sirt1Y/Y mice (Figure 2A). This was correlated 

with lower phosphorylation of AMP-kinase (p-AMPK; Figure 2B). LKB1 phosphorylated at 

Ser428, the upstream signaling of p-AMPK [8, 31], was also reduced in sirt1Y/Y animals (Figure 
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2C). LXRα mRNA, but not protein level, was higher in sirt1Y/Y mice (Figure 2F). The protein 

level of sterol regulatory element-binding protein 1 (SREBP-1) and the mRNA level of its 

isoform, srebp-1c, were found elevated in sirt1Y/Y mice (Figure 2D, F). The mRNA and protein 

level of SCD1, one of the downstream targets of SREBP-1c [32], were promoted in sirt1Y/Y mice 

(Figure 2E, F). Hepatic nuclear PGC1α/whole-cell PGC1α ratio and hepatic PPARα protein 

levels were not changed (data not shown). Other lipogenic gene mRNA (fas, dgat1, dgat2, fatp2, 

pparα) were not altered between groups (Figure 2F). The mRNA levels of five β-oxidation 

related genes (acox1, acox3, cpt, ucp1, ucp2, sirt3) were measured in the liver, but no changes 

were observed between wild-type and sirt1Y/Y mice (Figure 2G). These data suggest that 

increasing de novo lipogenesis, rather than decreasing β-oxidation, is a major mechanism leading 

to elevated liver steatosis in SIRT1 activity ablated mice. 

3.3. SIRT1 mutation increased lipid synthesis in MAT. 

 MAT can release free fatty acids (FFA) to venous drainage, which subsequently enters liver via 

portal vein and exposes liver to lipid accumulation [33-35]. Since the SIRT1 activity ablation in 

this model is systemic, we propose that lacking SIRT1 activity may affect lipid metabolism in 

MAT. To test this hypothesis, we examined lipogenesis and fatty acid β-oxidation related genes 

in MAT. We first examined the mRNA level of lipogenic genes (scd1, srebp-1c, fas, dgat1, 

dgat2, pparγ). Interestingly, srebp-1c showed a trend of increase (P = 0.07) in SIRT1 mutant 

mice, but its downstream targets, scd1 and fas were significantly higher in sirt1Y/Y mice (Figure 

3A). Liver X receptor α (LXRα) is known to activate the cleavage and movement of mature 

SREBP-1c to the nucleus [36]. We examined lxr-α expression and found lxrα transcription 

significantly elevated in sirt1Y/Y mice (Figure 3A). This indicates that the lack of SIRT1 activity 

may promote LXRα-mediated SREBP-1c maturation. We then determined the effect of SIRT1 

activity ablation on fatty acid oxidation biomarkers (acox1, acox3, cpt, ucp1, ucp2). Results 

showed no difference in transcription levels of these genes between groups (Figure 3B). No 

alterations of gene expression were found in epididymal adipose tissue between two groups (data 

not shown). These results suggested an overall increasing lipogenesis level in MAT of sirt1Y/Y 

mice. We also measured adiponectin mRNA level in both MAT and epididymal adipose tissue, as 

well as hepatic adiponectin receptor 1 and adiponectin receptor 2 protein levels in WT and 

sirt1Y/Y mice, but did not find significant differences between two groups (data now shown). In 

addition, the downstream target of adiponectin, hepatic PPARα, did not change in both mRNA 

levels (Figure 2F) and protein levels (data not shown), indicating that the difference of hepatic 
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lipogenesis between wild-type and sirt1Y/Y mice was not due to adiponectin activity in this mouse 

model. 

3.4. SIRT1 mutation caused hepatic steatosis via MAT-liver FFA mobilization.  

Since hepatic steatosis could be the result of elevating fatty acid uptake by 1) up-taking 

triglyceride in chylomicron or VLDL remnant that derived from dietary sources, and 2) up-taking 

FFA released from adipose tissue, we tested the possibility that SIRT1 mutation affects liver TG 

uptake.  We examined plasma TG level and hepatic LDL-receptor (ldl-r) transcription level and 

found no difference in these parameters between two groups (Figure 4A), suggesting that liver 

TG uptake was similar between WT and sirt1Y/Y mice. 

We then examined plasma FFA and found the level of plasma FFA was significantly higher in 

sirt1Y/Y mice (Figure 4B), as compared with that of WT mice. Since FFA from MAT directly 

enters liver through the portal vein [2, 33-35], lipolysis of MAT greatly contributes to FFA 

transferred to liver. We further hypothesized that the increase of FFA in mutant mice was 

attributed to the increasing MAT lipolysis. Of four genes related to mesenteric lipolysis (hsl, atgl, 

plin-1, plin-2), hsl, atgl and plin-2 significantly increased in sirt1Y/Y mice (Figure 4C). CD36 is a 

transporter that takes up long chain fatty acid [36]. In the current study, we found that cd36 

transcription level in liver was significantly higher in sirt1Y/Y mice (Figure 4D). The mRNA level 

of lxrα, as a transcription factor that up-regulates CD36 transcription, was also elevated in sirt1Y/Y 

mice. To test whether wild-type and sirt1Y/Y mice have different hepatic TG clearance rates, we 

examined the mRNA of microsomal triglyceride transfer protein (mttp), a transporter that exports 

TG, but observed no difference in its expression between groups (Figure 4D). These data suggest 

that increased FFA release from MAT may enter systemic circulation, and subsequently the liver, 

leading to augmented liver steatosis in sirt1 mutant mice. 

4. Discussion 

To our knowledge, the present study has provided first evidence that systemic SIRT1 activity loss 

promoted NAFLD by targeting both liver and MAT, as well as their cross-talk. We demonstrated 

that the accumulating hepatic TG due to the lack of SIRT1 activity was associated with 1) 

increased hepatic fatty acid synthesis but unchanged β-oxidation in liver; 2) increased lipid 

synthesis in MAT; and 3) elevated free fatty acid transport from MAT to liver.  

In the current study, the acetylated version of FoxO1 significantly increased in sirt1Y/Y mice, 

supporting the observation that SIRT1 enzymatic activity in liver decreased due to a systemic 
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SIRT1 activity ablation in this mouse model. After HFD (60% calories from fat) intervention for 

34 weeks, we found that sirt1Y/Y mice accumulated significantly higher TG level in liver. This 

suggests that the lack of systemic SIRT1 deacetylase activity can promote NAFLD development. 

Our findings were consistent with the previous studies showing that impaired SIRT1 signaling 

was associated with increased hepatic lipid deposition [8, 10, 19-21, 23]. It should be noted that 

our histopathologic analysis tended to present more severe hepatic steatosis in sirt1Y/Y mice (P = 

0.16). The discrepancy between our histopathologic grading and hepatic TGs was possibly due to 

the fact that the changes of hepatic TGs were more sensitive to detect compared to histologic 

observation. Nevertheless, our steatosis grading score was significantly correlated with the 

hepatic TGs, which supports that systemic SIRT1 activity ablation can escalate NAFLD 

development. In the current study, we observed comparable hepatic total cholesterol levels, which 

agree with the similar mRNA expression levels of abca1 and cyp7a1 between WT and sirt1Y/Y 

mice. ABCA1 is a key transporter that exports cholesterol from liver, and Cyp7A1 is the gene 

that encodes cholesterol 7α-hydroxylase, the enzyme catalyzes the initial step in bile acid 

synthesis. Our data suggest that the comparable hepatic cholesterol levels in wild-type and mutant 

mice may be due to unchanged reverse cholesterol transport and cholesterol catabolism, or 

alternatively, a high fat diet-induced metabolic surplus. Taken together, we conclude that the lack 

of SIRT1 enzymatic activity plays a minor role on cholesterol metabolism in this model. One of 

the important observations in the present study was that the lack of SIRT1 deacetylase activity 

increased lipogenesis while maintaining fatty acid oxidation unchanged in both liver and MAT. In 

sirt1Y/Y mice, increased hepatic lipogenesis was associated with reduced phosphorylations of 

LKB1, AMPK and ACC. LKB1 can be activated through phosphorylation at Ser428, which 

enhances its kinase activity of phosphorylating AMPK [7, 8, 31], resulting in enhanced inhibition 

of ACC by phosphorylating the enzyme to the inactive form [37]. Hepatic ACC activation 

promotes FA synthesis and lipid accumulation [37]. Unexpectedly, we observed higher levels of 

LXRα mRNA in sirt1Y/Y mice, which is not in agreement with the previous report that SIRT1 

contributes to deacetylating and activating LXRα transcription in vitro [21]. However, these 

authors found that lxrα mRNA expression was similar in SIRT1 knock-out mice and their wild-

type, suggesting that SIRT1 might regulate lxrα in multiple mechanistic pathways in vivo [38]. 

One possible pathway is that SIRT1 activity ablation decreases the release of Nicotinamide 

phosphoribosyltransferase (NAMPT), a rate limiting enzyme that catalyzes the biosynthesis of 

nicotinamide adenine dinucleotide (NAD) [39].  Decreased release of NAMPT from hepatocytes 

can attenuate the inhibition of lxrα transcription in sirt1Y/Y mice [39]. It is important to note that 

the mRNA level of lxrα was also promoted in the MAT of sirt1Y/Y mice, showing the consistence 
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of the effect of SIRT1 activity on lxrα transcription in multiple tissues. To our best knowledge, 

this is the first report to reveal the effect of SIRT1 deacetylase activity on regulating lxrα 

transcription level in MAT. As one important target of LXRα, SREBP-1c plays a role as a 

transcription factor that regulates multiple lipogenic genes, including SCD1, FAS and ACC [32]. 

Compared to WT mice, the protein level of SREBP-1 in liver and the mRNA level of srebp-1c in 

both liver and MAT were significantly higher in sirt1Y/Y mice. Data in this study showed that 

scd1 mRNA consistently increased in both liver and MAT, but an elevated level of fas mRNA 

was only observed in MAT. Further study is needed to examine whether SIRT1 catalytic activity 

ablation affects other signaling pathway that alters FAS transcription level specifically in MAT. It 

is interesting to note that the lack of SIRT1 enzymatic activity affected neither transcription of 

adiponectin in MAT nor adiponectin downstream targets in liver. Our observation that the lack of 

systemic SIRT1 activity did not impact adiponectin production and signaling does not agree with 

a previous study [40], in which adipocyte-selective SIRT1 knockout mice had reduced 

adiponectin production, compared to WT mice. Such a discrepancy might be due to the different 

effects of SIRT1 on adiponectin transcription, between SIRT1 adipocyte-specific knockout and 

systemic SIRT1 activity mutation.   

In the present study, SIRT1 activity ablation did not affect plasma TG levels, which is consistent 

with previous findings that the SIRT1 protein levels were not correlated with the circulating TG 

levels in both human and animal studies [18, 41]. An intriguing observation in the present study is 

that the promoting effect of SIRT1 deacetylase activity ablation on hepatic steatosis is coupled 

with an increase in circulating FFA level. It has been shown that the portal vein directly connects 

the liver with the visceral MAT, and visceral fat content is highly correlated with the severity of 

hepatic steatosis in humans [42, 43]. In the present study, we found that the higher circulating 

FFA was associated with higher mRNA levels of atgl, hsl and plin-2 in sirt1Y/Y mice. ATGL is a 

rate-limiting lipolytic enzyme for TG hydrolysis, while HSL is the major hydrolase for 

diacylglyceride in the adipocytes [44, 45]. The phosphorylation of PLIN-2 is responsible for 

recruiting HSL to lipid droplets and meanwhile dissociates and activates ATGL. Jointly, the 

increased levels of atgl, hsl and plin-2 mRNA in sirt1Y/Y mice indicate a higher rate of lipolysis in 

MAT. This result is contradictory to the findings from previous studies that SIRT1 promotes 

lipolysis in adipocytes [44, 45]. In the study of Picard et al. [45], they reported a decreased 

lipolysis rate in the epididymal adipose tissue of SIRT1 heterozygous mice, which was associated 

with a lower level of circulating FFA. The discrepancy between that study and the current study 

might be due to the different adipose tissues used in the investigations. It is noted that the basal 
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protein level of perilipins and activated HSL are different between MAT and epididymal adipose 

tissue, and moreover, the effect of HFD on ATGL activation is surprisingly inverse between the 

two adipose tissue at two depots [46], leading us to hypothesize that SIRT1 differently regulates 

lipolysis between MAT and epididymal adipose tissue. CD36 mediates liver FFA uptake and 

plays an important role in promoting steatosis [47, 48]. Interestingly, we observed an increased 

level of cd36 mRNA in the liver, but not in the MAT, in sirt1Y/Y mice, indicating that SIRT1 

might regulate cd36 transcription in a tissue-specific manner [47]. Previous studies reported that 

lipodystrophy occurred when fat mass was reduced and lipolysis was increased [49]. 

Interestingly, in the present study, we observed not only increased lipolysis, but also increased 

fatty acid synthesis in Sirt1 mutant animals fed high fat diet, which may lead to the dynamic 

homeostasis in mesenteric adipose tissue. This was supported by our body composition analyses 

showing that the percent fat mass and adipose tissue weight were comparable between wild-type 

and Sirt1 mutant mice, but significantly increased TG was found in the livers of Sirt1 mutant 

mice. This observation may help us to understand why some people without ‘fat belly’ still 

develop fatty liver when sirt1 activity decreases due to certain factors, such as aging, unhealthy 

diet, stress, or high alcohol consumption. 

Taken together, the results from the current study suggest that systemic SIRT1 deacetylase 

activity ablation can promote hepatic steatosis by elevating lipogenesis in both liver and MAT 

(Figure 5). The lack of SIRT1 activity also promotes the release of FFA from MAT and 

consequent transport to liver, and increases liver FFA uptake by increasing hepatic FFA 

transporter (Figure 5). Whether SIRT1 activity is a potential molecular target for certain dietary 

components (e.g., tomato carotenoids) to prevent and/or mitigate development of NAFLD is 

currently under the investigation in this lab. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure Legends 

Figure 1. A, Graphic representation for hepatic steatosis histopathology grading. B, C, D, liver 

Ac-FoxO1, liver steatosis score distribution and liver TG level (WT, sirt1Y/Y n = 10). B, graphic 

representation of fold changes in hepatic acetylated FoxO1, FoxO1 as loading control. C, 

distribution of histopathologic liver steatosis score in WT, sirt1Y/Y. D, TG level of livers. Values 

are % of total mice, or means ± SMEs. Mann–Whitney U test was used to compare liver steatosis 

score distribution; student t test was used to compare liver Ac-FoxO1 ratio and TG level between 

WT and sirt1 Y/Y mice. *Different from WT, P < 0.05. WT, wild-type mice; sirt1 Y/Y, SIRT1 

activity ablation mice. 

Figure 2. Effects of SIRT1 activity ablation on lipogenesis and fatty acid oxidation biomarkers. 

Changes of protein or mRNA expressions in liver lysates (WT, sirtY/Y n = 10) were analyzed by 

western-blotting or RT-PCR, and β-actin was used as loading control unless specified otherwise. 

Graphical representation of fold changes in: A, phosphorylated ACC (Ser79; ACC as loading 

control); B, phosphorylated AMPK (Thr172; AMPK as loading control); C, phosphorylated 

LKB1 (Ser428; LKB1 as loading control); D, SREBP-1; E, SCD1; F, mRNA of lipogenesis-

associated genes: lxrα, srebp1c, scd1, fas, pparα, dgat1, dgat2; G, mRNA of fatty acid oxidation-

associated genes: acox1, acox3, sirt3, ucp1, ucp2, cpt. Values are means ± SMEs. Student t test 

was used to compare liver TG level between WT and sirt1 Y/Y mice. *Different from WT, P < 

0.05. 

Figure 3. Effects of sirt1 activity ablation on lipogenesis and fatty acid oxidation biomarkers. 

Changes of mRNA expressions in MAT lysates (WT, SIRTY/Y n=7-9) were analyzed by RT-PCR, 

and β-actin was used as loading control unless specified otherwise. Graphical representation of 

fold changes in: A, lipogenesis-associated genes: lxrα, srebp-1c, scd1, fas, pparγ, dgat1, dgat2; 

B, fatty acid oxidation-associated genes: acox1, cpt, ucp1, ucp2, acox3. Values are means ± 

SMEs. Student t test was used to compare liver TG level between WT and sirt1 Y/Y mice. 

*Different from WT, P < 0.05. 

Figure 4. Effects of SIRT1 activity ablation on plasma TG, FFA concentration and FFA 

mobilization biomarkers in liver and MAT. Changes of mRNA expressions in liver or MAT 

lysates (WT, sirt1Y/Y n=7-9) were analyzed by RT-PCR, and β-actin was used as loading control 

unless specified otherwise. Graphical representation of fold changes in: A, plasma TG 

concentration; B, FFA concentration; C, FFA uptake transporter in liver: cd36, TG export 

transporter in liver: mttp; D, lipolysis-associated genes: agtl, plin-2, hsl, plin-1, FFA uptake 
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transporter in MAT: cd36. Values are means ± SMEs. Student t test was used to compare liver 

TG level between WT and sirt1 Y/Y mice. *Different from WT, P < 0.05. 

Figure 5. The potential effect of systemic SIRT1 ablation on the development of nonalcoholic 

fatty liver disease (NAFLD) through three pathways: (1) increase TG synthesis in the liver by 

promoting fatty acid synthetic genes; (2) increase TG synthesis in the mesenteric adipose tissue 

(MAT) by promoting fatty acid synthetic genes; and (3) promote the mobilization of fatty acid 

from MAT to liver by increasing hepatic free fatty acid uptake. 
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Abstract 

Scope: Beta-carotene-15,15’-oxygenase (BCO1) and beta-carotene-9’,10’-oxygenase (BCO2) 

metabolize lycopene to biologically active metabolites, which can ameliorate nonalcoholic fatty 

liver disease (NAFLD). We investigated the effects of tomato powder (TP containing substantial 

lycopene (2.3 mg/g)) on NAFLD development and gut microbiome in the absence of both BCO1 

and BCO2 in mice.  

Method and Results: BCO1-/-/BCO2-/- double knockout mice were fed a high fat diet (HFD) 

alone (n=9) or with TP feeding (n=9) for 24 weeks. TP feeding significantly reduced pathological 

severity of steatosis and hepatic triglyceride levels in BCO1-/-/BCO2-/- mice (P<0.04 vs. HFD 

alone). This was associated with increased SIRT1 activity, nicotinamide phosphoribosyltransferase 

expression and AMPK phosphorylation, and subsequently decreased lipogenesis, hepatic fatty acid 

uptake, and increasing fatty acid β-oxidation (P<0.05). TP feeding significantly decreased mRNA 

expression of pro-inflammatory genes (tnf-α, il-1β and il-6) in both liver and mesenteric adipose 

tissue, which were associated with increased plasma adiponectin and hepatic adiponectin receptor-

2. Multiplexed 16S rRNA gene sequencing was performed using DNA extracted from cecum fecal 

samples. TP feeding increased microbial richness and decreased relative abundance of the genus 

Clostridium.  

Conclusion: Dietary TP can inhibit NAFLD independent of carotenoid cleavage enzymes, 

potentially through increasing SIRT1 activity and adiponectin production and decreasing 

Clostridium abundance.  
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1. Introduction 

One of the consequences of the current obesity epidemic is an increased prevalence of 

nonalcoholic fatty liver disease (NAFLD), a major form of chronic liver disease in adults and 

children [1-3]. Nonalcoholic fatty liver (or steatosis) can progress to nonalcoholic steatohepatitis, 

which is closely associated with insulin resistance, oxidative stress and inflammatory responses 

[4]. This ultimately leads to cirrhosis and end-stage liver disease, such as liver cancer. The 

increasing incidence of liver cancer in the United States has paralleled the epidemic of obesity [5, 

6].   

There is substantial evidence that high fat diet (HFD)-induced obesity is associated with 

chronic low-grade systemic inflammation [7, 8], which is believed to contribute to metabolic 

disorders, and the progression of NAFLD [2, 9]. Emerging literature also implicates that HFD 

consumption can result in alterations in gut microbiota [10-12], subsequently followed by 

increasing intestinal permeability [13, 14], bacteria translocation, and the production of 

lipopolysaccharide and metabolic endotoxemia [15-17]. This cascade ultimately leads to the 

development of a low-grade inflammatory state in the host, typically in liver and adipose tissue [7, 

8, 12, 14, 16, 18]. Under metabolic surplus in obese individuals, adipose tissue expansion signals 

immune cells to infiltrate the adipose tissue and secrete TNFα and IL-6 [19] [20]. These pro-

inflammatory cytokines from adipose tissue can be released into systemic circulation along with 

free fatty acids from adipose tissue [21 , 22-25], perturbing the function of other tissues including 

the liver [22, 26, 27].  

Furthermore adiponectin, an adipokine secreted by adipocytes, can be down-regulated in 

obesity and plays an important role in maintaining energy homeostasis, and anti-diabetic and anti-

inflammatory functions [28] [29]. Several studies have indicated that the cross-talk between the 

liver and adipose tissue may be implicated in the progression of NAFLD [30]. Release of various 

cytokines and adipokines is involved in the network of communication between adipose tissue, and 

the liver, and some are associated with NAFLD progression [31]. As such, increasing levels of 

adiponectin by dietary agents may play a protective role against obesity-related complications [32].  

Currently there is not an effective medical treatment for NAFLD. The prevention of NAFLD 

through dietary interventions could be an important and feasible strategy. Epidemiological studies 

indicate that high intake of lycopene-rich tomatoes and related products are associated with a 

decreased risk of various chronic diseases [33]. Lycopene, the pigment principally responsible for 

the characteristic deep-red color of ripe tomatoes and tomato products, has attracted attention due 
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to its biological activities [20, 34]. Compared to a healthy population, patients with NAFLD were 

shown to have significantly lower circulating lycopene concentrations, suggesting a potential 

association between NAFLD development and lycopene status [35], although the cause and 

consequence in such observational studies remains unclear. Indeed, our studies found that both 

tomato extract, lycopene, and lycopene metabolites exhibit biological activities against metabolic 

disorders and NAFLD [36]. We and others have shown that lycopene can be preferentially 

catalyzed by beta-carotene-9, 10’-oxygenase (BCO2) to generate apolycopenoids [37]. 

Furthermore apo-10'-lycopenoic acid, a lycopene metabolite formed by BCO2 cleavage, attenuated 

hepatic steatosis in obese (ob/ob) mice [38] and was effective in alleviating HFD-induced steatosis 

and hepatic inflammation in the absence of BCO2 [39]. Additionally, apo-10'-lycopenoic acid 

treatment induces sirturin 1 (SIRT1) activity, a Nicotinamide adenine dinucleotide (NAD+)-

dependent protein deacetylase, which can modulate energy homeostasis, lipid metabolism, and 

inflammatory responses through deacetylation of its downstream transcriptional factors [40, 41], 

and decreases severity of NAFLD [39, 42, 43]. We have recently reported that the lack of SIRT1 

activity interferes with lipid metabolism and increases fatty acid uptake in the liver, which was 

associated with free fatty acid mobilization of mesenteric adipose tissue (MAT)  [44]. These studies 

suggest that SIRT1 activity might act as a potential molecular target for tomato lycopene, abundant 

in tomatoes, to slowing the progression NAFLD. However, more supporting evidence is needed for 

this notion.   

In addition to BCO2, a central cleavage product apo-15'-lycopenal was detected in vitro when 

lycopene was incubated with human recombinant beta-carotene-15, 15’-oxygenase (BCO1) [45]. 

The existence of genetic variation of BCO1 and BCO2 caused by single nucleotide polymorphisms, 

and their subsequent impact on carotenoids’ metabolism in humans has been previously described 

[46, 47]. However, the effects of tomato, a whole food containing substantial lycopene, on NAFLD 

development in the absence of both BCO1 and BCO2 are unknown. A recent study showed that 

both tomato powder (TP) and lycopene similarly inhibit HFD-induced obesity, the inflammatory 

response, and associated metabolic disorders [48]. Therefore, the role of BCO1 and BCO2 on the 

biological activities of whole tomato against NAFLD development warrants further investigation. 

In the present study, we investigated the effects of whole tomato (tomato powder, TP) on 

HFD-induced hepatic steatosis and inflammatory responses in the absence of both BCO1 and 

BCO2 in mice. We also explored the possibility that TP supplementation is capable of altering the 

gut microbiome. 
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2. Materials and methods 

2.1 Animals, diets, and experimental design 

All animal protocols for the study were approved by the Institutional Animal Care and Use 

Committee at the USDA Human Nutrition Research Center on Aging (HNRCA) at Tufts 

University. Male BCO1-/-BCO2-/- double knock-out (KO) mice were previously established by 

appropriate crossings [49]. Mice were bred in an Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC)-accredited animal facility at the HNRCA at Tufts University. 

All of mice were housed individually, in a controlled temperature and humidity room with 12-hour 

light/dark cycle and fed with standard chow diet (Harlan Laboratories, IN, USA). At 6 weeks of 

age, mice were divided by weight-matching into 2 groups (n = 9 in each group) and fed a powdered 

HFD (F3282, 60% calories from fat; BioServ, NJ, USA; diet information cited in Ip et al. [9] ) 

alone (HFD group), or with tomato powder (TP, 41.9 g/kg diet, Kagome, Inc, Japan) 

supplementation (HFD+TP group) for 24 weeks. TP, contains all nutrients found in a whole tomato 

including 238.8 mg of lycopene, 10.9 mg of β-carotene, and a trace amount of phytoene per 100 

grams. We adjusted TP supplementation for lycopene (100 mg/kg in diet) as described in our 

previous study, in which this dosage of dietary lycopene inhibited HFD-induced fatty liver disease 

[9, 39]. Briefly, an established equation was used to calculate the dosage equivalence for human 

consumption [50, 51], which indicated that the lycopene supplemented dose of 100 mg/kg diet is 

equivalent to approximately 8.1 mg lycopene/day in a 60 kg adult man. The average human dietary 

lycopene is approximately 8 mg/day [34]. This dosage is less than that used in lycopene dietary 

supplements and in clinical trials for lycopene treatment in patients with prostate cancer (range 

from 30 mg to 120 mg/day). At 30 weeks of age, all mice were anesthetized with isoflurane and 

sacrificed. Blood samples were collected by cardiac puncture in tubes containing EDTA-Na2. The 

liver and MAT were rapidly harvested and stored at −80°C for further analysis. Cecum samples 

were collected from all mice at the end of the study. 
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2.2 Histopathological examination 

Tissues from the left lobe of the liver of each mouse were fixed in a 10% buffered formalin 

phosphate for 5 days. After fixation, liver tissues were washed by running water to remove any 

formalin followed by phosphate buffered saline. After final washing with 70% ethanol, liver 

tissues were placed in a tissue processor for histological tissue processing (dehydration, clearing, 

and paraffin wax infiltration) and then embedded in paraffin to make tissue blocks for sectioning. 

Five-micrometer sections of formalin-fixed and paraffin-embedded liver tissue were stained with 

hematoxylin and eosin (H&E, Sigma Aldrich, MI, USA) for histopathological analysis. The 

sections were examined under light microscopy by two independent investigators who were 

blinded to the treatment groups. A ZEISS microscope with a PixeLINK USB 2.0 (PL-B623CU) 

digital Camera and PixeLINK μScope Microscopy Software was used for quantification and 

image capture for all histopathological analyses.  

Hepatic steatosis was graded according to steatosis magnitude (both macro- and micro-vesicular 

fat accumulation). Briefly, the degree of steatosis was graded based on the percentage of the liver 

section that was occupied by fat vacuoles at 100 × magnification in 20 fields (grade 0 = < 5% 

[normal liver]; grade 1 = 5–25%; grade 2 = 26–50%; grade 3 = 51–75%; grade 4 = > 75%). 

2.3 High-performance liquid chromatography (HPLC) analysis 

Hepatic lycopene concentration was analyzed using HPLC techniques as previously described [52]. 

Lycopene concentrations were measured at 472 nm and quantified utilizing the area under the curve 

respective to an appropriate standard curve. An internal control (echinenone) was added to ensure 

efficiency of extraction and all procedures were carried out under red light. 

2.4 Triglyceride (TG) and adiponectin measurement 

Weighed liver samples (50 mg) were used to analyze TG content. TG content was determined using 

a Triglyceride Colorimetric Assay Kit (Cayman Chemical, MI, USA) according to the 

manufacture’s protocol. Plasma adiponectin concentration was measured using enzyme-linked 

immunosorbent assay (ELISA) kits (R&D Systems, MN, USA). The surfaces of the microplates 

were coated with an adiponectin mouse monoclonal antibody. Procedures were conducted by 

following the manufacturer’s instructions. The adiponectin ELISA had an intraplate coefficient of 

variation (CV) range of 5.8–6.7%, with the mean minimum assay detection limit of 0.003 ng/mL. 

2.5 RNA extraction and real-time polymerase chain reaction (PCR) analysis  
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Total RNA extraction was conducted using Trizol reagent (Roche Applied Science, IN, USA). 

RNA was reverse transcribed using a complementary DNA synthesis kit (Invitrogen, CA, USA). 

Real-time PCR analysis was performed using the ABI 7500 Real-Time PCR System (Applied 

Biosystems, Foster City, CA, USA) with a SYBR Green qPCR Mix (Roche Applied Science, 

Penzberg, Germany). Primers for determination of mRNA expression of genes are listed in 

Supplemental Table 1. The mRNA levels were calculated by the equation 2-ΔΔCT and presented 

as the fold change in gene expression normalized to the internal control, β-actin. 

2.6 Protein extraction and western blotting  

Protein extraction from frozen liver tissues and Western blotting were performed as described 

previously [42]. Protein concentrations of whole-tissue lysate were determined by Bradford assay 

(Bio-Rad, CA, USA). Primary antibodies for SIRT1, for both acetylated -fork head box protein O1 

(FoxO1), and total-FoxO1, adiponectin receptor2 (adipoR2), and peroxisome proliferator-activated 

receptor (PPAR)α were purchased from Santa Cruz (TX, USA). The antibodies against 

phosphorylated, total-AMP-activated protein kinase (AMPK), and phosphorylated, total-acetyl-

CoA carboxylase (ACC) were purchased from Cell Signaling (MA, USA). The antibody against 

nicotinamide phosphoribosyltransferase (NAMPT) was purchased from Abcam (MA, USA). 

Monoclonal mouse antibody against β-actin was purchased from Sigma-Aldrich (MA, USA). The 

secondary antibodies included horseradish peroxidase-conjugated anti-rabbit, anti-mouse 

antibodies (Bio-Rad, CA, USA). The relative intensity was measured to quantify protein levels 

using GS-710 Calibrated Imaging Densitometer (Bio-Rad, CA, USA). All blots were quantified 

and normalized against β-actin to adjust for the amount of proteins loaded. 

2.7 DNA extraction and 16s rRNA gene sequencing 

DNA was directly extracted from cecal samples using the QIAamp fast DNA Stool Mini Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions and stored at -80°C until 

further analysis. For each sample, the V1-V2 region of 16S rDNA was amplified using 27Fmod 

(5’-agrgtttgatymtggctcag-3’) and 338R (5’-tgctgcctcccgtaggagt-3’) described by Kim et al. [53]. 

Subsequent amplification step was performed to add Illumina sequencing adapters and 

multiplexing indices using the Nextera XT Index Kit. Library quantification, normalization and 

pooling were conducted according to the manufacturer’s instructions. Pooled libraries were 

denatured using fresh NaOH and mixed with Illumina-generated PhiX control libraries before 

sequencing. Sequencing was carried out using a paired-end, 2 × 300-bp cycle run on an Illumina 

MiSeq sequencing system (Illumina, San Diego, CA) and MiSeq v3 reagent kits (600 Cycles, 15 
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Gb output). FastQ files were generated at the end of each run for quality control. The quality of the 

run was internally checked using PhiX Control and then each pair-end sequence was assigned to 

its sample according to multiplexing indexes. 

2.8 Data processing and microbial community analysis 

Pair end reads were joined by command fastq-join contained in package ea-utils [54] and then 

processed using a pipeline constructed by Kim et al [53]. First, reads lacking both forward and 

reverse primers were removed based on BLAST search. Second, denoising was conducted by 

removing reads with average quality scores below 25. After primer sequences were trimmed, 5,000 

high-quality reads per sample were selected for the operational taxonomic unit (OTU) and UniFrac 

distance analysis. All reads were assigned a unique name labeled by sample ID and then merged 

into a single file. OTUs were generated using a 97% pairwise-identity cutoff with the UCLUST 

program3 [55]. Two databases, described by Kim et al. [53], were used for determining specific 

taxa of 16S OTUs. Alpha-diversity indices (ACE, Chao1, Shannon’s index and Simpson’s index) 

were calculated using vegan (R package, v2.2-1). Weighted and unweighted UniFrac analyses were 

used to measure beta-diversity between microbial communities, and results were plotted using 

principal coordinate analysis. Clustering analysis was conducted based on genus-level 

classification data using hclust (method: ward.D2) [56] implemented in stats (R package, v3.3.1), 

and dendrogram was generated using R (v3.3.1). 

2.9 Statistical analysis 

GraphPad Prism 5 was used to perform the statistical analyses. Normality and equal variance were 

assessed by using SAS 9.3 PROC UNIVARIATE command. Student t-test and Mann-Whitney test 

were used to examine the differences between HFD and HFD+TP groups. Data are expressed as 

means and SEM or medians. A P value < 0.05 was considered significant. Comparisons of diversity 

indices and phylogenetic taxa among different groups were performed using Student’s t-test and 

Tukey's HSD test (R packages, v3.3.1). Differences were considered significant when P value < 

0.05. 

3. Results  

3.1 Dietary TP alleviated HFD-induced hepatic steatosis and TG accumulation in BCO1-/-BCO2-

/- double KO mice 

There were no differences in initial body weights, MAT weights, or liver weights between the HFD 

and HFD+TP groups (Table 1). Compared to an undetectable amount of lycopene in the livers of 
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mice fed only HFD, the lycopene concentration in the livers of HFD+TP fed mice was 14.0 ± 2.3 

nmol/g (Table 1). We only detected a trace amount of both β-carotene and phytoene in the livers 

of BCO1-/-BCO2-/- double KO mice. This could be due to the fact that the concentrations of β-

carotene and phytoene were much lower than that of lycopene in TP. Histological assessments of 

liver tissue sections showed that all HFD-fed mice developed hepatic steatosis by the age of 30 

weeks, similar to our previous study utilizing BCO2 KO mice [57]. TP supplementation for 24 

weeks did not alter the incidence of hepatic steatosis, but significantly decreased severity of hepatic 

steatosis (hepatic steatosis scores ranged from grade 1 to 3 with the median value of 2, P = 0.048) 

as compared to the HFD group (hepatic steatosis scores ranged from grade 2 to 4 with the median 

value of 3) (Figure 1A, B). Consistently, total hepatic TG concentration was significantly reduced 

with TP supplementation in the HFD fed group (P = 0.045), as compared with that of the HFD fed 

alone (Figure 1C).    

3.2 Amelioration of HFD-induced hepatic steatosis by TP was associated with increased SIRT1 

activity in BCO1-/-BCO2-/- double KO mice 

We examined both mRNA and protein levels of SIRT1 and did not find any differences between 

the two groups (Figure 2A, B). However, we found that acetylation of FoxO1 was significantly 

decreased in mice fed TP (P = 0.03), suggesting an increased SIRT1 deacetylase activity with TP 

supplementation (Figure 2C). Since SIRT1 deacetylates target proteins accompanied with the 

hydrolysis of NAD+, we also examined the expression of NAMPT, which is the rate-limiting 

enzyme for NAD+ biosynthesis. We found that both hepatic mRNA and protein expression of 

NAMPT was significantly increased in the HFD+TP group (P = 0.038), as compared with that of 

the HFD alone group (Figure 2D, E).  

3.3 TP supplementation decreased liver lipid synthesis and uptake, and enhanced fatty acid 

oxidation in BCO1-/-BCO2-/- double KO mice 

AMPK is a phylogenetically conserved serine/threonine protein kinase. The phosphorylation and 

activation of AMPK has been reported to stimulate energy-consuming biosynthetic pathways, such 

as fatty acid and sterol synthesis [58]. Acetyl-CoA carboxylase (ACC) and Stearoyl-CoA 

desaturase-1 (SCD1) play important roles in catalyzing fatty acid synthesis. The activity of ACC is 

switched off by phosphorylation [59]. In the current study, the mRNA expressions of acc and scd1 

were comparable between HFD and HFD+TP groups (data not shown). However, we found that 

TP supplementation significantly increased both phosphorylated-AMPK (P = 0.03, Figure 3A) and 

phosphorylated-ACC (P = 0.04, Figure 3B), and decreased the mRNA level of dgat1 (P = 0.04, 
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Figure 3D), indicating that TP decreased de novo lipogenesis in HFD+TP mice, compared to mice 

with HFD alone. In addition, as compared to the HFD alone group, TP feeding significantly 1) 

increased both mRNA and protein levels of PPARα (P = 0.05, Figure 3C); 2) up-regulated the 

mRNA expression of genes related to fatty acid oxidation (cpt1, acox1); and 3) decreased liver fatty 

acid transporter cd36 transcription (P = 0.03, Figure 3D).  

3.4 TP upregulated adiponectin production and decreased mRNA of pro-inflammatory cytokines 

in MAT of BCO1-/-BCO2-/- double KO mice 

Leptin and resistin mRNA expression in MAT did not differ between the HFD group and the 

HFD+TP group; however, TP supplementation significantly increased mRNA expression of Ppar-

γ and Adiponectin in MAT (P = 0.05, Figure 4A). Consistent with increased adiponectin expression 

in MAT, significantly higher concentrations of plasma adiponectin were observed in the HFD+TP 

group, compared to the HFD group (34%, P = 0.0001) (Figure 4B). It is important to note that 

plasma adiponectin concentrations were inversely correlated with hepatic steatosis score (R2 = 

0.62, P = 0.02) and that TP feeding significantly decreased the mRNA expressions of three pro-

inflammatory biomarkers (tnf-α, il-1β, and il-6) in MAT (P = 0.03, Figure 4C). 

3.5 TP supplementation significantly up-regulated adipoR2 expression and decreased mRNA 

expression of pro-inflammatory biomarkers in the liver  

To further explore the cross-talk between adipose tissue and the liver, we assessed adipoR2 which 

is the major receptor in the liver for adiponectin uptake. Results showed that TP supplementation 

significantly up-regulated the mRNA and protein expressions of adipoR2, P = 0.03, (Figure 5A, 

B). Consistent with our findings in MAT, TP supplementation decreased the mRNA of three pro-

inflammatory biomarkers (tnf-α, il-1β, and il-6, P = 0.03), and increased the mRNA expression of 

anti-inflammatory IL-10 (P = 0.001), in the livers of mice compared to that of mice without TP 

supplementation (Figure 5C). The hepatic mRNA level of Mcp-1 remained unchanged between the 

HFD group and the HFD+TP group (Figure 5C). 

3.6 Dietary TP feeding resulted in relative higher microbiota diversity in HFD-fed BCO1-/-BCO2-

/- KO mice 

Using pyrosequencing data obtained from the cecum samples, we explored to what extent intestinal 

microbiota responded to TP supplementation on the overall cecum microbiota community 

composition under the same HFD surplus. Alpha-diversity indices including OTU richness, Chao 

1, ACE and Shannon diversity index was estimated for gut microbial community differences 
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between HFD alone and HPD with TP feeding (Figure 6). As compared to mice on HFD alone 

(Figure 6A), the observed OTUs (P = 0.04), and ACE (P = 0.04) of the gut microbiota in the 

HFD+TP group were significantly higher. This indicates that dietary TP supplementation increased 

microbiota richness in HFD-fed mice. Another microbial richness index, Chao 1, showed a relative 

increase in the HFD+TP group, but this finding was not significant (P = 0.06). There was no 

significant difference in microbial evenness measured by Shannon’s index (Figure 6A, B).  

In addition, we examined the intestinal microbiota response in mice fed semi-purified powder HFD 

and HFD+TP diets (Supplemental Figure 1). The distribution of beta-diversity measures (patterns 

of separation) was compared between HFD with or without TP feeding using standard chow diet 

fed mice as a relative control group. We carried out a UniFrac analysis, a measure of community 

dissimilarity based on microbial abundance and evolutionary relatedness, which showed that 

samples clustered primarily by HFD-feeding. Meanwhile a clear patterns of separation by TP 

feeding was observed between HFD and HFD+TP groups in PCoA plot of unweighted UniFrac 

distances (Supplemental Figure 1). A clustering dendrogram was also constructed using ward.D2 

method implemented in stats (R package, v3.3.1) based on genus-level classification data to 

improve visualization of the relationships among different groups (Supplemental Figure 1). The 

separation between samples of the HFD and HFD+TP groups indicated that TP supplementation 

accounted for differences of microbial community between the two groups. As compared with the 

standard chow diet group (as a relative control), our results suggested that microbiota richness 

decreased in the HFD group, but was partially recovered in HFD+TP group.  

3.7 Dietary TP feeding resulted in a relative lower abundance of Clostridium in HFD-fed BCO1-/-

BCO2-/- KO mice 

To explore the possibility that TP is capable of altering the microbial profile and bacteria 

composition, we examined the relative abundance of both gram-positive (mainly Firmicutes) and 

gram-negative (mainly Bacteroidetes) bacteria. We did not find any difference between HFD group 

and HFD+TP group (data not shown). However, we found that the relative abundance of 

Clostridium was significant lower in the HFD+TP group, compared with HFD alone (P = 0.05, 

Figure 6C). At the species level of Clostridium, dietary TP supplementation did not affect the most 

abundant species of Clostridium, Clostridium sp. Culture-57 (data not shown). However, TP 

feeding decreased the relative abundance of Clostridium sp. ID4 (P = 0.04, Figure 6D) and 

Clostridium disporicum (P = 0.07, Figure 6E), which were the second and third most abundant 

species of Clostridium, respectively, in this study. We also found that the relative abundance of 
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Clostridium, in particular Clostridium sp. ID4, was significantly higher in the HFD group but 

remained the same in the HFD+TP group, as compared with chow diet fed mice (Supplemental 

Figure 2).   

4. Discussion 

Consumption of tomato and tomato products is inversely associated with the incidence of a 

number of chronic diseases and ameliorates risk factors of metabolic diseases [33]. Recently, both 

BCO1 and BCO2 enzymes have been reported to play critical roles in the metabolism of lycopene, 

one of the most abundant carotenoids in tomatoes. Genetic variation of BCO1 and BCO2 can affect 

the metabolism of a variety of carotenoids, including lycopene, and this has been shown in humans 

[47]. One recent study reported that apolycopenoids, implicated in protecting against NAFLD [20, 

42], could be detected in human plasma after consuming tomato juice for 8 weeks [60]. These 

apolycopenoids in plasma could derive directly from foods, or from postprandial metabolic 

processing by human enzymes. In this present study, we showed that dietary TP supplementation 

alleviated severity of hepatic steatosis and modulated inflammatory responses in MAT and liver 

induced by the HFD in BCO1-/-BCO2-/- double KO mice. The present study provides evidence 

that TP (whole food) consumption can prevent NAFLD independent of BCO1 and BCO2 enzyme 

activities.  

SIRT1, a NAD+-dependent protein deacetylase, is a key regulator of hepatic lipid metabolism. 

The protective effects of SIRT1 against hepatic steatosis induced by HFD have previously been 

demonstrated in a moderate overexpression of SIRT1 mouse model [61]. In the present study, TP 

supplementation significantly reduced FoxO1 acetylation without changing total FoxO1 expression 

in liver, indicating an increased deacetylase activity of SIRT1. It has been reported that NAMPT is 

a rate-limiting enzyme of NAD+ biosynthesis, which generates nicotinamide mononucleotide from 

nicotinamide in a salvage pathway and directly regulates SIRT1 activity [62, 63]. In the present 

study, we found an increased NAMPT level in the HFD+TP group, which may account for the 

increased SIRT1 deacetylase activity after TP supplementation. It has been shown that NAD+ 

precursor nicotinamide riboside feeding increased NAD+ levels in liver which enhanced oxidation 

metabolism and protected against HFD-induced metabolic dysfunction via activated SIRT1 [64, 

65]. Intriguingly, nicotinamide riboside feeding ameliorated the steatosis that normally 

accompanies liver regeneration, but the overexpressing NAMPT in mice was similar to that of mice 

treated with nicotinamide riboside, and exhibited enhanced liver regeneration and reduced steatosis 

following partial hepatectomy [66]. Therefore, our observation that dietary TP feeding inhibits 
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hepatic steatosis and inflammation through up-regulating SIRT1 activity and NAMPT expression 

could be a potential molecular mechanism for TP protection.  

AMPK has long been recognized as a central regulator of mammalian metabolic function [67]. 

In the liver, SIRT1 is required for AMPK activation [68], and the activation of SIRT1-AMPK axis 

has been identified as a strategy for the treatment of hepatic steatosis in NAFLD [69]. Our study 

revealed that in parallel with increasing SIRT1 activity in HFD+TP fed mice, TP supplementation 

significantly enhanced the phosphorylation of AMPK, which negatively regulated dgat1 

transcription [70], and inactivated ACC, a rate-limiting enzyme for de novo fatty acid synthesis 

[67, 71, 72]. In addition, we observed that TP increased both mRNA and protein expressions of 

PPARα, which is a pivotal transcription factor that regulates a variety of genes related to energy 

homeostasis [73]. This potentially explained the elevated transcription level of PPARα-target 

genes, fatty acid transporter cd36 and β-oxidation related genes, cpt1 and acox1, in the livers of 

TP-fed mice. These data suggested that in liver, TP supplementation ameliorated NAFLD via three 

mechanisms: 1) decreasing de novo fatty acid synthesis; 2) increasing fatty acid oxidation; and 3) 

reducing liver fatty acid uptake. 

Adiponectin is one of the most abundant adipokines secreted by adipocytes. Accumulating 

evidence shows that adipokine secretion is involved in the cross-talk between adipose tissue and 

liver in protecting against the pathogenesis of NAFLD by modulating lipid metabolism and 

inflammatory responses [74-76]. Decreased adiponectin transcription in adipose tissue and reduced 

adiponectin concentration in plasma have been reported in patients with obesity and NAFLD [77, 

78]. Our present findings showed that TP supplementation caused a significant increase in 

adiponectin mRNA expression in MAT, and circulating adiponectin concentration in HFD-fed 

BCO1-/-BCO2-/- double KO mice, which was in agreement with our previous report that lycopene-

rich tomato oleoresin modulates plasma adiponectin concentration and mRNA levels of 

adiponectin in adipose tissue of obese rats [79], indicating the induction of adiponectin by TP per 

se and independent of carotenoid cleavage enzymes. 

Considering that adiponectin transcription in adipose tissue can be upregulated in response to 

PPARγ activation [80, 81], we examined pparγ in MAT and found that TP supplementation 

increased pparγ mRNA expression, which might be the potential mechanism by which TP enhanced 

adiponectin production. Furthermore, we observed a significantly inverse correlation between 

adiponectin circulating level and hepatic steatosis grade. This is consistent with a study performed 

by Bajaj, et al, who found that lower adiponectin plasma levels were inversely correlated with 
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hepatic fat contents [82], and further supported by our observation that HFD+TP fed mice had 

significantly higher hepatic adipoR2 protein than HFD mice. This might be due to the effect of TP 

on increasing SIRT1 activity, as SIRT1-FoxO1 signaling contributed to increased adipoR2 

expression through upregulated binding of FoxO1 to adipoR2 promoter sites [83, 84]. It should be 

noted that in liver, adiponectin can activate PPARα transcription [85], which is in concordance with 

our finding that TP supplementation increased hepatic PPARα mRNA. Since impaired adiponectin 

secretion and decreased adipoR2 have both been documented in NAFLD patients [77, 78, 86], it is 

possible that TP can be used as a preventive measure against NAFLD development by targeting 

both liver and MAT. 

Metabolic inflammation induced by HFD is frequently observed in adipose tissue and liver 

[30, 87], and both tissue can secrete pro-inflammatory cytokines [88]. In this study, our data showed 

that HFD+TP fed mice had significantly lower mRNA expression of pro-inflammatory biomarkers 

(tnf-α, il-1β, and il-6) in MAT and liver, and increased hepatic expression of IL-10, which is an 

anti-inflammatory cytokine. Similar anti-inflammatory efficacy of tomato products was observed 

in a clinical trial, showing that overweight/obese subjects who consumed 330 ml/d tomato juice for 

20 days had significantly lower circulating IL-6 and TNF-α, compared to those only consumed 

water [89]. It is possible that decreased mRNA expression of hepatic pro-inflammatory biomarkers 

by TP supplementation was due to reduction of resident macrophage (Kupffer cell) activation. This 

hypothesis is supported by the results from De Stefano et al., who showed that lycopene treatment 

inhibited the activation of macrophage [90]. In addition, we previously observed that both lycopene 

and apolycopenoids supplementation inhibited the protein level of NF-кB p65 [9, 42], a key 

transcription factor for the activation of IL-6 [91], IL-1β [92] and inducing TNFα signaling [92]. 

Therefore, decreasing NF-кB p65 could represent one of the potential mechanisms by which TP 

inhibited pro-inflammatory cytokines in both liver and MAT. 

Gut microbiota appears to contribute to the adverse consequences of HFD on the metabolic 

phenotype, aggravating the associated low-grade inflammation [12]. Recently, it has been shown 

that HFD feeding rather than obesity drives taxonomical and functional changes in the gut 

microbiota in mice [93]. In the present study, we evaluated bacterial community dynamics that 

were potentially affected by TP feeding. As compared to mice on HFD diet alone, we observed that 

dietary TP supplementation increased microbial richness under HFD perturbations. Since a 

decrease in gut microbial diversity was observed in NAFLD patients compared to healthy control, 

a lowered microbiota diversity might contribute to increased risk of NAFLD progression [94-97]. 
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Our results suggest that TP feeding may improve the lowered microbial diversity caused by HFD, 

which may be associated with the amelioration of TP against HFD-induced NAFLD.  

Interestingly, we found that dietary TP feeding resulted in a relative lower abundance of 

Clostridium in HFD-fed mice, as compared with that of HFD alone. Clostridium has been reported 

to contribute to developing diseases like fatty liver [98, 99], obesity [100], and inflammatory bowel 

diseases [101]. In addition, Clostridium spp carries  7α/β-dehydroxylation to the primary bile acids 

[102], resulting in deoxycholic acid (DCA), a secondary bile acid that may impose strong 

antimicrobial activity (e.g. damage of the bacterial cell membrane by interaction with 

phospholipids) due to their amphipathic properties. It has been reported that DCA has 10 times the 

bactericidal activity of cholic acid [103], therefore an increase in the proportion of DCA following 

HFD feeding might be the potential mechanism of altered microbiota composition in our study. A 

limitation of our study was that we did not measure both primary and secondary bile acids in feces 

due to the exploratory nature of the study and limited amount of fecal sample. In addition, although 

Clostidium spp. ID4 is more abundant in the HFD group, which may link this strain with NAFLD 

progression, the biological properties and species of Clostidium spp. ID4 has not yet been 

characterized. Whether decreasing Clostidium spp. ID4 is a potential mechanism of TP 

ameliorating HFD-induced NAFLD needs further investigation. Lastly diet modification, notably 

using dietary fibers, is a way to restore a high richness in the gut microbiota. Although our present 

study provides new evidence on the role of TP feeding on gut microbial richness, it is not clear 

whether TP restores high fat diet-reduced gut microbiota richness due to its fiber or carotenoid 

components, which is currently under the investigation in our laboratory. 

One of the important observations in the present study was that hepatic lycopene concentration 

(14.0 ± 2.3 nmol/g tissue) was within the range of lycopene concentrations in normal human liver 

(0.2 - 20.7 nmol/g tissue) [104], which indicates that the TP-supplemented dosage is achievable at 

a physiologically relevant condition in human. In addition, hepatic lycopene concentration in 

BCO1-/-/BCO2-/- double KO mice fed with TP (equal to 100 mg lycopene/kg diet) was comparable 

to the BCO2-/- KO mice supplemented with 100 mg lycopene/kg diet in our previous study [39], 

suggesting that BCO2 is a major cleavage enzyme for lycopene. A limitation of this study was that 

we could not determine whether the potential beneficial effects of TP resulted from individual or 

synergistic contributions of nutrient components contained in TP products, such as lycopene, -

carotene, phytoene, phytofluene, vitamin E, vitamin C or polyphenols etc. [89], as all have 

protective efficacy against lipid dysregulation and inflammation [9, 39, 42, 105-107]. It is likely 

that these nutrients contribute individually to protecting against NALFD, however, it is worth 

highlighting that, independent of carotenoid cleavage enzymes BCO1 and BCO2, TP 
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supplementation can produce synergistic effects of individual nutrients and maximize the beneficial 

effects of dietary intervention [89, 108, 109]. 

Taken together, the present study demonstrated that dietary TP can inhibit NAFLD 

independent of carotenoid cleavage enzymes, potentially through suppressing inflammatory 

responses and increasing SIRT1 activity and adiponectin production in adipose tissue. 

Additionally, dietary TP can increase gut microbial richness and decrease the abundance of 

Clostridium, which may be associated with lower incidence of HFD-induced NAFLD. 
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Figure 1. 

 

  



210 
 

Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure legends 

Figure 1. Histopathological examination of steatosis in BCO1-/-BCO2-/- double KO mice fed with 

a HFD alone or HFD supplemented with TP. (A) The representative images of livers with H&E 

staining were presented from HFD and HFD+TP fed mice. (B) Distribution of steatosis score. Non-

parametric test was conducted to compare the difference of the two groups. *Significantly different 

from the HFD, P = 0.048 (C) Hepatic TG concentration. Differences between groups were analyzed 

by Student’s t-test. *Significantly different from the HFD, P = 0.045. BCO1, beta-carotene-15, 15’-

oxygenas; BCO2, beta-carotene-9’, 10’-oxygenase; KO, knockout; HFD, high fat diet; TP, tomato 

powder; TG, triglyceride. 

Figure 2. Effects of TP on hepatic mRNA and protein expressions associated with SIRT1 and 

SIRT1 activity in HFD-fed BCO1-/-BCO2-/- double KO mice. Beta-actin was used as control 

unless specified otherwise. Graphical representation of fold changes in (A) sirt1 mRNA; (B) SIRT1 

protein, (C) Acetylated-FoxO1, total-FoxO1 as loading control; (D) nampt mRNA; and (E) 

NAMPT protein. Values are expressed as mean ± SEM, n = 9. Differences between groups were 

analyzed by Student’s t-test. *Significantly different from the HFD, P < 0.05. BCO1, beta-carotene-

15, 15’-oxygenas; BCO2, beta-carotene-9’, 10’-oxygenase; KO, knockout; HFD, high fat diet; TP, 

tomato powder; SIRT1, sirtuin1; NAMPT, nicotinamide phosphoribosyltransferase; FOXO, 

foxhead box protein O.  

Figure 3. Effects of TP on hepatic protein and mRNA expressions of genes related to lipid 

metabolism in HFD-fed BCO1-/-BCO2-/- double KO mice. Beta-actin was used as control unless 

specified otherwise. Graphical representation of fold changes in (A) phosphorylated-AMPK, total-

AMPK as loading control; (B) phosphorylated-ACC, total-ACC as loading control; and (C) 

PPARα; and (D) pparα, cpt1, acox1, dgat1, and cd36 mRNA. Values are expressed as mean ± SEM 

and n = 9. Differences between groups were analyzed by Student’s t-test. *Significantly different 

from the HFD, P < 0.05. BCO1, beta-carotene-15, 15’-oxygenas; BCO2, beta-carotene-9’, 10’-

oxygenase; KO, knockout; HFD, high fat diet; TP, tomato powder; AMPK, AMP-activated protein 

kinase; ACC, acetyl-CoA carboxylase; PPAR, peroxisome proliferator-activated receptor, CPT1, 

carnitine palmitoyltransferase ACOX1, acyl-CoA oxidase 1; DGAT, diglyceride acyltransferase. 

 

Figure 4. Effects of TP on hepatic mRNA expressions of adipokines and cytokines in MAT and 

plasma adiponectin levels in HFD-fed BCO1-/-BCO2-/- double KO mice. Beta-actin was used as 

control unless specified otherwise. Graphical representation of fold changes in (A) pparα, 
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adiponectin, leptin, and resistin mRNA; (B) plasma adiponectin concentration; and (C) tnf-α, il-1β, 

il-6, mcp1, il-4, and il-10 mRNA. Values are expressed as mean ± SEM and n = 9. Differences 

between groups were analyzed by Student’s t-test. *Significantly different from the HFD, P < 0.05. 

BCO1, beta-carotene-15, 15’-oxygenas; BCO2, beta-carotene-9’, 10’-oxygenase; KO, knockout; 

HFD, high fat diet; TP, tomato powder; TNF, tumor necrosis factor; IL, interleukin. 

 

Figure 5. Effects of TP on hepatic mRNA and protein levels of adipoR2 and mRNA expressions 

of cytokines in HFD-fed BCO1-/-BCO2-/- double KO mice. Beta actin was used as control unless 

specified otherwise. Graphical representation of fold changes in (A) adipor2 mRNA; (B) adipoR2 

protein; and (C) tnf-α, il-1β, il-6, mcp1, il-4, and il-10 mRNA. Values are expressed as mean ± 

SEM and n = 9. Differences between groups were analyzed by Student’s t-test. *Significantly 

different from the HFD, P < 0.05. BCO1, beta-carotene-15, 15’-oxygenas; BCO2, beta-carotene-

9’, 10’-oxygenase; KO, knockout; HFD, high fat diet; TP, tomato powder; adipoR, adiponectin 

receptor.  

Figure 6. Effects of TP on microbiota richness and Clostridium abundance in HFD-fed BCO1-/-

BCO2-/- double KO mice. (A) Observed OTUs, Chao1 and ACE, representing community 

richness; (B) Shannon’s Index, representing community evenness, (C) relative abundance of 

Clostridium; (D) relative abundance of Clostridium spp. ID4; and (E) relative abundance of 

Clostridium disporicum. Values are expressed as mean ± SEM and n = 9. Differences between 

groups were analyzed by Student’s t-test. *Significantly different from the HFD, P < 0.05. BCO1, 

beta-carotene-15, 15’-oxygenas; BCO2, beta-carotene-9’, 10’-oxygenase; KO, knockout; HFD, 

high fat diet; TP, tomato powder.  
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Abstract 

Scope 

We have previously shown that apo-10’-lycopenoic acid (ALA), a derivative of lycopene 

through cleavage by carotene- 9’,10’-oxygenase, inhibits tumor progression and 

metastasis in both liver and lung cancer animal models. The underlying mechanism 

remains unknown. We hypothesized that ALA inhibits cancer cell motility and 

angiogenesis by upregulating peroxisome proliferator-activated receptor γ (PPARγ) 

which is involved in controlling angiogenesis, tumor progression and metastasis.  

Methods and Results 

ALA treatment, in dose-dependent manner, was effective at inhibiting migration and 

invasion of liver and lung cancer cells (HuH7 and A549) in both transwell and wound 

healing models, as well as suppressing actin remodeling and ruffling/lamellipodia 

formation in HuH7 and immortalized lung BEAS-2B cells. ALA treatment resulted in 

suppression of angiogenesis in both tube formation and aortic ring assays and inhibition 

of matrix metalloproteinase-2 expression and activation in both HuH7 and A549 cells. 

Additionally, ALA dose-dependently increased the mRNA expression and protein levels 

of PPARγ in human THLE-2 liver cells. Furthermore, ALA produced concentration-

dependent increases in transcription activity of the PPRE but this effect was less effective 

as compared with rosiglitazone. 

Conclusion 

ALA inhibits cancer cell motility and angiogenesis and induces PPARγ expression, 

which could be one of the potential mechanisms for ALA protecting against tumor 

progression.    
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1. Introduction 

Dietary intervention is one of the main strategies for preventing cancer 

development and increasing cancer survival rates. Lycopene, the pigment principally 

responsible for the characteristic deep-red color of ripe tomato and tomato products, is 

the most predominant carotenoid in human plasma. Lycopene has attracted attention due 

to its biological and physicochemical properties, especially related to its effects as a 

natural antioxidant, anti-inflammatory and anti-carcinogenic agent against certain types 

of cancers, including those of the liver [1] and lung [2]. Two epidemiology studies 

revealed inverse association between plasma lycopene levels and early liver cancer stage 

[3] and lung cancer risk [4]. Concordantly, animal studies reported inhibitory effects of 

lycopene against cancer development in liver [5, 6], lung [7] and colon [8, 9], with strong 

evidence implicating lycopene as an anti-inflammatory or anti-carcinogenic agent.  

Lycopene is an open chain hydrocarbon containing 11 conjugated and 2 non-

conjugated double bonds arranged in a linear array. It is susceptible to oxidative cleavage 

and isomerization from trans- to cis-forms with the potential formation of putative 

bioactive metabolites [10]. Numerous oxidative metabolites of lycopene have been 

identified in both in vitro and in vivo systems, raising the possibility that the 

chemopreventive effect of lycopene could be, at least in part, due to its metabolites [11]. 

Indeed, apolycopenoids exist in tomatoes and tomato products and a series of 

apolycopenoids including apo-10’-lycopenal have been identified in human plasmas of 

individuals who consumed tomato juice [12]. We have previously demonstrated that in 

mammalian tissues, lycopene can be cleaved by carotene 9’,10’-oxygenase at 9’,10’-

double bond, producing apo-10’-lycopenal that can be oxidized into apo-10’-lycopenoic 

acid (ALA, Figure 1A) [13]. Recently, we have found that animals with ALA 

supplementation had comparable tumor incidence, as compared with non-ALA treated 

group, but ALA significantly decreased tumor multiplicity in both hepatocellular 

carcinoma (HCC)  and lung cancer models [5, 14]. Additionally, ALA supplementation 

decreased lung tumor incidence in diethylnitrosamine-initiated, high fat diet-promoted 

HCC model, suggesting a role of ALA on mitigating tumor progression or metastasis, 

rather than preventing the initiation of primary tumor [5]. Interestingly, ALA is 
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structurally similar to acyclic retinoic acid, a chemical that has been reported to inhibit 

the recurrence of HCC in a clinical trial [15]. However, the underlying mechanism of 

how ALA inhibits tumor growth and metastasis has not been investigated.  

Angiogenesis plays an important role in the growth and spread of tumor cells by 

providing oxygen and nutrients [16, 17]; it is also an essential component of the 

metastatic pathway [18]. Multiple studies have shown that lycopene and its oxidative 

metabolite, such as apo-8’-lycopenal, inhibits angiogenesis by decreasing vascular 

endothelial growth factor (VEGF), matrix metalloproteinase (MMP)-2, MMP-9 and 

inhibiting the adhesion, invasion and migration of tumor cells [19-24]. Whether lycopene 

enzymatic metabolite, ALA, possesses anti-angiogenic efficacy remains unknown. 

The nuclear transcription factor peroxisome proliferator-activated receptor γ 

(PPARγ) is involved in controlling cell growth, inflammatory responses and 

tumorigenesis [25, 26]. Inhibiting angiogenesis is one of the major mechanisms by which 

PPARγ arrests tumor cell progression and metastasis [27-30]. The activation of PPARγ 

was found to inhibit epithelial cell proliferation and migration via inhibiting VEGF, 

VEGF receptors, MMPs and phosphorylated Akt [31-35]. PPARγ agonists such as 

rosiglitazone, troglitazone and pioglitazone have been widely studied as anti-

inflammation and anti-cancer agents [36-38]. Unfortunately, these agonists were 

withdrawn from the market after reports of severe adverse effects (such as liver 

dysfunction, heart failure and water retention) appeared in clinical trials [39]. Previous 

studies have demonstrated that several lycopene metabolites modulate the activity of 

various transcription systems, including ligand-activated nuclear receptors, such as the 

retinoic acid receptor and retinoid X receptor, which could be potential mechanisms for 

lycopene metabolites in the prevention of cancer and other chronic diseases [41, 42]. We 

have shown that ALA transactivated the promoter of the RARgene and induced the 

expression of this receptor [14]. However, ALA may affect multiple transcriptional 

pathways and, specifically, whether ALA inhibits cancer cell motility and angiogenesis 

by inducing PPARγ remains enigmatic. PPARγ can form heterodimer with RXR, 

subsequently binding to PPAR response element (PPRE) and regulate target genes [43].  



231 
 

In the current study, we examined whether ALA inhibits cell migration, invasion and 

angiogenesis and induces PPARγ expression in cells 

2. Method 

2.1 Materials  

The ALA used in this study was provided by Dr. Hansgeorg Ernst (BASF, 

Ludwigshafen, Germany) with 99% purity, analyzed by HPLC as previously described 

[5, 44]. The rabbit anti-matrix metalloproteinase-2 (MMP-2) and PPARγ antibody were 

purchased from Santa Cruz Biotechnology. The secondary HRP-conjugated antibodies 

were purchased from Cell Signaling Technology. Epidermal growth factor (EGF) and 

basic fibroblast growth factor (bFGF) were purchased from Becton-Dickinson. Platelet-

derived growth factor (PDGF), hydrocortisone, tetramethyl rhodamine isothiocyanate 

(TRITC)-labeled phalloidin and all other reagents and chemicals were purchased from 

Sigma. PPRE-x3-TK-LUC reporter vector that contains three copies of a consensus 

PPRE upstream of the thymidine kinase promoter-luciferase fusion gene was purchased 

from Addgene (Cambridge, MA USA). 

 2.2 Cells and cell culture 

Human cancer cell lines (A549, BEAS-2B, HuH7) and THLE-2 human liver cell 

lines were purchased from the American Type Culture Collection. Human micro-vascular 

endothelial cell line (HMEC-1) was provided from the Centre for Disease Control and 

Prevention (Atlanta, Georgia). A549 and HuH7 cells were cultured in DMEM medium 

with 10% fetal bovine serum (FBS), and BEAS-2B cells were cultured in RPMI1640 

medium with 10% FBS. HMEC-1 cells were cultured in MCDB 131 medium 

supplemented with 10% FBS, 10 ng/ml EGF and 1 μg/ml hydrocortisone. THLE-2 cells 

were cultured in 10% fetal bovine serum BEGM supplemented with Bullet kit CC3170 

(Lonza Walkersville, MD), 5ng/ml EGF and 70ng/ml phosphoethanolamine. All media 

were supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin, and 2 mM 

glutamine. All cells were cultured in a humidified atmosphere of 95% air and 5% CO2 at 

37 °C.  



232 
 

2.3 Cell viability assay  

Cells were seeded into opaque-walled 96-well plates at the density of 5−10×103 

cells per well in 100 μl of the according media. ALA was added at a series of 

concentrations and incubated for different time. A luminescence-based commercial kit 

(CellTiter-Glo, Promega, Madison, WI) was used. Each well was added with 30 μl of the 

cell lysis (or ATP disodium salt as standard), mixed for 10 min at room temperature, and 

the luminescence was measured by utilizing a Wallac Victor 3 plate reader (Perkin-

Elmer, Wellesley, MA) and calculated according to an ATP standard curve.  

2.4 Fluorescent immunocytochemistry  

Cells were seeded on sterilized glass coverslips, followed by with or without ALA 

treatment at doses ranging from 2.5-40 μM. Cells were incubated in a 5% CO2 incubator 

until they were 50-70% confluent. The cells were then fixed with 4% polyformaldehyde 

for 30 min, permeabilized with 0.1% Triton X-100 for 20 min, and incubated with 200 

ng/ml TRITC-labeled phalloidin for 30 minutes. All images were obtained by employing 

Zeiss Axiovert 200 fluorescent microscope.  

2.5 Cell migration assays  

2.5.1 Transwell model 

Migration of cells was analyzed by utilizing 24-transwell Boyden chamber 

(Costar, Bedford, MA) with a 8.0 μm pore polycarbonate membrane (10-μm thickness 

and 6.5-μm diameter), as described [45]. Briefly, cells were placed in serum-free media 

and seeded in the upper compartment of each well (5×104 cells/well) with or without 

ALA at different concentrations (2.5-40 μM). Subsequently, add 600 μl of serum-free 

media supplemented with fibronectin into the bottom of the lower chamber. Following an 

incubation period of 12 hours at 37°C, the cells were fixed with 70% ethanol and stained 

with 0.1% crystal violet. After removing the non-migrated cells on the upper surface of 

the filter, the migrated cells on the lower side were photographed using a microscope in 

five random fields. Then cells were lysed with 10% acetic acid, and colorimetric 

determination was made at 595 nm using Wallac Victor 3 plate reader.  
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2.5.2 Wound healing model  

Cells were seeded into fibronectin-coated 96-well plates (2×104 cells/well) for 

100% confluence in 24 hours as described [45]. A 200 μl pipette tip was used to press 

firmly against the plate to obtain a “wound”. The media and cell debris were aspirated, 

and replaced by fresh serum-free media with or without ALA treatment at different doses 

(2.5-40 μM). After incubation at 37°C for 12 hours, the snapshot pictures of cells were 

photographed using a microscope in five random fields. The distance of wounded cell 

monolayers in images was measured and the inhibition rates of migration were calculated 

by comparing wound closure overtime. 

2.5.3 Cell invasion assay  

Cell invasion assay was performed using 24-transwell Boyden as described in 

Transwell model. The upper chamber was pre-coated with 1 mg/ml of Matrigel (BD 

Biosciences) with four-hour incubation at 37°C to form a basement membrane. The 

assays were performed and the results were analyzed as described above in Transwell 

model. 

2.5.4 Tube formation assay 

The tube formation assay was performed in 96-well plates. Wells were pre-coated 

with 70 μl of the Matrigel basement membrane matrix (BD Biosciences) per well for 4 

hours at 37°C. HMEC-1 cells were suspended in serum-free MCDB 131 medium and 

plated on Matrigel at a density of 2 × 104 cells per well. ALA was added at indicated 

concentrations (2.5-40 μM). After an eight-hour incubation at 37°C, phase-contrast 

images of the endothelial tubes were obtained using Nikon TE2000 microscope, and the 

tube formation was assessed by counting the number of closed tubes in five random fields 

from each well.  

2.5.5 Aortic ring assay 

The aortas were isolated from 6-week old Sprague-Dawley rats and immediately 

transferred to a culture dish with serum-free medium. The fibroadipose tissue around the 

aortas was carefully removed and the aortas were cut into 1-mm long aortic ring 
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fragments. After three consecutive washes in serum-free medium, the aortic rings were 

embedded into 70 μl Matrigel in 96-well plate and fed with 100 μl of serum-free M199 

medium with or without ALA at different concentrations (2.5-40 μM). The medium was 

replaced every 24-hour. Phase-contrast images were obtained on day 6, and the numbers 

of microvessel outgrowths per ring were counted.  

2.6 Real-time PCR 

Total RNA was isolated from the liver by TriPure Isolation Reagent (Roche 

Diagnostics, Indianapolis, IN) as the protocol indicates. Then cDNA was prepared from 

the RNA samples using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) and an 

automated thermal cycler (MJ Research PTC-200, Bio-Rad Laboratories, Hercules, CA). 

The detection of mRNA level in each well was carried out using 20 μl reaction mixture 

containing 10 μl 2X SYBR Green Supermix, 2 μl of 10 μM primer mix (including 

forward and reverse primers), 3 μl PCR water and 5 μl cDNA diluted in Rnase-free 

water. Cycling conditions were 50 °C for 2 minutes and 95 °C for 10 minutes; followed 

by 40 cycles at 95 °C for 15 seconds and 600 °C for 1 minute. Primers were designed 

using the Primer Express version 2.0 software (Applied Biosystems, Foster City, CA). 

Quantification of gene expression was normalized to the levels of GAPDH and then 

calculated by reference to the average values for the control group using the comparative 

Ct method. For each sample and each gene, PCR reactions were carried out in duplicate 

and repeated twice. 

2.7 Western blotting 

Samples separated by SDS-PAGE were transferred to nitrocellulose membranes. 

After being blocked in 5% non-fat milk at room temperature for 1 hour, the membranes 

were rinsed and incubated at 4°C overnight with primary antibodies (1:1000). A 

horseradish peroxidase-conjugated secondary antibody (Bio-Rad) was used to detect 

protein concentration. The blots were then developed using the ECL Western blotting 

system (Amersham, Piscataway, NJ) and analyzed by computerized densitometry (Bio-

Rad GS-710, Bio-Rad Laboratories, Hercules, CA). Beta-actin antibody was used as 

internal control for equal loading of proteins. 



235 
 

2.8 Luciferase reporter assay 

To test for transcriptional activity of ALA, Cos7 cells (4x104 cells/well) in a 6-

well plate were transiently transfected with 1.5 μg peroxisome proliferator response 

element (PPRE)-x3-TK-LUC reporter and 50 ng pRL-TK Renilla luciferase vector using 

Fugene 6 transfection reagent (Roche Applied Science) as indicated by the 

manufacturers. After transfection for 24 hours, cells were trypsinized, re-plated by 1:12 

in 24-well plate and incubated for 24 hours. Afterwards, cells were treated with ALA for 

overnight. The luciferase activities were measured with the Dual-Luciferase Reporter 

System by a Lumi-Scint luminometer (BioScan, Inc., DC). Rosiglitazone, a PPARγ 

agonist was used as positive control. Luciferase activities were normalized against 

Renilla activities to adjust for transfection efficiency.  

2.9 Statistics  

Student's t test and analysis of variance (ANOVA) were performed using SAS 

9.3. P<0.05 was considered significant. The data shown are representatives of at least 

three independent experiments with similar results, and the data points represent the 

mean of at least triplicate measurements with error bars corresponding to standard 

deviation. 

3. Results 

3.1 ALA inhibits cell migration and invasion  

To analyze the anti-migration activity of ALA, we first examined the effect of 

ALA (Fig. 1) on migration of cancer and endothelial cells. As shown in Fig. 1B,D, ALA 

at different concentrations (2.5-40 μM) substantially inhibited migration of liver cancer 

cell HuH7,  lung cancer cell A549, as well as lung immortalized BEAS-2B cell in a 

concentration-dependent manner in Transwell assay. Similar inhibition of ALA on cell 

migration was also observed in a wound healing assay (Fig. 1C,E). In addition, ALA 

significantly inhibited migration of endothelial cell HMEC-1 concentration-dependently 

in both Transwell and wound healing assay, suggesting its possible effect on 

angiogenesis (Fig. 2A-C).  
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We next investigated the effect of ALA on invasion of cancer and endothelial 

cells. As shown in Fig. 3A,B, ALA, at different concentrations (2.5-40 μM), efficiently 

suppressed invasion of A549, BEAS-2B and HMEC-1 cells through Matrigel dose-

dependently in a Transwell invasion assay. Importantly, ALA had no significant 

cytotoxic effects on both cancer and endothelial cells in parallel experiments at the same 

concentrations used in migration and invasion experiments (P>0.05) (Fig. 1F, Fig. 2D), 

suggesting that the inhibitory effect of ALA on cell migration and invasion is not a 

consequence of cellular toxicity.  

3.2 ALA inhibits angiogenesis  

Endothelial cell migration plays a central role in the process of forming vessel 

loops from solid sprouts during angiogenesis [46]. Considering the efficient inhibition of 

endothelial cell migration by ALA, we examined the ability of ALA to attenuate 

angiogenesis in vitro using endothelial tube formation and aortic ring assays. As shown in 

Fig. 4A,B, treatment with ALA resulted in efficient inhibition of tube formation in a 

concentration-dependent manner (2.5-40 μM). Microvessel growth from rat aorta sections 

is a joint phenomenon combining both endothelial cell migration and tube formation, and 

thus provides a close mimic of in vivo angiogenesis [47]. Consistent with tube formation 

results, ALA treatment remarkably suppressed microvessel outgrowth in aortic ring 

sprouting experiment (Fig. 4C,D). These data suggest that ALA is capable of blocking 

angiogenesis through attenuation of endothelial cell motility.  

3.3 ALA inhibits ruffling/lamellipodia formation  

Cell motility is driven by actin rearrangement and lamellipodia formation at the 

leading edge of cells [48]. The reduction of cell migration, invasion and angiogenesis 

caused by ALA led us to examine whether ALA can influence actin reorganization and 

reduce ruffling/lamellipodia formation. As shown in Fig. 5A,B, pre-treatment with ALA 

efficiently inhibited PDGF/bFGF-stimulated actin remodeling and ruffles/lamellipodia 

formation in HuH7, BEAS-2B and HMEC-1 cells. This effect provides underlying 

mechanical explanation for the inhibition of cell migration and angiogenesis by ALA. 

3.4 ALA inhibits MMP-2 levels and induces PPARγ expression 
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MMP-2 is a representative member of matrix metalloproteinase family proteins, 

which play crucial roles in cell invasion by degrading basement membranes [49-52]. 

Therefore, we next quantified the expression and activation of MMP-2. As a result, ALA 

(2.5-40 μM) reduced both pro- and activated MMP-2 levels in a dose-dependent manner 

(Fig. 6A), indicating that ALA could suppress activated MMP-2 by decreasing the 

protein expression of pro-MMP-2.  

It has been shown that the activation of PPARγ by its ligands is involved in 

inhibiting angiogenesis and carcinogenesis in a variety of cancer cells [3, 27, 53]. To 

investigate whether the anti-angiogenic effects of ALA is due to inducing PPARγ, we 

firstly examined both mRNA and protein expression of PPARγ in THLE cells after ALA 

treatment at different doses (5-20 μM). There is a substantial increase of both PPARγ 

mRNA (Fig. 6B) and protein levels of PPARγ (Fig. 6C) in the cells treated with ALA for 

48 hours.  

PPRE is a sequence identified on a number of genes in their promoters that bound 

to PPARs for inducting transcription activity [54]. To further examine whether ALA can 

transactivate PPRE, we transfected Cos7 cells with a luciferase reporter that contained a 

potent PPRE. After treating cells with ALA at different concentrations (5, 15 and 20 μM) 

for 24 hours, luciferase activities increased with ALA in a dose-response manner (Fig. 

6D). However, as compared to the positive control by rosiglitazone, a well-known 

PPARγ agonist [55, 56], the magnitude of the increase of transactivation activity of ALA 

at 20 microM concentration was less than that induced by rosiglitazone at 2 microM (Fig. 

6D).  

4. Discussion 

In the present study, we present evidence that ALA is effective at inhibiting 

migration and invasion of human cancer cells and endothelial cells by suppressing 

ruffling/lamellipodia formation. Specifically, we found that the migration and invasion 

activities in two cancer cell lines (A549, a human adenocarcinoma cells and HuH7, a 

well-differentiated hepatocyte-derived carcinoma cells) substantially decreased with 

ALA treatment, indicating that anti-migration and anti-invasion effect are intrinsic 
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properties of ALA. This provided an underlying mechanism explaining the anti-

tumorigenesis and metastatic effect of ALA treatment observed in our previous in vivo 

study [5, 14]. 

We further demonstrated that ALA treatment inhibited angiogenesis, which is a 

rate-limiting step in tumor growth and progression [31]. It is well-known that the 

induction of a tumor vasculature, or ‘angiogenic switch’, is required to allow tumor 

progression, invasion, and metastasis [16, 17]. By conducting tube formation assay and 

aorta ring assay, we observed that in both studies, ALA treatment decreased vessel 

formation in a dose-response manner, consistently demonstrating that ALA contains anti-

angiogenic effects. Further investigation showed that ALA treatment blocked 

lamellipodia formation, a process occurs before angiogenic sprouts [57], providing 

underlying mechanism of how ALA inhibits angiogenesis. We previously reported that 

the ALA treatment inhibited hepatic inflammatory foci and IL-6 expression and tumor 

multiplicity in both liver and lungs, which was associated with the reduction of NF-κB 

protein expression [5]. Since NF-κB plays an important role in lamellipodia formation 

[58], the effect of ALA blocking lamellipodia formation could be due to its inhibitory 

function of NF-κB, thereby mitigating tumor progression or metastasis. 

Matrix metalloproteinases have been implicated in increased metastatic potential 

of tumors, majorly via interactions with extracellular matrix and angiogenesis [59]. 

MMP-2 is one of the most investigated metalloproteinases for angiogenesis [49-52]. In 

our study, MMP-2 substantially decreased in ALA-treated cells, indicating that 

decreasing MMP-2 contributes to the anti-angiogenic effect of ALA. Similar MMP-2 

inhibitive effect has been reported in in vitro studies using lycopene or apo-8’-lycopenal 

treatments [20, 23]. Interestingly, accumulating evidence revealed that PPARγ activation 

can inhibit MMP-2 [29, 60, 61], raising the possibility that the MMP-2 inhibitory effect 

of ALA might be related to PPARγ activation. Indeed, in present study, ALA treatment 

increased both transcription and protein levels of PPARγ. It has been shown that some 

well-known PPARγ ligands, such as rosiglitazone and troglitazone, can inhibit tumor 

metastasis majorly by blocking angiogenesis but exhibit serious side effects [39]. In our 

study, ALA treatment increased both PPARγ protein concentration without any 
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cytotoxicity in cell viability assay. This finding indicated that the anti-migration and anti-

invasion effects of ALA could be associated with PPARγ function.  

In the current study, the effective concentrations of ALA to inhibition of 

migration and invasion of human cancer cells and induction of PPARγ were ranged 

between 2.5 to 40 µmol/L, which are similar to the concentrations of well-known PPARγ 

agonists, such as rosiglitazone, used in previous cell culture studies [55, 56]. However, 

we should point out that the magnitude of the increase of transactivation activity of ALA, 

even at much higher concentrations, was less than that induced by rosiglitazone. These 

data suggest that the PPRE transactivation activity of ALA could be due to its induction 

of PPARγ, not as a direct agonist of PPARγ, as rosiglitazone.  Additionally, the ALA 

concentrations we used in the present study are much higher than the reported plasma 

concentrations of lycopene and apolycopenals in humans who consumed tomato products 

and tomato juice [12, 62]. One of potential explanations was due to the low uptake of fat-

soluble carotenoids in cells, or further cellular metabolism of carotenoids, as we reported 

previously that the intracellular concentration of carotenoids were much lower than their 

concentrations in cell culture medium [14, 45]. This was also supported with our in vivo 

studies that ALA supplementation in genetically-induced obese mice and in high fat diet 

promoted, metabolic syndrome-associated HCC mouse model has restored the reduction 

of expression and activity of Sirtuin 1, a class III deacetylase, and inhibited hepatic 

steatosis [44, 63] and HCC [5], but ALA concentration in tissue was in picomolar range 

[5]. Therefore, we believe that the ALA dosage used in our study is physiologically 

relevant to the biological effects of lycopene metabolites.  

In summary, the present study indicates that ALA can inhibit cancer cell motility 

and angiogenesis and upregulate PPARγ , which could be one of the potential 

mechanisms by which ALA protects against cancer metastasis. This study has a potential 

implication that ALA could be used as an adjunctive agent for the therapeutic treatment 

that may improve survival of cancer patients. 
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 5.  
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Figure 6.  
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Figure legends  

Figure 1. ALA inhibits migration of cancer cells   

(A) Metabolic pathway of lycopene to ALA. 

(B) ALA inhibits migration of lung cells in a Transwell assay. A549 and HuH7 cells were 

treated with ALA (2.5-40 μM) for 12 hours. The non-migrated cells on the upper surface 

of the filter were removed, and the migrated cells on the lower side were stained and 

photographed, and the representative images are shown, then cells were lysed and 

colorimetric determination was made at 595 nm.  

(C) ALA inhibits migration of lung cells in a wound healing assay. A scratch was 

introduced into a monolayer of A549 and HuH7 cells, followed by treatment with ALA 

(2.5-40 μM) for 12 hours. The width of wounded cell monolayer was measured in five 

random fields, and representative images are shown (the original wound edges are labeled 

with white lines).  

(D) Quantitation of the inhibition from Transwell assay using A549, HuH7 and BEAS-2B 

cells.  

(E) Quantitation of the inhibition from wound healing assay in using A549, HuH7 and 

BEAS-2B cells. 

(F) ALA inhibits lung cell migration at non-cytotoxic concentrations. A549, HuH7 and 

BEAS-2B cells were treated with ALA (2.5-40 μM) for 12 hours, and cell viability was 

evaluated using ATP assay.  

Different alphabets indicate statistically significant (P < 0.05).  

 

Figure 2. ALA inhibits migration of endothelial cells   
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(A) ALA inhibits migration of endothelial cells in a Transwell assay. HMEC-1 cells were 

treated with ALA (2.5-40 μM) for 12 hours. The non-migrated cells on the upper surface 

of the filter were removed, and the migrated cells on the lower side were stained and 

photographed, and the representative images are shown, then cells were lysed and 

colorimetric determination was made at 595 nm.  

(B) ALA inhibits migration of endothelial cells in a wound healing assay. A scratch was 

introduced into a monolayer of HMEC-1 cells, followed by treatment with ALA (2.5-40 

μM) for 12 hours. The width of wounded cell monolayer was measured in five random 

fields, and representative images are shown (the original wound edges are labeled with 

white lines). 

(C) Quantitation of the inhibition from Transwell and wound healing assays in (A,B).  

(D) ALA inhibits endothelial cell migration at non-cytotoxic concentrations. HMEC-1 

cells were treated with ALA (2.5-40 μM) for 12 hours, and cell viability was evaluated 

using ATP assay. 

Different alphabets indicate statistically significant (P < 0.05). 

 

Figure 3. ALA inhibits cell invasion   

(A, B) ALA inhibits invasion of cancer and endothelial cells. HMEC-1 (A) and A549 (B) 

cells were treated with ALA (2.5-40 μM) for 12 hours. The non-invasion cells on the upper 

surface of the filter were removed, and the invasion cells on the lower side were stained 

and photographed, and the representative images are shown, then cells were lysed and 

colorimetric determination was made at 595 nm.  
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(C) Quantitation of the inhibition from Transwell invasion assay utilizing HMEC-1, A549 

and BEAS-2B cells (A,B).  

Different alphabets indicate statistically significant (P < 0.05). 

 

Figure 4. ALA inhibits angiogenesis   

(A) ALA inhibits tube formation of endothelial cells. HMEC-1 cells were seeded on 

matrigel and treated with ALA for 12 hours. The representative images are shown. The 

tube formation was assessed by counting the number of closed tubes in five random fields 

from each well and the inhibition was calculated.  

(B) Quantitation of the effects of ALA on endothelial cell tube formation from (A).  

(C) ALA suppresses microvessel outgrowth in the aortic ring sprouting experiment. The 

rat aortic rings were embedded in matrigel and treated with ALA for 6 days, followed by 

counting the number of microvessel outgrowths under a microscope. The representative 

images are shown and the inhibition was calculated. 

(D) Quantitation of the effects of ALA on microvessel outgrowth from (C).  

Different alphabets indicate statistically significant (P < 0.05). 

 

Figure 5. ALA inhibits lamellipodia formation  

HuH7, BEAS-2B and HMEC-1 cells were serum starved and treated with ALA (2.5-40 

μM) for 12 hours, followed by PDGF (100 ng/ml, for cancer cells) or bFGF (10 ng/ml, for 

HMEC-1 cells) stimulation for 30 min. Then cells were stained with TRITC-labeled 

phalloidin and analyzed using fluorescent microscopy. The representative fluorescent 

images are shown (A, the lamellipodia are indicated by arrowheads). The number of cells 
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with significant lamellipodia was counted randomly in five fields and the inhibition was 

calculated (B).  

Different alphabets indicate statistically significant (P < 0.05). 

 

Figure 6. ALA suppresses MMP2 and induces PPARγ  

HuH7 and A549 cells were treated with ALA (0.5-40 μM) for 24 hours. The protein levels 

of pro- and active MMP-2 were measured using western blotting and β-actin as loading 

control (A). THLE2 were treated with ALA (5-20 μM) for 48 hours. PPARγ mRNA 

expression was analyzed by RT-PCR (B). PPARγ protein levels were measured using 

western blotting (C). Beta-actin was used as loading control in RT-PCR and western 

blotting. Cos7 cells were transfected with PPRE-x3-TK-LUC reporter and pRL-TK Renilla 

luciferase vector. The cells were treated with ALA at different concentrations (5 and 20 

μM) and rosiglitazone (2 μM) for 24 hours and luciferase fold change representing the 

effect of ALA on PPRE-transactivation activity (D).  

Different alphabets indicate statistically significant (P < 0.05). 
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