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Abstract 

Hyperhomocysteinemia, an elevation of blood homocysteine levels, is a metabolic 

disorder associated with dysfunction of multiple organs. Previous studies have shown 

that hyperhomocysteinemia is related to fatty liver. However, the underlying 

mechanism remains speculative. The objective of the present study is to investigate 

the regulatory mechanism of hepatic inflammatory response and cholesterol 

metabolism during metabolic disorders. 

In the present study, hyperhomocysteinemia was induced in Sprague-Dawley rats by 

feeding a high-methionine diet. The mRNA and protein expression of 

cyclooxygenase-2 (COX-2), a pro-inflammatory factor, were significantly elevated in 

the liver of hyperhomocysteinemic rats. An activation of NF-κB and a stimulation of 

oxidative stress were observed in the same liver tissue in which COX-2 was induced. 

Inhibition of NF-κB or oxidative stress effectively abolished hepatic COX-2 

expression, inhibited the formation of inflammatory foci, and improved liver function.  

Activity of HMG-CoA reductase, the rate-limiting enzyme of cholesterol biosynthesis, 

was markedly elevated in the liver of hyperhomocysteinemic rats, which may 

contribute to the hepatic lipid accumulation induced by hyperhomocysteinemia. 

Administration of Berberine (5mg/ kg body weight/ day for 5 days) inhibited 

HMG-CoA reductase activity via upregulating AMP-activated protein kinase 

(AMPK)-mediated phosphorylation of HMG-CoA reductase. Berberine treatment 

reduced hepatic cholesterol content and ameliorated liver function. 
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In addition, the regulatory mechanism of HMG-CoA reductase activation was 

investigated in C57BL/6 mice fed a high-fat diet. There was a significant increase in 

hepatic HMG-CoA reductase mRNA and protein expression as well as enzyme 

activity. The DNA binding activity of sterol regulatory element binding protein 

(SREBP)-2 (a transcription factor of HMG-CoA reductase) and Sp1 (a transcription 

factor of SREBP-2) were both increased in the liver of mice fed a high-fat diet. The in 

vitro study in palmitic acid-treated HepG2 cells further confirmed that inhibition of 

Sp1 by siRNA transfection abolished palmitic acid-induced SREBP-2 and HMG-CoA 

reductase mRNA expression. 

In conclusion, the present study have demonstrated that (1) Hepatic COX-2 

expression is induced via oxidative stress mediated NF-κB activation during 

hyperhomocysteinemia; (2) Dietary berberine reduces cholesterol biosynthesis by 

elevating AMPK-mediated HMG-CoA reductase phosphorylation; (3) HMG-CoA 

reductase is upregulated by Sp1-mediated SREBP-2 activation in the liver during 

high-fat diet feeding. 
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1.1 Non-alcoholic fatty liver disease (NAFLD) 

Nonalcoholic fatty liver disease (NAFLD) refers to a broad spectrum of liver 

disorders ranging from hepatic steatosis to steatohepatitis. Steatohepatitis may occur 

with or without fibrosis and may progress to cirrhosis and hepatocellular carcinoma. 

The prevalence of NAFLD is high in the general population of North America and 

NAFLD has recently become the most common cause of chronic liver disease 

throughout the world (Ruhl & Everhart, 2004; Adams et al., 2005; Williams et al., 

2011). The liver function impairment and tissue damage of NAFLD are similar to 

those observed in alcoholic liver disease (AFLD), however, NAFLD appears in 

individuals who are non-drinkers or only moderate-drinkers of alcohol (<20g/day) 

(Neuschwander-Tetri & Caldwell, 2003). Many of the risk factors for NAFLD, 

including obesity, diabetes, hypertension and hyperlipidemia, are well defined. The 

underlying pathogenesis of NAFLD is still under investigation. Insulin resistance, a 

key component of metabolic syndrome, is considered the fundamental derangement in 

NAFLD (Tilg & Moschen, 2008; Birkenfeld & Shulman, 2013). In addition, the 

‘multi-hit’ hypothesis has been used recently to describe the pathogenesis of NAFLD 

(Tilg & Moschen, 2010). At present, there are no standard therapeutic strategies for 

NAFLD management and the treatment of NAFLD continues to focus on improving 

insulin resistance and the metabolic syndrome (Vuppalanchi & Chalasani, 2009).     

1.1.1 Epidemiological studies of NAFLD 

The prevalence of NAFLD is estimated to be as high as 20-30% in the general 
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population, and with increased risks to 90% in patients with obesity and 70% in 

patients with type 2 diabetes in the American population (Angulo, 2002; Ruhl & 

Everhart, 2004; Targher et al., 2007; Williams et al., 2011). The dramatic increase in 

the incidence of metabolic disorders, such as obesity, hyperlipidemia and 

hyperglycemia in developed countries bears the main responsibility for the pandemic 

of NAFLD (Adams et al., 2005; Farrell & Larter, 2006). It is well-acknowledged now 

that excessive dietary fat intake and a relative lack of exercise heavily contribute to 

the worldwide epidemic of obesity and the prevalence of NAFLD. Nonalcoholic 

steatohepatitis (NASH) is a more progressive form of NAFLD characterized by the 

presence of inflammation with lipid accumulation in the liver. It has been reported 

that approximately 2-3% of the general population has NASH, which increases the 

risk of cirrhosis and further complications including hepatocellular carcinoma 

(Bellentani et al., 2010).  

The prevalence of NAFLD is different depending on ethnicity as well as gender. It is 

demonstrated by several studies using different methods (ultrasound, computed 

tomography scan, or magnetic resonance spectroscopy) that the prevalence of 

NAFLD in Hispanic (28-45%), Asian (18%) and white (33%) individuals is relatively 

higher than that in African American individuals (3-24%) (Browning et al., 2004; 

Weston et al., 2005). These differences might be due to the different frequency of 

obesity and insulin resistance in different ethnicities (Guerrero et al., 2009). NAFLD 

is approximately 2 to 3.5 times more common in men than in women in both 

American whites and Asians but not in other ethnicities according to some studies 
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(Browning et al., 2004; Weston et al., 2005). It also has been reported in Japanese and 

Chinese populations that the prevalence of NAFLD is around 2 to 3 fold higher in 

males than in females among the middle-aged (<50 years old) individuals (Zhou et al., 

2007; Oya et al., 2010; Hashimoto & Tokushige, 2011). However, the opposite trend 

has been found in those over the age of 50 years (Hashimoto & Tokushige, 2011). 

Other than adults, NAFLD also occurs in children and adolescents. Recently, it has 

been recognized as an important pediatric disease. A prevalence of 9.6% has been 

reported for children and adolescents age 2 to 19 years in the United States, which 

rises to 38% in obese children (Schwimmer et al., 2006). Another report based on 

Japanese children age 4-12 years indicates that the overall prevalence of NAFLD is 

2.6% and rises to 22.5% in obese children (Tominaga et al., 1995). The risk factors 

for NAFLD in children are similar to those in the adult population, which include 

being overweight, obesity, insulin resistance and the features of metabolic syndrome 

(Manco et al., 2008; Alisi et al., 2009). More seriously, hepatic fibrosis or cirrhosis 

progressed from NAFLD has been documented in childhood obesity cases (Baldridge 

et al., 1995; Schwimmer et al., 2003).  

1.1.2 Clinical features and diagnosis of NAFLD 

A diagnosis of NAFLD can be achieved by imaging (i.e. ultrasound, computed 

tomography or magnetic resonance imaging) and histological assessment of hepatic 

steatosis and laboratory tests of liver function after excluding the presence of 

significant alcohol consumption. The maximum allowable level of alcohol intake for 
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defining NAFLD is 2 standard drinks (20 g ethanol) per day for men and 1 standard 

drink (10 g ethanol) per day for women (as described by the National Institutes of 

Health Clinical Research Network). Laboratory liver function tests including alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) usually are found to be 

mildly to moderately elevated (no more than 4 times of the upper limit of normal) in 

patients with NAFLD (Bacon et al., 1994). However, some clinical studies also have 

reported NAFLD may exist with normal ALT levels (Mofrad et al., 2003; Browning et 

al., 2004). Hepatic steatosis can be diagnosed by radiological techniques including 

ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI). 

Ultrasound is the least expensive and least invasive imaging modality for detecting 

hepatic steatosis. It has been indicated that ultrasound has a sensitivity of 60-94% and 

a specificity of 88-95% for evaluating NAFLD (Joy et al., 2003). However, it is less 

accurate when fat content in the liver is below 30% (Saadeh et al., 2002). Computed 

tomography (CT) also has been used to evaluate hepatic steatosis for diagnosis of 

NAFLD. With CT scan technology, the amount of fat can be estimated by comparing 

the density of the liver with other organs such as the spleen. The sensitivity of a CT 

scan for detecting hepatic steatosis is about 93% (Saadeh et al., 2002). Magnetic 

resonance imaging (MRI) can detect fat accumulation in the liver more accurately 

than ultrasound or CT. However, MRI is the most expensive and the least accessible 

one among these three (Siegelman & Rosen, 2001; Lewis & Mohanty, 2010). 

Currently, a liver biopsy is regarded as the gold standard for grading and staging 

NAFLD and diagnosing NASH. Several different grading and staging systems have 
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been proposed based on different concepts and purposes. In 1999, a classification 

system utilizing ten histological variables was developed by Brunt et al. to create a 

necroinflammatory grade and fibrosis score (Brunt et al., 1999). Histological features 

of NAFLD/NASH included steatosis, inflammatory cell infiltration, hepatocyte 

ballooning degeneration, necrosis, and fibrosis (Table 1-1). In this study, three grades 

and four stages were developed to describe the severity of steatohepatitis and the 

extent of fibrosis according to the histological features of NASH. However, this 

classification has certain limitations due to the fact that it was developed mainly for 

NASH and not the entire spectrum of NAFLD. In the same year, Matteoni et al. 

evaluated the liver biopsy specimens using another system in which the specimens 

were classified into four subgroups according to whether the fat accumulation was 

with or without lobular inflammation, ballooning degeneration or fibrosis (Matteoni et 

al., 1999). Recently, a new system for staging NAFLD, namely NAFLD activity score, 

has been devised by the NASH Clinical Research Network (Kleiner et al., 2005). This 

scoring system was developed based on fourteen histological features of NAFLD and 

was ranged from 0 to 8 (Table 1-1). A score ≥5 is regarded to be correlated with the 

diagnosis of NASH. However, these semi-quantitative evaluation systems don’t have 

a strict relationship between each other as would be expected (Brunt et al., 2011; 

Younossi et al., 2011). So far, the experimental animals with NAFLD also share these 

grading and scoring systems with human beings. No evaluation has been conducted to 

compare the difference of these systems in animals and human beings. The 

applications of different grading and scoring systems on different cases are discussed. 
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Table 1-1. Comparison of two major staging systems for NAFLD 
 

Brunt Grading and Staging System NASH Activity Score 

Steatosis Grade Steatosis Score 

None 0 <5% 0 

<33% 1 5-33% 1 

33-66% 2 34-66% 2 

>66% 3 >66% 3 

Lobular Inflammation Grade Lobular Inflammation Score 

None 0 None 0 

1-2 1 <2 1 

<4 2 2-4 2 

>4 3 >4 3 

Hepatocyte Ballooning Grade Hepatocyte Ballooning Score 

occasional ballooned 
hepatocytes 

1 None 0 

ballooning hapatocytes obvious 2 Few ballooned cells 1 

ballooning and disarray obvious 3 Many ballooned cells 2 

Fibrosis Stage Fibrosis Score 

Perisinusoidal/pericellular 
fibrosis 

Stage 1 
None 0 

Mild perisinusoidal fibrosis 1a 

Perisinusoidal/pericellular 
fibrosis with periportal fibrosis 

Stage 2 

Moderate perisinusoidal 
fibrosis 

1b 

portal/periportal fibrosis 1c 

Perisinusoidal/pericellular and 
periportal fibrosis with bridge 

fibrosis 
Stage 3 

perisinusoidal and 
portal/periportal fibrosis 

2 

Bridge fibrosis 3 

cirrhosis Stage 4 cirrhosis 4 

(Brunt et al., 1999)                     (Kleiner et al., 2005)  
 
In the Brunt grading and staging system, three grades and four stages are developed 
according to the histological features of NASH. The scores of NASH acvitity scoring 
system is raged from 0 to 8. A score ≥5 is regarded to be correlated with the diagnosis 
of NASH.     
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1.1.3 Pathogenesis of NAFLD 

Clarifying the pathogenesis of NAFLD has made great advances in the past decades. 

In 1998, Day and James proposed the “two-hit” hypothesis which suggested that the 

development of steatohepatitis required two hits which were steatosis (the first hit) 

and oxidative stress (the second hit) (Day & James, 1998). This hypothesis was raised 

based on a study providing persuasive evidence that lipid peroxidation was one of the 

mechanisms linking steatosis to steatohepatitis (Berson et al., 1998). A “third hit” was 

proposed later which indicated that hepatocyte death with impaired proliferation was 

another important step in the pathogenesis of NAFLD (Jou et al., 2008). Most recently, 

a ‘multi-hit’ hypothesis was developed to describe a new theory for the pathogenesis 

of NAFLD (Tilg & Moschen, 2010). In this theory, multiple parallel hits, such as gut 

and/or adipose tissue derived factors as well as endoplasmic reticulum (ER) stress 

together with steatosis and oxidative stress, all promote hepatic inflammatory 

response and play important roles in the pathogenesis and progression of NAFLD. 

The hypotheses for the pathogenesis and progression of NAFLD are illustrated in 

Figure 1-1. 
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Figure 1-1: Hypotheses for the pathogenesis and progression of NAFLD    

The classic hypothesis for the pathogenesis of NAFLD is the “two-hit” theory, which 
suggests that the development of steatohepatitis requires two hits which are steatosis 
(the first hit) and oxidative stress (the second hit). A “third hit” is proposed later 
which indicates that cell death (apoptosis) with impaired proliferation is the third hit 
in the pathogenesis of NAFLD. Recently, the “multi-hit” theory has been introduced 
implying that multiple parallel hits, such as imbalance of gut microbiota, hepatic 
apoptosis, ER stress and oxidative stress, all promote hepatic inflammatory response 
and play important roles in the pathogenesis and progression of NAFLD.    
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Lipid accumulation (steatosis) 

In the ‘two-hit’ and ‘multi-hit’ hypothesis, lipid accumulation in the liver, or namely 

hepatic steatosis, is acknowledged as the original initiation (first hit) of NAFLD. The 

histologic manifestation of hepatic steatosis is accumulation of triglycerides within 

hepatocytes, which are visible as either macrovesicular or microvesicular 

intracytoplasmic fat droplets (Adams et al., 2005; Schwimmer et al., 2005a). The 

fatty liver (steatosis) is diagnosed as more than 5-10% lipid content accumulated in 

the liver (Neuschwander-Tetri & Caldwell, 2003). The excess lipid accumulation in 

the liver usually results from one or a combination of the following factors: an 

increase of dietary lipid uptake, an elevation of de novo hepatic lipogenesis, a 

decrease of fatty acid oxidation or very low density lipoprotein (VLDL)-triglyceride 

secretion.  

Although triglyceride is regarded as the major lipid stored in the liver of patients with 

NAFLD, emerging findings from recent studies indicate that free cholesterol is the 

“aggressive” lipid in the liver leading to an inflammatory response and oxidative 

stress (Tilg & Moschen, 2010). Mari et al demonstrated that the accumulation of free 

cholesterol but not triglyceride in mitochondria played a critical role during the 

progression from steatosis to steatohepatitis as it sensitized inflammatory cytokines 

through a depletion of anti-oxidant molecules (Mari et al., 2006). In this study, it was 

demonstrated that dietary free cholesterol led to microvesicular steatosis and a 

sensitization of tumor necrosis factor (TNF)-α and consequently resulted in 

steatohepatitis (Mari et al., 2006). Therefore, the harmful effect of cholesterol 
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accumulation in the liver and the underlying mechanism has become one of the 

accumulation in the liver and the underlying mechanism has become one of the most 

promising topics for investigating the pathogenesis of NAFLD and for the 

development of therapeutic strategies. 

Inflammatory response (steatohepatitis) 

Inflammation with concurrent lipid accumulation (steatosis) in the liver can be 

defined as NASH, an advanced form of NAFLD. It is characterized by hepatic 

steatosis, hepatocellular injury (ballooning degeneration sometimes containing 

Mallory bodies), and lobular inflammation (Brunt, 2004; Schwimmer et al., 2005a). 

Inflammatory cells within the lobules, which include lymphocytes, eosinophil, 

occasionally polymorphonuclear leukocytes, or activated Kupffer cells, are the 

common features of steatohepatitis (Lefkowitch et al., 2002; Tiniakos et al., 2010). 

These inflammatory cell infiltrations form the small inflammatory foci that are visible 

via liver biopsy and histologic assessment. 

Inflammatory mediators, such as pro-inflammatory cytokines, have been implicated in 

the pathogenesis of NAFLD / NASH. The elevated production of pro-inflammatory 

cytokines, such as interleukin-6 (IL-6) or TNF-α, together with decreased secretion of 

adiponectin or resistin (anti-inflammatory factors), recruit inflammatory cells and 

initiate the inflammatory response in the liver (Diehl et al., 2005; Day, 2006). A more 

detailed mechanism will be discussed in the third part of this introduction which is 

about the inflammatory response. 
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NASH is the advanced stage of NAFLD. Approximately 20% of individuals with 

NASH progressed to cirrhosis, which was more common than in those with fatty liver 

alone (4%), over a 7- to 10-year timeframe (Matteoni et al., 1999). In addition, 

hepatic fibrosis is present in about 40% of NASH patients who are older than 45 years 

(Andersen et al., 1991). Notably, NASH has a tight association with increased 

cardiovascular and liver-related mortality (Matteoni et al., 1999). Therefore, it is of 

great importance to clarify a more detailed mechanism of the progression of NASH 

and to develop therapeutic stategies for hepatic steatohepatitis. 

Oxidative stress 

Oxidative stress is defined as an imbalance of free radicals (reactive oxygen species 

and reactive nitrogen species) production and the ability of antioxidants to detoxify 

the reactive intermediates in the body (Robertson et al., 2001). Oxidative stress plays 

an important role in the transition of benign hepatic steatosis to steatohepatitis, which 

is recognized as the second hit in the pathogenesis of NAFLD (Yesilova et al., 2005). 

Under physiological conditions, β-oxidation of fatty acids in the liver takes place in 

mitochondria. During NAFLD, the elevation of free fatty acid in the liver results in 

the surge of reactive oxygen species (ROS) production. Consequently, ROS causes 

oxidative stress and activates a series of inflammatory pathways leading to 

mitochondria dysfunction (Chitturi & Farrell, 2001; Sanyal et al., 2001). It has been 

found that hepatic mitochondria dysfunction presents in patients and in experimental 

animals with NASH (Caldwell et al., 1999; Sanyal et al., 2001). The possible 

mechanisms may be involved in the excessive production of ROS (Sanyal et al., 
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2001). Increased amounts of ROS may also trigger the alterations in the production of 

cytokines, lipid peroxidation of cell membranes as well as insulin resistance (Sanyal 

et al., 2001; Seki et al., 2002).  

Insulin resistance 

Insulin resistance is defined as a physiological condition that “a normal or elevated 

insulin level produces an attenuated biological response” which refers to a decrease of 

insulin sensitivity (Cefalu, 2001). Insulin resistance in the liver and adipose tissue as 

well as reduced systemic insulin sensitivity are recognized to be tightly associated 

with the pathogenesis of NAFLD (Seppala-Lindroos et al., 2002; Bugianesi et al., 

2005a). Insulin resistance is a clinical syndrome defined as the cells of the body 

becoming resistant to the effect of insulin resulting in impaired metabolic clearance of 

glucose. Metabolic disorders, including obesity, diabetes, NAFLD, atherosclerosis, 

and even several types of cancer, are all associated with insulin resistance (Greenfield 

et al., 2008). Recent studies have shown that hepatic insulin resistance leads to 

hepatic steatosis and inflammation, and vice versa, insulin resistance itself may result 

from lipid accumulation and inflammation in the liver. Several mechanisms are 

proposed to explain the relationship of insulin resistance and NAFLD. Insulin 

resistance stimulates hepatic fatty acid synthesis and impairs fatty acid oxidation as 

well as VLDL secretion in NAFLD patients, which leads to hepatic steatosis and may 

finally result in the development of NASH (Marchesini et al., 1999; Sanyal et al., 

2001). Hepatic steatosis, in turn, causes insulin resistance by blocking insulin receptor 

signaling. Accumulation of fatty acids in the liver impairs tyrosine phosphorylation of 
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the insulin receptor substrates and activates protein kinase C isoforms, leading to 

hepatic insulin resistance (Samuel et al., 2004). In addition, pro-inflammatory 

cytokines, such as TNF-α and interleukin-1 (IL-1), also inhibit the insulin signaling 

pathway and cause insulin resistance (Poniachik et al., 2006; Barbuio et al., 2007).       

Others 

Hepatocyte injury and cell death/apoptosis are also involved in the development of 

NAFLD and NASH as the “third hit” (Imeryuz et al., 2007; Jou et al., 2008). In 

chronic liver injury, impaired β-oxiation in the mitochondria leads to fatty acid 

accumulation which poses a toxic effect to hepatocytes followed by cell death. The 

development of hepatic stellate cells to myofibroblasts is then activated which further 

elevates the liver progenitor population (Jou et al., 2008). Cell death with abnormal 

proliferation of hepatocytes progenitor cells is therefore tightly related to the 

development of fibrosis and cirrhosis in NAFLD.    

1.1.4 Management of NAFLD 

It is well-known that obesity together with insulin resistance is the major risk factor 

for NAFLD. Therefore, the management of NAFLD involves treating liver disease as 

well as its co-morbidities, such as obesity and insulin resistance. 

Management of obesity 

In many studies, lifestyle modification, including regular physical exercise and dietary 

restriction, improves liver function and attenuates hepatic steatosis in obese patients 

with fatty livers (Ueno et al., 1997; Hickman et al., 2004; Promrat et al., 2010). 
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Intensive lifestyle changes (diet and moderate physical activity) not only lead to an 

amelioration of hepatic steatosis but also eliminate the necrosis and inflammation in 

NASH patients (Promrat et al., 2010). This study has also illustrated that steatosis, 

lobular inflammation and NAFLD activity score are significantly improved in the 

patients with more than 7% weight loss. In addition, pharmacological anti-obesity 

agents are also used in patients with NAFLD. Orlistat (also known as Xenical) is an 

enteric lipase inhibitor, which is designed to treat obesity. It inhibits the gastric and 

pancreatic lipases which catalyze the hydrolysis of triglycerides and subsequently 

decreases the absorption of dietary fat (Heck et al., 2000). It has been reported that 

Orlistat reduces serum ALT and hepatic steatosis in NAFLD patients diagnosed by 

ultrasound (Zelber-Sagi et al., 2006). As there is a high prevalence of NAFLD in 

obese individuals, bariatric surgery also has shown effects to eliminate the features of 

NAFLD, such as steatosis and inflammation (Mathurin et al., 2009). 

Management of insulin resistance 

Insulin sensitizing agents, such as metformin and thiazolidinediones, have been 

commonly used in NAFLD patients to counter insulin resistance. Metformin is a 

biguanide which has the effect of inhibiting hepatic glucose production and 

gastrointestinal glucose absorption, and increasing insulin sensitivity, peripheral 

glucose uptake and fatty acid oxidation (Collier et al., 2006). However, the molecular 

mechanism underlying the effects of metformin is incompletely understood. It may 

include activation of AMP-activated protein kinase (AMPK) (Hawley et al., 2002), 

inhibition of the mitochondrial respiratory chain (El-Mir et al., 2000), and suppression 
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of glucagon-dependent elevation of cAMP (Miller et al., 2013). Early clinical trials in 

patients with steatohepatitis have reported that long-term metformin treatment 

significantly reduces aminotransferases in addition to improving insulin sensitivity 

(Marchesini et al., 2001). Similar results were realized in an open-label randomized 

study of non-diabetic NAFLD patients (Bugianesi et al., 2005b). Another study of 

children with steatohepatitis also indicates that a 24-week treatment with metformin 

can effectively lower aminotransferases as well as liver fat content measured by MRI 

(Schwimmer et al., 2005b). However, recent randomized trials of NASH patients have 

shown that little improvement can be observed in aminotransferases, liver steatosis or 

inflammation with the treatment of metformin for 6 or 12 months (Haukeland et al., 

2009; Shields et al., 2009). Therefore, the effect of metformin on NAFLD/NASH is 

not fully demonstrated and needs to be further proved in large-scale randomized 

clinical trials. Thiazolidinedione (pioglitazone, rosiglitazone) is another category of 

insulin sensitizing agents that ameliorate insulin sensitivity by activating peroxisome 

proliferator-activated receptor gamma (PPARγ) (Yki-Jarvinen, 2004). In the animal 

studies, pioglitazone and rosiglitazone have been shown to have a protective effect on 

NASH by improving hepatic steatosis, preventing liver fibrosis, and decreasing serum 

aminotransferases (Kawaguchi et al., 2004; Nan et al., 2009). In several clinical trials 

of NASH patients, although it has been proved that pioglitazone can improve hepatic 

steatosis, cellular injury, inflammation and fibrosis (Aithal et al., 2008; Ratziu et al., 

2008), other studies indicate that the beneficial effects are short-lived after 

discontinuation of the treatment (Neuschwander-Tetri et al., 2003). In addition, 
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pioglitazone and rosiglitazone are associated with an increase in the risk of 

cardiovascular disease, such as myocardial infarction, stroke and congestive heart 

failure (Lincoff et al., 2007; Nissen & Wolski, 2007). Thus, the long term safety and 

efficacy of thiazolidinediones on patients with NASH need to be further addressed.  

Anti-oxidant therapy 

Oxidative stress is considered to be the “second hit” in the pathogenesis of NAFLD. 

The beneficial effects of antioxidants, such as vitamin E and betaine, have been 

investigated for the treatment of NAFLD. As an antioxidant, vitamin E has been 

recently used to treat NASH. The protective effects of vitamin E include normalizing 

aminotransferases, improving steatosis, and preventing liver fibrosis (Parola et al., 

1992; Hasegawa et al., 2001; Harrison et al., 2003). However, other studies have 

failed to provide evidence of the benefits of vitamin E (Kugelmas et al., 2003; Vajro 

et al., 2004). Due to the differences in vitamin E dosages and the variety of study 

criteria, it is hard to conclude whether vitamin E is a worthwhile treatment for 

NAFLD patients. Betaine, originally found in the juice of sugar beets, is known to 

have effective anti-oxidative ability. The beneficial effects of betaine have been 

reported in both clinical studies and experimental animal models of NAFLD 

(Abdelmalek et al., 2001; Song et al., 2007; Kwon do et al., 2009). These studies 

have demonstrated that betaine can improve liver steatosis, necroinflammation, and 

fibrosis in the patients and animals with fatty liver. The hepatic protective effect of 

betaine might be via its anti-oxidative and anti-inflammatory capability, or activation 

of the AMPK pathway (Song et al., 2007; Kwon do et al., 2009). However, no 
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significant effect of betaine on aminotransferases and fibrosis has been reported in a 

randomized placebo-controlled trial recently (Abdelmalek et al., 2009). Therefore, the 

potential of betaine to be used as an anti-oxidative therapy for NAFLD needs to be 

further confirmed in more clinical studies.      

Anti-cytokine agents 

Cytokines, such as TNF-α and IL-6, have been found to play a critical role in the 

pathogenesis and development of NAFLD. As a result, new NAFLD therapies 

targeting cytokines are being investigated. For example, pentoxifylline, a nonspecific 

TNF-α inhibitor, has been reported to improve steatosis, inflammation and fibrosis in 

NASH patients (Adams et al., 2004; Satapathy et al., 2004). However, anti-cytokine 

agents are a relatively new therapeutic strategy. The mechanisms and side effects of 

anti-cytokine agents are still under investigation.  

 

Taken together, NAFLD is affecting a large population from different ethnic 

backgrounds and all ages. It has become a major heath concern worldwide. NAFLD 

often develops into a more severe form, NASH, which may further progress to 

fibrosis and cirrhosis. It is closely associated with many metabolic diseases, including 

obesity, diabetes, and cardiovascular disease. However, due to the limited number of 

clinical trials, there are still controversies regarding effective pharmaceutical agents. 

Current research is producing new therapeutic methods based on the pathogenetic 

mechanisms of the disease. 
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1.2 Hyperhomocysteinemia (HHcy) 

Hyperhomocysteinemia (HHcy), characterized by an elevation of total plasma 

homocysteine levels, is a metabolic disorder related to the dysfunction of multiple 

organs (Mudd et al., 2000). Homocysteine is an intermediate amino acid in the 

metabolism of methionine to cysteine. Any perturbation of homocysteine metabolism 

causes an increase in its cellular concentrations, leading to HHcy. A homocysteine 

level in the plasma or serum higher than 15 µmol/L is defined as HHcy, which is 

pathogenic. Epidemiological studies indicate that HHcy is associated with 

cardiovascular and cerebrovascular disease, osteoporosis, glomerulosclerosis and fatty 

liver (Refsum et al., 1998; Wald et al., 2002; van Meurs et al., 2004; Gulsen et al., 

2005; Yi & Li, 2008). Lipid accumulation in the liver (moderate fatty liver) has been 

observed in the autopsy of pediatric patients with HHcy (McCully, 1969). In the 

experimental animal models with HHcy, an elevated homocysteine level causes 

abnormal lipid metabolism, ER stress and oxidative stress (Werstuck et al., 2001; 

Woo et al., 2005; Woo et al., 2006a). Hepatic steatosis has been induced in the 

animals with HHcy (Werstuck et al., 2001; Woo et al., 2005). However, the 

mechanism of HHcy-induced NAFLD remains unclear. In this section, the 

metabolism of homocysteine, the causes of HHcy, and the relations between HHcy 

and other diseases, especially NAFLD, are reviewed.   

1.2.1 Metabolism of homocysteine 

Homocysteine is a sulfur-containing amino acid that is formed during the metabolism 

of essential amino acid methionine. Methionine is the precursor of 
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S-adenosylmethionine (SAM), which is the major and the most commonly used 

methyl donor in hundreds of methylation processes in the body. Methionine is 

metabolized to homocysteine via the transmethylation pathway including 

demethylation of SAM and hydrolysis of S-adenosylhomocysteine (SAH). 

Homocysteine can be further metabolized through two other pathways: the 

remethylation pathway converting homocysteine back to methionine, and the 

transsulfuration pathway irreversible catabolizing homocysteine to cysteine. The 

metabolism of homocysteine is discussed in detail as follows and summarized in 

Figure 1-2. 

Transmethylation pathway 

Methionine is activated by ATP and catalyzed by methionine adenosyltransferase (EC 

2.5.1.6) to form SAM. Two different methionine adenosyltransferases (MATs) genes, 

MAT1A and MAT2A, are responsible for liver-specific and non-liver-specific isozymes, 

respectively (Chou, 2000). MAT1A encoding liver-specific isozyme (α1) is expressed 

in mature liver, while MAT2A encoding non-liver-specific isozyme (α2) is expressed 

in all tissues as well as liver under growth or dedifferenciation status (Chou, 2000). 

Elevation of plasma methionine and reduction of hepatic SAM levels have been 

observed in MAT1A knockout mice which develop steatohepatitis spontaneously (Lu 

et al., 2001; Martinez-Chantar et al., 2002). SAM serves primarily as a methyl donor 

in a variety of biological methylation reactions, such as biosynthesis of DNA, RNA, 

protein, and phospholipids. Once the methyl groups are transferred from SAM to the 

acceptors, the co-product SAH is produced and then hydrolyzed by SAH hydrolase to 
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yield homocysteine (Eloranta & Kajander, 1984). Although homocysteine may 

resynthesize SAH by the same enzyme, the reaction is driven forward to form 

homocysteine due to the rapid removal of homocysteine via remethylation and 

transsulfuration pathways. 

Remethylation pathway 

The regeneration of methionine from homocysteine is carried out in the remethylation 

pathway. Homocysteine is remethylated to methionine by methionine synthase (EC 

2.1.1.13) via transferring a methyl group from N5-methyl-tetrahydrofolate 

(N5-methyl-THF). Methionine synthase uses the biological active form of vitamin B12, 

namely methylcobalamin, as the cofactor. The effect of vitamin B12 as a cofactor in 

this reaction is achieved by upregulating methionine synthase translationally via 

binding to the B12-responsive element on the 5’-UTR of methionine synthase mRNA 

(Oltean & Banerjee, 2003). The methyl donor of the remethylation pathway, 

N5-methyl-THF, is synthesized from a reduction of N5,10-methylene-THF catalyzed by 

N5,10-methylene-THF reductase (EC 1.1.1.68). Flavin adenine dinucleotide, a 

biologically active form of vitamin B2, is used as the cofactor of N5,10-methylene-THF 

reductase in this reaction. SAM can regulate this reaction by inhibiting the conversion 

of N5,10-methylene-THF to N5-methyl-THF, while SAH can reverse the inhibition 

(Kutzbach & Stokstad, 1971). There is an alternate remethylation pathway present 

only in the liver and the kidney. It is carried by the enzyme betaine-homocysteine 

methyltransferase (EC 2.1.1.5) using betaine as the methyl donor (Finkelstein, 1990; 

Delgado-Reyes et al., 2001). Betaine can be gained from diet or derived from dietary 
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choline or choline synthesized via SAM-dependent methylation of 

phosphatidylethanolamine (Sakamoto et al., 2002; Zeisel et al., 2003). When the 

predominant remethylation pathway mediated via folate metabolism is impaired, 

betaine may play an important role in the remethylation pathway of homocysteine 

(Schwahn et al., 2003; Kharbanda et al., 2007).  

Transsulfuration pathway 

Other than the remethylation pathway, homocysteine can be metabolized in the 

transsulfuration pathway to form cysteine by cystathionine β-synthase (EC 4.2.1.22) 

and cystathionine γ-lyase (EC 4.4.1.1). Cystathionine β-synthase (CBS) catalyzes the 

irreversible reaction that homocysteine condenses with serine to form cystathionine 

(Banerjee et al., 2003). Cystathionine is then cleaved by cystathionine γ-lyase (CGL) 

to produce cysteine, α-ketobutyrate as well as ammonia. Both CBS and CGL use 

vitamin B6 as a cofactor. CBS is allosteric activated by SAM so that the clearance of 

homocysteine is carried out via the transsulfuration pathway when SAM 

concentration is high (Ignoul & Eggermont, 2005). Recently, the transsulfuration 

pathway has drawn a lot of attention because of the production of a small gas 

molecule, hydrogen sulfide (H2S), formed from cysteine or homocysteine is catalyzed 

by CBS and CGL as well (Stipanuk & Beck, 1982; Abe & Kimura, 1996). H2S is 

demonstrated to have an important physiological function as a neural modulator and a 

smooth muscle relaxant (Abe & Kimura, 1996; Hosoki et al., 1997).  
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Figure 1-2. Homocysteine metabolism pathways 
Methionine metabolizes to homocysteine via a transmethylation pathway including 
demethylation of S-adenosylmethionine (SAM) and hydrolysis of 
S-adenosylhomocysteine (SAH). Homocysteine can be further metabolized through 
two other pathways: remethylation pathway converting homocysteine back to 
methionine, and transsulfuration pathway irreversible catabolizing homocysteine to 
cysteine. In remethylation pathway, methionine can be resynthesized to methionine by 
methionine synthase (MS) via transferring a methyl group from N5-methyl-THF 
(5-MTHF). An alternate remethylation pathway using betaine as the methyl donor 
also plays a role in resynthesize of methionine from homocysteine. In transsulfuration 
pathway, homocysteine can be catabolized by cystathionine β-synthase (CBS) and 
then cystathionine γ-lyase (CGL) to synthesize cysteine. B vitamins are involved in 
the homocysteine metabolism as co-factors of the enzymes.    
  
(Abbreviations: THF, tetrahydrofolate; 5,10-MTHF, N5,10-methylene-THF; MTHFR, 
N5,10-methylene-THF reductase; BHMT, betaine-homocysteine methyltransferase; B2, vitamin B2; B6 
vitamin B6; B12, vitamin B12) 
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1.2.2 Risk factors for HHcy 

Age and gender are the physical factors that are associated with the elevation of 

homocysteine levels. Total homocysteine concentrations in the blood increase with 

aging and are higher in men than in women (Andersson et al., 1992; Selhub et al., 

1993; Nygard et al., 1995; Jacques et al., 1999a). The differences between males and 

females are less significant after the age of 65 years old and further diminish with age 

(Selhub et al., 1993; Nygard et al., 1995). Sex hormones may be involved in the 

regulation of homocysteine concentrations in the female population. Homocysteine 

levels are higher in postmenopausal women than those in premenopausal women 

(Andersson et al., 1992).  

An abnormally high level of homocysteine in the circulation, known as HHcy, can be 

caused by a variety of factors. Malnutrition, certain drugs, some diseases, and gene 

defects can result in HHcy in the population. 

Malnutrition 

As is mentioned in the previous section on homocysteine metabolism, homocysteine 

is synthesized via the transmethylation pathway from methionine. Methionine, one of 

the essential amino acids, is found abundantly in eggs, red meats, seafood, and dairy 

products but very little is found in fruits and vegetables. A high animal-protein diet, 

such as high intake of red meats and milk, has been reported to be positively 

associated with HHcy (Yakub et al., 2010). In addition, a lack of B vitamins, 

including folate, vitamin B6 and vitamin B12 in the diet also leads to HHcy. The 
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remethylation pathway of homocysteine is dependent upon N5-methyl-THF, the active 

form of folate, to act as a methyl donor. Lower circulating levels or intakes of folate 

have been associated with HHcy (Selhub et al., 1993; Refsum et al., 1998). However, 

it is uncommon in western countries due to the western diet containing folate-fortified 

cereals and bread (Malinow et al., 1998; Jacques et al., 1999b). Alcohol consumption 

contributes to some cases of folate deficiency induced HHcy (Hultberg et al., 1993; 

Cravo et al., 1996). The underlying mechanisms may be involved in a reduction of the 

expression of hydrolase glutamate carboxypeptidase (GCPII) and the reduced folate 

carrier (RFC) that control the intestinal absorption and transport of folate (Reisenauer 

et al., 1989; Villanueva et al., 2001). In addition, folate uptake and retention in the 

liver have been decreased in alcohol-fed animals (Tamura et al., 1981). Vitamin B6 

and B12 are important cofactors in the remethylation and transsulfuration pathways. A 

deficiency of these B vitamins leads to an elevation of homocysteine levels in the 

blood (Miller et al., 1992; Selhub et al., 1993; Refsum et al., 1998). Intervention 

studies have demonstrated that dietary supplementation with folate (folic acid), 

vitamin B6, vitamin B12 or combinations of the same effectively reduce the 

homocysteine concentrations in HHcy subjects (Selhub et al., 1993; Jacques et al., 

2001). 

Genetic disorders 

Malnutrition usually leads to mild to moderate elevation of homocysteine levels in the 

blood, however, intermediate and severe HHcy is caused by a genetic deficiency of 

three major genes that catalyze homocysteine metabolism, including 
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N5,10-methylene-THF reductase (MTHFR), CBS and methionine synthase. A genetic 

mutation in MTHFR, commonly the C677T transversion, impairs the ability of this 

enzyme to process folate in the remethylation pathway of homocysteine (Goyette et 

al., 1994; Jacques et al., 1996; Klerk et al., 2002). Patients with an MTHFR mutation 

have a high frequency (17-28%) of coronary artery disease compared to controls 

(~5%) due to the elevation of plasma homocysteine levels (Kang et al., 1991; 

Engbersen et al., 1995). As methionine synthase is another important enzyme 

responsible for the remethylation of homocysteine, a genetic mutation of methionine 

synthase also contributes to the HHcy (Leclerc et al., 1996; Laraqui et al., 2007). For 

methionine synthase, the most common mutation is an A2756G transition, resulting in 

conversion of an aspartic acid residue to a glycine (Leclerc et al., 1996). However, 

there are also some studies that indicate no association between the mutation of 

methionine synthase and the increase of plasma homocysteine concentrations (Wang 

et al., 1999; Jacques et al., 2003). Homozygous CBS deficiency, which is relatively 

rare (approximately 1 in 300,000), usually causes severe HHcy and homocystinuria 

with major clinical manifestations including premature arteriosclerosis and 

hepatosteatosis (Mudd et al., 1985). Fifty percent (50%) of patients with untreated 

homozygous CBS deficiency develop cardiovascular disease before the age of thirty 

(Mudd et al., 1985). Approximately 1 out of 100-290 individuals has heterozygous 

CBS deficiency in the general population (Mudd et al., 1995). Heterozygous CBS 

deficiency only results in a mild elevation of plasma homocysteine (Boers et al., 

1985). Folate, vitamin B6, or vitamin B12 supplementation for these patients with 
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inherited CBS deficiency can prevent vascular events but cannot completely reduce 

the homocysteine levels to the normal level (Kluijtmans et al., 1999; Yap et al., 2000).  

Drugs and diseases 

Certain drugs and diseases are also determinants of plasma homocysteine 

concentrations. Sex steroid hormones are associated with the gender differences of 

homocysteine levels (Andersson et al., 1992). Antiepileptic drugs, such as Phenytoin, 

are suspected to increase plasma homocysteine concentrations due to affecting folate 

metabolism (Lambie & Johnson, 1985). Methotrexate, which is often given to patients 

with cancer to inhibit reproduction of cancer cells, has been reported to inhibit the 

formation of tetrahydrofolates and lead to HHcy (Refsum & Ueland, 1990). 

Lipid-lowering drugs, including fibrates, cholestyramine and niacin, also have been 

shown to elevate plasma homocysteine concentrations (Basu & Mann, 1997; Tonstad 

et al., 1998; Dierkes et al., 1999). In addition, some diseases may influence the 

homocysteine levels, such as kidney failure, rheumatoid arthritis, and endocrine 

disorders. Kidney failure is one of the most frequent clinical causes of HHcy (Soria et 

al., 1990; Wollesen et al., 1999). It has been demonstrated that more than 85% of 

patients with end-stage kidney disease have HHcy (Soria et al., 1990; Arnadottir et al., 

1996; Hong et al., 1998). This may occur because the kidney plays a major role in 

conversion of methionine to homocysteine. HHcy is also commonly detected in 

patients with rheumatoid arthritis; however, the pathogenesis of HHcy remains 

unclear (Roubenoff et al., 1997; Hernanz et al., 1999). Patients with certain endocrine 

disorders, such as hypothyroidism, also have high levels of plasma homocysteine, in 
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which the mechanism may be due to the abnormal folate metabolism influenced by 

thyroid function (Morris et al., 2001; Ozmen et al., 2006).                                   

1.2.3 HHcy as a risk factor for many diseases 

HHcy as a metabolic disease is associated with cardiovascular and cerebrovascular 

disease, osteoporosis, glomerulosclerosis and fatty liver (Refsum et al., 1998; Wald et 

al., 2002; van Meurs et al., 2004; Gulsen et al., 2005; Yi & Li, 2008). In the following 

sections, the relationship of HHcy and these diseases as well as the known mechanism 

of HHcy induced injury will be discussed. The association between HHcy and fatty 

liver disease will be specifically addressed in a separate section because it is the major 

focus of this study. 

HHcy and vascular disease 

In 1975, the first link between HHcy and vascular disease was identified just a few 

years after the discovery of HHcy and homocystinuria in CBS deficient patients. In 

the study, advanced peripheral vascular lesions were observed in a patient with CBS 

deficiency, and it was postulated that the accumulation of homocysteine in the blood 

was responsible for the arterial damage (McCully, 1969; McCully & Wilson, 1975). 

Over the past decades, numerous epidemiological studies have demonstrated that 

HHcy is strongly associated with cardiovascular disease, especially coronary artery 

disease, as well as cerebrovascular diseases, such as stroke (Boushey et al., 1995; 

Refsum et al., 1998; Bautista et al., 2002; Klerk et al., 2002; Wald et al., 2002). 

Among patients with vascular disease, HHcy is found in up to 40% of individuals 
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(Clarke et al., 1991). Now, HHcy is regarded as an independent risk factor for 

cardiovascular disease (Clarke et al., 1991; Graham et al., 1997). However, the 

mechanisms responsible for the links between vascular disease and HHcy still remain 

speculative. Some proposed mechanisms include endothelial dysfunction, oxidative 

stress, ER stress, as well as inflammatory response. Evidence from both human and 

experimental animal studies has shown that HHcy causes both acute and chronic 

endothelial dysfunction. Acute HHcy induced by oral methionine loading in human 

studies results in an abnormal endothelium-dependent vasorelaxation (Bellamy et al., 

1998; Chambers et al., 1998). Similarly, in genetic defect-induced HHcy as well as 

diet-induced HHcy animal models, an impairment of endothelium-dependent 

vasodilation is also observed (Watanabe et al., 1995; Lentz et al., 1996; Chen et al., 

2001). A reduction in nitric oxide (NO) release is involved in the endothelial 

dysfunction induced by HHcy (Upchurch et al., 1997; Ungvari et al., 1999). 

Oxidative stress is another possible mechanism through which HHcy leads to 

endothelial dysfunction (Starkebaum & Harlan, 1986; Papatheodorou & Weiss, 2007). 

Homocysteine contains a highly reactive thiol group which can be oxidized to form 

reactive oxygen species (ROS). During the oxidation of the thiol group, superoxide 

anions, hydrogen peroxide and hydroxyl radicals are generated. These oxygen-derived 

molecules are believed to be responsible for cell injury in the vascular endothelium 

(Heinecke et al., 1993; Loscalzo, 1996). Previous studies from our laboratory have 

demonstrated that homocysteine induces the production of pro-inflammatory factors, 

such as monocyte chemoattractant protein-1 (MCP-1), in both in vitro and in vivo 
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models and promotes the development of atherosclerotic lesions (Sung et al., 2001; 

Wang & O, 2001; Wang et al., 2001; Wang et al., 2002). Experimental animal studies 

and clinical trials on human beings also indicate that homocysteine stimulates other 

pro-inflammatory factors, such as IL-8 and IL-6, as well as the inflammation related 

transcription factor, NF-κB (Poddar et al., 2001; Au-Yeung et al., 2004; Gori et al., 

2005). These results all indicate that the inflammatory response is involved in HHcy 

related vascular disease. Recently, ER stress has received a great deal of attention in 

HHcy induced vascular injury. The proposed mechanisms involve an alteration in 

triglyceride and cholesterol metabolism (Werstuck et al., 2001), inducing 

programmed cell death (apoptosis) (Zhang et al., 2001), and enhancing an 

inflammatory response (Hofmann et al., 2001). There are also some additional 

potential mechanisms that may also contribute to the pathogenesis of HHcy induced 

vascular disease. However, more questions need to be answered to enhance our 

understanding of the role of HHcy in the pathogenesis and development of vascular 

disease. 

HHcy and renal disease 

The kidney is one of the most important organs for homocysteine metabolism in the 

body. Accumulating clinical evidence has shown that increased plasma total 

homocysteine levels are associated with end-stage renal disease (ESRD) and 

approximate 85% to 100% of patients with ESRD have HHcy (Robinson et al., 1996; 

Bostom & Lathrop, 1997). After kidney transplantation or dialysis, the plasma 

homocysteine levels are still higher in these patients compared to normal individuals 
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(Bostom et al., 1997a; Bostom et al., 1997b; Einollahi et al., 2011). HHcy is observed 

in at least 85% of patients undergoing hemodialysis and 65-70% of renal transplant 

recipients (Bostom & Culleton, 1999; Bostom et al., 1999). The abnormal elevation of 

plasma homocysteine levels may be responsible for the cardiovascular complications 

in ESRD patients with or without transplantation or dialysis treatment (Bostom et al., 

1995; Dierkes et al., 2000; Ducloux et al., 2000). The pathogenesis of HHcy in ESRD 

is unclear. Although the disturbance of the homocysteine metabolism due to impaired 

renal function has been considered as one of the causes, improvement of renal 

function cannot restore plasma homocysteine levels to normal (Moustapha et al., 1999; 

Ducloux et al., 2000). Derangement of transsulfuration in the kidney may be 

responsible for HHcy during ESRD (Li et al., 2006). Glomerulosclerosis is one of the 

causes of ESRD which is characterized by the hardening of glomeruli due to scarring 

of the blood vessels in the kidney. HHcy has been identified in animals with 

glomerulosclerosis (Li et al., 2002). The mechanisms are related to decreased 

adenosine levels resulting from an enhanced activity of SAH hydrolase (Cramer et al., 

1997), stimulation of oxidative stress (Yi et al., 2009; Zhang et al., 2010a), and 

reduction of H2S levels (Sen et al., 2010). 

HHcy and osteoporosis 

Osteoporosis refers to a skeletal disorder characterized by reduced bone mineral 

density and deteriorated bone microarchitecture, which leads to an increased risk of 

fractures. HHcy is a risk factor for osteoporotic fractures (McLean et al., 2004; van 

Meurs et al., 2004). Clinical studies have shown that osteoporotic female patients 
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have significantly higher homocysteine levels compared to nonosteoporotic females 

(Baines et al., 2007). In addition, high homocysteine levels are also associated with an 

increased rate of bone loss in the hip and a greater risk of hip fracture in both elderly 

men and women (McLean et al., 2004; Zhu et al., 2009). In animal studies, it is 

demonstrated that HHcy in rats and mice causes a reduction in bone strength and an 

impairment of cross-link formation in bone (Fujii et al., 1979; Herrmann et al., 2009). 

In terms of underlying mechanisms, derangement of homocysteine metabolism may 

result in osteoporosis via disturbing cross-linking of collagen which is associated with 

inhibitory effects of homocysteine-thiolactone on lysyl oxidase (Lubec et al., 1996; 

Liu et al., 1997). More importantly, deficiency of homocysteine metabolism cofactors, 

such as vitamin B12 and folate, are reported to be positively associated with 

osteoporosis and the related fracture in epidemiological studies. Both in the US 

National Health and Nutrition Examination Survey and the Framingham Osteoporosis 

Study, serum vitamin B12 levels were associated with bone mineral density (Morris et 

al., 2005; Tucker et al., 2005). It is also shown in several studies that serum folate 

levels are an independent predictor of bone mineral density in postmenopausal 

women (Cagnacci et al., 2003; Baines et al., 2007). However, the relationship 

between homocysteine, vitamin B12, folate and osteoporosis is still controversial.           

1.2.4 Homocysteine and NAFLD 

The present study was focused on the effect of HHcy on the pathogenesis of 

non-alcoholic fatty liver disease (NAFLD). In 1969, the link between HHcy and fatty 

liver was first found by McCully when moderate fatty liver was observed in pediatric 
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patients with abnormal homocysteine metabolism resulting from CBS deficiency 

(McCully, 1969). Since then, a large number of studies have investigated the 

relationship between HHcy and NAFLD and the underlying mechanisms. 

In early studies, it was reported that HHcy patients had fatty liver and liver 

hypertrophy (Carson et al., 1965; Gaull et al., 1974). Recent clinical studies in 

patients have indicated that the plasma homocysteine levels are significantly higher in 

patients with hepatic steatosis/NAFLD (Gulsen et al., 2005; Remkova & Remko, 

2009; Kalhan et al., 2011). In HHcy animal models, it is clearly demonstrated that 

there is a positive correlation between blood homocysteine levels and hepatic steatosis. 

In a CBS-deficiency induced HHcy mice model, enlarged multinucleated hepatocytes 

and microvesicular lipid droplets which indicate hepatic steatosis are observed 

(Watanabe et al., 1995; Robert et al., 2005). In high methionine and low folate diet 

induced HHcy mice, lipid accumulation is also shown in the liver (Werstuck et al., 

2001). In rats with a high fat diet induced NAFLD, the plasma homocysteine levels 

are increased to approximately 10 µmol/L by the down-regulation of hepatic CBS and 

CGL activity (Bravo et al., 2011). However, a very recent study has illustrated that 

serum homocysteine levels are lower in patients with NASH compared to those with 

simple hepatic steatosis (12.3±2.5 vs 14.7±2.1 µmol/L) (Polyzos et al., 2012). These 

fluctuations of homocysteine levels might be due to the different expression of 

enzymes in homocysteine metabolism at different stages of NAFLD. 

The possible mechanisms by which HHcy may result in fatty liver have been 
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examined in different animal models. In the liver of CBS-deficient mice, genes 

involved in hepatic lipid homeostasis, such as ATP-binding cassette transporters and 

nuclear hormone receptor, are dysregulated (Hamelet et al., 2007). Additionally, the 

activity of enzymes associated with lipid metabolism, such as thiolase and 

lecithin-cholesterol acyltransferase, are also severely impaired in CBS-deficient mice 

(Namekata et al., 2004). Results from diet-induced HHcy animals indicate that ER 

stress might be one of the important causes of dysregulation of cholesterol and 

triglyceride biosynthesis in the liver of HHcy mice (Werstuck et al., 2001). The in 

vitro study in our laboratory has demonstrated in hepatocytes that homocysteine 

activates cAMP-response element binding protein (CREB), a transcription factor that 

regulates many genes in lipid and glucose metabolism, via the cAMP/PKA signaling 

pathway (Woo et al., 2006b).  

Although the correlation between severe HHcy and fatty liver disease is recognized, 

there is little in vivo data demonstrating that HHcy directly causes hepatic steatosis or 

injury. In addition, despite the fact that severe HHcy resulting from rare genetic 

diseases is reported to be associated with hepatic steatosis, it remains unclear whether 

the modest elevations in homocysteine induced by malnutrition in the general 

population has an effect on the pathogenesis of fatty liver disease. Therefore, in the 

present study we investigated the contribution of diet-induced HHcy on de novo 

cholesterol biosynthesis and the related mechanisms in a rodent model.     
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1.3 Inflammatory response 

Inflammatory response, also known as inflammation, is defined as an essential 

immune response of the body against harmful stimuli and maintaining tissue 

homeostasis. The four cardinal signs of acute inflammation are redness, swelling, heat, 

and pain. These signs have been recorded in medical texts for a few thousand years 

(Medzhitov, 2010). The fifth cardinal sign, loss of function, was added by Rudolph 

Virchow in 1858 (Majno, 1975). An inflammatory response is categorized in two 

different types, acute inflammatory response and chronic inflammatory response, 

based on characteristics that include onset and duration, primary mediator, and 

cellular components. In recent decades, the crucial contribution of an inflammatory 

response to the pathogenesis and development of metabolic diseases, such as type 2 

diabetes, atherosclerosis and obesity, has been demonstrated (Hotamisligil et al., 1993; 

Uysal et al., 1997; Hansson et al., 2002; Wellen & Hotamisligil, 2005; Hotamisligil, 

2006). Therefore, the research focus has started to shift from the acute inflammatory 

response induced by infections to chronic systemic inflammation which is associated 

with metabolic disorders. In the following section, the pathogenesis and mediators in 

the development of an inflammatory response and the relationship between an 

inflammatory response and metabolic disorders, especially fatty liver and HHcy, will 

be further discussed.               

1.3.1 Pathogenesis of the inflammatory response 

Commonly, an inflammatory response is comprised of four major components 

respectively corresponding to four steps in an inflammatory reaction, including 
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inducers, sensors, mediators and target tissue (Figure 1-3). Upon stimulation, certain 

types of cells: mainly macrophages, granulocytes and mononuclear cells initiate the 

process of an inflammatory response. Receptors on the surface of these cells, such as 

the Toll-like receptors, act as sensors to detect the stimuli and induce the production 

of different inflammatory mediators. The mediator molecules then act on the target 

tissue to activate a series of reactions to create beneficial or detrimental effects. 

Among the four components, inflammatory mediators (pro-inflammatory factors) are 

regarded as the key control point. The imbalance of the pro-inflammatory and the 

anti-inflammatory factors plays an essential role in the process of an inflammatory 

response.  

Pro-inflammatory factors 

Among inflammatory mediators, pro-inflammatory factors usually include cytokines 

(e.g., TNF-α, IL-1 and IL-6), chemokines (e.g., MCP-1, IL-8) and prostaglandins. 

Cytokines and chemokines are large families of low molecular weight proteins that 

are involved in a variety of biological processes. The disturbance of pro-inflammatory 

cytokines and chemokines is shown to cause or exacerbate different metabolic 

diseases, including obesity, type 2 diabetes, atherosclerosis, and osteoporosis 

(Hotamisligil et al., 1993; Hotamisligil et al., 1995; Uysal et al., 1997; Zheng et al., 

1997; Gosling et al., 1999). Additionally, prostaglandins, which are lipid compounds 

derived from arachidonic acid, take a part in the generation of an inflammatory 

response as a mediator. An enzyme, namely cyclooxygenase-2 (COX-2), is also 

regarded as a pro-inflammatory factor due to its dominant role in catalyzing the 
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biosynthesis of prostaglandins upon inflammatory stimuli (Tsatsanis et al., 2006; Li et 

al., 2008). Considering the huge variety of pro-inflammatory factors involved, only 

some of the well-investigated typical pro-inflammatory factors are discussed in this 

section.  

Tumor necrosis factor-α (TNF-α) was the first reported pro-inflammatory cytokine 

found in obese mice to link inflammation to metabolic disease (Hotamisligil et al., 

1993; Hotamisligil et al., 1995). The levels of TNF-α are increased in adipose tissue 

and in adipocytes of obese mice compared to lean controls. Mutation of TNF-α gene 

can improve insulin sensitivity and the related glucose and lipid metabolism, which 

indicates that the inflammation plays a critical role in obesity and insulin resistance 

(Uysal et al., 1997). A blockade of TNF-α with its monoclonal antibody has been 

successfully applied to the patients with inflammatory disease, such as rheumatoid 

arthritis and Crohn’s disease (Lorenz et al., 1996; Danese et al., 2006). However, the 

effects of anti-TNF-α agents in metabolic diseases are still under investigation. 

Monocyte chemoattractant protein-1 (MCP-1), also known as chemokine (C-C motif) 

ligand 2 (CCL2), is a member of the CC chemokines family which has an essential 

role in the recruitment of monocytes to the site of inflammation. Clinical studies have 

demonstrated that the plasma MCP-1 levels are associated with cardiovascular disease 

including angina, myocardial infarction and atherosclerosis (Matsumori et al., 1997; 

Mazzone et al., 2001; Deo et al., 2004). Mechanistic studies in the animal models 

have revealed that MCP-1 causes localized infiltration of monocytes, differentiation 
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of monocytes into macrophages, formation of foam cells, expression of adhesion 

molecules, and production of other pro-inflammatory cytokines and chemokines 

(Grewal et al., 1997; Lu et al., 1998; Aiello et al., 1999; Yamamoto et al., 2001). 

Recently, MCP-1 has been also reported to be related to obesity and diabetes (Simeoni 

et al., 2004; Herder et al., 2006; Catalan et al., 2007; Huber et al., 2008; Piemonti et 

al., 2009; Breslin et al., 2012). High plasma MCP-1 levels have been found in obese 

adults as well as obese children (Catalan et al., 2007; Breslin et al., 2012). The 

expression of MCP-1 and its receptor are reported to be upregulated in the adipose 

tissue of obese patients (Huber et al., 2008). Additionally, it has been found that the 

circulating MCP-1 levels are significantly elevated in diabetic patients (Simeoni et al., 

2004; Piemonti et al., 2009). A population-based clinical study has demonstrated that 

elevated serum concentrations of chemokines including MCP-1 are positively 

correlated with the incidence of type 2 diabetes (Herder et al., 2006). In accordance, 

studies in experimental animals also show that plasma MCP-1 concentrations are 

increased in obese and diabetic mice models (Sartipy & Loskutoff, 2003; Kanda et al., 

2006). Stimulating macrophage infiltration in adipose tissue, increasing insulin 

resistance, and inducing the expression of inflammatory genes as well as adipogenic 

genes are the possible mechanisms that mediate the role of MCP-1 in metabolic 

diseases (Sartipy & Loskutoff, 2003; Kanda et al., 2006; Weisberg et al., 2006).  

Cyclooxygenase-2 (COX-2), also known as prostaglandin endoperoxide H synthase-2 

(PGS-2), is the rate-limiting enzyme that catalyzes the conversion of arachidonic acid 

to prostaglandins and thromboxanes (Smith & Dewitt, 1996). There are two distinct 
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COX isoforms (COX-1 and COX-2) identified in mammalian cells. COX-1 is 

expressed constitutively in most kind of cells and is responsible for the synthesis of 

prostaglandins at low levels, while COX-2 expression is hardly detected under normal 

physiological conditions and can be rapidly induced by inflammatory stimuli, 

hormones or growth factors (O'Neill & Ford-Hutchinson, 1993). COX expressions are 

also reported to be associated with atherosclerosis. Clinical studies have revealed that 

COX-2 can be detected in the area of atherosclerotic plaques which may be mediated 

via activated macrophages and metalloproteinase (Belton et al., 2000; Cipollone et al., 

2001). However, the roles of COX-2 in metabolic diseases are quite controversial. 

Some studies indicate that inhibition of COX-2 can suppress adiposity and insulin 

resistance (Ghoshal et al., 2011; Tian et al., 2011). Other studies demonstrate that 

COX-2 can increase systemic energy expenditure via inducing de novo recruitment of 

brown adipocytes in white adipose tissue, and therefore protect mice against body 

weight gain on a high fat diet (Vegiopoulos et al., 2010). The different roles of COX-2 

may be due to tissue specificity or the grades and stages of the metabolic diseases.          

Anti-inflammatory factors  

Anti-inflammatory factors are those molecules that have the opposite effects of 

pro-inflammatory factors in order to protect the body against inflammatory injury. 

Anti-inflammatory factors include cytokines (e.g., IL-10) and adipokines (e.g., 

adiponectin). Some traditional pro-inflammatory cytokines are also found to exert 

anti-inflammatory properties in the recent studies, such as IL-6 and the transforming 

growth factor-β (TGF-β) (Sanjabi et al., 2009; Scheller et al., 2011).  
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IL-10 is the best-characterized anti-inflammatory factor produced by monocytes, 

lymphocytes and cells of the immune system (T and B cells) to protect tissues against 

inflammation (Sabat et al., 2010). The deficiency of IL-10 or IL-10 receptors results 

in severe inflammatory diseases in both humans and animals (Kuhn et al., 1993; 

Glocker et al., 2009; Glocker et al., 2011). IL-10 suppresses the production of 

pro-inflammatory factors, such as IL-1β and TNF-α, by activating the Jak-STAT 

signaling pathway (Meraz et al., 1996; Takeda et al., 1999). It is also reported that 

IL-10 is associated with metabolic disorders, such as obesity, diabetes and fatty liver 

(Zhang et al., 2003; Cintra et al., 2008; Jung et al., 2008). 

Adiponectin is one of the adipokines that is synthesized almost exclusively in adipose 

tissue. Plasma adiponectin levels are negatively correlated with the levels of 

inflammatory marks, such as C-reactive protein (CRP), TNF-α, and IL-6, which 

indicates the anti-inflammatory properties of adiponectin (Engeli et al., 2003; Krakoff 

et al., 2003; Ouchi et al., 2003). Epidemiological studies emphasize that low plasma 

adiponectin levels are associated with obesity and the related metabolic disorders 

including type 2 diabetes, fatty liver and cardiovascular diseases (Arita et al., 1999; 

Ouchi et al., 1999; Hotta et al., 2000; Kaser et al., 2005). The mechanisms of the 

protective effects of adiponectin may include the reduction of the pro-inflammatory 

factors expression, the inhibition of oxidative stress, as well as the increase of insulin 

sensitivity (Ouchi et al., 1999; Ouchi et al., 2000; Ouedraogo et al., 2006). 

Balance of pro- and anti-inflammatory factors 
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As mentioned above, there are a variety of pro-inflammatory factors that play an 

important role in mediating the progress of an inflammatory response. These 

pro-inflammatory factors also contribute to the pathogenesis of metabolic diseases. In 

addition, the essential roles of anti-inflammatory factors have been emphasized in the 

pathogenesis of metabolic diseases recently. An imbalance of pro- and 

anti-inflammatory factors has been found in patients with metabolic disease, 

especially NAFLD. The levels of pro-inflammatory factors, such as TNF-α and 

MCP-1, are elevated and adiponectin, the anti-inflammatory factor, are decreased in 

the serum of the patients with NASH after adjusting for age, sex and BMI (Hui et al., 

2004; Haukeland et al., 2006). Administration of recombinant adiponectin can 

suppress the TNF-α levels in the liver and the plasma of the nonalcoholic obese ob/ob 

mice (Xu et al., 2003). Meanwhile, adiponectin treatment also ameliorates steatosis 

and improves liver function (Xu et al., 2003). In a high fat diet induced NAFLD 

mouse model, inhibition of IL-10 can increase the expression of TNF-α and IL-6 in 

the liver accompanied by an impairment of insulin signaling pathway (Cintra et al., 

2008). Accordingly, an imbalance of pro- and anti-inflammatory factors is postulated 

to be involved in the development of simple steatosis to steatohepatitis. It has been 

proposed that the balance of pro- and anti-inflammatory factors plays a crucial role in 

regulating metabolic homeostasis and is a valuable therapeutic target of metabolic 

diseases. However, whether pro- and anti-inflammatory factors affect each other 

directly or via other molecules needs further investigation. 
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Figure 1-3. Four components of inflammatory pathway 

An inflammatory response is comprised of four major components respectively 
corresponding to four steps in an inflammatory reaction, which are inducers, sensors, 
mediators and target tissue. Inducers initiate the process of inflammatory response. 
Receptors on the surface of certain types of cells, such as Toll-like receptors, act as 
sensors to detect the inducer and induce the production of different inflammatory 
mediators, including cytokines, chemokines and eicosanoids. Then, the mediator 
molecules act on the target tissue to activate a series of reactions to elicit beneficial or 
detrimental effects. 
 
By courtesy of Elsevier Inc., copyright 2010; used with permission. 
(Medzhitov, R. (2010). Inflammation 2010: new adventures of an old flame. Cell 140, 771-776.) 
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1.3.2 Inflammatory response and NAFLD 

Systemic chronic inflammatory response is proposed to be one of the key factors that 

are involved in the pathogenesis of metabolic disease, such as NAFLD (Hotamisligil, 

2006). As mentioned in the first section of this introduction, a hepatic inflammatory 

response is acknowledged as one of the second hits in the pathogenesis of NAFLD 

according to the two-hit theory. Presence of the inflammation in the liver promotes the 

development of benign steatosis to steatohepatitis and even fibrosis and cirrhosis 

(Angulo, 2002).  

Lobular inflammation is one of the common features of hepatic inflammation 

(steatohepatitis), which is characterized by an accumulation of mononuclear cells, 

namely inflammatory foci (Lefkowitch et al., 2002; Tiniakos et al., 2010). Among 

liver cells, Kupffer cells play the major role in composing inflammatory foci and 

mediate the onset of an inflammatory response. Kupffer cells are the residential 

macrophages located in the liver sinusoids and constitute the largest component of the 

mononuclear phagocyte system (reticuloendothelial system). Upon stimulation, 

Kupffer cells are activated to release pro-inflammatory mediators (cytokine, 

chemokines, and prostaglandins) and recruit non-resident inflammatory cells 

(neutrophils, lymphocytes, and blood monocyte-derived macrophages) to the liver. It 

has been reported that an elevation of the number of CD68-positive Kupffer cells is 

correlated with the histological severity of NAFLD according to liver biopsies of 39 

patients (Park et al., 2007). Selectively depleting Kupffer cell function by clodronate 

in a diet-induced NAFLD animal model eliminates all histological features of 
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steatohepatitis (Rivera et al., 2007). The role of Kupffer cells in the pathogenesis of 

NAFLD is shown to be mediated by Toll-like receptor 4 (TLR-4), a molecule that has 

been proven to be the mediator of lipid-induced inflammatory signaling (Shi et al., 

2006; Rivera et al., 2007). In addition to Kupffer cells, hepatocytes are also involved 

in the inflammatory response in the liver. Hepatocytes are the parenchymal cells in the 

liver which make up about 70-80% of the cytoplasmic mass of the liver and are 

mainly responsible for lipid metabolism in the liver. When excess lipids accumulate in 

hepatocytes, the production of pro-inflammatory factors can be stimulated. A recent 

study demonstrates that free fatty acids can induce the production of inflammatory 

cytokines and chemokines, such as TNF-α and IL-8, in hepatocytes (Feldstein et al., 

2004; Joshi-Barve et al., 2007). The potential mechanism is that the free fatty acids 

activate nuclear factor-κB (NF-κB) and c-Jun N-terminal kinase (JNK)/activator 

protein-1 (AP-1) pathways (Feldstein et al., 2004; Joshi-Barve et al., 2007).  

Numerous studies have demonstrated that stimulation of pro-inflammatory factor 

production is responsible for the initiation and the progression of inflammation in 

NAFLD. Cytokines (e.g., TNF-α, IL-6, and IL-1), chemokines (e.g., MCP-1, IL-8) as 

well as COX-2 have been reported to play crucial roles in the NAFLD/NASH (Crespo 

et al., 2001; Haukeland et al., 2006; Poniachik et al., 2006; Wieckowska et al., 2008; 

Hsieh et al., 2009). The inhibition or blockade of some of these pro-inflammatory 

factors significantly reduces the inflammatory response, improves liver function or 

ameliorates insulin resistance (Wallenius et al., 2002; Li et al., 2003; Matsuki et al., 

2003). Lower levels of anti-inflammatory factors, such as adiponectin, are observed in 
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the plasma of patients with steatosis and NASH (Hui et al., 2004). This indicates that 

a decrease of anti-inflammatory factors may also contribute to the onset and 

development of NAFLD. In addition, activation of the NF-κB and JNK/AP1 

pathways is another potential mechanism involved in a hepatic inflammatory response 

during NAFLD. The NF-κB signaling pathway mediated pro-inflammatory factor 

induces insulin resistance, and in turn, insulin resistance can aggravate further 

activation of the NF-κB pathway (Yuan et al., 2001; Cai et al., 2005). Activation of 

the JNK pathway has been found in the liver biopsy samples of patients with NASH 

(Puri et al., 2008). The JNK pathway may be involved in the development of NAFLD 

by inhibiting an anti-inflammatory factor (adiponectin) and decreasing insulin 

sensitivity (Schattenberg et al., 2006; Tuncman et al., 2006). Although a variety of 

potential mechanisms have been proposed, the mystery linking the inflammatory 

response to NAFLD needs to be further explained.         

1.3.3 Inflammatory response and homocysteine 

Since atherosclerosis is regarded as a chronic inflammatory disease and HHcy is one 

of the risk factors, a large number of studies are devoted to the investigation of the 

correlation of the inflammatory response to homocysteine. Epidemiological studies 

indicate that inflammation is associated with circulating homocysteine levels (Rohde 

et al., 1999; Mojiminiyi et al., 2002; Ravaglia et al., 2004; Gori et al., 2005). Data 

derived from experimental animals and cells studies have demonstrated that 

homocysteine can induce an inflammatory response via stimulating pro-inflammatory 

factor production, inhibiting anti-inflammatory factor synthesis and enhancing 
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oxidative stress (Sung et al., 2001; Wang & O, 2001; Mikael et al., 2012). In this 

section, the evidence and mechanisms of the link between homocysteine and an 

inflammatory response will be discussed in detail. 

In a cross-sectional survey of 1,172 apparently healthy men in the Physician’s Health 

Study, a significant positive association between a plasma inflammatory marker 

(C-reactive protein) and total homocysteine has been observed (Rohde et al., 1999). A 

similar association has also been found in patients with cardiovascular disease and 

type 2 diabetes (Mojiminiyi et al., 2002; Ravaglia et al., 2004). In addition, it is 

proven in older populations that high circulating concentrations of the 

pro-inflammatory factor IL-6 has an independent correlation with HHcy (Gori et al., 

2005). Conversely, however, there are studies stating that no inflammatory markers 

are associated significantly with plasma homocysteine levels (Folsom et al., 2003). 

The opposite conclusion from different studies might be due to the age and health 

status of participants. 

Consistent with these clinical studies, results from HHcy animals and 

homocysteine-treated cells demonstrate that HHcy or homocysteine promotes the 

production of pro-inflammatory factors in different organs and cells. It has been 

shown by our and other laboratories that homocysteine induces MCP-1 and IL-8 

expression and secretion in endothelial cells, in monocytes as well as smooth muscle 

cells (Tsai et al., 1994; Wang et al., 2000; Poddar et al., 2001; Sung et al., 2001; Zeng 

et al., 2003). Our previous studies have revealed that there is a significant increase in 
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the expression of MCP-1 in the endothelium of diet-induced HHcy rats (Wang et al., 

2002). Activation of NF-κB signaling pathway and oxidative stress are suggested to 

be involved in the elevated production of MCP-1 and IL-8 in monocytes or smooth 

muscle cells upon homocysteine treatment (Wang et al., 2000; Zeng et al., 2003). 

Recently, the elevated expression of IL-6 and TNF-α is reported in smooth muscle 

cells, endothelial cells or monocyte-derived macrophages with homocysteine 

treatment (Dalal et al., 2003; Zhang et al., 2006). These results suggest that 

stimulation of pro-inflammatory factor production by homocysteine may contribute to 

the development of vascular diseases. However, these findings haven’t been 

confirmed in in vivo studies. In addition to the effects on the vascular system, 

homocysteine has been shown to evoke the synthesis and the secretion of 

pro-inflammatory factors, such as MCP-1, in hepatocytes and liver via activation of 

the transcription factor, AP-1 (Woo et al., 2008). Moreover, homocysteine has been 

found to stimulate MCP-1 via NF-κB signaling pathway in rat kidney as well as 

kidney mesangial cells (Cheung et al., 2008; Hwang et al., 2008).   

In addition to stimulating pro-inflammatory factors, homocysteine is demonstrated to 

decrease levels of anti-inflammatory factors, such as IL-10 and adiponectin (Song et 

al., 2008; Wang et al., 2011; Mikael et al., 2012). In diet and genetic deficiency 

induced HHcy mice, reduced levels of IL-10 have been observed in the liver (Mikael 

et al., 2012). Decreased levels of adiponectin are found in both plasma and adipose 

tissue of diet-induced HHcy animals (Song et al., 2008). In accordance, homocysteine 

administration reduces the expression and the secretion of adiponectin in both primary 
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adipocytes and differentiated 3T3-L1 adipocytes (Song et al., 2008; Wang et al., 

2011).  

Although numerous studies suggest that homocysteine stimulates an inflammatory 

response via activation of pro-inflammatory factors and inhibition of 

anti-inflammatory factors as discussed above, there is also evidence that 

homocysteine level can be influenced by active inflammatory processes. In 1999, 

Dudman raised the theory that the remethylation reaction with the generation of SAM 

and a release of homocysteine was accelerated due to the occurrence of an 

inflammatory response during tissue repair (Dudman, 1999). This theory was proven 

later in human renal proximal tubule epithelial cells through the TGF-β induced 

release of homocysteine from the cells (Sengoelge et al., 2003).  

Taken together, the interactions of homocysteine and an inflammatory response have 

been demonstrated in patients, animals and cells. However, the underlying 

mechanisms remain speculative. Further investigations need to be completed.               
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1.4 Lipid Metabolism in the liver 

Lipids are broadly defined as hydrophobic molecules that include fats, steroids, waxes, 

fat-soluble vitamins and other related compounds, which are relatively insoluble in 

water and soluble in nonpolar solvents. Lipids are involved in many critical biological 

functions in the body, such as the storage of energy, constitution of the cell membrane, 

and acting as signaling molecules. Lipids are one of the important dietary constituents 

provided by the fat of natural foods. Human and mammals use biosynthetic pathways 

to synthesize and break down lipids in the body. Therefore, abnormalities of lipid 

uptake, synthesis and degradation contribute to the pathogenesis of many metabolic 

diseases, such as obesity, diabetes, atherosclerosis as well as fatty liver. The liver has 

a critical significance for lipid metabolism in the body. The liver is the predominant 

organ for the oxidation of fatty acids, the conversion of excess carbohydrates and 

proteins to fat, the synthesis of lipoproteins, cholesterol and phospholipids, and the 

breakdown of cholesterol to form bile salts. In this section, we will discuss the 

metabolism of lipids, especially cholesterol, in the liver and the relationship between 

metabolic disease and cholesterol metabolism. 

1.4.1  Lipid metabolism 

Definition and classification 

Based on their chemical composition, the types of lipids can be classified as simple, 

complex as well as precursor and derived lipids. Simple lipids are esters of fatty acids 

with various alcohols, which include fats (esters of fatty acids with glycerol) and 



50 
 

waxes (esters of fatty acids with higher molecular weight monohydric alcohols). 

Complex lipids are esters of fatty acids containing one or more additional groups 

other than alcohol, such as phospholipids containing a phosphoric acid residue and 

glycolipids containing a sphingosine and a carbohydrate group. Precursor and derived 

lipids include fatty acids, glycerol, steroids, fatty aldehydes, ketone bodies, 

lipid-soluble vitamins and hormones. In 2005, the International Lipid Classification 

and Nomenclature Committee (ILCNC) developed and established a new system, 

namely the Comprehensive Classification System for Lipids, to classify lipids based 

on chemical and biochemical principles (Fahy et al., 2005). This classification system 

is now widely adopted by the lipidomics community. For the purpose of classification, 

lipids are defined as “hydrophobic or amphipathic small molecules that may originate 

entirely or in part by carbanion-based condensations of thioesters and/or by 

carbocation-based condensations of isoprene units” (Fahy et al., 2005). In the 

comprehensive classification system, lipids are organized into eight categories, which 

are fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol 

lipids, saccharolipids and polyketides (Table 1-2). 

 

  



 

Table 1-2. Lipid categories 

Category 

Fatty acyls dodecanoic acid

Glycerolipids 
1
yl)
yl)

Glycerophospholipids 
1
ocholine

Sphingolipids N

Sterol lipids cholest

Prenol lipids 2

Saccharolipids 
UDP
oyl)

Polyketides aflatoxin B

 

Lipids are categorized
International Lipid Classifica
representative structures are in public domains.  

 

 

 

 

Lipid categories and the representative structures 

Example Structure

dodecanoic acid 
 

1-hexadecanoyl-2-(9Z-octadeceno
yl)-3-(9Z,12Z,15Z-octadecatrieno
yl)-sn-glycerol 

 

1-palmitoyl-sn-glycerol-3-phosph
ocholine 

N-(tetradecanoyl)-sphing-4-enine 
 

cholest-5-en-3β-ol 

2E,6E-farnesol 

UDP-3-O-(3R-hydroxy-tetradecan
oyl)-αd-N-acetylglucosamine 

 

aflatoxin B1  

categorized according to comprehensive classification system
International Lipid Classification and Nomenclature Committee (ILCNC)
representative structures are in public domains.   
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Structure 

comprehensive classification system by the 
tion and Nomenclature Committee (ILCNC). The 
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Biological function 

Lipids have great physiological significance in mammals bodies. Three of the most 

important biological functions of lipids are composing biological membranes, storing 

energy, and taking part in cell signaling. Phospholipids, glycolipids and cholesterol 

constitute approximately 60% of biological membrane contents. Triglycerides are the 

major and efficient form of energy stored in the body. Certain types of lipids, for 

example, sphingolipids (a type of phospholipids), steroid hormones (derivates of 

cholesterol) and diacylglycerol, have signaling functions within cells. Due to such 

important biological functions, disturbance of lipid metabolism is linked to many 

pathological processes, such as obesity, cardiovascular disease and diabetes. 

Digestion, absorption and transportation of dietary lipids  

For humans and other animals, the major dietary lipids are triglycerides, and a certain 

amount of phospholipids and cholesterol, which are considered as the three most 

essential lipids in the body. The major digestion of dietary lipids takes place in the 

small intestine where the lipids are emulsified by agitation and bile salts to form 

micelles. Triglycerides in the micelles are then further broken down by pancreatic 

lipase to form fatty acids and monoglycerides. The phospholipids in the micelles are 

broken down by phospholipase A2 to form fatty acids and lysophospholipids (van den 

Bosch et al., 1965; Ros, 2000). These components then enter the absorptive 

enterocytes of the small intestine by either simple diffusion or by specific fatty acid 

transporter protein. Triglycerides and phospholipids are resynthesized in the 

enterocytes. Cholesterol from hydrolysis of cholesterol ester, together with free 
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cholesterol in the micelles are taken up through the brush-border membranes of the 

intestinal mucosa via either passive diffusion or a protein-mediated process (Hui et al., 

2008). Consequently, triglycerides, cholesterol and phospholipids are packed with 

apolipoproteins into particles named chylomicrons and eventually flow into the blood 

via the lymphatic system. 

Triglycerides 

Triglycerides are the main storage form of fatty acids, which are transported in the 

circulation in the form of lipoprotein. They are stored in the adipose tissue and the 

liver to be used for energy when needed. Besides dietary intake, triglycerides can be 

synthesized in the liver, adipose tissue, and intestine. Triglycerides are esters of 

glycerol and three molecules of fatty acids. Although the liver does not store as much 

triglycerides as adipose tissue, the liver is the major organ for de novo biosynthesis of 

fatty acids from excess carbohydrates, proteins or other molecules in the fed state 

(Zakim, 1990). Therefore, the liver plays an essential role in triglyceride biosynthesis. 

The biosynthetic pathway, namely sn-glycerol-3-phosphate pathway, predominates in 

the liver. In this pathway, the main source of the glycerol backbone is 

sn-glycerol-3-phosphate produced by glycolysis, free glycerol, and glyceroneogenesis 

via pyruvate. Fatty acids for triglyceride synthesis in the liver are primarily from the 

catabolism of dietary glucose, and may also come from adipose tissue via the blood, 

or from the de novo synthesis. In endoplasmic reticulum, the precursor 

sn-glycerol-3-phosphate is esterified by fatty acid-CoA catalyzed by 

glycerol-3-phosphate acyltransferase (GPAT) to form lysophosphatidic acid. In turn, it 
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is acylated by acyl glycerophosphate acyltransferase to form phosphatidic acid, the 

key intermediate in the biosynthesis of glycerolipids. The phosphate group of 

phosphatidic acid is then removed by phosphatidic acid phosphohydrolase (PAP) to 

produce diacylglycerols. Finally, the diacylglycerol is acylated by diacylglycerol 

acyltransferase (DGAT), the rate-limiting enzyme of triglyceride biosynthesis, to form 

triglycerides. During fasting, triglycerides can be hydrolyzed and the products 

(glycerol and free fatty acids) are distributed throughout the body to be used for 

energy production.  

It is generally acknowledged that accumulation of triglycerides is the typical 

pathological feature of NAFLD. Therefore, it has been assumed previously that 

increased triglyceride synthesis is responsible for the initiation and development of 

hepatic steatosis. Inhibiting hepatic triglyceride synthesis by suppressing its 

rate-limiting enzyme DGAT2 significantly improves insulin resistance as well as 

hepatic steatosis in rat or mice with early stage NAFLD (Yu et al., 2005; Choi et al., 

2007). However, another study has revealed that inhibition of the DGAT2 exacerbated 

liver injury and fibrosis despite an improvement in hepatic steatosis in a mice model 

with NASH (Yamaguchi et al., 2007). These findings overthrow the traditional 

opinion that hepatic steatosis resulting from triglyceride accumulation promotes the 

inflammation and fibrosis during the development of NASH. Instead, the triglyceride 

accumulation in the liver, at least at the advanced stage of NAFLD, might have a 

hepatic protective effect rather than a hepatotoxic effect. Free fatty acids, but not 

triglycerides, evoke oxidative damage, an inflammatory response and fibrosis in the 
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liver in obesity-related NAFLD (Yamaguchi et al., 2007).      

Phospholipids 

Phospholipids synthesized by esterification of an alcohol to the phosphate of 

phosphatidic acid are the main lipid constituents of biological membranes as they can 

form lipid bilayers. The typical structure of the phospholipid molecule includes two 

hydrophobic tails consisting of long fatty acid hydrocarbon chains and a hydrophilic 

head containing negatively charged phosphate or other polar groups. Phospholipids 

play an important role in forming lipid bilayers due to their specific amphipathic 

characters. When hydrophobic tails line up against one another, lipid bilayers are 

formed with the hydrophilic heads on both sides facing the water. Phospholipids have 

been demonstrated to be associated with NAFLD. However, the effects of dietary 

phospholipids on hepatic steatosis are reported to be protective. Several studies have 

illustrated that dietary phospholipids can lower lipid levels in plasma or in the liver 

via decreasing hepatic lipogenesis and increasing fatty acid oxidation as well as 

reducing hepatic cholesterol ester (Polichetti et al., 1996; Jiang et al., 2001; Shirouchi 

et al., 2007).  

Cholesterol 

Cholesterol is an essential part of the biological membrane, the major component of 

lipoproteins and the precursor of sterol hormones, bile acids and vitamin D. 

Hypercholesterolemia characterized by the high levels of cholesterol in the blood is 

well-acknowledged to be tightly associated with the pathogenesis of atherosclerosis. 
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However, the detrimental effects of cholesterol on liver diseases have been 

underestimated in the past. In the following sections, the background of cholesterol 

metabolism and its relationship with liver function will be discussed in detail. 

1.4.2 Cholesterol metabolism 

Cholesterol is an essential structural component for the cell membrane as well as an 

important precursor molecule for bile acids, vitamin D, and steroid hormones. 

Although cholesterol is critical and necessary for mammals, excessive cholesterol in 

the blood, namely hypercholesterolemia, is associated with a series of diseases, such 

as atherosclerosis, fatty liver, or type 2 diabetes (Ross & Glomset, 1976; Harris, 1991; 

Bacon et al., 1994). A little more than 50% of the cholesterol in the body arises by 

synthesis, while the other 50% is provided by the diet. The liver appears to be the 

dominant organ of cholesterol biosynthesis. Depending on the species, about 10-50% 

of total cholesterol is produced daily (Dietschy et al., 1993).  

1.4.2.1 Cholesterol biosynthesis  

The biosynthesis of cholesterol may be divided into 5 stages (Figure 1-4). 1) Two 

molecules of acetyl-CoA form acetoacetyl-CoA that in turn condenses with a further 

molecule of acetyl-CoA to form 3-hydroxye-3-methlglutaryl-coenzyme A 

(HMG-CoA). HMG-CoA is consequently converted to mevalonate catalyzed by 

HMG-CoA reductase. 2) Mevalonate is converted to an active isoprenoid unit, 

isopentenyl pyrophosphate, by phosphorylation and decarboxylation. 3) Farnesyl 

pyrophosphate is formed via condensation of three molecules of isopentenyl 
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pyrophosphate. Two molecules of farnesyl pyrophosphate then condense to form 

squalene catalyzed by squalene synthase. 4) Squalene epoxidase and 

oxidosqualene:lanosterol cyclase catalyze the reaction of squalene cyclization to form 

lanosterol in ER. 5) Eventually, cholesterol is formed in the membranes of the ER 

from lanosterol after several reactions. HMG-CoA reductase is considered as the 

rate-limiting enzyme regulating cholesterol biosynthesis in the mammalian cell 

(Goldstein & Brown, 1990). The activity of HMG-CoA reductase can be regulated at 

multiple levels including transcription, translation, 

phosphorylation-dephosphorylation, and degradation (Omkumar et al., 1994; Jurevics 

et al., 2000).  

Transcriptional regulation of HMG-CoA reductase by SREBP-2 

The transcription of HMG-CoA reductase is regulated by a family member of 

sterol-sensitive transcriptional factors, namely sterol regulatory element-binding 

protein-2 (SREBP-2). SREBP-2 is one of the isoforms of the subfamily of basic 

helix-loop-helix zipper protein, SREBPs. Compared to the other isoform SREBP-1, 

SREBP-2 preferentially regulates the enzymes that are controlling cholesterol 

homeostasis, such as HMG-CoA reductase or the LDL receptor, rather than those 

involved in fatty acid biosynthesis (Horton et al., 1998).  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4. Cholesterol biosynthesis pathway
A simplified version 
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As shown in Figure 1-5, the precursor of SREBP-2 anchors in the membrane of ER 

with SREBP cleavage activating protein (SCAP) as SREBP/SCAP complex binding 

with another ER-resident membrane protein, the insulin-induced gene (Insig) (Yang et 

al., 2002). There are two isoforms of Insig, designated Insig-1 and Insig-2 (Yabe et al., 

2002). The transcription of the Insig-1 gene requires nuclear SREBPs and is 

decreased when SREBP activity is down-regulated, while the Insig-2 activity is 

constitutive and does not require nuclear SREBPs (Yabe et al., 2002). Upon activation, 

the SREBP/SCAP complex is dissociated from Insig and released from the ER 

membrane to Golgi apparatus, where SREBP is cleaved by proteolytic cascade carried 

out by site-1 protease (S1P) and site-2 protease (S2P). Therefore, the mature form of 

SREBP is released and transported to the nucleus in which the SREBP binds to the 

SRE region leading to the transcription of the target genes. In addition to the 

proteolytic activation of precursor protein, the mRNA expression of SREBP-2 is also 

regulated by its own transcription factors at the transcriptional level. Several 

transcription factors, such as specific protein 1 (Sp1) and nuclear factor-Y (NF-Y), 

have been suggested as the potential transactivators for the human SREBP-2 gene 

(Sato et al., 1996; Kang & Chen, 2009). According to the nucleotide sequences, there 

are seven Sp1 and one NF-Y binding site located at the 5’-flanking region of the 

human SREBP-2 gene (Sato et al., 1996). Repression of Sp1 by curcumin can result 

in a significant decrease of SREBP-2 expression in hepatic stellate cells (Kang & 

Chen, 2009). 
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Figure 1-5. Transcriptional regulation of HMG-CoA reductase 

The SREBP-2 precursor anchors in the membrane of ER with SREBP cleavage 
activating protein (SCAP) as SREBP/SCAP complex binding with another 
ER-resident membrane protein, insulin-induced gene (Insig). When cholesterol levels 
fall, the SREBP/SCAP complex is dissociated from Insig and released from the ER 
membrane to Golgi apparatus, where SREBP is cleavaged by a proteolytic cascade 
carried out by the site-1 protease (S1P) and the site-2 protease (S2P). The mature 
form of SREBP is transported to nucleus in which SREBP binds to the SRE region on 
the promoter region of HMG-CoA reductase leading to gene transcription. 
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Translational regulation of HMG-CoA reductase 

The mechanism of translational regulation of HMG-CoA reductase has not been 

clearly illustrated and is still under some controversy. Early studies from Brown and 

Goldstein’s laboratory reported that non-sterol mevalonate derivatives regulated the 

translation of HMG-CoA reductase mRNA in reductase inhibitor treated cells 

(Nakanishi et al., 1988). Other studies have demonstrated that high cholesterol diets 

result in a decrease of the hepatic HMG-CoA reductase protein translation in 

experimental animals (Ness et al., 1994; Chambers & Ness, 1998). In addition, the 

rate of hepatic HMG-CoA reductase protein synthesis is decreased when animals are 

given mevalonolactone as an endogenous source of cholesterol (Chambers & Ness, 

1998). Therefore, it is suggested that the negative feedback regulation of hepatic 

HMG-CoA reductase in response to both exogenous and endogenous cholesterol 

mainly takes place at translational levels. However, the regulatory mechanism 

remains to be elucidated. 

Phosphorylation-dephosphorylation of HMG-CoA reductase and AMPK 

Besides the activation at the transcriptional level, the equilibrium of enzyme 

phosphorylation-dephosphorylation plays an important role in regulating HMG-CoA 

reductase activity as well (Figure 1-6). It has been shown that dephosphorylation of 

HMG-CoA reductase enhances its activity, while phosphorylation at Ser-872 leads to 

inactivation of the enzyme (Istvan et al., 2000). Several protein kinases, such as 

AMP-activated protein kinase (AMPK), protein kinase C (PKC), and 

Ca2+/calmodulin-dependent kinase are able to phosphorylate HMG-CoA reductase in 
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vitro (Beg et al., 1979, 1985, 1987). However, AMPK appears to be the major kinase 

that targets HMG-CoA reductase in the liver (Hawley et al., 1996). AMPK is thought 

to act as an enzymatic regulator of cellular energy homeostasis. AMPK is sensitive to 

the intracellular AMP/ATP ratio. In one scenario, AMP directly activates AMPK 

allosterically. A rise in the AMP/ATP ratio can lead to a conformational change of 

AMPK γ-subunit (regulatory) and result in the altered phosphorylation status of its 

α-subunit (catalytic) (Kahn et al., 2005). Alternatively, AMP promotes the 

phosphorylation of AMPK via its upstream protein kinase, liver kinase B1 (LKB1) or 

Ca2+/calmodulin-dependent protein kinase (CaMKK) (Hawley et al., 1995). By 

binding with AMP, AMPK serves as a better substrate for LKB1 (Hawley et al., 2003), 

and then is activated upon phosphorylation. Consequently, AMPK further activates or 

inactivates a variety of enzymes that control glucose uptake (e.g. glucose transporter), 

fatty acid synthesis (e.g. acetyl-CoA carboxylase), as well as lipid biosynthesis (e.g. 

HMG-CoA reductase and GPAT) (Carling et al., 1989; Clarke & Hardie, 1990; 

Bergeron et al., 1999; Muoio et al., 1999).  

Regulation of HMG-CoA reductase degradation  

The 2-6 transmembrane segments (total of 8) of HMG-CoA reductase contain 

sterol-sensing domains (Hua et al., 1996). The presence of a high level of cholesterol 

can accelerate the sterol-dependent degradation of HMG-CoA reductase by an 

ubiquitin-proteasome dependent pathway. Ubiquitination is obligatory for HMG-CoA 

reductase degradation, which requires the mediation of Insigs (Roitelman & Simoni, 

1992; Ravid et al., 2000). Overexpression of Insig-1 accelerates the degradation of 
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HMG-CoA reductase in Chinese hamster ovary cells (Sever et al., 2003b) and 

combined knockdown of Insig-1 and Insig-2 by genetic mutation of RNA interference 

abrogates sterol-accelerated ubiquitination of endogenous HMG-CoA reductase 

(Sever et al., 2003a). Moreover, sterol-dependent ubiquitination and degradation of 

HMG-CoA reductase cannot be stimulated in cultured cells with mutant Insig-1 

(Sever et al., 2004). Therefore, Insigs are a prerequisite mediator for ubiquitination 

and degradation of HMG-CoA reductase. HMG-CoA reductase is an ER membrane 

protein comprised of 888 amino acids among which lysines 89 and 248 are indicated 

to be the site for Insig-mediated ubiquitination. It has been demonstrated that 

mutation of lysines 89 and 248 arrest ubiquitination and degradation of HMG-CoA 

reductase (Gertler et al., 1988). Three types of enzymes are involved in the process of 

ubiquitination of HMG-CoA reductase, which are ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3) (Song & DeBose-Boyd, 

2004). To initiate sterol-accelerated degradation of HMG-CoA reductase, Insigs are 

required to bind to a membrane-anchored ubiquitin ligase called gp78 that is 

identified as an E3 ubiquitin ligase (Song et al., 2005b). In the sterol depletion status, 

SREBP is activated leading to the elevation of HMG-CoA reductase that ultimately 

results in the production of the sterol intermediate lanosterol. Lanosterol, rather than 

cholesterol, stimulated HMG-CoA reductase degradation (Song et al., 2005a). 
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Figure 1-6. Post-translational regulation of HMG-CoA reductase 

Dephosphorylation of HMG-CoA reductase (HMGR) leads to the activation of the 
enzyme. Dephosphorylation of HMGR-CoA reductase can be achieved by either the 
inactivation of AMP-activated protein kinase (AMPK) or the activation of 
phosphatase 2A (PP2A) through dephosphorylation. 
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1.4.2.2 Transport of cholesterol 

Cholesterol is transported in the circulation between the liver and peripheral tissues in 

lipoprotein particles. Lipoproteins are synthesized mainly in the liver and contain 

apolipoprotein as well as lipids including cholesterol, cholesterol ester, triglycerides 

and phospholipids. Lipoproteins are classified according to their density as 

chylomicrons, very low density lipoproteins (VLDL), intermediate density 

lipoproteins (IDL), low density lipoproteins (LDL) and high density lipoproteins 

(HDL). Among them, LDL contains a high amount of cholesterol and carries 

cholesterol in the circulation system to cells of the body. The cells take up 

LDL-cholesterol via LDL receptors embedded in the surface of the cell membrane 

(Yamamoto et al., 1984). HDL transports cholesterol in the pathway named reverse 

cholesterol transport, in which cholesterol is transported from peripheral tissues back 

to the liver for bile synthesis (Tall, 1998). Therefore, the abnormal increase of LDL 

and/or decrease of HDL are associated with vascular disease, especially 

atherosclerosis. 

1.4.3 Cholesterol and NAFLD 

Lipid accumulation is regarded as the typical characteristic of fatty liver disease. 

Epidemiological studies show that overindulgent dietary cholesterol intake is 

associated with the development of NAFLD (Yasutake et al., 2009; Enjoji & 

Nakamuta, 2010). Increased plasma total cholesterol and free cholesterol levels have 

been observed in NAFLD patients (Matsuzawa et al., 2007; Puri et al., 2007). 

Additionally, abnormal hepatic cholesterol metabolism and free cholesterol 
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accumulation contribute to the pathogenesis of liver injury in NAFLD (Caballero et 

al., 2009; Tilg & Moschen, 2010; Simonen et al., 2011; Min et al., 2012). Clinical 

studies have demonstrated that the expression of hepatic cholesterol synthesis related 

genes, such as HMG-CoA reductase and SREBP-2, are significantly increased in 

patients with NAFLD or NASH (Caballero et al., 2009; Min et al., 2012). In addition, 

the expression of HMG-CoA reductase is correlated with the histological severity of 

NAFLD (Min et al., 2012). When comparing the liver fat content of NAFLD patients 

with healthy controls, markers of cholesterol biosynthesis including cholesterol, 

desmosterol, and lathosterol were positively associated with the liver fat content 

independent of body weight (Simonen et al., 2011). 

The potential mechanisms for the linkage between cholesterol metabolism 

dysregulation and NAFLD have been investigated in experimental animal models. 

Although the expression of HMG-CoA reductase and SREBP-2 have been shown to 

be decreased in the steatosis and steatohepatitis animal models due to the induction of 

a negative feedback effect elicited by excessive dietary cholesterol feeding, the 

mechanisms of the detrimental effect of cholesterol on the liver still need to be 

elucidated. Mice fed high dietary cholesterol have demonstrated that hepatomegaly 

and liver injury, systemic and hepatic insulin resistance and hepatic steatosis. The 

genes associated with fatty acid synthesis, oxidative stress and inflammation are 

significantly increased with the elevation of plasma and hepatic cholesterol (total and 

free) levels (Matsuzawa et al., 2007). Results from another study show that hepatic 

free cholesterol accumultion is related to cell death (apoptosis), inflammatory cell 
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recruitment, and fibrogenesis in the liver of the mice with NASH. The levels of 

hepatic free cholesterol are correlated with the severity of NASH (Van Rooyen et al., 

2011). Free cholesterol, but not triglycerides or free fatty acids, in the mitochondria 

increases the hepatocellular susceptibility to TNF and Fas signaling and promotes the 

development of steatohepatitis (Mari et al., 2006). These studies suggest that hepatic 

free cholesterol accumulation as the first hit leads to the initiation and progression of 

hepatic steatosis and steatohepatitis via induction of insulin resistance, stimulation of 

oxidative stress and inflammatory response, and incitement of cell death and fibrosis.             

1.4.4 Cholesterol metabolism and HHcy 

Both hypercholesterolemia and HHcy are regarded as independent risk factors for 

atherosclerosis (Ross & Glomset, 1976; Clarke et al., 1991). The correlation between 

hypercholesterolemia and HHcy is under investigation. Several clinical studies have 

demonstrated an association between cholesterol and homocysteine metabolism in 

individuals with or without cardiovascular diseases (Olszewski et al., 1989; Boushey 

et al., 1995; Nygard et al., 1995). A population-based study has identified a positive 

linear correlation between plasma total homocysteine and cholesterol levels. Such a 

correlation is stronger in middle-aged individuals than in older ones (Nygard et al., 

1995). It is also observed that a 5 μmol/L elevation in plasma total homocysteine 

increases the vascular risk to a similar extent as a 0.5 μmol/L elevation in plasma 

cholesterol (Boushey et al., 1995). Supplementation with B vitamins, including folate, 

vitamin B2, vitamin B6 and vitamin B12, can significantly decrease plasma 

homocysteine levels with a corresponding reduction of plasma cholesterol levels in 



68 
 

HHcy patients (Olszewski et al., 1989). 

Due to the association between cholesterol levels and HHcy, a growing number of 

animal trials have been performed to identify the underlying mechanisms. HHcy may 

disturb hepatic biosynthesis and uptake of cholesterol via ER stress mediated 

unfolded protein response and the SREBP pathway in diet-induced HHcy mice 

(Werstuck et al., 2001). The in vivo and in vitro studies from our laboratory have 

demonstrated that homocysteine stimulates the production and secretion of cholesterol 

in the liver as well as in the hepatocytes. This response is attributed to enhanced 

HMG-CoA reductase gene expression (O et al., 1998; Woo et al., 2005). The 

activation of transcription factors, SREBP with the cAMP response element-binding 

protein (CREB) and the nuclear factor Y (NF-Y) are responsible for the elevation of 

the HMG-CoA reductase mediated cholesterol biosynthesis in HHcy rats (Woo et al., 

2005). In addition, in the genetic mutation induced HHcy mouse model, the reduction 

of circulating HDL and the consequent inhibition of reverse cholesterol transport also 

contributes to hypercholesterolemia during HHcy (Liao et al., 2006). 
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1.5 Berberine 

Berberine is an isoquinoline alkaloid found in barberry and goldenseal plants, Oregon 

grapes and the traditional Chinese herb Huanglian (Coptidis Rhizoma). The chemical 

structure of berberine, which has a molecular weight of 336.36, is shown in Figure 

1-7. Berberine has been used in Chinese medicine for about two thousand year to treat 

intestinal infections, such as diarrhea (Chinese:Herbals:Editor:Board, 1999). Up to 

date, pre-clinical and clinical studies in other countries have also confirmed the 

anti-bacterial and anti-viral properties of berberine (Subbaiah & Amin, 1967; Khin et 

al., 1985). In the past several years, a series of novel beneficial effects of berberine, 

such as anti-cancer, anti-inflammation or anti-oxidation, have been uncovered 

(Mantena et al., 2006; Tan et al., 2007; Chen et al., 2008). Therefore, berberine has 

gained its populatiry in the research of a variety of diseases including diabetes, 

hyperlipidemia, cancer and mental disease.  

1.5.1 Berberine and its beneficial effects 

Berberine is a strong yellow colored natural compound which is usually found in the 

roots, stems and barks of plants, such as Berberies, goldenseal (Hydrastis Canadensis) 

and Chinese goldenthread (Coptis chinensis). The main pharmacodynamic properties 

of berberine is anti-bacteria, anti-virus, and anti-inflammation, through which 

berberine effectively eliminates the symptoms of infectious diseases, such as diarrhea, 

cholera, bacillary dysentery and trachoma (Luo, 1955; Chang, 1959; Dutta et al., 1972; 

Babbar et al., 1982). Recent evaluations of berberine have identified several potential 
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therapeutic effects on diabetes, obesity, cancer and mental diseases, which attract 

increasing attention to this natural compound. 

Clinical studies in patients with type 2 diabetes have demonstrated that berberine 

significantly reduces fasting and postprandial blood glucose levels and improve 

insulin sensitivity (Yin et al., 2008; Zhang et al., 2008). The hypoglycemic effect of 

berberine may exerts via increasing the expression of insulin receptors (Zhang et al., 

2010b), ameliorating oxidative stress (Chatuphonprasert et al.), and activating 

AMP-activated protein kinase (Lee et al., 2006). The anti-cancer property of 

berberine has also been recognized in animal models with different carcinomas and in 

cancer cells (Zhang et al., 2010c; Li et al., 2011; Wu et al., 2012; Fu et al., 2013). The 

known mechanisms of the anti-cancer effect of berberine include induction of 

apoptosis, inhibition of cell migration and invasion by regulating multiple pathways, 

such as caspase or wnt signaling, p53 and certain receptors (Zhang et al., 2010c; Li et 

al., 2011; Wu et al., 2012; Fu et al., 2013). Other than the anti-diabetic and 

anti-cancer ability, berberine also exerts its protective effects on Alzheimer’s disease 

and depression. Studies in the animal models with Alzheimer’s disease have 

demonstrated that berberine treatment significantly improves spatial memory 

impairment and learning deficits (Zhu & Qian, 2006; Durairajan et al., 2012). The 

potential mechanisms are the reduction of soluble and insoluble β-amyloid, and the 

decrease of amyloid precursor protein phosphorylation (Durairajan et al., 2012). 

Berberine is also regarded as an antidepressant due to its ability of binding to sigma 

receptors as other synthetic antidepressant drugs (Kulkarni & Dhir, 2009). 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7. The chemical structure of berberine
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1.5.2 Berberine and lipid metabolism 

Among a variety of new beneficial effects of berberine, the lipid-lowering effect is the 

most well-understood one in pre-clinical research and the most promising one in the 

clinical application. In the pre-clinical studies in animals with obesity, hyperlipidemia 

and NAFLD, berberine has been demonstrated to display its lipid-lowering 

capabilities via two mechanisms which are both distinct from those of statins. Statins 

which have the similar structure with HMG-CoA are competitive inhibitors of the 

reductase. In general, statins exert their cholesterol-lowering effect by binding to 

HMG-CoA reductase as substrates instead of HMG-CoA to prevent the mevalonate 

synthesis (Istvan & Deisenhofer, 2001). In addition, statins can also activate SREBP, 

the major transcription factor for LDL receptor, and subsequently elevate the 

expression of LDL receptor leading to increased LDL uptake and hence lower the 

blood cholesterol levels (Steinberg, 2006). Different from statins, berberine elevates 

plasma cholesterol clearance by stabilizing and up-regulating LDL receptor 

expression (Kong et al., 2004; Abidi et al., 2005). Berberine increases the LDL 

receptor mRNA expression by inhibiting the RNA degradation of LDL receptor in 

liver cells. Therefore, the cholesterol uptake is elevated and the serum 

LDL-cholesterol levels are decreased by berberine (Kong et al., 2004). This 

stabilizing effect of berberine has been confirmed to be mediated via extracellular 

signal-regulated kinase (ERK) signaling pathway (Abidi et al., 2005). Moreover, a 

protein namely proprotein convertase subtilisin/kexin type 9 (PCSK9), which can 

induce LDL receptor degradation, has also been reported to be suppressed by 
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berberine via a reduction of its transcription factor hepatocyte nuclear factor 1α 

(HNF1α) (Li et al., 2009). On the other hand, berberine can also inhibit triglyceride 

synthesis via activating AMP-activated protein kinase (AMPK) (Brusq et al., 2006). 

The activation of AMPK by berberine treatment can increase fatty acid oxidation via 

phosphorylation of acetyl-CoA carboxylase (ACC) (Brusq et al., 2006).  

In addition, the lipid-lowering effect of berberine has been confirmed in clinical trials. 

Oral administration of berberine (0.5g twice per day for 3 months) in 32 patients with 

hyperlipidemia has been demonstrated to significantly reduce serum total cholesterol, 

LDL-cholesterol and triglyceride levels (Kong et al., 2004). Another clinical study in 

type 2 diabetic patients has reported that plasma total cholesterol and triglyceride 

levels are significantly decreased in addition to the the reduction of blood glucose 

levels after berberine treatment for 3 months (0.5g three times per day) (Yin et al., 

2008). This result has been confirmed by a randomized, double-blind, 

placebo-controlled and multiple-center trial in 116 patients with type 2 diabetes and 

dyslipidemia by administration of berberine (0.5g twice daily) for 3 months (Zhang et 

al., 2008). 

To summarize, berberine is a promising natural compound in the management of 

metabolic diseases. Further investigation on the clinical application of berberine and 

more detailed mechanisms is warranted.           
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2.1 Rationale and Hypotheses 

Malnutrition, which was generally regarded as undernutrition, is also defined to be 

caused by micronutrient deficiency, overweight and obesity (World Health 

Organization 2011). Malnutrition is one of the most important causes of metabolic 

diseases. A high intake of methionine and fat due to excessive red meat consumption 

in the Western countries may result in hyperhomocysteinemia (HHcy) and fatty liver. 

In my study, a high methionine diet was used in the rats for studying the 

pathophysiology and therapeutic strategies of inflammatory response and 

dyslipidemia during HHcy. In addition, a high fat fed mouse model was employed for 

investigating the mechanism of hepatic cholesterol metabolism in NAFLD.  

Animals fed a high methionine diet for a long term (4 weeks to a few months) develop 

cardiovascular, hepatic or renal abnormalities accompanied by an elevation of 

homocysteine levels in the circulation (Ungvari et al., 1999; Woo et al., 2005; Hwang 

et al., 2008). However, little information is available on the pathophysiological impact 

during the initial phase of HHcy. It is plausible that the early response of the liver to 

HHcy may affect the local and systemic pathological processes. Our previous studies 

have demonstrated an elevation of a pro-inflammatory chemokine, MCP-1, in the 

arteries and in the liver of the rats after a long term high methionine diet (Wang et al., 

2002; Woo et al., 2008). In vitro studies have also found that pro-inflammatory 

cytokines, such as IL-6 and TNF-α, can be stimulated in cells treated with 

homocysteine (Dalal et al., 2003; Zhang et al., 2006). Our preliminary data showed 

that the expression of MCP-1 in the liver could not be significantly increased until 
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after 4 weeks high methionine diet feeding. However, the hepatic expression of 

cyclooxygenase-2 (COX-2), another pro-inflammatory factor, could be induced after 

just 1-week high methionine diet. The underlying mechanism of the induction of 

hepatic COX-2 expression at the initial phase of HHcy remained to be further 

investigated. 

Besides the inflammatory response, abnormal cholesterol metabolism has also been 

shown to be associated with HHcy in several studies (Werstuck et al., 2001; Woo et 

al., 2005). ER stress was involved in the biosynthesis and uptake of cholesterol in a 

high methionine diet induced HHcy animal model (Werstuck et al., 2001). Our 

previous studies reported that HHcy might derange cholesterol biosynthesis via 

transcriptional activation of the rate-limiting enzyme, HMG-CoA reductase (Woo et 

al., 2005). Statins, the competitive inhibitors of HMG-CoA reductase, are the most 

widely used drugs for hypercholesterolemia therapy. However, a number of patients 

with hypercholesterolemia cannot endure the adverse effects of statins, which may 

include myalgias, muscle cramps, or gastrointestinal symptoms. Therefore, in the 

present study, we attempted to identify a natural health product which may have 

comparable cholesterol-lowering ability but exert its effect through a distinguishing 

mechanism from statins. Berberine, an extract from plants, is demonstrated to have 

several diverse pharmacological properties, such as anti-cancer, anti-inflammatory 

response or anti-oxidation (Mantena et al., 2006; Tan et al., 2007; Chen et al., 2008). 

Recently, it has been reported that berberine also has beneficial effects on lipid 

metabolism via regulating AMP-activated protein kinase (AMPK) and the LDL 
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receptor (Kong et al., 2004; Lee et al., 2006). Although there is striking evidence that 

berberine lowers cholesterol through mechanisms independent of statins (Kong et al., 

2004), its ability to regulate cholesterol biosynthesis has yet to be considered.          

Regulation of the HMG-CoA reductase activity is the primary approach for 

controlling de novo cholesterol synthesis, while abnormal activation can lead to 

hepatic cholesterol accumulation and hypercholesterolemia. HMG-CoA reductase 

could be regulated at transcriptional and post-translational levels. At the 

transcriptional level, expression of the HMG-CoA reductase gene is regulated by the 

sterol regulatory element binding protein-2 (SREBP-2). Upon stimulation, SREBP-2 

is translocated from ER via the Golgi apparatus to nucleus and initiates gene 

transcription of the HMG-CoA reductase (Brown & Goldstein, 1997). Under 

physiological condition, SREBP-2 is retained in the ER when the cellular cholesterol 

level is elevated and this spares a further increase of cholesterol biosynthesis (Horton 

et al., 1998; Horton et al., 2002). However, the SREBP-2 mediated cholesterol 

metabolism is disturbed in the liver during NAFLD (Caballero et al., 2009). 

Excessive dietary fats not only result in the accumulation of exogenous lipids in the 

liver, but leads to an abnormal de novo lipid biosynthesis. The mechanism for the 

dysregulation of de novo cholesterol biosynthesis during NAFLD remains speculative. 

We hypothesized that (1) HHcy induces COX-2 expression in the liver via stimulation 

of its transcription factor; (2) HHcy elevates the cholesterol biosynthesis in the liver 

by activating the HMG-CoA reductase; (3) Berberine lowers cholesterol biosynthesis 
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through inhibiting HMG-CoA reductase activity; (4) Hepatic HMG-CoA reductase 

activity is altered via SREBP pathways in high fat diet induced NAFLD.            

2.2 Objectives 

The general objective of the present study was to investigate the regulatory 

mechanism of the hepatic inflammatory response and cholesterol biosynthesis in 

metabolic disease.  

The specific objectives were as follows:  

(1) To elucidate the mechanism by which homocysteine induced COX-2 expression in 

rats during the initial phase of HHcy; 

(2) To examine the effect of berberine on hepatic HMG-CoA reductase in HHcy rats 

that displayed increased cholesterol biosynthesis in the liver and to investigate the 

mechanism by which berberine administration regulated hepatic HMG-CoA reductase 

activity; 

(3) To investigate the mechanisms by which a high fat diet caused activation of 

hepatic HMG-CoA reductase leading to increased de novo cholesterol synthesis in 

mice.       
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3.1  Materials 

3.1.1  Chemicals and reagents 

See Appendix I 

3.1.2  Buffers 

See Appendix II 

3.1.3 Equipment 

See Appendix III 

3.2   Animal Models 

3.2.1 High methionine diet fed rat model 

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) aged 8 

weeks were fed the following types of diet for 1 week or 4 weeks: (1) control diet 

consisting of Lab Diet Rodent Diet 5001 (PMI Nutrition International, St Louis, MO) 

which contained 0.43% (wt/wt) methionine; (2) high methionine diet consisting of 

regular diet plus 1.7% (wt/wt) methionine (Woo et al., 2006a; Chwatko et al., 2007); 

(3) an NF-κB inhibitor, pyrrolidine dithiocarbamate (PDTC) was administered 

intraperitoneally (100 mg/kg body weight, i.p.) 16 h before euthanasia to rats fed a 

control or a high methionine diet (Zhang et al., 2004; Hwang et al., 2008); (4) a 

membrane-permeable superoxide dismutase mimetic, 4- hydroxy- tetramethyl- 

piperidine-1-oxyl (TEMPO), was injected intraperitoneally (1.5 mmol/kg body weight, 

i.p.) into rats fed a control or a high methionine diet 6 h before euthanasia (Hasdan et 

al., 2002); (5) Berberine was injected intraperitoneally (5 mg/kg body weight, i.p.) 

into rats fed a control or a high methionine diet daily for 5 days before euthanasia. 
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Results from our previous studies demonstrated that hyperhomocysteinemia (HHcy) 

could be induced in rats by feeding a high methionine diet (Woo et al., 2005; Hwang 

et al., 2008; Woo et al., 2008). All procedures were performed in accordance with the 

Guide to the Care and Use of Experimental Animals published by Canadian Council 

on Animal Care and approved by the University of Manitoba Protocol Management 

and Review Committee. 

3.2.2 High fat diet fed mouse model 

Male C57BL/6 mice aged 6 weeks were randomly divided into two groups. Control 

mice received a diet comprised of 10% kcal fat, 20% kcal protein, and 70% kcal 

carbohydrate. The caloric density of the control diet was 3.85 kcal/g. To induce a 

phenotypical model of obesity, another group of mice received the high fat diet 

containing 60% kcal fat, 20% kcal protein and 20% kcal carbohydrate. The caloric 

density of the high fat diet was 5.24 kcal/g. The cholesterol content of the control diet 

was 18 mg/kg and in the high fat diet was 300.8 mg/kg. Both diets contained a blend 

of saturated, monounsaturated and polyunsaturated fatty acids (fatty acid profile was 

provided by the manufacturer). All mice had free access to food and water and were 

kept on a 12-h light / 12-h dark cycle. Mice were sacrificed after 5 weeks on the 

above diets. All procedures were performed in accordance with the Guide to the Care 

and Use of Experimental Animals published by the Canadian Council on Animal Care 

and approved by the University of Manitoba Protocol Management and Review 

Committee. 
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3.3   Cell Models 

HepG2 cells were purchased from American Type Culture Collection (ATCC, 

Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 

Hyclone, Waltham, MA) supplemented with 10% fetal bovine serum (FBS; Hyclone). 

HepG2 cells are commonly used for studying the regulation of lipid metabolism 

(Javitt, 1990; Gibbons, 1994). Palmitic acid (C16:0) (Sigma-Aldrich, St Louis, MO), 

the major saturated fatty acids in the high fat diet (61.2%, w/w), was dissolved in 10% 

fatty acid-free bovine serum albumin (Sigma-Aldrich) by gently shaking overnight at 

37oC prior to being added to the culture medium (Joshi-Barve et al., 2007). The final 

molar ratio of free fatty acid to BSA was 5.2:1. For siRNA transfection, HepG2 cells 

were transfected with Sp1 siRNA duplex oligoribonucleotides (Stealth RNAiTM; 

Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. For a negative 

control, cells were transfected with StealthTM RNAi negative control (Invitrogen) 

consisting of a scrambled sequence that was unable to inhibit gene expression. At 48 h 

after transfection, cells were incubated for 6 h in the absence or presence of palmitic 

acid (0.3 mM).   

3.4   Biochemical Analysis 

3.4.1 Homocysteine levels in serum and liver tissue 

Samples for measuring homocysteine levels in the tissue were prepared as previously 

described (Ueland et al., 1984). A portion of the liver tissue was homogenized in a 

buffer containing 0.8 N perchloric acid and 10 mM EDTA in a 1:2 ratio (w/v). After 

centrifuge at 3000 g for 5 min at 4ºC, the supernatant was collected and adjusted to 
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pH 7.0 with NaOH. Perchloric acid in the supernatant was precipitated by adding 1 M 

KCl. Another spin was performed at 5000 g for 5 min at 4ºC to collect the supernatant, 

followed by pH adjustment with HCl to pH 7.0. Serum and liver homocysteine 

concentrations were measured by using the IMx Homocysteine assay based on the 

fluorescence polarization immunoassay technology (Abbott Diagnostics Division, 

Abbott Park, IL) (Woo et al., 2006b, 2008).  

3.4.2 Liver function 

An increase in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 

activity in the serum represented the liver injury. In the present study, the activity of 

ALT and AST in serum samples was measured with an enzymatic kit following the 

instruction provided by the manufacture (Diagnostic Chemical Limited, 

Charlottetown, PE).  

3.4.3 Lipids in serum and liver  

Serum for measuring lipids was prepared from one set of rats or mice that were fasted 

overnight. Hepatic lipid analyses were conducted in samples collected from 

non-fasted rats or mice. Lipids in the liver tissue were extracted according to the 

Folch method (Folch et al., 1957). In brief, a portion of liver tissue (approximate 0.3 g) 

was homogenized in a mixture of 2 ml chloroform and 2 ml methanol. After 

homogenization, another 2 ml of chloroform and 3 ml distilled water were then added 

in to the homogenate followed by centrifuging at 900 rpm for 10 min at room 

temperature. The lower chloroform layer was transferred to a new tube and dried with 
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nitrogen. After dry, the lipid pellet was resuspended with 50-100 µl absolute ethanol 

depending on the size of pellet for lipid measurement. Cholesterol (total and free) and 

triglyceride levels in the liver tissue and in the serum were determined using 

enzymatic kits (Wako Chemicals, Richmond, VA).  

3.4.4 Reactive oxygen species and related enzymes 

3.4.4.1 Superoxide anion and NADPH oxidase 

The superoxide anion level in the liver tissue was measured by lucigenin 

chemiluminescence assay (Woo et al., 2006a). A portion of the liver was 

homogenized in a 50 mM phosphate buffer (pH 7.0) containing 1 mM EDTA and 1 

mM PMSF. After centrifugation at 3000 g for 10 min, an aliquot of the supernatant 

(100 μg proteins) was incubated with lucigenin (5 μM) in a phosphate buffer (50 mM, 

pH 7.0) for 2 min followed by initiation of the reaction by adding 100 μM NADPH, 

or xanthine substrate. Chemiluminescent signal (photon emission) was measured 

every 15 sec for 3 min using a luminometer (Lumet LB9507, Berthold Technologies 

GmbH and Co. KG, Bad Wildbad, Germany). The NADPH oxidase activity was 

calculated based on the amount of superoxide anion produced in the reaction mixture 

when NADPH substrate was used. 

3.4.4.2 Superoxide dismutase activity 

Hepatic superoxide dismutase (SOD) activity were determined as previously 

described (Crapo et al., 1978). Briefly, liver tissue was homogenized in a 0.05 M 

potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA (1:8, w/v) followed by 
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centrifugation at 15,000 g for 10 min. The supernatant was collected and the protein 

concentration was equalized to 5 mg/ml for all the samples. Xanthine oxidase 

concentration was calibrated prior to measuring samples by adding 5-8 µl diluted 

xanthine oxidase to 0.5 ml homogenization buffer containing 0.25 ml of 0.15 mM 

cytochrome c and 0.15 ml of 2 mM xanthine. The rate of increase in absorbance at 

550 nm was measured every 15 sec for 4 min. The amount of cytochrome c and 

xanthine oxidase was adjusted in order to yield the rate of increased absorbance rate 

as about 0.05 per minute. The amount of xanthine oxidase and cytochrome c to yield 

such a rate was used in the following procedure. The reaction was initiated by adding 

the same amount xanthine oxidase as calibrated to the 0.9 ml homogenization buffer 

containing the calibrated amount of cytochrome c, 0.15 ml of 2 mM xanthine, and 20 

µl sample in a cuvette. The rate of change in absorbance at 550nm was measured 

every 15 sec for 4 min. The standard was prepared by replacing the sample with 

commercially available SOD (Sigma Aldrich).     

3.4.4.3 Catalase activity 

Hepatic catalase activity was determined as previously described (Aebi, 1984; 

Everson et al., 2005). In brief, liver tissue was homogenized in 0.05 M potassium 

phosphate buffer (pH 7.4) containing 0.1% of Triton-X in a ratio of 1:10 (w/v) 

followed by centrifugation at 3000 g for 10 min at 4ºC. After further dilute the 

supernatant in 1:10 dilution, the protein concentration was equalized to 1.5 mg/ml for 

all samples. A mixture of 5 µl sample and 595 µl phosphate buffer was added in a 

glass cuvette and incubated at room temperature for 2 min. The reaction was initiated 
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by adding 300 µl of the 30 mM H2O2 substrate solution to the mixture. The 

absorbance at 240 nm was read every 1.5 sec for 45 sec. The catalase activity was 

calculated according to the rate of change in absorbance and the degradation 

coefficient for H2O2. 

3.4.5 HMG-CoA reductase activity 

HMG-CoA reductase activity was determined by radioisotope assay using 

[3-14C]HMG-CoA as a substrate (Woo et al., 2005; Woo et al., 2006b). Liver 

microsomes were isolated (Ness et al., 1986; Morgenstern, 2005). In brief, a portion 

of the liver was homogenized in 0.25 M sucrose solution in 1:10 (w/v) ratio with a 

Dounce Homogenizer followed by centrifuging the homogenate at 16,000 g for 15 

min at 4ºC. The supernatant was collected and transferred to ultracentrifugation at 

100,000 g for 1 h at 4ºC to obtain a microsome pellet. The microsome pellet was 

resuspended in a buffer containing 50 mM K2HPO4, 5 mM DTT, and 1 mM EDTA 

(pH 7.4). For measuring the HMG-CoA reductase in the liver, an assay mixture 

contained liver microsomes (0.1-0.25 mg proteins), 20 mM glucose 6-phosphate, 2.5 

mM NADP, 1 unit glucose-6-phosphate dehydrogenase, 8 mM DTT, 1.2 mM EDTA, 

and 0.004 µCi [3-14C]HMG-CoA (PerkinElmer, Wellesly, MA) in a phosphate buffer 

(pH 7.4). The reaction was carried out at 37°C for 60 min followed by the addition of 

mevalonolactone and HCl. For measuring HMG-CoA reductase activity in the cells, 

cells were collected in a buffer the same as the resuspending microsome pellet. After 

mixing the cells (0.05 mg proteins) with the reaction buffer containing the same 

ingredients as those measured for the activity in liver microsome, the mixture was 
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incubated at 37°C for 30 min and the reaction was terminated by adding 

mevalonolactone and HCl. Radiolabeled HMG-CoA and mevalonolactone were 

separated by thin-layer chromatography in chloroform-acetone (2:1, v/v). The location 

of mevalanolactone on the chromatographic plate was visualized after staining with 

iodine vapor. The radioactivity associated with mevalanolactone was measured by 

liquid scintillation counting. 

3.5  Histological Examination 

3.5.1 Hematoxylin & Eosin (H&E) staining 

The liver was excised and a portion of it was frozen immediately in liquid nitrogen. 

Cryosections of the liver tissue were prepared and stained with hematoxylin and eosin 

(H&E) to evaluate the morphological changes. The image of H&E- sections (5 per 

liver) were captured by using an Axioskop2 MOT microscope (Carl Zeiss 

Microimaging) and Axiocam camera. The number of inflammatory foci was counted 

in a blinded manner at 10 microscopic fields per section under a light microscope at a 

magnification of ×100, ×200 and ×400. 

3.5.2 Filipin staining 

Filipin is a fluorescent compound that binds to unesterified (free) cholesterol. HepG2 

cells were cultured, allowing overnight attachment to cover slides. Following the 

treatment with palmitic acid, cells were washed with staining buffer (150 mM NaCl, 5 

mM KCl, 1 mM CaCl2, 20 mM HEPES pH 7.4, and 2 g/L glucose) and fixed with 3.6% 

formaldehyde in PBS for 20 min at room temperature. The fixed cells were washed 
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again with the staining buffer and incubated with 50 µg/ml filipin in the dark at room 

temperature for 2 h. After one final washing with the staining buffer, glycerine was 

used to fix a cover slip over the cells. Fluorescence signals were captured by an 

Olympus IX2 fluorescence microscope and Infinity 3 camera. 

3.6  Molecular Biological Analysis 

3.6.1 Real-time PCR analysis 

Total RNAs were isolated from the liver tissue with TRIZOL reagent (Invitrogen) for 

rats or QIAZOL reagent (Qiagen, Germantown, MD) specific for fatty tissues (mice). 

A portion of liver tissue was homogenized in either TRIZOL or QIAZOL reagent 

(1:10, w/v) followed by centrifugation at 12,000 g for 10 min at 4°C. Approximately 1 

ml of supernatant was collected and 200 µl of chloroform was added followed by 

another centrifugation at 12,000 g for 15 min at 4°C. The colorless upper aqueous 

phase was collected and mixed with an equal volume of isopropyl alcohol to 

precipitate RNA. The RNA pellet was washed with 1 ml 75% ethanol and dissolved in 

DEPC water after centrifugation and the ethanol discarded. The RNA concentration 

was then determined by reading the absorbency at 260 nm and the quality of the RNA 

was estimated by calculating the absorbance ratio of 260 nm to 280 nm.  

The reverse transcription reaction was carried out by adding 10 µl of RNA product (2 

or 4 µg) into 10 µl of reation mixture containing 1x first strand buffer, 10 mM DTT, 

10 µg/ml Oligo dT, 1U/µl Rnase inhibitor, and 1U/µl MMLV. The mixture was 

incubated at 37°C for 60 min followed by heating at 95°C for 2 min to inactivate the 
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enzyme. The cDNA product was stored for further PCR analysis.  

The mRNA levels of target genes were determined by real-time PCR analysis using 

the iQ5 real-time PCR detection system (Bio-Rad, Hercules, CA). The real-time PCR 

reaction mixture contained 0.4 µM of 5’ and 3’ primers and 2 µl of cDNA product in 

iQ-SYBR green supermix reagent (Bio-Rad). GAPDH was employed as the internal 

control to normalize the expression of other genes. All primers (Invitrogen) used in 

this study are listed in Table 3-1. 
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Table 3-1. Sequences of primers using in the real-time PCR analysis 
Gene Accesssion number Primers 

Rat 
COX-2 NM_017232 5’- AATCGCTGTACAAGCAGTGG -3’ 

5’- GCAGCCATTTCTTTCTCTCC -3’  

HMG-CoA reductase NM_013134 5’- GATTTCCAAGGGTACGGAGA-3’ 
5’- TTATGGCAGCAGGTTTCTTG-3’  

GAPDH NM_017008 5’- TCAAGAAGGTGGTGAAGCAG -3’ 
5’- AGGTGGAAGAATGGGAGTTG -3’  

Mouse 
HMG-CoA reductase NM_013134 5’-CAGGATGCAGCACAGAATGT-3’ 

5’-CTTTGCATGCTCCTTGAACA-3’ 

GAPDH NM_017008 5’-GCACAGTCAAGGCCGAGAAT-3’ 
5’-GCCTTCTCCATGGTGGTGAA-3’ 

SREBP-2 NM_033218 5’-GCTGGTTTGACTGGATGGTT-3’ 
5’-ACCTTTGGCGAGGTCTAGGT-3’ 

β-actin NM_007393.3 5'-GATCAAGATCATTGCTCCTCCT-3' 
5'- AGGGTGTAAAACGCAGCTCA-3' 
 

Human 
HMG-CoA reductase NM_000859 5’-CACCAAGAAGACAGCCTGAA-3’ 

5’- CATCCTCCACAAGACATTGC-3’ 

GAPDH NM_002046 5’-ATCATCCCTGCCTCTACTGG-3’ 
5’-GTCAGGTCCACCACTGACAC-3’ 

SREBP-2 NM_004599 5’-AGCAGTGGGACCATTCTGAC-3’ 
5’-TTCCTCAGAACGCCAGACTT-3’ 
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3.6.2 Western immunoblotting 

A portion of liver tissue was homogenized in a buffer containing 20 mM Tris (pH 7.4), 

0.15 M NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM 

β-glycerophosphate, 1 mM sodium orthovanadate, and 1% Triton X-100, 0.21 µM 

Leupeptin and 1 mM PMSF. The homogenate was sonicated for a total 20 sec with 

several intervals followed by centrifugation at 3000 g for 5 min at 4ºC. Then, the 

supernatant was collected and the protein concentration was determined using bovine 

serum albumin (BSA) as standard. An equal amount of protein from each sample was 

denatured by adding β-mercaptoethanol. After heating at 95ºC for 10 min, the protein 

samples were separated by electrophoresis on a 10% SDS polyacrylamide gel. 

Partitioned proteins were transferred to a nitrocellulose membrane. The membrane 

was probed with either rabbit anti-COX-2 polyclonal antibodies (Lab Vision, 

Kalamazoo, MI), rabbit anti-IκBα polyclonal antibodies and anti-phospho-IκBα 

(Ser32) polyclonal antibodies (Cell Signaling Technology, Danvers, MA), rabbit 

anti-HMG-CoA reductase polyclonal antibody (Millipore, Billerica, MA), rabbit 

anti-phospho-HMG-CoA reductase (Ser-872) polyclonal antibody (Millipore), rabbit 

anti-AMPKα antibody (Cell Signaling Technology), rabbit anti-phospho-AMPKα 

(Thr-172) antibody (Cell Signaling Technology), or rabbit anti-SREBP-2 antibody 

(Cayman Chemical Company, Ann Arbor, MI). HRP-conjugated anti-rabbit IgG 

antibody (Cell Signaling Technology) was used as the secondary antibody. The 

corresponding protein bands were visualized using enhanced chemiluminescence 

reagents and analyzed with Quantity One 1-D Analysis Software (Bio-Rad). The same 
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membranes were re-probed with rabbit anti-β-actin monoclonal antibody (Cell 

Signaling Technology) to confirm equal loading of proteins for each sample. 

3.6.3 Electrophoretic mobility shift assay (EMSA) 

To determine the binding activity of transcription factors, EMSA was performed with 

the nuclear protein. Nuclear proteins were prepared from liver tissue as previously 

described (Woo et al., 2008). In brief, liver tissue was homogenized in ice-cold TBS 

(1:4, w/v) followed by centrifugation at 3000 g for 5 min at 4°C. The pellet was 

resuspended with cold buffer containing 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 

mM EDTA and 0.1 mM EGTA. After sitting on ice for 15 min, 100 µl of 10% Nonidet 

P-40 was added and the suspension was mixed using a vortex mixer for 45 sec 

followed by centrifugation at 15,000 g for 15 min at 4°C. The pellet was resuspended 

in cold buffer containing 20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA and 1 

mM EGTA. After centrifuging at 15,000 g and 4°C for another 15 min, the 

supernatant was collected and the protein concentration was determined. 

The consensus oligonucleotides of NF-κB, Sp1 or SREBP were labeled with 32P 

before the EMSA was performed. Briefly, 4 µl sterile water, 1 µl T4 polynucleotide 

kinase buffer, 3 pmol consensus oligonucleotide, 5 units T4 polynucleotied kinase and 

20 µCi γ- 32P-ATP (PerkinElmer) were mixed and incubated at 37 °C for 10 min. The 

reaction was terminated by adding 1 µl 0.5 M EDTA and 39 µl 1xTE buffer. Then, the 

radioactive mixture was purified by filtering through the MicropinTM S-300 HR 

columns (GE Healthcare Life Science) twice with centrifugation at 10,000 rpm for 2 
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min at 4°C. The 32P-end-labeled oligonucleotides could be stored at -20°C and ready 

to be used in further experiments.  

Nuclear proteins (10 µg) were incubated with excess 32P-end-labeled oligonucleotides 

containing a consensus sequence specific for the NF-κB/DNA binding site 

(5’-AGTTGAGGGGACTTTCCCAGGC-3’) (Promega, Madison, WI), for Sp1/DNA 

binding site (5’-ATTCGATCGGGGCGGGGCGAG-3’) (Promega), or SREBP/DNA 

binding site (5’-GGATGTCCATATTAGGACATCT-3’) (Santa Cruz Biotechnology, 

Dallas, TX) in the reaction buffer containg 100 mM Tris-HCl (pH 7.5), 1 M NaCl, 50 

mM DTT, 10 mM EDTA, 40% glycerol, 1 mg/ml BSA and 50 ng/ml double-stranded 

poly(dI-dC). The reaction mixture was then separated in 6% nondenaturing 

polyacrylamide gel with bromophenol blue as the indicator in TBE buffer containing 

25 mM Tris (pH 8.0), 22.5 mM borate and 0.25 mM EDTA at 200V for 1-1.5 h. The 

gel was dried on a piece of filter paper at 80°C for 90 min followed by 

autoradiography with Amersham Hyperfilm (GE Healthcare Life Sciences). The 

corresponding bands were analyzed with Quantity One 1-D Analysis Software 

(Bio-Rad).  

3.7  Statistical Analysis 

Results were analyzed by a two-tailed Student's t-test or using one-way analysis of 

variance (ANOVA) followed by Newman-Keuls post test using Prism 4 (GraphPad 

Software). Data were presented as mean + standard error of mean (SEM). P values 

less than 0.05 were considered statistically significant.  
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4.1 Regulation of Inflammatory Response during 

Hyperhomocysteinemia (HHcy) 
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Introduction 

Hyperhomocysteinemia (HHcy) is a metabolic disorder characterized by an elevation 

of total plasma homocysteine levels (Mudd et al., 2000). Epidemiological studies 

indicate that HHcy is associated with dysfunction of multiple systems including 

cardiovascular and cerebrovascular disease, osteoporosis, glomerulosclerosis and fatty 

liver (Refsum et al., 1998; Wald et al., 2002; van Meurs et al., 2004; Gulsen et al., 

2005; Lentz, 2005; Yi & Li, 2008). High methionine diet is widely used to induce 

HHcy in experimental animals (Woo et al., 2006a; Chwatko et al., 2007). Our 

previous studies have demonstrated that the expression of pro-inflammatory 

chemokines such as MCP-1 is elevated in the blood vessel walls as well as in the liver 

of HHcy rats after a high methionine feeding for 4 weeks (Wang et al., 2002; Woo et 

al., 2008). Most of the reported studies conducted in animal models are focused on its 

chronic effects, in which, induction of HHcy ranges from a few weeks to months 

(Ungvari et al., 2000; Wang et al., 2002; Au-Yeung et al., 2004; Hwang et al., 2008; 

Woo et al., 2008; Bonaventura et al., 2009). Little information is available regarding 

the pathophysiological impact during the initial phase of HHcy. Our preliminary data 

shows that the inflammatory foci can be observed as early as 1 week after high 

methionine feeding at the initial phase of HHcy. However, the mRNA expression of 

MCP-1 is not increased by 1-week high methionine feeding. Therefore, the 

mechanism by which the inflammatory response is elicited at the initial phase of 

HHcy in the liver may be mediated by other pro-inflammatory factors.  

Induction of cyclooxygenase-2 (COX-2), one of the pro-inflammatory factors, is 
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involved in the hepatic inflammatory response in alcoholic and non-alcoholic liver 

disease (Nanji et al., 1997; Yu et al., 2006). Cyclooxygenase (COX), also known as 

prostaglandin (PG) G/H synthase, is the rate-limiting enzyme that catalyzes the 

conversion of arachidonic acid to prostanoids (Smith & Dewitt, 1996). Two major 

COX isoforms (COX-1 and COX-2) are identified in mammalian cells. COX-1 is 

expressed constitutively in most cells and is responsible for the synthesis of 

prostaglandins at low levels. COX-2 is encoded by an immediate-early gene and its 

expression is inducible (Kujubu et al., 1991). In the liver, COX-2 can be rapidly 

induced by pro-inflammatory stimuli, hormones or growth factors. Induction of 

COX-2 has been detected in Kupffer cells (Nanji et al., 1997), hepatocytes (Han et al., 

2008) and stellate cells (Gallois et al., 1998). COX-2 mediated prostanoid generation 

is involved in the early inflammatory response (Deng et al., 2006; Li & Matsumura, 

2008). It converts arachidonic acid into PGG2 and subsequently PGH2 that serves as 

a precursor for the synthesis of prostanoids including PGs, thromboxanes (TXs) and 

prostacyclins (Smith & Dewitt, 1996). COX-2 elicits the onset of inflammation 

mainly through the production of pro-inflammatory prostanoids such as PGE2 and 

TXB2 (Hinson et al., 1996; Nanji et al., 1997). In murine models, activation of 

COX-2 contributes to liver injury by enhancing the synthesis of pro-inflammatory 

prostanoids (Nanji et al., 1997; Yu et al., 2007).  

The promoter region of COX-2 gene contains sequences that are responsive to 

transcription factors, such as NF-κB (D'Acquisto et al., 1997; Rao et al., 2004). 

NF-κB is a protein complex present in the cytosol as a dimer (p50/p65, p65/p65 or 
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c-rel/p65) which is responsible for the expression of many genes including those of 

pro-inflammatory factors. Apart from its key role in regulating the immune response 

to infection, aberrant regulation of NF-κB is linked to many diseases such as cancer, 

inflammatory and autoimmune diseases, neurodegenerative and cardiovascular 

disorders (Ahn et al., 2007). NF-κB is sequestered in the cytoplasm by a family of 

inhibitor proteins called IκBs. Upon stimulation, there is a rapid phosphorylation and 

subsequently degradation of IκB by proteasomes, leading to the release of NF-κB 

followed by its translocation into the nucleus (Perkins, 2007). NF-κB then binds to 

the κB binding motifs in the promoter or enhancer of the genes. Oxidative stress has 

been reported to be one of the strong inducers of NF-κB activation in mice (Kono et 

al., 2000). We have observed that the activation of NF-κB is via oxidative stress in the 

aorta of HHcy rats (Au-Yeung et al., 2004), and promotes the expression of 

chemokines and cytokines in vascular cells (Wang et al., 2000; Wang et al., 2002). 

The first objective of my research was to elucidate the mechanism by which 

homocysteine induced COX-2 expression in rats during the initial phase of HHcy. The 

involvement of oxidative stress and NF-κB activation in COX-2 induction and liver 

injury were investigated. 

Results 

4.1.1  Induction of HHcy and liver injury by high methionine feeding 

Male Sprague-Dawley rats (250-275 g, 8-week old) were fed with a control diet or a 

high methionine diet for either 1 week or 4 weeks. The ingredients of the diets were 
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described in the Materials and Methods section. 

The homocysteine concentration in the serum of the rats was increased 6-fold in high 

methionine diet group compared to the control ones after 1-week or 4-week feeding 

(Figure 4-1). Therefore, these rats were referred to as HHcy rats in the following 

description. Simultaneously, there was a significant elevation of homocysteine levels 

in the liver of the rats fed a high methionine diet for 1 week as well as 4 weeks 

(Figure 4-1). These results indicated that HHcy could be initiated in the rats by high 

methionine diet for as short as a 1-week feeding. 

The serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST), 

which are the most important parameters for assessing liver function, were measured 

in the rats. The abnormal elevation of ALT and AST in the serum indicates liver injury 

in both human and experimental animals. When liver parenchymal cells (hepatocytes) 

are damaged, the increased permeability of cell membrane results in the releasing of 

ALT and AST from the cells into the blood. As the indicator of liver injury, ALT is 

more sensitive and specific than AST. As shown in Figure 4-2, the ALT levels were 

significantly elevated in the serum of both 1-week and 4-week HHcy rats. In addition, 

serum ALT levels were higher in 4-week HHcy rats compared to the 1-week HHcy 

ones. A moderate increase of AST levels was also seen in 4-week HHcy rat serum. 

These results indicated that liver injury occurred as early as 1 week after a high 

methionine diet and it was exacerbated with the development of HHcy.  

4.1.2  Elevation of COX-2 expression in the liver during HHcy 
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The expression of COX-2 was examined in the liver of control and HHcy rats. The 

expression of hepatic COX-2 mRNA was significantly elevated in the rats fed a high 

methionine diet for 1 week or for 4 weeks (Figure 4-3). Such a stimulatory effect on 

the COX-2 mRNA expression in the liver was more prominent in the rats fed a high 

methionine diet for 1 week (3.5-fold increase) than those for 4 weeks (1.8-fold 

increase). To determine whether increased COX-2 gene expression would lead to an 

elevation of COX-2 protein level in the liver, Western immunoblotting analysis was 

carried out. There was a significant increase in COX-2 protein level in the liver tissue 

of HHcy rats as compared to that in control rats (Figure 4-4). In view that the HHcy 

induced by 1-week high methionine diet feeding had a stronger stimulatory effect on 

the expression of hepatic COX-2, the subsequent investigation was mainly conducted 

in rats fed a high methionine diet for 1 week.    
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Figure 4-1. Serum and hepatic homocysteine levels 

Rats fed a regular diet (control) or a high methionine diet (hyperhomocysteinemia, 
HHcy) for 1 week or 4 weeks. Serum and liver homocysteine concentrations were 
measured by using the IMx homocysteine assay. Results are expressed as mean ± 
SEM (n=4-10). *P<0.05 when compared with control values. 

  

1 week                4 weeks                          

1 week                 4 weeks                          

Control  HHcy           Control  HHcy    

0

5

10

15

20

H
ep

at
ic

 h
om

oc
ys

te
in

e 
le

ve
ls

 (n
m

ol
/g

 ti
ss

ue
)

Control  HHcy            Control  HHcy    

* 

* 



102 
 

* 

0

10

20

30

40

50

AL
T(

U
/L

)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2. Serum ALT and AST levels 

Rats fed a regular diet (control) or a high methionine diet (HHcy) for 1 week or 4 
weeks. Serum alanine aminotranferease (ALT) and aspartate aminotransferase (AST), 
two of the biomarkers for liver function, were measured using a commercial kit. 
Results are expressed as mean ± SEM (n=4-10). *P<0.05 when compared with 
control values. 
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Figure 4-3. COX-2 mRNA expression in the liver  

Rats fed a regular diet (control) or a high methionine diet (HHcy) for 1 week or 4 
weeks. COX-2 mRNA was measured by a real-time PCR analysis. Results are 
expressed as mean ± SEM (n=6-8). *P<0.05 when compared with control values 
(expressed as 100%).  
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Figure 4-4. COX-2 protein expression in the liver 

Rats fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. COX-2 
protein was determined by Western immunoblotting analysis. β -actin was used as an 
internal control to confirm equal amount of protein loading to the gel. Results are 
expressed as mean ± SEM (n=8). *P<0.05 when compared with control values 
(expressed as 100%). 
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4.1.3  Regulation of COX-2 expression via the NF-κB pathway 

NF-κB is one of the transcription factors that can bind the promoter region of COX-2 

gene to elicit the transcription of the gene (D'Acquisto et al., 1997; Rao et al., 2004). 

To substantiate the role of NF-κB activation in the liver during HHcy, protein levels 

of NF-κB inhibitor protein, total IκBα and phosphorylated IκBα, and the DNA 

binding activity of NF-κB were determined. The level of total IκBα protein was 

significantly decreased (Figure 4-5) and the level of phosphorylated IκBα protein was 

markedly increased in the liver tissue of HHcy rats (Figure 4-6). These results 

indicated an inactivation of the inhibitor protein of NF-κB. Nuclear proteins in the 

liver were isolated from different groups of rats and the binding of NF-κB to DNA 

was determined by EMSA. The binding activity of NF-κB to DNA was significantly 

increased in the liver tissue of HHcy rats (Figure 4-7), indicating that hepatic NF-κB 

was activated. These results suggested that phosphorylation and inactivation of the 

NF-κB inhibitor protein IκBα resulted in the translocation and activation of NF-κB 

during HHcy. 

To identify whether NF-κB was involved in COX-2 up-regulation during HHcy, a 

known inhibitor for NF-κB activation named pyrrolidine dithiocarbamate (PDTC) was 

injected intraperitoneally (100 mg/kg, i.p.) into rats fed a high methionine diet (Zhang 

et al., 2004; Hwang et al., 2008). Administration of PDTC effectively blocked the 

activation of NF-κB/DNA binding activity in HHcy rats (Figure 4-7). Moreover, 

administration of PDTC to HHcy rats reduced COX-2 mRNA expression (Figure 4-8) 

and protein levels in the liver (Figure 4-9) when compared to those found in control 
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rats. Injection of PDTC into rats fed a regular diet did not affect the basal expression 

of COX-2 in the liver (Figure 4-8 and 4-9). These results suggested that induction of 

COX-2 expression in the liver of HHcy rats might be mediated via NF-κB activation.  

Inhibition of NF-κB activation also improved liver function as indicated by a 

significant reduction of serum ALT levels in HHcy rats receiving PDTC injection 

(Figure 4-10). Hepatic inflammatory foci characterized by dense aggregates of 

mononuclear cells (Robert et al., 2005; Polakos et al., 2006) were visible in HHcy rats 

by H&E staining. Few foci were observed in the control rats as well as in the HHcy 

rats treated with PDTC (Figure 4-11). These results indicated that the activation of 

NF-κB and the subsequent induction of COX-2 expression played an important role in 

the initiation of inflammatory response in the liver during HHcy.   
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Figure 4-5. Total IκBα protein expression in the liver 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. 
Total IκBα protein was determined by Western immunoblotting analysis. β-actin was 
used as an internal control to confirm equal amount of protein loading to the gel. 
Results are expressed as mean ± SEM (n=8). *P<0.05 when compared with values 
obtained from the control group (expressed as 100%). 
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Figure 4-6. Phosphorylated IκBα protein expression in the liver 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. 
Phosphorylated IκBα protein was determined by Western immunoblotting analysis. β 
-actin was used as an internal control to confirm equal amount of protein loading to 
the gel. Results are expressed as mean ± SEM (n=5). *P<0.05 when compared with 
values obtained from the control group (expressed as 100%). 
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Figure 4-7. Effect of NF-κB inhibitor (PDTC) on NF-κB/DNA binding activity  
Liver nuclear proteins were isolated from rats fed a regular diet (control) or a high 
methionine diet (HHcy) for 1 week. In one set of experiments, PDTC (100 mg/kg, i.p.) 
were given to rats fed a regular diet (PDTC) or a high methionine diet (HHcy + PDTC) 
16 h before euthanasia. NF-κB/DNA binding activity was determined by EMSA. 
Lane 1: unlabeled probe, Lane 2: Control, Lane 3: HHcy, Lane 4: HHcy+PDTC, Lane 
5: PDTC. Results are expressed as mean ± SEM (n=6-8). *P<0.05 when compared 
with values obtained from the control group (expressed as 100%). #P<0.05 when 
compared with values obtained from the HHcy group.  
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Figure 4-8. Effect of NF-κB inhibitor (PDTC) on COX-2 mRNA expression 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, PDTC (100 mg/kg, i.p.) were given to rats fed a regular diet 
(PDTC) or a high methionine diet (HHcy + PDTC) 16 h before euthanasia. COX-2 
mRNA was measured by a real-time PCR analysis. Results are expressed as mean ± 
SEM (n=6-8). *P<0.05 when compared with values obtained from control group 
(expressed as 100%). #P<0.05 when compared with values obtained from HHcy 
group. 
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Figure 4-9. Effect of NF-κB inhibitor (PDTC) on COX-2 protein expression 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, PDTC (100 mg/kg, i.p.) were given to rats fed a regular diet 
(PDTC) or a high methionine diet (HHcy + PDTC) 16 h before euthanasia. COX-2 
protein was determined by Western immunoblotting analysis. β -actin was used as an 
internal control to confirm equal amount of protein loading to the gel. Results are 
expressed as mean ± SEM (n=6-8). *P<0.05 when compared with values obtained 
from control group (expressed as 100%). #P<0.05 when compared with values 
obtained from HHcy group. 
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Figure 4-10. Effect of NF-κB inhibitor (PDTC) on serum ALT levels 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, PDTC (100 mg/kg, i.p.) were given to rats fed a regular diet 
(PDTC) or a high methionine diet (HHcy + PDTC) 16 h before euthanasia. Serum 
ALT levels were measured using a commercial kit. Results are expressed as mean ± 
SEM (n=6-8). *P<0.05 when compared with values obtained from control group. 
#P<0.05 when compared with values obtained from HHcy group. 
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Figure 4-11. Effect of the NF-κB inhibitor (PDTC) on inflammatory foci in the 
liver 

Liver tissue samples from rats fed a regular (Control) or a high methionine diet (HHcy) 
for 1 week were examined with hematoxylin and eosin (H&E) staining to detect 
morphological changes. One group of rats fed a high methionine diet was given 
PDTC (100 mg/kg, i.p.) 16 h before euthanasia (HHcy + PDTC). The number of 
inflammatory foci was counted in a blinded manner in 10 microscopic fields per 
section under a light microscope at a magnification of ×100, ×200 and ×400. 
Representative images are shown. Arrows indicate inflammatory foci. 
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4.1.4  Role of oxidative stress in NF-kB activation and COX-2 expression 

To investigate whether oxidative stress was stimulated in the liver during HHcy, 

activities of enzymes that are involved in superoxide production (NADPH oxidase) 

and metabolism (superoxide dismutase, catalase) as well as the superoxide anion 

levels were determined. The hepatic NADPH oxidase activity was significantly 

increased (Figure 4-12) while superoxide dismutase (Figure 4-13) and catalase 

(Figure 4-14) activities were significantly decreased in HHcy rats. The level of 

superoxide anions was significantly increased in the liver of HHcy rats as compared 

to that in the control group (Figure 4-15).  

To further confirm the role of oxidative stress in activation of NF-κB and induction of 

COX-2 expression, a membrane-permeable superoxide dismutase mimetic, 

4-hydroxy-tetramethyl-piperidine-1-oxyl (TEMPO), was injected intraperitoneally 

(1.5 mmol/kg, i.p.) into HHcy rats. The TEMPO treatment effectively reduced the 

hepatic level of superoxide anions in HHcy rats (Figure 4-15). Inhibition of oxidative 

stress by TEMPO treatment also completely abolished NF-κB activation (Figure 4-16) 

and COX-2 expression (Figure 4-17) induced by HHcy. Furthermore, TEMPO 

treatment restored liver function in HHcy rats (Figure 4-18). Administration of 

TEMPO to rats fed a control diet did not affect the basal levels of COX-2 expression, 

NF-κB activation and serum ALT. These results suggested that oxidative stress 

activated NF-κB, which, in turn, induced COX-2 expression in the liver. Collectively, 

these results suggested that oxidative stress and the inflammatory response might 

contribute to liver injury during HHcy.  
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Figure 4-12. NADPH oxidase activity in the liver 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. 
NADPH oxidase activities were determined in the liver tissue and expressed as U/mg 
protein. Results are expressed as mean ± SEM (n=10). *P<0.05 when compared with 
values obtained from the control group. 
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Figure 4-13. Superoxide dismutase (SOD) activity in the liver 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. 
Superoxide dismutase (SOD) activities were determined in the liver tissue and 
expressed as U/mg protein. Results are expressed as mean ± SEM (n=4). *P<0.05 
when compared with values obtained from the control group. 
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Figure 4-14. Catalase activity in the liver 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. 
Catalase activities were determined in the liver tissue and expressed as U/mg protein. 
Results are expressed as mean ± SEM (n=4). *P<0.05 when compared with values 
obtained from the control group. 

 

 

 

 

 

 

 

 

*



118 
 

0

100

200

300

400

500

Control HHcy HHcy+TEMPO TEMPO

Su
pe

ro
xi

de
 a

ni
on

 le
ve

ls
(%

 o
f C

on
tr

ol
)

 

 

 

 

 

 

 

 

 

 

 

Figure 4-15. Effect of superoxide scavenger (TEMPO) on superoxide anion levels  

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, TEMPO (1.5 mmol/kg, i.p.) was injected intraperitoneally into 
the rats fed with a regular diet (TEMPO) or a high methionine diet (HHcy + TEMPO) 
6 h before euthanasia. Superoxide anion levels in the liver were measured by 
lucigenin chemiluminescence assay. Results are expressed as mean ± SEM (n=8). 
*P<0.05 when compared with values obtained from the control group (expressed as 
100%). #P<0.05 when compared with values obtained from HHcy group. 
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Figure 4-16. Effect of superoxide scavenger (TEMPO) on NF-κB/DNA binding 
activity 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, TEMPO (1.5 mmol/kg, i.p.) was injected intraperitoneally into 
the rats fed with a regular diet (TEMPO) or a high methionine diet (HHcy + TEMPO) 
6 h before euthanasia. NF-κB/DNA binding activity was determined by EMSA. Lane 
1: unlabeled probe, Lane 2: Control, Lane 3: HHcy, Lane 4: HHcy+TEMPO, Lane 5: 
TEMPO. Results are expressed as mean ± SEM (n=6-8). *P<0.05 when compared 
with values obtained from the control group (expressed as 100%). #P<0.05 when 
compared with values obtained from HHcy group. 
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Figure 4-17. Effect of superoxide scavenger (TEMPO) on hepatic COX-2 protein 
expression 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, TEMPO (1.5 mmol/kg, i.p.) was injected intraperitoneally into 
the rats fed with a regular diet (TEMPO) or a high methionine diet (HHcy + TEMPO) 
6 h before euthanasia. COX-2 protein was measured by Western immunoblotting 
analysis. β -actin was used as an internal control to confirm equal amount of protein 
loading to the gel. Results are expressed as mean ± SEM (n=4-8). *P<0.05 when 
compared with values obtained from the control group (expressed as 100%). #P<0.05 
when compared with values obtained from HHcy group. 
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Figure 4-18. Effect of superoxide scavenger (TEMPO) on serum ALT levels 

Rats were fed a regular diet (control) or a high methionine diet (HHcy) for 1 week. In 
one set of experiments, TEMPO (1.5 mmol/kg, i.p.) was injected intraperitoneally into 
the rats fed with a regular diet (TEMPO) or a high methionine diet (HHcy + TEMPO) 
6 h before euthanasia. Serum ALT was measured using a commercial kit. Results are 
expressed as mean ± SEM (n=4-8). *P<0.05 when compared with values obtained 
from the control group. #P<0.05 when compared with values obtained from HHcy 
group. 
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Discussion 

Hyperhomocysteinemia (HHcy) is a chronic disease affecting multiple organs. In 

recent years, increasing evidence suggests that an elevation of blood homocysteine 

level is linked to liver dysfunction (McCully, 1969; Adinolfi et al., 2005; Robert et al., 

2005; Woo et al., 2006a). Based on the results obtained from this part of my study, a 

novel mechanism by which HHcy promotes liver injury is presented here (Figure 

4-19): (1) HHcy induces COX-2 expression in rat liver; (2) COX-2 expression is 

mediated by NF-κB activation; (3) oxidative stress contributes to liver injury through 

the activation of NF-κB and the subsequent induction of COX-2 during the initial 

phase of HHcy.  

COX-2 is a pro-inflammatory factor that plays an important role in tissue damage 

during the early inflammatory response (Deng et al., 2006; Li & Matsumura, 2008). 

Transgenic expression of COX-2 has been shown to exacerbate liver injury in murine 

models (Yu et al., 2007; Han et al., 2008). In the present study, the induction of 

hepatic COX-2 expression was more prominent in rats that were 

hyperhomocysteinemic for 1 week than those were hyperhomocysteinemic for 4 

weeks, indicating that the inflammatory response started to occur early in HHcy. 

During this early stage, NF-κB activity was increased in the liver tissue. Activation of 

NF-κB is regarded as one of the critical steps in the initiation of liver injury (Nanji et 

al., 1999; Jokelainen et al., 2001; Suetsugu et al., 2005), which is thought to precede 

the appearance of morphological and functional changes in the liver. NF-κB is a 

“rapid-acting” transcription factor that can be activated through signal-induced  
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Figure 4-19. Proposed mechanism of HHcy-induced inflammatory response and 
liver injury 

HHcy causes liver injury via inflammatory response mediated by the induction of a 
pro-inflammatory factor, COX-2, expression at the initiatial phase. Oxidative stress 
caused by HHcy results in the activation of NF-κB and the subsequent elevation of 
COX-2 expression. The inhibition of oxidative stress by 4-hydroxy-tetramethyl- 
piperidine-1-oxyl (TEMPO) or the blockade of NF- κB activation by pyrrolidine 
dithiocarbamate (PDTC) is able to abolish hepatic COX-2 expression and improve 
liver function in HHcy rats. 
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phosphorylation and the subsequent degradation of its inhibitor protein IκB (Gilmore, 

2006). It has been shown that NF-κB activation in humans and rats enhances NF-κB 

binding to the promoter region of COX-2 and induces the expression of the COX-2 

gene (Sirois et al., 1993; Appleby et al., 1994; Olivetta et al., 2003). Several lines of 

evidence obtained from the present study supported our hypothesis that the induction 

of COX-2 expression in the liver was mediated via NF-κB activation. First, there was 

a significant increase in COX-2 mRNA and protein levels in the liver of HHcy rats. 

Second, NF-κB binding to DNA was markedly elevated in the liver of HHcy rats. 

Further analysis revealed that activation of NF-κB in the liver at the initial phase of 

HHcy was due to increased phosphorylation of its inhibitor protein IκBα leading to a 

reduction in the total IκBα protein. Concomitantly, serum ALT level was significantly 

elevated and inflammatory foci appeared in the liver tissue in HHcy rats, indicating 

that liver injury had occurred. Third, administration of NF-κB inhibitor (PDTC) to 

HHcy rats not only prevented NF-κB activation but also abolished COX-2 expression 

in the liver. Inhibition of NF-κB mediated COX-2 expression also ameliorated liver 

injury in HHcy rats. These results suggested that NF-κB activation played an 

important role in the induction of COX-2 expression in the liver during the initial 

phase of HHcy, which, in turn, contributed to liver injury (Figure 4-19). 

HHcy-induced liver injury may be mediated through different signaling pathways and 

mechanisms at various stages of HHcy. Our previous study has shown that AP-1 is the 

major transcription factor involved in the hepatic inflammatory response by induction 

of MCP-1 expression in 4-week HHcy rats (Woo et al., 2008). Hamelet and 
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colleagues have reported that hepatic NF-κB activation is mediated through 

calcium-dependent proteases but not phosphorylation-dependent mechanism in CBS 

deficiency-resulted HHcy mice (Hamelet et al., 2009). Results from the present study 

demonstrated that NF-κB mediated hepatic COX-2 expression occurred as early as 

the first week after the development of HHcy in rats.  

Oxidative stress due to increased generation of free radicals has been indicated as one 

of the potential triggers for the development of hepatic steatosis, steatohepatitis and 

fibrosis (Sanyal et al., 2001; George et al., 2003). Oxidative stress is closely linked to 

the activation of transcription factors and inflammatory response. Increased free 

radical generation has been found to be responsible for alcohol-induced hepatic 

NF-κB activation, steatosis and necrosis in mice (Kono et al., 2000). In the present 

study, the level of superoxide anions was markedly increased in the liver of HHcy rats 

due to increased production and decreased metabolism. Administration of TEMPO, a 

known superoxide anion scavenger, to HHcy rats reduced the level of superoxide 

anions in the liver. Such a treatment effectively abolished NF-κB mediated COX-2 

expression in the liver. Moreover, inhibition of oxidative stress led to the recovery of 

liver function which was impaired during HHcy. Taken together, it is plausible that 

oxidative stress may serve as one of the potential mechanisms responsible for 

inflammatory response and liver injury during the initial phase of HHcy (Figure 

4-19). 

In conclusion, the present study demonstrates, for the first time, that the induction of 



126 
 

COX-2 expression in the liver of HHcy rats is mediated via NF-κB activation. The 

results provide novel evidence that oxidative stress and an inflammatory response 

contribute to liver injury during the initial phase of HHcy. Identification of molecular 

mechanisms that are responsible for early liver injury may lead to a better therapeutic 

approach to prevent the progression of liver damage in patients with chronic diseases. 
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4.2 Regulation of Cholesterol Biosynthesis during 

Hyperhomocysteinemia (HHcy): Beneficial Effects of 

Berberine   
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Introduction 

Hypercholesterolemia, an elevation of cholesterol levels in the blood, has been 

identified as one of the primary risk factors for coronary and peripheral arterial 

disease (26). The liver is central to the regulation of hepatic and systemic cholesterol 

levels. It regulates the export and clearance of cholesterol in the circulation through 

synthesis of VLDL and expression of LDL receptor, respectively. The 

3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase is the rate-limiting 

enzyme in the biosynthesis of cholesterol and catalyzes the reduction of HMG-CoA to 

mevalonate. Regulation of HMG-CoA reductase activity is the primary approach for 

controlling the de novo cholesterol synthesis. Inhibitors of HMG-CoA reductase such 

as statins are frequently used to treat patients with hypercholesterolemia. Regulation 

of HMG-CoA reductase can be achieved by multiple mechanisms including 

transcription, translation, enzyme degradation rate, phosphorylation- 

dephosphorylation, and feedback inhibition by cholesterol levels (Brown & Goldstein, 

1980; Omkumar et al., 1994; Jurevics et al., 2000). The equilibrium of enzyme 

phosphorylation-dephosphorylation plays an important role in regulating HMG-CoA 

reductase activity. AMP-activated protein kinase (AMPK) appears to be the major 

kinase that targets HMG-CoA reductase in the liver (Hawley et al., 1996). As 

illustrated in Figure 1-6, AMPK is activated upon phosphorylation, and in turn, 

inactivates HMG-CoA reductase via phosphorylation of the enzyme (Beg et al., 1973; 

Carling et al., 1989; Clarke & Hardie, 1990). 

HHcy, a condition of elevated plasma homocysteine levels, is a metabolic disorder 
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associated with the dysfunction of multiple organs (Gulsen et al., 2005; Lentz, 2005). 

A positive correlation between plasma homocysteine and cholesterol levels has been 

found in HHcy patients and animal models (Nygard et al., 1995; Werstuck et al., 2001; 

Woo et al., 2005). Consistent with these findings, patients or animals with severe 

HHcy also develop hepatic steatosis (fatty liver) (McCully, 1969; Werstuck et al., 

2001). Our previous study demonstrated that homocysteine stimulated the production 

and secretion of cholesterol in the liver and in hepatocytes, a response attributed to 

enhanced HMG-CoA reductase gene expression (Woo et al., 2005). Collectively, 

increases in hepatic HMG-CoA reductase expression and activity play causative roles 

in the disruption of cholesterol homeostasis during HHcy. 

Berberine is an isoquinoline alkaloid found in barberry and goldenseal plants, Oregon 

grapes and the traditional Chinese herb golden thread. The chemical structure of 

berberine, which has a molecular weight of 336.36, is shown in Figure 1-7. Extracts 

prepared from berberine-containing plants have been used widely as alternative or 

traditional medicines in humans and animals (Luo, 1955; Dutta et al., 1972). Recent 

evaluation of berberine has uncovered several diverse pharmacological properties, 

such as anti-cancer, anti-inflammatory response or anti-oxidation, which attract 

increasing attention to this natural compound (Mantena et al., 2006; Tan et al., 2007; 

Chen et al., 2008). Our laboratory has demonstrated that berberine reduces NADPH 

oxidase mediated oxidative stress in macrophages (Sarna et al., 2010). Berberine also 

improves insulin sensitivity through activation of AMPK (Lee et al., 2006). Berberine 

displays promising lipid lowering capabilities as it can affect plasma cholesterol 
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clearance by stabilizing and up-regulating LDL receptor expression in 

hypercholesterolemic patients and animals (Kong et al., 2004; Abidi et al., 2005). 

Although there is striking evidence that berberine lowers cholesterol through 

mechanisms different from that of statins, the effect of berberine on de novo 

cholesterol synthesis in the liver and the underlying mechanisms remain speculative.  

The second objective of my research was to examine the effect of berberine on 

hepatic HMG-CoA reductase in HHcy rats that displayed increased cholesterol 

biosynthesis in the liver and to investigate the mechanisms by which berberine 

administration regulated hepatic HMG-CoA reductase activity. 

Results 

4.2.1 Effect of berberine on cholesterol levels and liver function 

HHcy was induced in rats fed a high methionine diet for 4 weeks. The serum 

homocysteine level was approximately 6-fold higher in HHcy rats than that of the 

control group as indicated in the first part of Results (Figure 4-1). There was a 

significant increase in the cholesterol level in the serum and in the liver of HHcy rats 

(Figure 4-20). Lipid accumulation has been associated with liver dysfunction 

(Stranges et al., 2004). Therefore, levels of serum aminotransferases, which indicate 

liver function, were measured. Serum ALT and AST levels were significantly elevated 

in HHcy rats compared to the control rats (Figure 4-21). To investigate the beneficial 

effect of berberine on HHcy-induced liver injury, HHcy rats were administered 

berberine intraperitoneally once a day (5mg/kg/d) for 5 days. The results showed that 
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berberine could significantly decrease the serum and hepatic cholesterol levels and 

reduce the ALT and AST levels in the circulation of HHcy rats (Figure 4-21). 

Berberine had no effect on basal cholesterol levels or serum ALT and AST. These 

results demonstrated that berberine had a lipid-lowering effect and could improve 

liver function during HHcy.  
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Figure 4-20. Effect of berberine on cholesterol levels in serum and liver 

Serum and liver tissue were collected from rats fed a regular diet (control), a high 
methionine diet (HHcy) for 4 weeks, a high methionine diet plus berberine 
administration (HHcy+BBR) or a regular diet plus berberine administration (BBR). 
Total or free cholesterol levels in serum and liver tissue were measured. Results were 
expressed as mean± SEM (n=4-8). *P<0.05 when compared with control value. 
#P<0.05 when compared with HHcy value. 
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Figure 4-21. Effect of berberine on serum ALT and AST levels  

Serum were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus berberine administration 
(HHcy+BBR) or a regular diet plus berberine administration (BBR). Serum ALT and 
AST levels were measured using a commercial kit. Results were expressed as mean± 
SEM (n=6-10). *P<0.05 when compared with control value. #P<0.05 when compared 
with HHcy value. 
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4.2.2 Effect of berberine on hepatic HMG-CoA reductase expression and 

activity 

To further indentify the mechanisms of abnormal cholesterol metabolism during 

HHcy and the cholesterol-lowering effect of berberine, the expression and activity of 

HMG-CoA reductase were determined. The HMG-CoA reductase mRNA expression 

(Figure 4-22) and the protein levels (Figure 4-23) were significantly increased in the 

liver of HHcy rats. The hepatic activity of HMG-CoA reductase was higher in HHcy 

rats than that in the control group (Figure 4-24). In the liver of HHcy rats, HMG-CoA 

reductase activity was significantly reduced upon berberine administration (Figure 

4-24). However, berberine treatment did not affect the mRNA or protein levels of 

HMG-CoA reductase in the liver of HHcy rats (Figure 4-22 and 4-23). These results 

suggested that administration of berberine could attenuate hepatic HMG-CoA 

reductase activity and reduce cholesterol levels in the liver and in the blood of HHcy 

rats. These results suggested that the beneficial effect of berberine was not through 

regulating HMG-CoA reductase at transcriptional level. Post-translational regulation 

might be involved in the role of berberine on inhibiting HMG-CoA reductase.   
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Figure 4-22. Effect of berberine on HMG-CoA reductase mRNA expression 

Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus berberine administration 
(HHcy+BBR) or a regular diet plus berberine administration (BBR). HMG-CoA 
reductase mRNA expressions were determined by real-time PCR. Results were 
expressed as mean±SEM (n=6-10). *P<0.05 when compared with control value 
(expressed as 100%). 
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Figure 4-23. Effect of berberine on HMG-CoA reductase protein expression  

Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus berberine administration 
(HHcy+BBR) or a regular diet plus berberine administration (BBR). HMG-CoA 
reductase (HMGR) protein levels were determined by Western immunoblotting. 
β-actin was used as an internal control to confirm equal amount of protein loading to 
the gel. Results were expressed as mean±SEM (n=6). *P<0.05 when compared with 
control value (expressed as 100%). 
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Figure 4-24. Effect of berberine on HMG-CoA reductase activity 

Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus berberine administration 
(HHcy+BBR) or a regular diet plus berberine administration (BBR). HMG-CoA 
reductase activity was measured. Results were expressed as mean±SEM (n=6). 
*P<0.05 when compared with control value (expressed as 100%). #P<0.05 when 
compared with HHcy value. 
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4.2.3  Berberine inhibited hepatic HMG-CoA reductase activity via 

phosphorylation. 

HMG-CoA reductase can be regulated at the transcriptional and the post-translational 

levels (Beg et al., 1985; Jurevics et al., 2000). To investigate the mechanism by which 

berberine reduced HMG-CoA reductase enzyme activity, the phosphorylation status of 

HMG-CoA reductase protein was examined. In general, phosphorylation of 

HMG-CoA reductase leads to inactivation of the enzyme, while dephosphorylation 

activates it (Omkumar et al., 1994; Istvan et al., 2000). In the present study, the level 

of phosphorylated HMG-CoA reductase protein was significantly lower in the liver of 

HHcy rats as compared to the control group (Figure 4-25). Administration of 

berberine to HHcy rats increased the phosphorylated form of hepatic HMG-CoA 

reductase (Figure 4-25). It appeared that HHcy increased the mRNA expression of 

HMG-CoA reductase and decreased the protein level of phosphorylated HMG-CoA 

reductase (inactive form of the enzyme) in the liver, leading to an elevation of hepatic 

HMG-CoA reducatase activity. Treatment with berberine resulted in an increase in the 

level of phosphorylated HMG-CoA reductase (inactive form), which in turn, caused a 

significant reduction of HMG-CoA reductase activity.    

Next, to confirm that changes in the phosphorylation status of HMG-CoA reductase 

played an important role in regulating its activity, phosphatase was used to 

dephosphorylate the proteins prepared from the liver of berberine-treated HHcy rats. 

An aliquot of proteins was incubated with calf intestinal phosphatase (CIP). Treatment 

with phosphatase resulted in a significant decrease of phosphorylated HMG-CoA 
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reductase protein (inactive form) (Figure 4-27). Such a treatment did not affect the 

total reductase protein (Figure 4-26). Upon phosphatase treatment, the activity of 

HMG-CoA reductase was markedly increased (Figure 4-28).  
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Figure 4-25. Effect of 
total HMG-CoA reduc

Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus 
(HHcy+BBR) or a regular diet plus 
immunoblotting anal
phosphorylated HMG
reductase (HMGR). β-
of protein loading to the gel.
when compared with control value
with HHcy value. 
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Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus berberine

or a regular diet plus berberine administration (BBR)
immunoblotting analysis was performed to measure the 

HMG-CoA reductase (phospho-HMGR) and total HMG
-actin was used as an internal control to confirm equal amount 

of protein loading to the gel. Results were expressed as mean±SEM (n=12). *
when compared with control value (expressed as 100%). #P<0.05 when compared 
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Figure 4-26. Effect of dephosphorylation on 
expression 

Livers were collected from rats fed a high 
administration (5mg/kg/day) for 5 days prior to euthanasia. Liver 
incubated with or without calf intestinal phosphatase (CIP, 1 mU/
minutes at 37oC. Total HMG
measured by using Western immunoblotting analysis.
control to confirm equal amount of protein loading to the gel.
as mean±SEM (n=4). 
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. Effect of dephosphorylation on total HMG-CoA reductase

Livers were collected from rats fed a high methionine diet for 4 weeks
administration (5mg/kg/day) for 5 days prior to euthanasia. Liver 
incubated with or without calf intestinal phosphatase (CIP, 1 mU/

Total HMG-CoA reductase (HMGR) protein expression was 
measured by using Western immunoblotting analysis. β-actin was used as an internal 
control to confirm equal amount of protein loading to the gel. Results were express

SEM (n=4).  
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Figure 4-27. Effect of 
reductase protein expression

Livers were collected from rats fed a high 
administration (5mg/kg/day
incubated with or without calf intestinal phosphatase (CIP, 1 mU/
minutes at 37oC. Phosphorylated HMG
expression was measured by using Western immunoblotting analysis.
used as an internal control to confirm equal amount of protein loading to the gel.
Results were expressed as mean
obtained from assays without 
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Livers were collected from rats fed a high methionine diet for 4 weeks
administration (5mg/kg/day) for 5 days prior to euthanasia. Liver 
incubated with or without calf intestinal phosphatase (CIP, 1 mU/
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Figure 4-28. Effect of dephosphorylation on HMG-CoA reductase activity 

Livers were collected from rats fed a high methionine diet for 4 weeks with berberine 
administration (5mg/kg/day) for 5 days prior to euthanasia. Liver proteins were 
incubated with or without calf intestinal phosphatase (CIP, 1 mU/µg protein) for 60 
minutes at 37oC. HMG-CoA reductase activity was determined. Results were 
expressed as mean±SEM (n=4). *P<0.05 when compared with the value obtained 
from assays without CIP treatment. 
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4.2.4  Berberine phosphorylated hepatic HMG-CoA reductase via activation of 

AMPK. 

Although HMG-CoA reductase can be phosphorylated in vitro by several protein 

kinases, AMPK is thought to be the major kinase targeting the enzyme in the liver 

(Omkumar et al., 1994). To examine whether AMPK was involved in 

berberine-induced phophorylation of hepatic HMG-CoA reductase, Western 

immunoblotting analysis was performed to measure the phosphorylated AMPK 

(active form) and total AMPK protein in the liver tissue. No significant difference of 

the total AMPK protein levels was observed between the control and HHcy rats 

(Figure 4-29). However, the phosphorylated AMPK protein was markedly decreased 

in the liver of HHcy rats (Figure 4-29). Administration of berberine increased the 

level of phosphorylated AMPK but did not affect the protein level of total AMPK in 

the liver of HHcy rats (Figure 4-29). To verify whether phosphorylation of HMG-CoA 

reductase was regulated by AMPK, HepG2 cells were incubated with an AMPK 

inhibitor, Compound C. The phosphorylated HMG-CoA reductase protein was 

markedly decreased in cells incubated with the AMPK inhibitor (Figure 4-30). In 

accordance, the enzyme activity of HMG-CoA reductase was significantly increased 

in the cells treated with AMPK inhibitor (Figure 4-31). Taken together, these results 

suggested that the inhibitory effect of berberine on HMG-CoA reductase activity was 

caused by AMPK-mediated phosphorylation of the enzyme. 
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Figure 4-29. Effect of 
expression 

Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus 
(HHcy+BBR) or a regular diet plus 
immunoblotting analysis was performed to measure the protein levels of 
phosphorylated AMPK (
as an internal control to confirm equal amount of protein loading to the gel.
were expressed as mean
(expressed as 100%). #
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Livers were collected from rats fed a regular diet (control), a high methionine diet 
(HHcy) for 4 weeks, a high methionine diet plus berberine

or a regular diet plus berberine administration (BBR)
immunoblotting analysis was performed to measure the protein levels of 
phosphorylated AMPK (phospho-AMPK) and total AMPK proteins
as an internal control to confirm equal amount of protein loading to the gel.
were expressed as mean±SEM (n=6). *P<0.05 when compared with control value
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Figure 4-30. Effect of AMPK inhibitor (Compound C) on phosphorylated and 
total HMG-CoA reductase protein expression  

HepG2 cells were incubated with 10µM Compound C (AMPK inhibitor) for 6 h and 
collected for HMG-CoA reductase protein level. Protein levels of phosphorylated 
HMG-CoA reductase (phospho-HMGR) and total HMG-CoA reductase (HMGR) 
were measured by Western immunblotting. β-actin was used as an internal control to 
confirm equal amount of protein loading to the gel Results were expressed as 
mean±SEM (n=4). *P<0.05 when compared with control value (expressed as 100%). 
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Figure 4-31. Effect of AMPK inhibitor (Compound C) on HMG-CoA reductase 
activity  

HepG2 cells were incubated with 10µM Compound C (AMPK inhibitor) for 6 h and 
collected for HMG-CoA reductase activity. HMG-CoA reductase activity was 
determined. Results were expressed as mean±SEM (n=6). *P<0.05 when compared 
with control value (expressed as 100%). 
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Discussion 

The de novo synthesis of cholesterol in the liver plays an important role in regulating 

hepatic lipid homeostasis and blood cholesterol levels. The HMG-CoA reductase 

catalyzes the rate-limiting reaction in cholesterol biosynthesis in mammalian cells. 

Increased hepatic cholesterol biosynthesis can lead to impaired lipid homeostasis and 

liver dysfunction (Guo et al., 2004; Beltroy et al., 2007). In HHcy, both liver and 

serum cholesterol levels are elevated due to homocysteine-mediated activation of 

hepatic HMG-CoA reductase (Woo et al., 2005). Results obtained from this part of 

my study have identified a novel mechanism through which berberine exerts a 

protective effect against homocysteine-induced cholesterol biosynthesis and liver 

dysfunction. Administration of berberine effectively reduced hepatic cholesterol 

synthesis in HHcy rats. Such an inhibitory effect was mediated via post-translational 

modification of HMG-CoA reductase. The inhibitory effect of berberine on 

HMG-CoA reductase activity was accompanied by a reduction in hepatic cholesterol 

levels and an improvement of liver function in HHcy rats (Figure 4-32). 

The activity of HMG-CoA reductase is regulated at the transcriptional, translational 

and post-translational levels (Omkumar et al., 1994; Jurevics et al., 2000). We 

previously reported that HMG-CoA reductase activity was significantly elevated in 

the liver of HHcy rats (Woo et al., 2005). The activation of HMG-CoA reductase by 

homocysteine was a result of increased gene expression of the enzyme in hepatocytes 

(Woo et al., 2005). Results obtained from the present study indicated two potential 
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Figure 4-32. Proposed mechanism of HHcy-induced elevation of cholesterol 
biosynthesis and the effect of berberine 

HHcy causes liver injury via increasing HMG-CoA reductase mediated cholesterol 
biosynthesis. Berberine (BBR) cannot regulate HMG-CoA reductase at a 
transcriptional level. However, berberine is able to dephosphorylate and inactivate 
AMPK to regulate HMG-CoA reductase at a post-translational level. Therefore, 
berberine exerts its hepatic protective effect by inactivating HMG-CoA reductase via 
AMPK mediated phosphorylation.  
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mechanisms that might have contributed to hepatic HMG-CoA reductase activation 

during HHcy: transcriptional regulation and post-translational modification of the 

enzyme. An increase in HMG-CoA reductase gene expression caused an elevation in 

the enzyme protein level. This led to an increase in cholesterol biosynthesis in the 

liver of HHcy rats. In addition to transcriptional regulation, decreased 

phosphorylation of HMG-CoA reductase also led to an activation of the enzyme. 

Several lines of evidence obtained in the present study suggested that the inhibitory 

effect of berberine on homocysteine-induced HMG-CoA reductase activation was 

mediated predominantly via post-translational modification of the enzyme. First, both 

mRNA and protein levels of HMG-CoA reductase were found to be elevated in the 

liver of HHcy rats. Administration of berberine to those rats had no effect on either 

the gene expression or protein levels of the reductase in the liver tissue. Berberine 

treatment was, however, effective in attenuating HMG-CoA reductase enzyme activity 

in the liver of HHcy rats. Second, although the protein level of total HMG-CoA 

reductase (sum of non-phosphorylated form and phosphorylated form) was not altered 

by berberine treatment, the level of the phosphorylated enzyme (inactive form) was 

markedly increased in the berberine treated group. These results suggested that 

increased phosphorylation of the enzyme might account for a decrease in HMG-CoA 

reductase activity in the liver of HHcy rats treated with berberine.  

The equilibrium of enzyme phosphorylation-dephosphorylation plays an important 

role in regulating HMG-CoA reductase activity. Dephosphorylation of HMG-CoA 

reductase enhances its activity, while phosphorylation at Ser-872 leads to enzyme 
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inactivation (Istvan et al., 2000). Several protein kinases, such as AMPK, protein 

kinase C, and Ca2+ calmodulin-dependent kinase are able to phosphorylate HMG-CoA 

reductase in vitro (Beg et al., 1979, 1985). However, AMPK appears to be the major 

kinase that targets HMG-CoA reductase in the liver (Hawley et al., 1996). The present 

study revealed that berberine treatment activated AMPK which, in turn, increased 

phosphorylation of HMG-CoA reductase in the liver. AMPK is thought to act as an 

enzymatic regulator of cellular energy homeostasis. AMPK is sensitive to the 

intracellular AMP/ATP ratio, which leads to a conformational change of AMPK 

γ-subunit (regulatory) and results in the altered phosphorylation status of its α-subunit 

(catalytic) (Kahn et al., 2005). AMPK is activated upon phosphorylation, and in turn, 

inactivates HMG-CoA reductase via phosphorylation of the enzyme (Beg et al., 1973; 

Carling et al., 1989; Clarke & Hardie, 1990). In the present study, the activity of 

AMPK was decreased in the liver of HHcy rats. Administration of berberine 

effectively restored AMPK activity. In accordance, the level of phosphorylated 

HMG-CoA reductase (inactive form) increased to that of the control value. Taken 

together, these results suggested that the inhibitory effect of berberine on HMG-CoA 

reductase activity was mediated via the AMPK signaling pathway. 

In a pilot study, different doses of berberine (1 mg, 3 mg and 5 mg per kg body weight) 

were given to the HHcy rats introperatoneally. To achieve the effective 

cholesterol-lowering effect, the dose of 5 mg/kg body weight/day was demonstrated 

to be the lowest effective dose without any toxic effect after 5 days of injection. Due 

to the low absorption rate in the small intestine and the bitter taste of berberine 
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(Maeng et al., 2002; Chen et al., 2011), the injection of berberine introperatoneally 

was applied in the present study instead of oral gavage. In clinical studies, the does of 

berberine has been increased to 0.5-1g/day for management of hyperlipidemia and 

diabetes (Kong et al., 2004; Yin et al., 2008).   

Over the past few decades, berberine has gained considerable attention due to its 

potential therapeutic application for the treatment of dyslipidemia, diabetes and 

cardiovascular related disorders (Kong et al., 2004; Lee et al., 2006; Liang et al., 

2008). Berberine has been reported as an effective cholesterol-lowering compound in 

hypercholesterolemic animals and patients as well as in type 2 diabetic animal models 

(Kong et al., 2004; Lee et al., 2006). The principal focus of research investigating the 

lipid-lowering effect of berberine has been directed towards its regulation of the LDL 

receptor, a mechanism distinct from statins (Kong et al., 2004). Berberine 

up-regulates LDL receptor expression via two identified mechanisms, namely 

activation of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase 

(JNK)-dependent pathways (Kong et al., 2004; Abidi et al., 2005; Lee et al., 2007). 

However, no study has reported that berberine regulated de novo cholesterol 

biosynthesis via HMG-CoA reductase.  

In summary, the present study demonstrates, for the first time, that berberine 

regulates HMG-CoA reductase activity in the liver while at the same time improving 

liver function. Activation of hepatic HMG-CoA reductase during HHcy appears to be 

regulated at the transcriptional and the post-translational levels. Berberine acts 
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post-translationally to modulate HHcy-induced activation of HMG-CoA reductase via 

AMPK-mediated phosphorylation of the enzyme. Attenuation of HMG-CoA reductase 

activity by berberine effectively reduces cholesterol levels in the liver and in the 

circulation system during HHcy. Understanding the multiple mechanisms that regulate 

HMG-CoA reductase activation may lead to a better control of cholesterol 

homeostasis in metabolic diseases.  
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Introduction 

High fat diets have been shown to be associated with the development of chronic 

disorders such as obesity, coronary heart disease and NAFLD (LaRosa et al., 1990; 

Fungwe et al., 1994; Angulo, 2007; Hoffler et al., 2009). High fat diet feeding has 

been used to generate rodent models that display hyperlipidemia, adiposity, 

hyperglycemia and fatty liver (Lin & Yin, 2008; Safwat et al., 2009; Gaemers et al., 

2011; Sarna et al., 2012). Elevation of hepatic fatty acid and cholesterol has been 

observed in rats fed a high fat diet, while increased cholesterol biosynthesis has also 

been reported in fatty acid perfused rat liver (Goh & Heimberg, 1977; Salam et al., 

1989; Fungwe et al., 1994). In a recent study, we have observed that high fat diet 

feeding (60% kcal fat) induces oxidative stress and an elevation of triglycerides and 

total cholesterol levels in mouse liver (Sarna et al., 2012). 

While exogenous dietary fat likely contributes to hepatic lipid accumulation, there is 

evidence to suggest that endogenous lipid synthesis may also play an important role in 

NAFLD (Puri et al., 2007; Caballero et al., 2009; Simonen et al., 2011). Lipidomic 

assessment of liver biopsies has revealed elevated levels of both esterified and 

non-esterified cholesterol in the liver of overweight patients with NAFLD (Puri et al., 

2007). Intriguingly, a paradoxical increase in hepatic HMG-CoA reductase mRNA 

expression has been detected in the liver of obese patients with NAFLD (Caballero et 

al., 2009). Increased cholesterol biosynthesis has also been found in patients with 

NAFLD independent of obesity (Simonen et al., 2011). It would appear, then, that in 

the context of NAFLD, the conventional feedback regulation of sterols on hepatic 
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cholesterol synthesis may be dysfunctional. As the liver plays a central role in 

regulating both hepatic and systemic cholesterol levels, the molecular mechanism 

responsible for disrupting de novo cholesterol synthesis during NAFLD warrants 

more comprehensive investigation. 

When cholesterol homeostasis is perturbed due to increased synthesis, cholesterol 

accumulation in the liver may occur and its level in the blood may become elevated 

(in the form of lipoproteins). De novo cholesterol synthesis is regulated by the 

HMG-CoA reductase, which converts HMG-CoA to mevalonate. Under physiological 

conditions, HMG-CoA reductase activity is regulated by multiple mechanisms. At the 

transcriptional level, expression of the HMG-CoA reductase gene is regulated by the 

sterol regulatory element binding proteins (SREBPs). The SREBPs are a class of 

membrane bound transcription factors that play a fundamental role in managing the 

biosynthesis of cholesterol and fatty acids (Brown & Goldstein, 1997). Three 

isoforms exist including SREBP-1a and SREBP-1c which are encoded from one gene 

and SREBP-2 which is encoded by another gene (Horton et al., 2002). The liver 

expresses each of the three SREBP isoforms, however, it is SREBP-2 which 

selectively activates de novo cholesterol synthesis by inducing the expression of 

HMG-CoA reductase as well as other pertinent enzymes of the cholesterol 

biosynthesis pathway (Horton et al., 1998).  

There are two possible pathways that may contribute to the activation of SREBP-2. 

One is by regulating SREBP-2 expression. Activation of SREBP-2 can be regulated at 
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the transcriptional level by transcription factors such as Sp1 (Sato et al., 1996; Kang 

& Chen, 2009). Based on the nucleotide sequence, there are seven Sp1 binding sites 

on the 5’ flanking region of SREBP-2 (Sato et al., 1996). Sp1 positively regulates 

SREBP-2 gene transcription in rat hepatic stellate cells. Curcumin represses the gene 

expression of Sp1, leading to the down-regulation of SREBP-2 expression (Kang & 

Chen, 2009). Another pathway that activates SREBP-2 is via controlling the 

translocation of SREBP-2 from ER membrane to the nucleus. When the cellular sterol 

level is elevated, SREBP-2 remains in the ER (Horton et al., 1998; Horton et al., 

2002). Alternatively, when the cellular sterol level is depleted, SREBP-2 is 

translocated from the ER to the Golgi, a step that is critical for the maturation and 

subsequent nuclear localization of SREBP-2 (Brown & Goldstein, 1997; Horton et al., 

1998; Horton et al., 2002). Once inside the nucleus, SREBP-2 binds to a sterol 

regulatory element DNA segment to activate the target genes such as HMG-CoA 

reductase gene. 

Regulation of HMG-CoA reductase activity is the primary approach for controlling de 

novo cholesterol synthesis. The abnormal activation of HMG-CoA reductase leads to 

hepatic cholesterol accumulation and hypercholesterolemia. Therefore, the third 

objective of my research was to investigate mechanisms by which a high fat diet 

caused activation of hepatic HMG-CoA reductase leading to increased de novo 

cholesterol synthesis in mice.  

Results 
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4.3.1 Body weight and lipid levels 

Male C57BL/J6 mice (6 weeks old) were fed with either a control diet containing 10% 

kcal fat or a high fat diet containing 60% kcal fat for 5 weeks. The body weight of the 

mice fed a high fat diet for 5 weeks were significantly increased compared to those 

fed a regular diet (Figure 4-33). In addition, the total cholesterol and triglyceride 

levels in the circulation were remarkably elevated in the mice fed a high fat diet 

(Figure 4-34). In accordance with the increased blood cholesterol and triglyceride 

levels, the hepatic cholesterol and triglyceride levels were also significantly elevated 

in the high fat diet fed mice (Figure 4-35). Meanwhile, the liver function, which 

indicated by elevated ALT and AST levels, of the mice fed a high fat diet, was 

impaired (Figure 4-36). These results suggested that the high fat diet caused body 

weight gain, impaired liver function, and increased hepatic as well as serum lipid 

levels. 

4.3.2 High fat feeding activated hepatic HMG-CoA reductase 

In the present study, the hyperlipidemia and elevated hepatic lipids were mainly due 

to excess intake of dietary fat. However, the endogenous lipid biosynthesis might also 

be disturbed by high fat feeding and played an essential role in the hyperlipidimia and 

hepatic steatosis. To determine whether de novo cholesterol biosynthesis was elevated 

in the liver upon high fat diet feeding, the expression and activity of HMG-CoA 

reductase were measured. Real-time PCR and Western immunoblotting analysis 

revealed that the HMG-CoA reductase mRNA and protein (Figure 4-37) expressions 

were significantly elevated in the liver of mice fed a high fat diet. In accordance, liver 
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HMG-CoA reductase activity was increased in high fat diet fed mice (Figure 4-38). 

These results suggested that the de novo cholesterol synthesis was elevated in the liver 

of mice in response to the high fat diet feeding. 
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Figure 4-33. Body weight of high fat feeding mice 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks. Body weight was 
measured at the start and at the end of the 5 weeks feeding period and shown in grams 
(g). *P<0.05 compared with the control group (n=13). Results were expressed as 
mean ± SEM. 
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Figure 4-34. Serum total cholesterol and triglyceride levels 
 
Mice were fed a control diet or a high fat diet (HFD) for 5 weeks. Total cholesterol 
and triglyceride levels in the serum were determined using a commercial kit. *P<0.05 
compared with the control group (n=4). Results were expressed as mean ± SEM. 
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Figure 4-35. Hepatic total cholesterol and triglyceride levels 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks. Hepatic total 
cholesterol and triglyceride levels were determined using a commercial kit after lipids 
were extracted from the liver tissue. *P<0.05 compared with the control group (n=4). 
Results were expressed as mean ± SEM. 
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Figure 4-36. Serum ALT and AST levels 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks. Serum ALT and 
AST levels in the serum were determined using a commercial kit. *P<0.05 compared 
with the control group (n=10). Results were expressed as mean ± SEM. 
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Figure 4-37. HMG-CoA reductase mRNA 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks and livers were 
isolated. The HMG-CoA reductase mRNA levels 
were determined by real
reductase protein was measured by Western immunoblotting analysis
the internal control (n=10)
compared with the control value
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CoA reductase mRNA and protein expression in the liver

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks and livers were 
CoA reductase mRNA levels with GAPDH as the internal contro

were determined by real-time PCR analysis (n=10). The expression of 
was measured by Western immunoblotting analysis

the internal control (n=10). Results are expressed as mean + SEM. *
compared with the control value (expressed as 100%). 
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expression in the liver 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks and livers were 
with GAPDH as the internal control 

The expression of HMG-CoA 
was measured by Western immunoblotting analysis with β-actin as 

SEM. *P<0.05 when 
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Figure 4-38. HMG-CoA reductase enzyme activity in the liver 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks and livers were 
isolated. HMG-CoA reductase enzyme activity was measured (n=10). Results are 
expressed as mean + SEM. *P<0.05 when compared with the control value (expressed 
as 100%). 
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4.3.3 Regulation of HMG-CoA reductase via Sp1 mediated SREBP expression 

in the liver 

SREBP-2 is an important transcription factor that binds to the promoter region of 

HMG-CoA reductase to regulate its gene expression. To investigate whether high fat 

diet induced HMG-CoA reductase expression was mediated through the activation of 

this transcription factor, nuclear proteins were prepared from the liver tissue. The 

SREBP/DNA binding activity was determined by EMSA. The SREBP/DNA binding 

activity was significantly increased in the liver of mice fed a high fat diet as compared 

to those fed a control diet (Figure 4-39). The SREBP-2 mRNA expression was 

markedly elevated in the liver of mice fed a high fat diet (Figure 4-40). These results 

indicated that SREBP-2 was activated and involved in the activation of HMG-CoA 

reductase in the liver of mice fed with a high fat diet. 

Sp1 is a transcription factor that binds to the promoter region of SREBP-2 gene to 

regulate its transcription. To determine whether Sp1 was involved in the activation of 

SREBP-2, the DNA binding activity of Sp1 was determined by EMSA. The Sp1/DNA 

binding activity was markedly increased in the liver of mice fed a high fat diet (Figure 

4-41). Taken together, these results suggested that Sp1-mediated SREBP-2 activation 

plays an important role in upregulation of liver HMG-CoA reductase expression 

during high fat diet feeding. 
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Figure 4-39. SREBP/DNA binding activity in the liver tissue 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks and liver nuclear 
proteins were prepared. SREBP/DNA binding activity was determined by EMSA 
(n=6). Lane 1: cold competition, Lane 2: control and Lane 3: high fat diet. Results are 
expressed as mean + SEM. *P<0.05 when compared with the control value (expressed 
as 100%). 
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Figure 4-40. SREBP-2 mRNA expression in the liver 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks and liver nuclear 
proteins were prepared. SREBP-2 mRNA with GAPDH as the internal control was 
determined by real-time PCR analysis (n = 10). Results are expressed as mean + SEM. 
*P<0.05 when compared with the control value (expressed as 100%). 
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Figure 4-41. Sp1 activation in the liver 

Mice were fed a control diet or a high fat diet (HFD) for 5 weeks. Sp1/DNA binding 
activity was determined by EMSA. Lane 1: cold competition, Lane 2: control and 
Lane 3: high fat diet. Results are expressed as mean + SEM (n = 10). *P <0.05 when 
compared with the control value (expressed as 100%). 
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4.3.4 Effect of fatty acid on HMG-CoA reductase expression in HepG2 cells 

To further investigate whether increased endogenous cholesterol biosynthesis could 

contribute to intracellular cholesterol accumulation, experiments were conducted in 

HepG2 cells. Since palmitic acid (C16:0) is the major saturated fatty acids in the high 

fat diet (61.2%, w/w), its effect on HMG-CoA reductase activation was examined. 

Our results indicated that HMG-CoA reductase mRNA expression in HepG2 cells was 

slightly increased by 0.2 mM palmitic acid and significantly increased by 0.3 mM 

palmitic acid after 8 h incubation (Figure 4-42). Our results also indicated that 0.3 

mM palmitic acid could induce a significant elevation of the HMG-CoA reductase 

mRNA expression after incubated with HepG2 cells from 4 h to 24 h while the peak 

was reached at 8 h (Figure 4-43). Incubation of cells with 0.3 mM palmitic acid for 16 

h also resulted in a significant increase in the enzyme activity of the HMG-CoA 

reductase (Figure 4-44). In accordance, there was a marked increase in the 

intracellular total cholesterol level in cells incubated with 0.3 mM palmitic acid for 24 

h (Figure 4-45). Intracellular free cholesterol accumulation was further examined by 

filipin staining. Cells treated with palmitic acid displayed increased fluorescent 

intensity as compared to control cells (Figure 4-45), indicating intracellular 

accumulation of free cholesterol upon incubation with palmitic acid. Taken together, 

these results suggested that palmitic acid could stimulate HMG-CoA reductase gene 

expression leading to increased cholesterol biosynthesis and accumulation in HepG2 

cells. 
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Figure 4-42. HMG-CoA reductase mRNA expression in cells treated with 
different concentrations of palmitic acid (concentration curve) 

HepG2 cells were incubated with different concentrations (0.1, 0.2 and 0.3 mM) of 
palmitic acid for 8 h. HMG-CoA reductase mRNA was determined by real-time PCR 
analysis (n=6). Results are expressed as mean + SEM. *P<0.05 when compared with 
the control value (expressed as 100%). 
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Figure 4-43. HMG-CoA reductase mRNA expression in cells treated with 
palmitic acid for different time periods (time course) 

HepG2 cells were incubated with 0.3 mM of palmitic acid for 0-24 h. HMG-CoA 
reductase mRNA was determined by real-time PCR analysis (n=3-8). Results are 
expressed as mean + SEM. *P<0.05 when compared with the control value (expressed 
as 100% at 0 h). 
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Figure 4-44. HMG-CoA reductase activity in cells with/without palmitic acid 
treatment 

HepG2 cells were incubated with or without palmitic acid (0.3 mM) for 16 h. 
HMG-CoA reductase enzyme activity was measured (n=10). Results are expressed as 
mean + SEM. *P<0.05 when compared with the control value (expressed as 100%). 
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Figure 4-45. Determination of intracellular cholesterol in HepG2 cells 

HepG2 cells were incubated with or without palmitic acid (0.3 mM) for 24 h. 
Intracellular cholesterol was measured by a commercial kit. Results are expressed as 
mean + SEM (n = 7). *P<0.05 when compared with the control value. Intracellular 
free cholesterol was visualized by filipin staining (in blue).  
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4.3.5 Role of Sp1 in SREBP-2 mediated HMG-CoA reductase expression 

To confirm that palmitic acid activated SREBP-2 via transcriptional regulation, 

SREBP-2 mRNA expression in palmitic acid treated HepG2 cells were examined. The 

results showed that mRNA expression of SREBP-2 was stimulated right after 1-h 

palmitic acid treatment and reached the peak at 6-h treatment (Figure 4-46). To further 

confirm that the activation of Sp1 could lead to increase of SREBP-2 expression and 

the subsequent HMG-CoA reductase activation, siRNA transfection was conducted in 

HepG2 cells. Cells were transiently transfected with Sp1 siRNA or a scrambled 

siRNA control. Inhibition of Sp1 expression by Sp1 siRNA transfection blocked the 

elevation of SREBP-2 mRNA expression induced by palmitic acid (Figure 4-47). 

Inhibition of Sp1 expression also attenuated palmitic acid induced HMG-CoA 

reductase expression (Figure 4-48). These results suggested that Sp1 played an 

important role in the SREBP-2 mediated HMG-CoA reductase expression in 

hepatocytes.  
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Figure 4-46. SREBP-2 mRNA in cells with/without palmitic acid treatment (time 
course) 

HepG2 cells were incubated with 0.3 mM of palmitic acid for 0-6 h. SREBP-2 mRNA 
was determined by real-time PCR analysis (n=4-8). Results are expressed as mean + 
SEM. *P<0.05 when compared with the control value (expressed as 100% at 0 h). 
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Figure 4-47. SREBP-2 mRNA expression with transfection of Sp1 siRNA 

HepG2 cells were transfected with Sp1 siRNA or with a scrambled siRNA (negative 
control). Transfected cells were incubated for 6 h in the absence or presence of 
palmitic acid (0.3 mM). SREBP-2 mRNA expression was determined by real-time 
PCR analysis. Results are expressed as mean + SEM (n = 3). *P<0.05 when compared 
with the control value (expressed as 100%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* 

Sp1 siRNA  Negative Control 



178 
 

0

50

100

150

200

Control Palmitic acid Control Palmitic acid

H
M

G
-C

oA
 re

du
ct

as
e 

m
R

N
A

(%
 o

f C
on

tr
ol

)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-48. HMG-CoA reductase mRNA expression with transfection of Sp1 
siRNA 

HepG2 cells were transfected with Sp1 siRNA or with a scrambled siRNA (negative 
control). Transfected cells were incubated for 6 h in the absence or presence of 
palmitic acid (0.3 mM). HMG-CoA reductase mRNA expression was determined by 
real-time PCR analysis. Results are expressed as mean + SEM (n = 3). *P<0.05 when 
compared with the control value (expressed as 100%). 
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Discussion 

Despite increased fat intake from the diet, cholesterol biosynthesis was found to be 

markedly elevated in the liver of mice fed a high fat diet. This part of my study has 

identified a novel mechanism whereby consumption of a high fat diet for 5 weeks 

induces HMG-CoA reductase activation in the mouse liver. As is shown in Figure 

4-49, our results have clearly demonstrated that during high fat feeding, increased Sp1 

mediated SREBP-2 expression upregulates HMG-CoA reductase leading to elevated 

cholesterol biosynthesis in the liver.  

Cholesterol is derived from the diet and from de novo synthesis. The HMG-CoA 

reductase regulates the rate-limiting step in the cholesterol biosynthesis pathway. 

Regulation of hepatic HMG-CoA reductase activation is essential for maintaining 

cholesterol homeostasis in the liver as well as in the circulation. In the present study, 

mice fed a high fat diet for 5 weeks displayed a significant increase in HMG-CoA 

reductase activity in the liver which corresponded with significant elevations in 

HMG-CoA reductase mRNA and protein levels. To further investigate whether 

increased de novo cholesterol synthesis contributed to cholesterol accumulation in the 

liver, experiments were conducted in HepG2 cells. Incubation of cells with palmitic 

acid, one of the major saturated fatty acids in the high fat diet, resulted in upregulation 

of the HMG-CoA reductase expression and activation of the enzyme followed by a 

rise in cellular cholesterol levels. In accordance with the observation in the liver of 

mice fed a high fat diet, the expression of HMG-CoA reductase mRNA was also 

significantly elevated in cells incubated with palmitic acid. The activation of  
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Figure 4-49. Proposed mechanism of high fat diet induced elevation of 
cholesterol biosynthesis 

Elevation of cholesterol biosynthesis resulted from high fat diet feeding contributes to 
the hepatic lipid accumulation during NAFLD. The abnormal increase of cholesterol 
biosynthesis is due to the activation of HMG-CoA reductase at transcriptional levels. 
Sp1-mediated SREBP-2 activation is responsible for the transcriptional regulation of 
HMG-CoA reductase during NAFLD.  
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HMG-CoA reductase and the accumulation of intracellular cholesterol occurred in the 

absence of excess cholesterol being added to the culture medium. It was conceivable 

that induction of HMG-CoA reductase expression could lead to increased cholesterol 

biosynthesis and subsequently its accumulation in hepatocytes. Results from the 

present study suggested that increased de novo cholesterol synthesis might contribute 

to hepatic lipid accumulation following the consumption of a high fat diet.  

The expression of the HMG-CoA reductase gene is transcriptionally regulated by 

SREBP-2 (Horton et al., 1998). Historically, de novo cholesterol synthesis is known 

as one of the best examples of end-product feedback inhibition (Gould et al., 1953; 

Siperstein & Fagan, 1966; Brown & Goldstein, 1997). In general, the precursor of 

SREBP-2 is anchored in the ER as a complex with SREBP cleavage activating protein 

(SCAP) (Brown & Goldstein, 1997). SCAP is an escort protein for the SREBP protein 

and it binds with other ER-membrane proteins, such as Insig-1. The binding of SCAP 

/ SREBP to the Insig-1 protein in the ER is sterol-dependent leading to ER retention 

of SCAP / SREBP when sterol levels are elevated (Yang et al., 2002). Such retention 

in the ER by Insig-1 limits SREBP-2 transport to the Golgi apparatus thereby 

inhibiting its proteolytic processing into the truncated (mature) SREBP-2 protein 

which enters the nucleus and binds to the specific sterol regulatory element (SRE) 

DNA sequences of target genes. For instance, under physiological conditions, in cells 

with elevated cholesterol levels, SREBP-2 remains in the ER (Horton et al., 1998; 

Horton et al., 2002; Yang et al., 2002). In cells with lower sterol levels, SREBP-2 is 

transported from the ER membrane to the Golgi apparatus where it is processed by 
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proteolytic enzymes. The truncated (mature) SREBP-2 protein enters the nucleus and 

binds to the specific sterol regulatory element (SRE) DNA sequences of the 

HMG-CoA reductase gene to activate its expression and hence increase cholesterol 

biosynthesis. However, clinical trials observed that although large amount of lipids 

accumulated in the liver, the hepatic HMG-CoA reductase expression was still 

significantly increased in the liver of NAFLD and NASH patients compared to 

healthy controls (Caballero et al., 2009; Min et al., 2012). This finding suggests that 

the feedback regulation of HMG-CoA reductase by SREBP-2 is disturbed during 

NAFLD. Therefore, why the hepatic SREBP-2 is still activated when endogenous 

cholesterol remains higher level is of great importance to understand the abnormal 

lipid metabolism in fatty liver.  

Other than Insig/SCAP regulation pathway, activation of SREBP-2 can be regulated at 

the transcriptional level by transcription factors such as Sp1 (Sato et al., 1996; Kang 

& Chen, 2009). It has been shown that Sp1 binds to the promoter region of SREBP-2 

to upregulate its gene expression in rat hepatic stellate cells (Kang & Chen, 2009). In 

the present study, Sp1 was activated in the liver of mice consuming a high fat diet. In 

accordance, the expression of SREBP-2 mRNA was significantly increased in the 

same liver tissue. To confirm a causative relationship between Sp1-mediated 

SREBP-2 activation and upregulation of HMG-CoA reductase expression, additional 

experiments were conducted in HepG2 cells. Inhibition of Sp1 gene expression by 

siRNA transfection effectively abolished SREBP-2 and HMG-CoA reductase 

expression in palmitic acid-treated HepG2 cells. Taken together, these results 
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suggested that the transcriptional regulation of de novo cholesterol synthesis might be 

disrupted by a high fat diet. This, in turn, may contribute to the lipid associated 

metabolic abnormalities which underlie fatty liver and hyperlipidemias. In accordance 

with our findings, a recent study has revealed an increased expression of HMG-CoA 

reductase in the liver of patients with NAFLD and demonstrated its association with 

hepatic cholesterol accumulation as well as LDL-cholesterol (Min et al., 2012). 

Future investigations are warranted to evaluate whether targeted inhibition of 

HMG-CoA reductase activation in the liver is of therapeutic value in metabolic 

disorders that are linked to the excessive intake of dietary fats or NAFLD. 

In conclusion, the novel findings of the present study are that a high fat diet 

upregulates Sp1 mediated SREBP-2 expression leading to increased HMG-CoA 

reductase expression in mouse liver. Activation of HMG-CoA reductase results in an 

increased cholesterol synthesis which may contribute to liver cholesterol 

accumulation and hypercholesterolemia. Identification of molecular mechanisms that 

are responsible for the increased de novo cholesterol synthesis may lead to a better 

therapeutic approach to manage hepatic lipid accumulation and hypercholesterolemia. 
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Summary 

My study mainly focused on investigating the regulatory mechanisms of the hepatic 

inflammatory response and cholesterol metabolism in animal models with metabolic 

disease. Two well-established murine models (high methionine diet induced HHcy 

and high fat diet induced NAFLD) were employed in my study. The inflammatory 

response and abnormally high levels of cholesterol were induced in the liver of these 

two animal models. My findings demonstrated that (1) The elevation of COX-2 

expression in the liver contributed to the elicitation of a hepatic inflammatory 

response during HHcy. The induction of hepatic COX-2 expression was via oxidative 

stress mediated NF-κB activation; (2) The increase of HMG-CoA reductase mediated 

de novo cholesterol biosynthesis played an important role in the lipid accumulation in 

the liver during metabolic disease. In HHcy rat liver, HMG-CoA reductase activity 

was regulated by both SREBP-2 mediated elevation of mRNA expression and AMPK 

mediated phosphorylation-dephosphorylation; (3) In the mice fed a high fat diet 

feeding, the hepatic HMG-CoA reductase activity was activated by Sp1-mediated 

transcriptional activation of SREBP-2; (4) A natural health product, berberine, exerted 

a cholesterol-lowering effect by stimulating AMPK mediated HMG-CoA reductase 

phosphorylation at a post-translational level. 

5.1  Stimulation of COX-2 expression in the liver by HHcy 

In the first part of my study, an inflammatory response characterized by inflammatory 

foci was elicited in the liver during the initial phase of HHcy. Additionally, the 

underlying mechanisms on how HHcy resulted in a hepatic inflammatory response 
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were investigated. Firstly, it was elucidated that the onset of the inflammatory 

response might be associated with the elevated expression of COX-2, one of the 

pro-inflammatory factors. The mRNA and protein expression of COX-2 were found to 

be significantly elevated in the liver during HHcy. Secondly, the results clearly 

demonstrated that the activation of NF-κB was responsible for the stimulation of 

COX-2 in the liver. The DNA binding of NF-κB was activated through 

phosphorylation and the subsequent degradation of its inhibitor protein IκB. 

Inhibition of NF-κB by its inhibitor, PDTC, led to a reduction of the hepatic COX-2 

expression, a decrease in the number of inflammatory foci, and an improvement of 

liver function. Thirdly, the findings of my study indicated that oxidative stress 

contributed to the activation of NF-κB during HHcy. HHcy increased the activity of 

enzymes that produce superoxide, such as NADPH oxidase, and inhibited the activity 

of enzymes that were responsible for superoxide clearance, such as SOD and catalase. 

This combined effect resulted in a marked elevation of superoxide anion levels. 

Blockage of oxidative stress by superoxide scavenger, TEMPO, effectively reduced 

the DNA binding activity of NF-κB and NF-κB mediated COX-2 expression, which 

helped to ameliorate liver injury. Taken together, the first part of my study, for the first 

time, identified the potential mechanism that oxidative stress mediated NF-κB 

activation and COX-2 expression were responsible for an inflammatory response and 

liver injury during the initial phase of HHcy.       

5.2  Cholesterol-lowering effect of berberine via regulating HMG-CoA 

reductase activity 
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Previous studies have demonstrated that berberine exerts its lipid lowering effects by 

regulating LDL receptor mediated cholesterol uptake (Kong et al., 2004; Abidi et al., 

2005). In the second part of my study, our aim was to investigate whether berberine 

could also affect de novo cholesterol biosynthesis. Our study demonstrated that HHcy 

elevated cholesterol biosynthesis by regulating the HMG-CoA reductase at both 

transcriptional and post-translational levels. At the transcriptional level, HHcy caused 

an elevation of the mRNA as well as protein expression of HMG-CoA reductase. At 

the post-translational level, HHcy resulted in a decrease of HMG-CoA reductase 

phosphorylation. The consequence of the regulation at both levels was the increase of 

the enzyme activity of HMG-CoA reductase followed by an elevation of cholesterol 

biosynthesis. However, our results indicated that berberine could not inhibit the 

expression of HMG-CoA reductase but could regulate the 

phosphorylation-dephosphorylation of the enzyme. Berberine reduced the HMG-CoA 

reductase activity by increasing the phosphorylation of the enzyme which was 

mediated by the activation of AMPK. Berberine activated AMPK via phosphorylation 

of the kinase. Taken together, the second part of my study identified a novel 

mechanism for the cholesterol-lowering effects of berberine in which berberine 

activated AMPK and the subsequent phosphorylation of HMG-CoA reductase which 

in turn inhibited HMG-CoA reductase mediated cholesterol biosynthesis in the liver.  

5.3  Sp1 mediated HMG-CoA reductase activation  

Recent clinical studies have reported that de novo cholesterol biosynthesis mediated 

by HMG-CoA reductase and SREBP-2 is significantly increased in NAFLD and 
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NASH patients (Caballero et al., 2009; Min et al., 2012). Therefore, the third part of 

my study was aimed to investigate the underlying mechanisms for the activation of 

hepatic HMG-CoA reductase and SREBP-2 during high fat diet induced NAFLD. The 

results showed that the serum and hepatic cholesterol levels were significantly 

increased by high fat feeding. HMG-CoA reductase controlled de novo cholesterol 

biosynthesis in the liver was responsible, at least partially, for the elevation of 

cholesterol in the liver and the circulation. We demonstrated that an increase in 

HMG-CoA reductase activity was due to the elevation of its mRNA and protein 

expression upon high fat diet feeding. In addition, the gene expression of SREBP-2, 

one of the transcription factors of HMG-CoA reductase, was increased leading to an 

enhancement of SREBP/DNA binding activity. To illustrate the mechanism by which 

SREBP-2 mRNA expression was upregulated during NAFLD, the DNA binding 

activity of Sp1, one of the transcription factors of SREBP-2, was examined. Our 

results indicated that the Sp1/DNA binding activity was significantly increased in the 

liver during NAFLD. In the following experiments, we treated the hepatocytes 

(HepG2 cells) with palmitic acid to mimic the high fat feeding in vitro to further 

confirm the direct relationship between Sp1 and SREBP-2. The results demonstrated 

that the expression of HMG-CoA reductase as well as SREBP-2 genes were elevated 

time- and dose-dependently with palmitic acid treatment. Moreover, the enzyme 

activity and intracellular free cholesterol contents were also markedly increased. 

Ablation of Sp1 by siRNA transfection was able to effectively block the elevation of 

HMG-CoA reductase and SREBP-2 gene expression in cells subjected to palmitic 
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acid treatment. These results clearly demonstrated that the activation of Sp1 

upregulated SREBP-2 gene expression, which, in turn, stimulated HMG-CoA 

reductase mediated cholesterol biosynthesis.  

Limitation 

Several limitations are identified in the present study. 

1) The high methionine diet model only mimics one of the dietary factors that 

induce HHcy. HHcy in patients is not only induced by high methonine intake, but also 

resulted from a lack of B vitamins, including folate, vitamin B6 or vitamin B12 in the 

diet (Selhub et al., 1993; Refsum et al., 1998). In addition, genetic disorders, such as 

MTHFR, CBS and methionine synthase deficiency can also lead to HHcy. Therefore, 

a high methionine diet-induced animal model with vitamin B deficiency or genetic 

disorders may be considered in the future studies. 

2) The primary cultured hepatocytes should be used in the in vitro study instead of 

using HepG2 cells. Although HepG2 cells are widely used in the lipid metabolism 

studies, there are still differences between HepG2 cell line and primary hepatocytes. 

For example, HepG2 cells secrete predominately LDL and higher density 

apoB100-containing particles, while normal human liver secretes apoB100 associated 

mainly with VLDL particles (Javitt, 1990). Greater than 90% of the bile acids 

synthesized and secreted by HepG2 are unconjugated, which is distinct from adult 

human liver (Everson & Polokoff, 1986). 

3) To determine the cholesterol-lowering effect of berberine, statins should be used 

as a positive control. Especially, berberine works through distinct mechanisms from 
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statins (Kong et al., 2004; Abidi et al., 2005; Brusq et al., 2006). By comparing the 

effects of berberine and statin, the cholesterol-lowering ability of berberine would be 

better evaluated.      

Conclusion 

In conclusion, the present study illustrated that the hepatic inflammatory response was 

elicited in HHcy induced NAFLD and cholesterol metabolism was also deranged 

during diet induced NAFLD. Berberine had a protective effect on the liver due to its 

cholesterol-lowering ability. The liver is the major organ controlling lipid metabolism 

and detoxification. Understanding the mechanisms for an inflammatory response and 

lipid metabolism may help identify more therapeutic targets and approaches for 

NAFLD. 
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1. Initiation and regulation of inflammatory response in the liver during 

NAFLD  

The present study demonstrated, for the first time, that the induction of COX-2 

expression was mediated via NF-κB activation in the liver of HHcy rats. Our 

results provided novel evidence that oxidative stress and inflammatory response 

contributed to liver injury during the initial phase of HHcy. In the classic “two hits” 

theory of NAFLD, inflammatory response is considered as the second hit which 

existed after lipid accumulation in the liver (Day & James, 1998). However, our 

findings suggested that the stimulation of oxidative stress and pro-inflammatory 

factors could occur as early as the initial phase of HHcy and before obvious lipid 

accumulation was observed. The present study provide supporting evidence for 

the recent new theory that multiple parallel hits are responsible for the initiation 

and development of NAFLD (Tilg & Moschen, 2010). However, the linkage 

among the multiple hits is worthy of further investigation. In addition, 

identification of the molecular mechanisms that are responsible for early liver 

injury in the present study may lead to a better therapeutic approach to prevent the 

progression of liver damage in patients with NAFLD. Effective treatment, 

especially natural health products that ameliorate the inflammatory response in the 

liver, remain to be investigated in a future study. 

2. Regulatory mechanisms of abnormal cholesterol metabolism in the liver 

during NAFLD  

In the present study, it was clearly demonstrated that the enzyme activity of 
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hepatic HMG-CoA reductase was activated leading to increased cholesterol 

biosynthesis in the liver of HHcy rats or high fat diet fed mice. The activation of 

hepatic HMG-CoA reductase appears to be regulated at the transcriptional and the 

post-translational levels. Our study suggested that Sp1 mediated elevation of 

SREBP-2 mRNA expression was involved in the transcriptional regulation of 

HMG-CoA reductase. However, SREBP-2 also can be activated by Insig and 

SCAP mediated translocation. Therefore, it is of great interest to investigate other 

regulating pathways, besides Sp1, for SREBP-2 mediated HMG-CoA reductase 

activation. The present study also demonstrated that AMPK regulated the 

HMG-CoA reductase at the post-translational level by phosphorylation. 

Phosphatases which have the opposite function to kinases, such as protein 

phosphatase 2A, are also reported to be associated with 

phosphorylation-dephosphorylation of HMG-CoA reductase (Friesen & Rodwell, 

2004). Therefore, more mechanisms by which HMG-CoA reductase is abnormally 

activated in the liver during NAFLD need to be further elaborated. Understanding 

the multiple mechanisms that regulate HMG-CoA reductase activation may lead to 

a better control of cholesterol homeostasis in metabolic disease.  

3. Beneficial effects of natural health products on liver protection 

Berberine is used traditionally as an antibiotic to treat diarrhea. Its newer 

beneficial effects in the treatment of diabetes, dyslipidemia, cardiovascular disease 

need further investigation. Based on the anti-inflammatory effect of berberine, the 

potential of berberine for inhibiting hepatic or systemic inflammation in metabolic 
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disease is notable. It was reported that berberine could inhibit the production of 

pro-inflammatory cytokines, such as IL-1β, IL-6, iNOS, MCP-1, COX-2, in vitro 

(Jeong et al., 2009). Whether berberine can inhibit the expression of hepatic 

COX-2 or other pro-inflammatory cytokines and chemokines during HHcy will be 

investigated in future studies. The present study demonstrated that berberine 

regulated HMG-CoA reductase activity in the liver while at the same time 

improved liver function. Berberine acted post-translationally to modulate the 

HHcy induced activation of HMG-CoA reductase via AMPK-mediated 

phosphorylation of the enzyme. Attenuation of HMG-CoA reductase activity by 

berberine effectively reduced cholesterol levels in the liver and in the circulation. 

Other studies have demonstrated that the cholesterol-lowering effect of berberine 

was achieved by increasing the number of LDL receptors (Kong et al., 2004) or 

by inceasing bile acid synthesis (Wang et al., 2010). A very recent study also 

indicated that berberine could regulate cholesterol metabolism by upregulating the 

reverse cholesterol transport through inhibiting the cholesteryl ester transfer 

protein (Briand et al., 2013). A more detailed description of the mechanism by 

which berberine regulates lipid metabolism remains to be investigated. In addition, 

the promising potential of berberine for both anti-inflammatory and lipid-lowering 

actions will encourage the investigation and development of natural health 

products in the future.   
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Appendix I 

Reagents/Chemicals Company 

Acetone EMD 

Acrylamide/bis 30% solution 37.5:1 Bio-Rad 

Adenosine triphosphate-32P, [32P]-ATP PerkinElmer 

ALT kit Genzyme Diagnostics 

Ammonium Persulfate Sigma-Aldrich 

anti-AMPK antibody Cell Signaling Technology 

anti- COX-2 antibody Lab Vision 

anti-HMG-CoA reductase antibody Millipore 

anti-IκBα antibody Cell Signaling Technology 

anti-phospho-AMPK antibody Cell Signaling Technology 

anti-phospho-HMG-CoA reductase antibody Millipore 

anti- IκBα antibody Cell Signaling Technology 

anti-Rabbit IgG, HRP-link antibody Cell Signaling Technology 

anti-SREBP-2 antibody Cayman Chemical 

AST kit Genzyme Diagnostics 

Berberine chloride, BBR Sigma-Aldrich 

Boric acid Fisher Scientific 

Bovine serum albumin, BSA EMD 

Bromophenol blue Sigma-Aldrich 

Calcium chloride (CaCl2-2H2O) Fisher Scientific 

Chloroform Fisher Scientific 

Diethyl pyrocarbonate, DEPC Sigma-Aldrich 

Disodium hydrogen orthophosphate (Na2HPO4) Sigma-Aldrich 

Dimethyl sufoxide, DMSO Fisher Scientific 

dNTPs set Invitrogen 

Dithiothreitol, DTT Sigma-Aldrich 

Dulbecco’s modified Eagle’s medium, DMEM Hyclone 
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Ethylene glycol tetraacetic acid, EGTA Sigma-Aldrich 

Ethylenediaminetetraacetic acid, EDTA Sigma-Aldrich 

Fetal Bovine Serum, FBS PAA 

Filipin complex from Streptomyces filipinensis Sigma-Aldrich 

First Strand buffer 5x Invitrogen 

Formaldehyde (36%) Sigma-Aldrich 

Free Cholesterol kit Wako USA 

Glucose, D- Sigma-Aldrich 

Glucose-6-phosphate, G6P Sigma-Aldrich 

Glucose-6-phosphate dehydrogenase, G6PDH Sigma-Aldrich 

β-glycerophosphate Sigma-Aldrich 

Glycerol Fisher Scientific 

Glycine Invitrogen 

Hanks balanced salt solution, HBSS Hyclone 

Hematoxyline, Harris Sigma-Aldrich 

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid Fisher Scientific 

HMG-CoA Sigma-Aldrich 

HMG-CoA-[14C] PerkinElmer 

Homocysteine, DL Sigma-Aldrich 

Hydrochloric Acid, HCl Fisher Scientific 

Isopropanol Fisher Scientific 

iQ-SYBR green supermix reagent Bio-Rad 

Leupeptin Sigma-Aldrich 

Lipid calibrator Wako USA 

Mercaptoethanol-β Sigma-Aldrich 

Methanol VWR 

Methioine, DL- Sigma-Aldrich 

Mevalonic acid lactone, DL- (Mevalonolactone) Sigma-Aldrich 

M-MLV-Reverse transcriptase 200 U/mL Invitrogen 
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Nicotinamide adenine dinucleotide phosphate, NADPH Sigma-Aldrich 

Nonidet-P Sigma-Aldrich 

Oligo(dT)12-18 primer, 0.5 mg/mL Invitrogen 

Omnifluor New England Nuclear 

Phenylmethanesulfonyl fluoride, PMSF Sigma-Aldrich 

Potassium Chloride, KCl Sigma-Aldrich 

Potassium Phosphate dibasic, K2HPO4 Sigma-Aldrich 

Potassium Phosphate monobasic, KH2PO4 Sigma-Aldrich 

Protein assay reagent Bio-Rad 

Qiazol Reagent Qiagen 

Rnase inhibitor 40 U/mL Invitrogen 

Sodium Chloride, NaCl VWR 

Sodium orthovanadate Sigma-Aldrich 

Sucrose Fisher Scientific 

Superoxide dismutase, SOD Sigma-Aldrich 

T4 Polynucleotide kinase Promega 

T4 Polynucleotide kinase 10x buffer Promega 

TE (Tris-EDTA) buffer, 50x USB 

TEMED EMD 

Toluene Sigma-Aldrich 

Total cholesterol kit Wako USA 

Triglyceride kit Wako USA 

Tris Invitrogen 

Triton X-100 Sigma-Aldrich 

Trizol Reagent Invitrogen 

Trypsin-EDTA 10x Gibco 

Tween Fisher 

Xanthine Sigma-Aldrich 

Xanthine oxidase Sigma-Aldrich 
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Appendix II 

Buffers Componets 

Buffer A 10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 1 mM 

EGTA, 0.5 mM PMSF, 1 mM DTT, pH 7.9 

Buffer C 20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 

1 mM PMSF, 1 mM DTT, pH 7.9 

Cell Lysis Buffer 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 

Phosphate Buffer 1 50 mM K2HPO4, 5 mM DTT, 1 mM EDTA, pH 7.4 

Phosphate Buffer 2 100 mM K2HPO4, 10 mM DTT, 2 mM EDTA, pH 7.4 

Phosphate buffered solution, PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM 

KH2PO4, pH 7.4 

Protein Lysis Buffer 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 

2.5 mM sodium pyrophosphate, 1 mM 

β-glycerophosphate, 1 mM sodium orthovanadate, 2.1 μM 

leupeptin, 1 mM PMSF, 1% Triton-X 100 

Reaction Buffer 100 mM Tris, 1 M NaCl, 50 mM DTT, 10 mM EDTA, 

40% Glycerol, 1 mg/ml BSA, 50 ng/ml double-strand 

poly(dI-dC), pH 7.5 

Running Buffer 25 mM Tris, 0.19 M Glycine, 0.1% SDS 

Seperating gel buffer 1.5 M Tris, 0.4% SDS, pH 8.8 

SDS sample Buffer 20 mM Tris, 25% Glycerol, 10% SDS, 0.02% 

Bromophenol Blue, 5% β-mercaptoethanol 
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Sodium Buffer (filipin staining) 150 mM NaCl, 5 mM KCl, 1 mM CaCl2, 20 mM HEPES, 

2 g/L glucose, pH 7.4 

Stacking gel buffer 0.5 M Tris, 0.4% SDS, pH 6.8 

Stripping buffer 2% SDS, 95 mM β-mercaptoethanol in 1X TBS 

TBE Buffer 10X 89 mM Tris, 89 mM Boric acid, 2 mM EDTA, pH 8.4 

TBS 0.02 M Tris, 0.14 M NaCl, pH 7.6 

Transfer Buffer 20 mM Tris, 0.15 M Glycine, 20% Methanol 
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Appendix III 

Equipment Company 

Centrifuge 5804R Eppendorf 

Centrifuge 5810 Eppendorf 

Forma Direct Heat CO2 Incubator HEPA Class 100 Thermo Scientific 

Gel Doc 1000 Bio-Rad 

IMx Abbot 

iQ 5real-time PCR Cycler Bio-Rad 

Lumet LB9507 Berthold Technologies 

Microscope Fluorescence IX81 Olympus 

Microscope Upright BX43 Olympus 

Minispin Eppendorf 

Scintillation counter LS 6500 Beckman Coulter 

Slab Gel Dryer 2000 ThermoSavant 

Spectra Max Molecular Devices 

Spectrophotometer DU 800 Beckman Coulter 

Ultracentrifuge Optima MAX Beckman Coulter 

Waterbath Isotemp 205 Fisher Scientific 
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